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Computer Simulation: Biomolecules
on Surfaces

Filipe Camargo Dalmatti Alves Lima , Luana Sucupira Pedroza ,
Rodrigo Garcia Amorim , and Wanderlã Luis Scopel

1 Introduction

Most chemical and physical properties of atomic systems are related to electronic
properties. Those properties are still one of the most studied topics since they can
behave differently among molecules, solids, interfaces, and their interactions. In
the last decades, experimental techniques became more sophisticated, being able to
reach the electronic structure and to provide unique fingerprints. One of the hot topics
studied is surface science, due to its large area leading to a potential for applications,
such as biomolecule identification. Due to the experimental challenges, one way
to have better comprehension of quantum effects at surfaces is using theoretical
modeling. In particular, Density Functional Theory (DFT) is a powerful tool to study
the electronic structure, electron transfer, binding energies, electron transport, and
currents, being able to provide further insights about these systems.

Surface modeling is a many-body problem that involves several atoms and elec-
trons. In quantum mechanics, this type of problem does not have an analytical solu-
tion. Just a few simple problems have an analytic solution: a free particle in a box,
quantum oscillator, and hydrogen atom. The first approximation that can be done to
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simplify the problem is using the Born-Oppenheimer approximation: the electrons
have different time scale compared with the nuclei, due to their mass difference
(mN � me). Thus, it is possible to consider the nuclei fixed to solve just the elec-
tronic hamiltonian. Although this problem becomes simpler to deal with, it is still
unsolvable. There are different methods to treat this problem based on wavefunction,
that depends on 3N variables without considering the spin. An example of a wave-
function method is Hartree-Fock [60]. For large systems, this method is extremely
costly. One way to overcome this very hard problem is using the charge density
instead, which is more efficient to treat compared to wavefunction’s method. DFT
was proposed by Hohenberg and Kohn in 1964 [26], which drastically changes how
the results from the quantum mechanics theory are obtained. In 1965, Kohn and
Sham [28] proposed mapping of N-body problem in N problems of one body. For
that, they proposed the self-consistent equations and defined the KS potential that
has the external potential, Hartree, and the exchange-correlation potential, which are
known as Kohn-Sham Scheme (KS) for the DFT (KS-DFT).

TheKSwavefunctions can be described using different mathematical approaches.
There aremany computational codes available that have a particular description, hav-
ing some characteristics with advantages and disadvantages. Computational codes
such as Gaussian [17] or ORCA [43] employ wavefunctions based on Pople’s Gaus-
sian orbitals in real space, being very effective to describe molecular structures,
however struggles to study bulk materials or molecule/material interfaces. Quantum
ESPRESSO [14, 20] and VASP [29] on the other hand, describe the wavefunctions
as planewave basis sets in reciprocal space, using pseudopotentials [62] or projector
augmented wave (PAW) [6] approximations to describe the core region of the atoms.
While reciprocal space methods are well suited for bulk materials and interfaces,
their computational cost is hugely increased in comparison to real space methods.
There are also computational codes such as SIESTA [18] that employs numerical
localized basis sets, pseudopotentials and linear-scaling algorithms in real space,
allowing investigations of molecules, bulk material and interfaces. In the end, the
computational packages choice is based on which property of interest, or the type of
material, is investigated. There are state-of-art theories and computer implementa-
tions that are exclusive to it package.

Another critical point to establish the DFT accuracy, precision and reliability
is the exchange correlation functional (Exc) employed for the system. The most
common used in the electronic structure calculations are the Local Density Approxi-
mation (LDA) [48], generalized gradient approximations (GGA) such as PBE [49] or
PBEsol [50], and hybrid functionals such as B3LYP [5] or HSE [25]. If a system has
non-bonded interactions, van der Waals corrections should be included [21]. As dis-
cussed before, there is not an unique choice since it depends on the systemmodel, the
analysis, the computational code, convergence tests and the computational resources
available. There are many studies that provide Exc benchmarks, for example Su et
al. [59].

The analysis of the electronic structure calculations allows to understand the
stability, bonding, potential energy surface, density of states (DOS), band structure,
electronic transport and others properties for different systems. The highlight proper-
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ties could guide and/or support the experimental results, leading to the understanding
of fundamental atomic aspects.

The KS wavefunctions are the eigenvectors obtained from the KS equation, asso-
ciated with the energy levels/bands, that express the probability to find an electron in
a given region of the space. They can be used to understand where the electrons are
localized in the molecule/solid and how they can behave. In bioelectrochemistry, this
analysis can help to understand which atoms can possibly participate on the electron
transfer process between the surface and molecule.

The DOS accounts the electronic states that are found in a particular energy, or in
an energy window. It can be related to physical or chemical effects, such as surface
interactions, reaction centers, defects, electron entrapment and others. Also, it can be
used to reproduce experimental techniques such as scanning tunneling microscopy
(STM). The total DOS for a given system is difficult to interpret since there are many
states involved. In this scenario, projected DOS for a given atom and/or orbitals, or
atomic groups are employed instead. This helps to understand the specific role for
the components of the system.

The electronic transport is a powerful model to understand microscopically what
is happening in a electrochemistry process and nanodevices such as biosensors, etc.
The concept of the electronic transport is different of canonical electronic calculation
in equilibrium. In this case, two electron reservoir or electrodes are considered, and
the central region is called the scattering region. There is one electrode in the left side
and other in the right of the scattering region. The system is considered semi-infinity
in both directions [7, 54]. The basic quantity calculated is the transmission function,
that represents the probability of one electron, from the left side, to reach the right
electrode passing through the scattering region. The transmission relevance is due to
the possibility to obtain the electronic conductance and current. In the case of biosen-
sors, one can calculate the transmission for the bare system and to obtain the zero
bias conductance/resistance. For the molecule chemio/phisiosorbed in the device, it
is possible to calculate the new transmission, where the charge transfer between the
molecule and device will play the main role. Changes in the conductivity/resistance
(sensitivity) can be a powerful tool to identify electrical signature of biomolecules
in such systems.

The molecule adsorption can be understood by the total charge density that is
given by the square of KS wavefunctions. The charge density gives the electron
probability and possibly quantifies the referred property. For example, in a pristine
material, the charge density can characterize the bond nature. If the system is com-
posed by a surface and a molecule, it is possible to evaluate the electronic charge
reorganization through the charge density difference. In this case, we consider the
difference between the whole system (surface + molecule) and isolated counterparts.
From the mathematical point of view, it is possible to write:

�ρ(�r) = ρsur f ace+molecule(�r) − (ρsur f ace(�r) + ρmolecule(�r)), (1)

where the regions can be locally analyzed: in the case of �ρ(�r) > 0, that region
decreases the charge, and for �ρ(�r) < 0, the charge increases when compared to
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the isolated parts. This quantity gives how the charge is redistributed in the entire
system compared with the isolated ones. The charge redistribution is an important
way to quantify the charge transfer between molecule and surface.

Richard Bader [4] has proposed an intuitive scheme for visualization of atoms
in molecules focusing on the charge density. Bader has used zero flux surfaces to
separate the atomic charge, where the electronic charge density has a minimum value
perpendicularly to the surface. Typically in molecular systems, the charge density
reaches a minimum between neighbour atoms, which is a natural place to separate
them from each other. Therefore, Bader considered the electronic charge density
enclosed within this volume as a good approximation for the total electronic atom
charge. Thus, obtaining the partial atomic charges. This quantity is interesting to
investigate local reorganization, reduction and oxidation states in the bioelectro-
chemistry context. For computational Bader charge analysis, there is a open source
code developed by Henkelman Group [24, 66].

In the following sections, we illustrate the state of the art of theoretical models
of biomolecules interface with surface or nanodevices. These systems were treated
within quantum mechanics calculations, using the analysis tools summarized here.

2 Electron Transfer of Peptide SAMs Modified
with Ferrocene

The heterogeneous electron transfer (ET) involves amolecule/electrode interface that
is composed by a donor-acceptor system: the electroactive group is connected to the
electrode through a spacer molecule, which can be a polypeptide, alkanethiol, lipid,
sugar, and others. In particular, ferrocene (Fc) modified self-assembled monolayers
(Fc-SAMs) have been considered as excellent models for the study of ET [13, 40,
55]. One interesting study has observed higher ET rate in peptides compared to thiol
ligand, both functionalized with Fc [45]. Despite the progress in the area, there is
a dichotomy regarding the ET mechanism [38]: from one side they believe that the
electron hopping through amide groups whereas the electronmoves within sites from
the donor to the acceptor; on other hand, electron tunneling where the electronmoves
from the donor to acceptor without any intermediate state.

Based on this paradigm, the community carried out new experiments [13, 27,
37, 39, 42, 47, 51, 55, 61, 65], emerging three possible types of ET mechanisms:
molecular mobility, electron tunneling, and hopping, as well as combinations of
those [8, 39, 61].

From the theoretical perspective, Lima et al. [33] carried on DFT calculations of
several models to investigate each component in the system. For calculations, the
authors used DFT and GGA exchange-correlation functional, other computational
details can be found elsewhere [33]. These tests investigated the role of the space
molecule glycylcistamine (Gly-CSA), the electroactive center Fc and the electrode
modeled by the Au(111) surface. It is worth to observe that the electronic states that
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belongs to the Gly-CSA are always below the Fermi energy, even during simula-
tion considering Gly-CSA@Au(111). On the other hand, the Fc electronic states are
always located close to the Fermi energy, regardless the configuration it was inves-
tigated. In summary, Fig. 1 shows a gold slab with the Fc-SAMs with the organic
solvent environment. The DOS analysis in this case indicates the electronics states
closer to the Fermi Energy (EF ) are the thiol bond (S-Au), then the Fc group (HM )
without any intermediate state from the spacer (Hm) or the solvent. In terms of
the energetics, while the Fc peak is placed at −0.3 eV, the electronic contributions
for the molecular spacer are located about −1.5 eV below the EF . Although DFT
simulations presented do not show the dynamics of ET, the results demonstrate the
electronic pathways. In this case, it is possible to describe the ET involving the Fc
group and the gold electrode, favoring the electron tunneling mechanism. The DOS
analysis combined with different building models contributed to elucidate the charge
mechanism discussion in Fc-SAMs.

3 Two-Dimensional (2D) Systems

In 2004, graphene mechanical exfoliation was assembled by Geim and Novoselov
[44], opening new perspectives in 2D materials and its applications. Graphene is
a lightweight, atom-thick, zero-gap semiconductor, it has a large Young’s Modu-
lus (about 1 TPa) that is flexible perpendicularly to its basal plane. These unique
properties in a single material make it special among others. One of the promising
applications of graphene is using as a fast biomolecule sensor, i.e. utilize it as a solid-
state nanodevice for electric identification. Graphene paves the way for 2D materi-
als [16], and nowadays more than 700 different structures are known. It is possible
to highlight some of 2D materials such as: h-BN [3], silicene [2], germanene [34],
borophene [64], phosphorene [10], transition metal chalcogenides (TMDs) [12],
Janus [67], also combinations of them (hybrid materials) [22, 56, 58]. Considering
the electrical properties, the 2D materials can be metallic, semi-metallic, semicon-
ductor and insulator. The material properties control allows different technological
applications e.g.: biosensors, next generation batteries and nanodevices.

For biomolecule electric sensing, there are three possible mechanisms discussed
by Heerema [23] and Diventra [11], where the schematics are depicted in Fig. 2: (a)
on top, (b) on edge or nanogap and (c) nanopore device, respectively.

On top mechanism uses a large 2D surface area for device biomolecule iden-
tification. In this mechanism, the molecule is lying on the surface as could bind
strongly (chemisorbed) or weakly (physisorbed), depending on the molecule nature.
In general, the device has a bare resistance, and each molecule has different electron
transfer. This charge transfer and perturbation leads to changes in the device resis-
tances, thus the sensitivities can be characterized. A typical biomolecular signature is
the Fano resonances [41], and the challenge is to distinguish amolecule among others
based on their signal. Another important aspect to be considered for the nanodevices
consists to detect the biomolecules with binding energies smaller than 1.0 eV. The
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Fig. 1 Total DOS (black line) and projected contributions on the Au substrate (shaded area) and
Fc-Gly-CSA molecule (red line) for the molecule/surface interface: a including methanol solvent
(cyan area); b including sodium perchlorate (blue line) andmethanol solvent. Zero energy reference
is set to the Fermi energy (EF ) of the system. Insets display representative single particle orbitals
of the interface. Reprinted (adapted) with permission from Ref. [33]. Copyright 2014, American
Chemical Society
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Fig. 2 Systems basedwith graphene, with possible site interactions: a on top;b on edge or nanogap;
c nanopore; d surface functionalization; e edge functionalization

translocation time is given by τ ∼ exp( −Eb
KBT

), where Eb is the binding energy, KB is
the Boltzmann constant and T is temperature, that characterize the molecule resident
time in the device. Large binding energies could lead to disposable nanodevice, once
the translocation time could be very large. For the case of very small molecule bind-
ing, it is possible to consider the surface functionalization as it is shown in Fig. 2d.
The functionalization should be an atom or a molecule that acts an anchor to interact
with the biomolecule.

Figure2b is shown on edge or nanogap device based on tunneling mechanism.
For a bare system, the transmission is zero per construction due to the large distance
between the sides. When the molecule is placed on the nanogap, it can work as a
bridge between the two sides (electrodes) and the electron could tunnel from the
left to the right side. The conductance typical signal is about 10−10 G0 and this fact
could be a experimental challenge due to the signal-to-noise ratio. A possible way
to minimize this problem is the edge functionalization with different atoms as it
is shown in Fig. 2e. The functionalization can increase the conductance signal and
signal-to-noise ratio. This fact could improve the tunneling transmittance signal for
different biomolecule, that also depends on the coupling.

The nanopore is the third and more promising biomolecule nanodevice as it is
shown in Fig. 2c. In this case, there are a nanodevice with 10–20 Å pore diameter.
This pore size allows the biomolecule passing through it, changing the electronic
characteristics of system. In this mechanism the bare device has a resistance, when
the molecule is inside the pore it changes, which is similar to the on top. In fact,
the molecule can modulate the electronic current leading to its identification. Nowa-
days, there are technics to control the nanopore size, shape and its functionalization,
fundamental for this type of applications.
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In the next sections, the three mechanism will be exemplified in the detection
of nucleobases, also discussing the aspects regarding the change transfer, that is a
possibility to identify each one.

3.1 On Top Application Using Silicene

Silicene is a silicon 2D material, similar to graphene, with honeycomb lattice that
was proposed theoretically by Ciraci et al. [9]. The electronic structure is a semimetal
system with a Dirac cone in K-K’-symmetry point, similar to graphene. However,
silicene is buckled and more stable than planar structure by 0.05 eV [2]. This fact is
due to sp2 − sp3 bonds, that leads to the referred roughness. The lattice parameter
for buckled (planar) is about 4.002 (3.995) Å with 0.55 Å of height, using DFT and
GGA+ van derWaals correction for exchange correlation functional as implemented
in SIESTA code. Further details can be find elsewhere [2]. Considering the transport
point of view, it was build a supercell that are coupling two electrodes in left/right
sides. The transmission gives a V-shape curve, in good agreement to Dirac materials.
Biomolecules such as: adenine (A), cytosine (C), guanine (G) and thymine (T), were
adsorbed on the silicene surface and distinct orientations were fully relaxed.With the
most stable geometries of each nucleobase were calculated the binding energy and
the distance between the molecule and device. For A and T, the distance was about
3.0 Å and the binding energy close to −0.6 eV. However, for C (G) the distances
were about 2.0 Å and the binding energy were −0.88 (−0.77 eV), respectively.
The strong binding for C and G is related to single oxygen atom presented in each
nucleobase. This fact makes the molecule tilt, where the Si-O atoms are minimal
distance between the surface and biomolecule. For A and T the molecules are planar,
where the A does not have oxygen atoms, and T has two (one in each molecule side).
For the T molecule, there are oxygens competition and the molecule stays quasi
planar. Based on these results, it is possible to classify the nucleobase in two groups:
(I) weak binding (A and T) molecules and (II) strong binding (C and G).

Figure3 shows the difference of charge density calculated using Eq.1. For the
group I, it is noted a charge repulsion between the biomolecule and the silicene
device. For A and T (Fig. 3a, d), the negative difference (blue color) is between the
bottom of the molecule and the surface. In another hand, Fig. 3b, c represent the
group II, where the molecules (C and G) are stronger in terms of binding energy,
leading to an attractive charge redistribution. In the inset, can be noted a negative
charge concentration between Si-O and a positive charge on Si atoms, confirming
this assumption. These results confirm the binding energy previously discussed.

Next, we analyse the electronic transport by the transmission function. For C and
G molecule, it was noted a decreasing in the transmission at +1.0 eV, compared
with pristine device and also A and T. A similar result is also noted from −1.0
eV to EF , where the group II decreases the transmission compared to the pristine
one. Fano resonances were observed for energies smaller than −1.0 eV, typical from
molecular signatures. For the inset upper (lower), two energies were chosen for the
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Fig. 3 The change in electronic charge density is plotted, calculated as the difference between the
charge density of the total system (silicene + nucleobase) and that of each constituent part (silicene,
nucleobase) separately. Blue color indicates a negative difference in the charge density; red color
indicates a positive difference in the charge density. The main panels show isosurfaces for a value
of 0.001 electron × bohr−3 while the insets show the same charge density difference data plotted
for a larger isosurface value of 0.03 electron × bohr−3 and viewed from a different perspective.
a Adenine; b cytosine; c guanine; d thymine. Reprinted (adapted) with permission from Ref. [2].
Copyright 2015, IOP Publishing, Ltd.

analysis of the changes in the transmission. In both cases, the molecules transmis-
sion are different than the pristine one. The transmission changes observed lead-
ing to the modification in the resistance/conductance, important aspect to molecule
identification.

For electrical nucleobase identification were chosen two energies values +1.0 eV
and −1.26 eV (upper and lower right side panel on Fig. 4), at the Fano resonances.
One way to identify changes in the conductance/resistence is through the sensitivity,
that is given by:

S[%] =
(
g0 − gi

g0

)
× 100, (2)

where g0 is the pristine conductance and gi is the nucleobase conductance (for i =
A, C, G and T). Figure5 shows the sensitivity, where for a gate voltage of −1.26
eV is noted a sensitivity up to 20% to A and about 3% for T. The nucleobase C and
G has similar sensitivities (around 10%). However, considering the gate voltage of
+1.0 eV it is possible to identify C and G with a good resolution and A and T are
indistinguishable. This device can identify each nucleobase using two gate voltages
through sensitivities, as well as with translocation time with a good resolution.
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Fig. 4 The plot shows the zero-bias transmission of silicene with and without nucleobases on top
as a function of the electron energy, with the Fermi level for the whole system aligned to 0 on the
horizontal axis. The curve in black color represents the transmittance for pristine silicene without
any nucleobases present while the other colors (red, orange, green, and blue) refer respectively
to the transmission for each nucleobase (A, C, G, and T, in that precise order) physisorbed or
chemisorbed on top of silicene. Reprinted (adapted) with permission from Ref. [2]. Copyright
2015, IOP Publishing, Ltd.

Fig. 5 For two different gate voltages (left panel: −1.26V; right panel: +1.00V) we plot the
calculated sensitivity of the hypothetical silicene sequencing devicewith respect to the four different
nucleobases A, C, G, and T). Reprinted (adapted) with permission from Ref. [2]. Copyright 2015,
IOP Publishing, Ltd.
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3.2 Nanogap Application with Graphene

Nanogap or edge device consists of surface material with a empty space between
two regions. From the experimental point of view, Postma [52] proposed a graphene-
based device for reading the transverse conductance of biomolecules, in particular
nucleobases. In the proposed setup, it was considered the electrodes as the samemate-
rial, demonstrating the nucleobase electrical detection with single-base resolution.
Theoretically, a graphene nanogap device was investigated by Jariyanee Prasongkit
et al. [53], where the tunneling transmission were studied, and the authors showed
very small electrical conductance (in the order of 10−10 G0). The main question to be
addressed consists on how can we modify the nanogap device to improve the trans-
port properties. To answer this issue, the nanogap functionalization will be addressed
to electrically detect biomolecules with better conductance signal.

The results shownherewereobtainedusingDFTcalculationswithGGAexchange-
correlation functional, further details can be found elsewhere [1]. Graphene nanogap
with H- or N-edge functionalization were considered. The devices were built and full
ionic relaxation were performed. Thus, the shortest distances between the two sides
are about 13.85 Å. The A, C, G, and T nucleobases were placed as a linker between
the two sites. There are twomolecules that have two rings, namely group I (A and G),
and two with one (C and T) as group II. For group II, it was expected that the small
size, in comparison with group I, can lead to a weaker coupling. The nucleobases
were relaxed inside the nanogap and for the group I were found distances smaller
than group II for both devices.

Figure6 shows the total density of charge for H- (left side), N-functionalized
device (right side), and each row represents one nucleobase. The nitrogen is charac-
terized by a high electron concentration (blue color) in comparison to the hydrogen
one. Firstly, were observed a weaker coupling for the biomolecules of group II in
contrastwith the group I, as expected. In another hand, analyzingA as an example and
comparing to a different device, were noted a strong interaction in a N-functionalized
one. Figure6 shows an inset in red for weak coupling (H-functionalized device)
and N-functionalized the green/yellow. For A and C in H-functionalized devices,
it is noted the smaller nucleobase presented a weaker interaction. This fact is also
true for N-functionalized devices. However, for C in N-functionalized devices were
observed a better electronic coupling in comparison with H-functionalized devices.
These results show that group I has stronger coupling and theN-functionalized device
is better for biomolecule detection in comparison to H one.

Figure7a–b show the zero bias transmission for H-passivation (left panel) and N-
passivation (right panel), respectively. Firstly, itwas investigated the four nucleobases
at each nanogap device. At Fermi energy, the transmission hierarchy was G > A >

C > T for both devices (-H and -N) and the main difference is the transmission order
ofmagnitude. ForN-functionalization itwas noted a conductance improvement about
104−105 G0. For all cases, there are resonances for a certain energy value due to
the nucleobases. For nucleobase A, there is a peak at −1.0 eV for H-functionalized
nanogap. Secondly, for N-functionalized devices, the previous peak moves towards



12 F. C. D. A. Lima et al.

Fig. 6 Charge density for a
graphene nanogap with
nucleobase in between where
left handside panel is for
hydrogen, and right is for
nitrogen functionalization.
The circular insets show
zoomed in regions at the
frontier between molecule
and edge. The colors
represent the charge density
is given in linear scale going
from 0.0 (red) to 1.1 (violet)
and e/Bohr3. Reprinted
(adapted) with permission
from Ref. [1]. Copyright
2016 American Chemical
Society

Fermi energy. This fact indicates that further device has a better coupling, as it was
previously demonstrated in the total charge density analysis. When the molecules
are placed in the N-functionalized material, there was noted a peak shift toward the
Fermi energy.

For the nanogap case, the sensitivity characterization is difficult to evaluate due
to zero transmission for the bare system (without the molecule). For the analysis
of the changes in the conductance without device reference, it was considered a
target molecule. In this case, it was chosen a molecule with the smaller conductance
signal, which was the nucleobase T at the H-functionalized device. In this way, all
nucleobase conductance were normalized by T, and the sensitivity definition is given
by the following:

S[%] =
(

gi
gre f

)
× 100, (3)

where gi represents the nucleobase conductance, and gre f the smaller conduc-
tance case (T in H-functionalized device). Figure8 hashed histogram shows the
H-functionalized, where the biggest sensitivity is given by G, followed by
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Fig. 7 Zero-bias transmission as a function of energy: graphene nanogap functionalized with a
Hydrogen (dashed), and bNitrogen atoms (solid) for all nucleobases; c–f transmittance comparison
between H- and N-terminated edges of graphene nanogap with different nucleobases in between—
A, C, G and T. Reprinted (adapted) with permission from Ref. [1]. Copyright 2016 American
Chemical Society

Fig. 8 Sensitivity at Fermi
level of four nucleobases for
H- (hashed) and
N-functionalized (solid)
nanogaps. Thymine in the
H-terminated nanogap has
the smallest conductance and
was taken as a reference.
Reprinted (adapted) with
permission from Ref. [1].
Copyright 2016 American
Chemical Society
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A—nucleobases of group I, and C has a good resolution in comparison with T. Here,
were demonstrated despite the small-signal the four nucleobases are distinguish-
able in H-functionalized device. Comparing the reference with an N-functionalized
device, were noted an improvement in the sensitivity by more than five orders of
magnitude, as well as the sensitivity follow the magnitude of the H-functionalized
device (G > A > C).

3.3 Nanopore Application with Hybrid Graphene-BN Device

Nanopore inside of 2D materials has emerged as a great potential to be used as
DNAsequencing due to its individual-base resolution. The applicability of solid-state
nanopores for the detection and analysis of biomolecules is dependent on achiev-
ing accurate control of size and shape. In this context, recent advances in size and
shape control have been achieved, using controlled dielectric breakdown [30] and
electrochemical reaction (ECR) [15]. Encouraged by the experimental synthesis suc-
cessfully of nanopores embedded in the 2D materials [15], Souza et al. [56], have
been proposed a novel device based on lateral heterostructure graphene-BN.

Formodeling the proposed systems herein, it was performedDFT calculationwith
GGA exchange-correlation functional, more details can be found somewhere [56].
The investigated setup has two electrodes (left and right) and a scattering region
with a nanopore. The graphene stripe has a width of 16.92 Å embedded in the h-BN
and the pore diameter is 12.5Å (see Fig. 9e). One important aspect of the device
is the presence of two carbon nanowires (above and below the pore). Focusing on
the electronic transport, Fig. 9a shows the transmission spectra for the bare device,
where one should verify two broad peaks around the Fermi level in the energy range
(±0.25 eV)) and a well-defined peak at 0.9 eV. The transmission is actually not
symmetric around the Fermi level. Figure9b shows the vertical dashed lines (±0.18
eV), where one can clearly note an asymmetric T (E), as a result of the two distinct
interfaces C1-B (C2-N), which present, electron acceptor (electron donor) character,
respectively. In Fig. 9c the central peak (orange color) represents the total density of
states (DOS) with the majority contribution ascribed to central carbon atoms (blue
color, C). However, the left (right) shoulders are associated with the hybridized states
from the interface atoms C1-B (C2-N), as highlighted in Fig. 9d. In order to get some
insights about the T (E) around the Fermi level, it was analyzed the local current in
the scattering region at ±0.18 eV. For the negative energy value (Fig. 9e), the local
current is located in the lower carbon wire, while for the positive one (Fig. 6f) it is
in the upper, as expected from the projected density of states (PDOS) (see Fig. 9c–
d). The results reveal for the proposed device an important functionality, once it is
possible to choose the electrons pathway switching the applied gate voltage.

The nucleobases were placed inside the nanopore and performed full relaxations.
With the most stable configurations (Fig. 10a–d), the interaction strength between
nanodevice and molecule were examined through the binding energy. Figure10e
shows binding energy for the four nucleotides such as: deoxyadenosine monophos-
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Fig. 9 a Zero-bias transmission spectra as a function of energy for the device without any molecule
present in the pore; b zoom-in around Fermi level; c the projected density of states (PDOS) as a
function of energy; d zoom-in of the PDOS around Fermi level; the local current density e for
−0.18 eV and f for +0.18 eV. Reproduced from Ref. [56] with permission from the Royal Society
of Chemistry

phate (dAMP), deoxyguanosinemonophosphate (dGMP), deoxycytidinemonophos-
phate (dCMP) and deoxythymidine (dTMP). In particular, the dCMP is 0.65 eV and
dAMP is 0.13 eV, which is higher than corresponding binding energies on graphene
and MoS2 surfaces [31, 32]. Then, based on the binding energy values, one can infer
that dCMP will have the biggest resident time while dAMP will have the smallest
one. These results suggest that the device might also allow to identify individually
different target molecules due to their specific residence times into the nanopore.

Figure10f shows the transmission spectrum of the bare device (black dashed line)
and device with four nucleotides. These results reveal that one can distinguish the
nucleotides based on their transmission signature around the Fermi level. In general,
one can observe that T (E) decreases for all nucleotides relative to the bare nanopore
system. However, for one case (i.e., dGMP), there is an electron channel opening for
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Fig. 10 Fully relaxed structures for each nucleotide a dAMP, b dGMP, c dCMP, and d dTMP inside
the pore; e binding energies; f zero-bias transmission spectra in the vicinity of the Fermi level for
the empty pore (black dashed line) and for the pore filled with each nucleotide (colored full lines);
g sensitivity histograms for two specific energies (−0.18 and +0.18 eV). Reproduced from Ref.
[56] with permission from the Royal Society of Chemistry

the range of −0.06 to 0.0 eV relative to the Fermi energy, which could be attributed
to a charge redistribution (Δρ > 0) close to the carbon atoms at the left side of the
device’s pore [57].

The main issue concerning a biomolecule sensor is its capability of identifying
each molecule according to a specific property. From the experimental point of view,
it can be done by measurements of conductance changes in the device due to its
interaction with the target molecules. For evaluate the referred changes were used
the sensitivity as defined in Eq.2. Figure10g shows the sensitivity at gate voltages
Vg = ±0.18 V , for the device with each nucleotide at its most stable configuration.
Even though, one could present the sensitivity for fully energy spectra, herein, a
specific gate voltages were chosen, as at these energies higher contributions of C1
(C2) atoms to the total DOS are noted (Fig. 9c–d). For Vg negative (positive) we noted
−3.6%, 16.6%, 29.0%, and 8.3% (−25.2%,−19.9%, 36.2%, and 17.9%) for dAMP,
dGMP, dCMP, and dTMP, respectively. These results indicate that device possesses
a considerably sensitive resolution to distinguish each nucleotide electrically.

Figure11 shows the local current for each nucleotide at VG = −0.18 V, where
the intensity is represented by the size of the arrows. Combining the sensitivity (Fig.
10g) with the electrical local current of bare device (Fig. 9e), one notes that the
dCMP (dAMP) has the higher (lowest) sensitivity leading to bigger (smaller) local
current modulation. It is also verified that the current modulation is proportional to
sensitivity for dGMP and dTMP. In summary, it was demonstrated that the proposed
device can modulate the local current and distinguish each nucleotide electronically.
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Fig. 11 Local current density modulation is shown for a gate voltage of −0.18 eV. For each
nucleotide (dAMP, dGMP, dCMP and dTMP) inside the nanopore, the reference local current
(Fig. 2e) is altered due to the different interaction between the molecule and the device. Reproduced
from Ref. [56] with permission from the Royal Society of Chemistry

3.4 Surface Application with Graphene Functionalization

The growth or processing of graphene sheets can induce structural defects, which
becomes a challenge for graphene-based nanodevice applications. To overcome this
issue, the literature [19, 46, 63] has shown that these sheets can be modified with lig-
ands to tune their properties. Surface functionalization can alter how electron transfer
processes occur in graphene [16, 35], which can be applied to adjust physical and
chemical properties in these systems. Macedo et al. [36] reported an experimen-
tal and theoretical study of graphene-modified with 4-carboxyphenyl (4-CP) units,
indicating evidence of inhomogeneous charge distribution on the sheets. Here it was
employed DFT calculations using GGA exchange-correlation functional, details can
be found elsewhere [36].
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Fig. 12 Computational results of modified graphene. a Projected density of states per atom for (i)
pristine graphene, graphene functionalized with 4-CP (ii) in a neutral system and in configurations
(iii) CS-1 and (iv) CS-2. The yellow dash indicates the region of the Fermi energy between −0.5
and 0.5 eV. Kohn–Sham (KS) wavefunctions at b valence band maximum (VBM) and c conduction
band minimum for cases i, ii, iii, and iv. Because ii and iv are electronically degenerate, both VBM
states are shown. Atom colors: C (gray), O (red), H (white), KS wavefunction (blue spheroids).
Reproduced from Ref. [36] with permission from the Royal Society of Chemistry

Figure12 shows the projected density of states (PDOS), also the Kohn-Sham elec-
tronicwavefunctions (KS) for the valence bandmaximum (VBM) and the conduction
band minimum (CBM). It was explored the pristine graphene (i) and graphene-4CP
(ii) in a neutral system and in the configurations-1 (CS-1) (iii) and -2 (CS-2) (iv).

For the pristine graphene was observed the Dirac cone at the Fermi energy, show-
ing π type wavefunction for the VBM and CBM. For the graphene-4CP system
(ii), there is a hybridization between carbons atoms (graphene) with 4-CP at Fermi
energy, since the total number of electrons is odd. The KS states are localized in the
molecule/graphene bond in the VBM and its vicinity, while CBM states are similar
in comparison to the pristine system. This study also investigates the charge injec-
tion, allowing to understand the electron transfer mechanism at the atomic level.
The CS-1, denoted as the addition of one extra electron in the system. It generates
a small gap and moves the central peak towards the valence band, while its VBM
states are similar to the graphene-4CP in the neutral condition. Moreover, the two
electrons injection (CS-2) shifts the central peak to−0.9 eV below the Fermi energy.
It is worth noting that injection of the extra charge electron induces the non-uniform
charge distribution in the graphene-4CP surface, as indicated by the KS VBM and
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CBM wavefunctions. These results indicate an anisotropic charge distribution sup-
porting the experimental findings. It also provided the next step, suggesting that these
changes are related to the covalent anchoring in the sheet.

4 Conclusion

We presented a discussion regarding interactions between a solid surface and target
biomolecules based on quantum mechanic calculations. It was performed DFT in
combination with electronic transport method, analysis tools as well as applications
examples. It was considered peptide SAMs and biomolecules (DNA) on the three
possible detection mechanisms such as: on top, on edge, and nanopore. The on top
and on edge systems were also discussed from a functionalization point of view, and
their effects to improve devices electronic properties. Nowadays, the computer sim-
ulations in nanoscale systems enable a detailed atomic view of the electron transfer
process between surfaces and target biomolecules. The future of computer simu-
lations requires multidisciplinary studies between fields such as materials science,
solid-state physics, biology, physical chemistry, and bioengineering among others.
These advances will have meaningful impacts regarding bioelectronics, contributing
to warrant the widest possible dissemination to multidisciplinary scientists, working
on the cutting edge of surface science with a strong interest in applications toward
nanodevices, which would inspire future experiments.
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Direct and Mediated Electron Transfer
in Enzyme Electrodes

Marccus Victor Almeida Martins

1 Introduction

The first experimental reports on the origin of bioeletrochemistry were related to
the work of Luigi Galvani, in October 1786. In his work, Galvani demonstrated
that a frog’s leg twitched upon contact with a metallic arch at the extremities of the
leg. Named “Animal Electricity”, this work is evidence of the origin of bioelectro-
chemistry long before electrochemistry itself [1–4]. Over 200 years after this experi-
ment, bioelectrochemistry has advanced so as to be able to manipulate biomolecules,
connect them with solid electrodes, and ultimately build and apply bioelectrochem-
ical devices [5–8]. These biodevices’ performance depends on understanding all
physical and chemical properties of both the redox biomolecules and the electrodes
that support enzyme immobilization. Thus, this chapter will discuss the processes
of enzyme immobilization and electron transfer, focusing on the enzyme glucose
oxidase.

2 Redox Enzyme—Glucose Oxidase

Several biological processes dependon electron transfer processes that occur between
molecules undergoing oxidation and reduction. This redox process generates the
energy needed for the development of biological functions or the construction of
electrochemical biodevices [9]. In the latter case, several redox enzymes are exten-
sively used on solid surfaces, generating an optimal interface for electron exchanges
to occur [10]. Because they belong to the oxidoreductase class, these enzymes act as
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Table 1 List of some redox
enzymes and their active site

Enzyme Active center Ref.

Aldehyde dehydrogenase Pyrroloquinoline
quinone (PQQ)

[6]

Laccase oxidase 4 Cu (II) atoms [11]

Alcohol dehydrogenase Nicotinamide adenine
dinucleotide (NAD)

[12]

Glucose dehydrogenase Nicotinamide adenine
dinucleotide (NAD)

[13]

excellent biocatalysts of specific substrates. Table 1 summarizes some redox enzymes
and their active centers responsible for catalyzing their respective molecules.

One of the most classic enzymes used in bioelectrochemical devices is glucose
oxidase (GOx), which often comes from Aspergillus niger fungi. GOx is a flavo-
protein that catalyzes oxidation of β-D-glucose at its first hydroxyl group, using
molecular oxygen as the electron acceptor, to produce D-glucono-delta-lactone and
hydrogen peroxide. Sterically, GOx is dimeric, with its redox cofactor inside each
monomer, called flavin adenine dinucleotid (FAD), as Fig. 1a, b show [14, 15].

Electrochemically, FAD undergoes oxidation according to the reaction in Fig. 2.

Fig. 1 a Computational
representation performed on
the protein data bank website
for the GOx enzyme (1GPE)
and for b FAD
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Fig. 2 Chemical structures of FAD and FADH2

In the presence of two electrons and two hydrogen atoms, FAD, initially in the
oxidized state, changes to the reduced state of FADH2. This GOx redox cofactor
reacts with glucose, according to the chemical reaction represented in Fig. 3 [15].
However, for an efficient electron transfer between the enzyme and its substrate on
the solid surface of an electrode, the immobilization process becomes one of the
biggest challenges for researchers, as we will discuss next.

Fig. 3 a Schematic representation of the conversion of glucose into gluconic acid by the action of
GOx-FAD
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3 Enzymatic Immobilization Processes

The electron transfer process at the electrode/enzyme interface depends heavily on
how the enzyme is immobilized on the electrode surface. The literature has classi-
cally reported five processes by which the enzyme can electronically connect with
the electrode it is immobilized to. Each process has advantages and disadvantages for
certain applications of this electrode biointerface. Figure 4 represents these immobi-
lization processes: covalent bond, adsorption, cross-linking, electrostatic interaction,
and affinity [16].

Immobilization through chemical bonding ensures strong fixation between the
enzyme’s functional groups and the electrode, thus promoting greater stability.
However, the bioelectrode may generate a level of toxicity due to the chemical
compounds used to fix the enzyme. In this respect, for in vivo applications, the
presence of compounds that are bioincompatible with the environment can be an
impediment to which the electrode will be applied [16].

Immobilization through physical adsorption can be considered the quickest and
easiest of all methods. Another advantage is that chemical compounds are not needed
to fix the enzyme, which makes the bioelectrode very applicable in in vivo implants.
Nonetheless, in this technique the enzyme is weakly bound to the electrode surface,
generating instability and inactivity of its active site [16].

Fig. 4 a Schematic representation of the immobilization process in the electrode/enzyme interface
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Both cross-linking and the biochemical affinity method require specific receptor
substances and biomolecules, making the process a little more expensive and time-
consuming. However, these processes guarantee electrode stability. In the case of
affinity, other parameters must be considered, such as optimal pH of the medium and
biocompatibility of the groups used to guarantee enzyme fixation on the electrode.
Once immobilization on the electrode surface is completed, another aspect that must
be investigated is the enzyme’s structure and active site, as will be discussed below
[16].

4 Direct Electron Transfer and Its Dependence
on the Distance Between Enzyme and Electrode

A computer simulation performed on the PDB website with the structure of GOx
(1GPE) showed that GOx exhibits its prosthetic group FAD in a non-centralized way
inside eachmonomer, as Fig. 5 illustrates. The distances found from these simulations
were 14.05, 19.36, 19.55, and 26.35 Å.

Some works have reported that the minimum optimal distance for the electron to
tunnel from the enzyme to the electrode surface is 14 Å or less. In this sense, Fig. 7
shows four schematic representations (a–d) in which the enzyme succeeds or fails
to exchange electrons with the electrode surface. As most immobilization processes
do not guarantee the deposition of the enzyme through the face with the shortest
distance, there is usually no direct electron communication at the electrode/enzyme
interface. This is due to the volumeof the enzyme’s tertiary structure,which generates
distances above 14 Å. This inhibits direct electron transfer, represented in Fig. 6a–c
[17–19].

Martins and co-authors [19] presented an inherently effective strategy for direct
electron transfer to occur using GOx and a graphene oxide-modified flexible carbon

Fig. 5 a Schematic
representation performed on
the PDB website for GOx
(1GPE)
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Fig. 6 Schematic representations a–d of the immobilization process through GOx’s faces. Direct
electron transfer only occurs when the enzyme adsorbs on the side that generates the shortest
distance between FAD and the electrode surface

fiber (FCF) electrode. In their work, they showed that the presence of graphene oxide
in the fiber structure shortens the distance between FAD and the electrode surface,
ensuring fast and efficient electron exchange.

Marcus theory is another approach that can be considered in the study of distance
dependence on the rate of electron transfer at the electrode/enzyme interface [20–
22]. This theory holds that, for an enzyme adsorbed on a solid surface (homogeneous
transfer), the oxidation koxi and reduction kred rate constants require certain energy
to re-accommodate all atoms under high overpotential conditions. This is known as
reorganization energy (λ). Equation 1 is derived from Marcus theory and describes
the rate of electron transfer using the Fermi–Dirac distribution, since electron transfer
can occur to or from any Fermi level in the electrode:

kred/oxi = kmax√
4πλ/RT

∞∫

−∞

exp(−1/4λRT [λ ± F
(
E − E0

) − RT x])
1 + exp(+)

dx (1)
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Fig. 7 Schematic representations of the electron transfer process between GOx enzyme and
electrode surface mediated by ferrocene

where λ is the reorganization energy in eV (the energy required to reorient all atoms
from the equilibrium state to the product state) and kmax is the maximum electron-
transfer rate constant at high overpotential. Based on this theoretical simulation
using the Marcus theory equation, the linear behavior obtained decreases linearly
with increasing distance between the active enzymatic site and the electrode surface,
as demonstrated by Marcus and co-authors [19].

5 Mediated Electron Transfer

Redoxmediators are substances of lowmolar mass that can easily receive and donate
electrons and thus facilitate the transfer of electrons between enzymes and the elec-
trode surface. They are needed to mediate electrode/enzyme electron exchanges due
to the distance between the redox site and the electrode. Some redox enzymes have a
very bulky tertiary structure where the active site is located. This makes it impossible
to tunnel the electron from the enzyme to the electrode. In this sense, numerous studies
[18, 23–25] have reported the use of redox mediators in bioelectrodes. Depending
on whether the application is in vivo or in vitro [7, 8], using mediator species in
the electron exchange process may limit this application due to the toxicity that
some mediators can generate. However, for biodevice applications that do not fall
under these limitations, the great advantage of using a redox mediator is the ease
of oxidizing and reducing the active site of an enzyme immobilized on an electrode
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Fig. 8 Schematic
representation of the electron
transfer process between
GOx enzyme and electrode
surface mediated by
graphene

surface. Figure 7 presents a scheme of how the redox mediator ferrocene acts in
the electron exchange reaction between GOx and the electrode surface. Ferrocene
both mediates electron exchange and enables FAD-GOx to react with more glucose
molecules, generating gluconic acid as an end product.

Another advance in the field ofmediated transfer at the electrode/enzyme interface
is the use of nanomaterials (e.g., metallic nanoparticles [26], nanotubes [27], or
graphene [19]). However, in this case, the communication between enzyme and
electrode can be considered as facilitated rather than mediated. This consideration
is because a nanomaterial generally does not have an oxidized and reduced state, as
it occurs within the definition of a redox mediator species. Facilitation is due to the
nanomaterial reducing the distance between the redox site and the electrode surface,
as Fig. 8 illustrates.

Advances in the synthesis, development, manipulation, and functionalization of
numerous advanced materials have also furthered the understanding of the properties
of the electrode/enzyme interface applicable in bioelectrochemistry.

6 Conclusion

In this chapter, we discussed the physical and chemical properties at the elec-
trode/enzyme interface, emphasizing GOx immobilized on a solid electrode surface.
Some factors can limit charge transfer between an enzyme and an electrode. The
distance between the enzymatic redox site and the electrode surface may be the
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main factor for mediated or direct transfer of electrons in a bioelectrode to occur.
However, the presence of nanomaterials and/or redox mediating species at the elec-
trode/enzyme interface can reduce this distance, facilitating electron communication
between enzyme and electrode as well as the catalysis of specific substrates in the
presence of these enzymes.
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A Case Study of Cytochrome c

Eliemy F. S. Bezerra , Caio Lenon C. Carvalho ,
Everson T. S. Gerôncio , Welter Cantanhêde , and Roberto A. S. Luz

1 Electron Transfer Reactions

Electron transfer (ET) reactions are key steps in many biological processes, such
as photosynthesis, metabolism and cell respiration [1, 2]. Furthermore, the deeper
understanding of such electron transfer processes is a fundamental issue in biotech-
nological applications, included enzymatic fuel cells, and third-generation biosen-
sors [3–5]. ET reactions between proteins and electrode surfaces typically occur in
two ways. The first is based on the use of redox mediators, which promote a medi-
ated electron transfer (Fig. 1a). In this case, the mediator must be able to transfer
electrons quickly with the application of a small driving force and commonly its
reduction potential is what dictates the operating potential of electrode. The second
way is based on direct electron transfer (DET) between the protein active center and
the electrode surface, without the need of redox mediators or co-substrates (Fig. 1b).
This DET may be established by using an electrode optimized configuration, where
the protein must be strongly adsorbed with its active site facing the electrode surface,
in order to ensure the shortest possible ET distance, generally not exceeding 14 Å
as demonstrated by Dutton and coworkers [6]. However, in many cases this distance
is increased due to the bulky tertiary or quaternary structure of proteins preventing
DET. In addition, after immobilization, the protein chain denaturation with subse-
quent electrode surface passivation is often observed. In this context, a third way that
has been extensively explored in recent years to maximize ET is the use of nano-
materials at the protein/electrode interface [7–9] (Fig. 1c). In this case, although the
electron transfer occurs through the nanomaterial located at the enzyme/electrode
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Fig. 1 Schematic representation of electron transfer electrochemical process on redox proteins
modified electrodes. a DET between enzyme and electrode surface; b Mediated electron transfer;
c Electron transfer between enzyme and the surface of electrodes modified with nanomaterials

interface, many authors have considered this to be DET [10–13], once the immobi-
lized nanomaterials usually act as an extension of the electrode surface. In addition,
this strategy promotes an increase in surface area to be covered and can lead to
enhanced stability of the enzymatic electrode.

Direct electrochemistry of immobilized proteins is quite advantageous over solu-
tion studies, since diffusion processes are avoided and the electron transfer rate
constant can be constrained as a function of the distance from redox site to electrode
surface and of reaction driving force. Electrochemical techniques, such as cyclic
voltammetry, combinedwith choice and proper treatment of electrodes, have allowed
the obtaining of thermodynamic and kinetic variables related to heterogeneous
electron transfer processes of adsorbed molecules [14, 15].

The pioneeringworks onDETof adsorbed redoxproteinswere published indepen-
dently by Eddowes and Hill [16] and Yeh and Kuwana [17] in 1977. In these studies,
the authors investigated, by cyclic voltammetry, the redox properties of cytochrome
c (Cyt c) on gold and tin-doped indium oxide (ITO) electrodes, respectively. These
pioneering works demonstrated that important information about redox properties
of proteins could be obtained from experiments where the DET is established. Since
then, several researchers have developed strategies to promote a strong adsorption
of proteins on solid electrodes, in order to preserve the proteins native properties
and provide a suitable environment for investigating direct electron transfer. In this
sense, Armstrong and coworkers [14, 15, 18] have investigated by voltammetry, the
charge transfer reactions, elucidating several redox protein catalytic mechanisms,
paving the way for a new approach called “protein film voltammetry” (PFV).

Among various redox-active proteins, Cyt c stands out as one of the most used
in ET studies, due to its unique characteristics and electrochemical properties, as
discussed in the following topic.
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2 Cytochrome c, a Brief Understanding

The Cyt c is a cationic highly water-soluble protein, with approximately spherical
shape (relatively diameter small of 3.4 nm), containing a prosthetic group formed
by the porphyrin complex of heme (Fe2+) and amino acid residues (often cysteine,
histidine and methionine) as can be seen in Fig. 2 [19–22].

The redox cofactors (heme centers Fe) play essential role as efficient electron
carriers from complex III (quinol: cytochrome c oxidoreductase or cytochrome
bc1 complex) for complex IV (cytochrome c oxidase) in the inner mitochondrial
membrane [21, 22]. Thus, the Cyt c is able to reversibly alternate between Cyt
c Fe3+ and Cyt c Fe2+ states during ET on the electrode surface. The respiratory
complexes catalyze electron transfer reactions by reduction or oxidation selective
of substrates, with translocation of protons from the negative to the positive side of
the membrane (Fig. 3a). In particular, the end of the aerobic respiratory chain the
cytochrome c oxidase catalyze the reduction of oxygen (final electron acceptor) to
water [23]. Figure 3b shows a proposed mechanism of ET from cytochrome c into
direct electrical contact with the electrode surface [21–23].

An interesting feature observed for Cyt c is distance of ~17 Å for an optimum
orientation of the redox active site (parallel orientation of heme plane) in relation
to electrode surface, this value is close to the ideal distance (14 Å) considered for
an efficient DET to occur [22, 25]. Furthermore, the Cyt c exhibit low cost, high
stability, electrochemical activity over a wide pH range (pH 2–11) and, unlike many
other redox proteins, its active center is not buried as deeply in the amino acid
sequence, making it an ideal protein for DET studies [26, 27].

Despite the favorable characteristics of Cyt c to electron transfer, DET is not so
simple to be achieved, as this process is directly related to the way in which the
enzyme is immobilized on electrode surface. In this context, different enzymatic

Fig. 2 Three-dimensional (3D) structure of cytochrome c and tetrapyrrolic macrocycle ligated to
an iron cation (heme c prosthetic group). Adapted and reprinted with permission from Refs. [20,
22]. Copyright 2021 Elsevier
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Fig. 3 a Schematic representation of electron transport in the active sites of respiratory complexes
III and IV [1–3]. b Schematic illustration of the DET process in electrode surface and typical cyclic
voltammetric of the cytochrome c at the formal potential of 9 mV versus Ag/AgCl. Adapted and
reprinted with permission from Ref. [24]. Copyright 2021 Royal Society of Chemistry

immobilization strategies and electrode surface modifications to achieve favorable
conditions for DET are reviewed in Sect. 3.

3 Cytochrome c Immobilization and Surface Modifiers
to Direct Electrochemistry

Cyt c when directly adsorbed onto solids electrodes surface (Pt, Hg, Au, Ag or
carbon-based electrodes) can suffer conformational changes (denaturation of their
chains) or unfavorable orientation and suppressed rotation of the heme plane [10,
19, 26]. These aspects can cause the passivation of the electrode surface, which lead
to irreversible redox process with slow electron transfer kinetics. To minimize these
problems, methods of Cyt c immobilization onto conductive support are strategi-
cally selected for promote DET. In this case, the Cyt c immobilization may keep
their functional and structural properties and improve the electrical communication
between the Cyt c Fe2+/Cyt c Fe3+ center and the electrode surface. To date, the main
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methods of Cyt c immobilization are physical adsorption, encapsulation/entrapment,
covalent anchorage and layer-by-layer (LbL) assembly, as show in Fig. 4 [4, 10, 23,
26]. The structural characteristics of Cyt c play an important role in its immobiliza-
tion mechanism onto electrodes. Thus, at neutral pH, lysine and arginine residues
contribute to a net positive charge, which makes electrostatic interaction with the
negatively charged electrode surface possible [26].

The selection of immobilizationmethod depends on its advantages, disadvantages
and type of interaction, as they affect the physicochemical properties of the Cyt
c/electrode interface. Furthermore, most methods involve essential parameters for
efficient application, for example ease of operation, storage stability, sensitivity,
selectivity, reproducibility and stability for long-term performance [28]. For these
reasons, the choice of the idealmethod is a very complex issue and, therefore, in some
cases the strategy selection is result of a combination of one or more immobilization
types [23, 28].

Fig. 4 Schematic illustration of Cyt c immobilization methods onto electrodes surface. a physical
adsorption based on the electrostatic interaction between the negatively charged electrode and
positively charged groups of Cyt c; b encapsulation/entrapment into hydrogel or polymers porous
matrices; c covalent binding (C–N) onto COOH-functionalized single-walled carbon nanotubes
deposited on electrode surface; d LbL assembly with negatively charged substrate for sequential
deposition of polyanions, polycations and Cyt c via electrostatic interaction to formed a multilayer
structure. Adapted and reprinted with permission from Ref. [26]. Copyright 2021 Elsevier
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The physical adsorption is onemethod of reversible immobilization based on non-
covalent interactions (non-specific forces), included π–π interactions, van der Walls
forces, hydrophobic interactions, hydrogen bonds and ionic bonding (salt linkages)
[26, 28]. Adsorption also can occur through electrostatic interaction between positive
residues of the Cyt c and the negatively electrode surface (Fig. 4a). The main advan-
tages of the physical adsorption are simplicity and operational speed (few steps),
low-cost and the Cyt c active site is normally unaffected [28]. Nonetheless, the main
disadvantage is the low operational and storage stability due to desorption of Cyt c
from the electrode under changing conditions of temperature, pH and ionic strength.
Another disadvantages include denaturation of the Cyt c (resultant of direct contact
between Cyt c/electrode) and non-specific adsorption of other proteins or substance
[26, 28]. Recently, it has been reported that the physical adsorption by hydrophobic
interaction affects the reactivity of immobilized Cyt c [20]. In this study, species
derived from yeast Cyt c (ycc) were immobilized onto a gold electrode surface coated
with a hydrophobic layer of decane-1-thiol. The structural and functional properties
(catalytic and physiological activity) of immobilized ycc are strongly influenced by
the type of physical interactions [29].

The entrapment is considered an irreversible method based on physical interac-
tions from the encapsulation of the protein into three-dimensional network or porous
matrices [26, 28]. In this case, gelatin hydrogels or conducting and non-conducting
polymers matrix can be used to entrap Cyt c on the electrode surface (Fig. 4b). The
Cyt c confinement inside of hydrophilic lattice structure offers advantages such as
biocompatibility, improve operational and storage stability. Moreover, the porous
matrices minimize Cyt c denaturation, and usually does not allow the non-specific
adsorption of other substances [23, 26, 28]. In contrast, the practical application of
the encapsulation/entrapment method presents some disadvantages such as leaching
and low carrying capacity of Cyt c. There is also the possibility that the film matrix
creates a diffusion barrier that can limited the mass transfer from substrate or analyte
to the Cyt c Fe2+/Cyt c Fe3+ center and hinder the electrochemical process [26, 28].

Covalent anchorage is an irreversible method of immobilization based on the
formation of stable complexes through chemical binding between the enzyme and
electrode support matrix [4, 23]. In this type of method, chemical activation of the
electrode surface occurs first to form a covalent bond (C–N) between the COOH-
functionalized support and the amine groups in the Cyt c structure (Fig. 4c). The
main chemical coupling agents for initial activation include glutaraldehyde, alka-
nesilanes and carbodiimides, e.g., 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), N-hydroxysuccinimide (NHS) and 3-mercaptopropyl trimethoxysilane (3-
MPTMS). These chemically modified surfaces can undergo chemical coupling with
functional groups from the Cyt c amino acid residues, such as side chains containing
COOH (aspartic and glutamic), NH2 (lysine) or SH (cysteine) groups [23, 26, 28].
The chemical interaction between electrode surface electrophilic groups and nucle-
ophiles on Cyt c provides some advantages, for example, high bond stability, absence
of diffusion barriers and short response times [4, 23]. However, covalent immobiliza-
tion often results in some disadvantages, including changes in protein conformation,
loss of biocatalytic activity, poor electrode reproducibility, and use of toxic coupling
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Fig. 5 a Schematic illustration of cytochrome c immobilized in TPP-HA[TFSI]/MWCNT/GCE,
and cyclic voltammograms in the presence of H2O2. b Scheme of steps of assembly of κ-CG and
Cyt c for form multilayer structure ([κ-CG/Cyt c]n) on a Au electrode surface modified with a Cyt
cmonolayer, and voltammetric response of the multilayers electroactive Cyt c, [κ-CG/Cyt c]n (n =
2, 4, 6, 8). Adapted and reprinted with permission from Refs. [30, 36]. Copyright 2021 Elsevier

agents [23, 28]. Murphy and coworkers reported an approach to covalent immo-
bilization of Cyt c from COOH-functionalized ionic liquid (TPP-HA [TFSI]) and
multiwalled carbon nanotube (MWCNT) [30]. In this work, TPP-HA [TFSI] was
deposited onto MWCNT-modified glassy carbon electrode (GCE) surface, followed
by chemical anchorage of Cyt c using EDC, coupled to NHS (EDC/NHS). Thus,
EDC/NHS was applied as the coupling agent to form stable amide binding (C–N)
betweenCOOHgroups ofTPP-HA[TFSI] andNH2 groups ofCyt c (Fig. 5a). Further-
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more, with this approach, it was observed that the modified electrode (Cyt c/TPP-
HA[TFSI]/MWCNT/GCE) showed favorable electrochemical behavior towards Cyt
c and excellent performance for H2O2 detection [30].

Layer-by-layer assembly is a versatile method for protein immobilization through
the alternated adsorption of oppositely charged species (polyelectrolytes, functional-
ized inorganic/organic compounds, DNA, proteins, etc.) onto a charged substrate [31,
32]. This adsorption process is governed by various interactions, including hydrogen
bonding, electrostatic interactions, covalent bonding, hydrophobic interaction, van
der Waals forces, and host–guest interactions [31–33]. Thus, Cyt c soluble in water
with chemical charged residues act as polyelectrolytes to form multilayer architec-
tures in the surface of a charged electrode (Fig. 4d). This immobilization method
provides many advantages, including: (I) operational ease, and (II) compatibility
with different types of substrates (flat/non-flat and macroscopic/nanoscopic elec-
trodes). Other important features are (III) control of the multilayers homogeneous
structure and (IV) of the proteins amount on the electrode, (V) fine-tuning of physic-
chemical properties, and (VI) deposition of different (bio)materials as strategy to
improve stability and specificity of electrochemical system [33, 34].

Despite the above-mentioned characteristics, the LbL immobilization method has
some limitations associated with the type molecular interaction, for example, elec-
trostatic interaction requires structures with multiple charged groups, and H-bonding
interaction generally produces multilayer films with low stability [33–35]. The elec-
trostatic layer-by-layer assembly was recently used to fabricate a Cyt c-based multi-
layer thin film on a gold electrode [36]. The authors employed κ-carrageenan (κ-CG)
as anionic polyelectrolyte for the construction of fully electroactive Cyt c multilayer
biofilms. In this process, the electrodes were firstly incubated in solution containing
11-mercapto-1-undecanoic acid (MUA) and 11-mercapto-1-undecanol (MU), and
then it were incubated in solution of Cyt c to form a redox protein monolayer. The
multilayer κ-CG/Cyt c structure was fabricate by alternating adsorption of κ-CG and
Cyt c (Fig. 5b). As results, the κ-CG/Cyt c multilayer film exhibited well-defined
voltammetric response related to ET reactions of the Cyt c [36]. The combination
of SAMs with layer-by-layer assembly modified electrochemical performance of
the as-prepared multilayers thin films. This was observed by different amounts of
immobilized electroactive Cyt c on the electrode surface (τ , pmol cm−1) and for the
electron transfer rate constant (kET, s−1). Thus, the κ-CG-based Cyt c monolayer film
and 8-bilayer κ-CG/Cyt c structure (Cyt c/[κ-CG/Cyt c]8) showed the τ values of
10.87 and 158.01 pmol cm−1, respectively. These results indicates that κ-CG/Cyt c
multilayer film exhibited the concentration of electroactive Cyt c species ∼15 folds
greater than that on electrode modified with Cyt c monolayer [36].



A Case Study of Cytochrome c 43

4 Direct Electrochemistry of Cyt c
at Nanomaterials-Modified Electrodes

Despite the advantages of immobilization methods, in some cases, the adsorbed Cyt
c presents difficulties in reaching DET on a conductive surface. Unfavorable orien-
tation on unmodified electrode, low surface coverage of electroactive species, and
critical electron transfer distance between the electrode surface and the redox center
are the main factors limiting the electrochemical processes of Cyt c [37]. Nowadays,
the electrode modification with nanomaterials is one of the main strategies to over-
come these limitations [38]. This approach allows electronically connecting the redox
centers of the protein with the electrode surface. Thus, the nanomaterial acts as an
electrical “wiring” (nano-bridges) to promote an efficient electronic communication.
Moreover, the ultra-small size and structural properties of nanomaterials may also
allow the creation of a favorable microenvironment for Cyt c (in terms of stability
and increased protein load) improving the direct electron transfer [38]. The main
classes of these electrode modifiers include metallic nanoparticles, carbon-based
nanomaterials, mesoporous nanostructures, and nanocomposites [7–9]. The type of
nanostructure formed influences the physical and chemical properties of the elec-
trode surface, as well as the nature of the protein/nanomaterial interface interactions.
In this section, some characteristics for DET of Cyt c on nanomaterials-modified
electrodes are described.

Metal-based nanomaterials show interesting advantages such as high electrical
conductivity, large surface area, high potential, electronic and electrocatalytic prop-
erties [39]. The use of metallic nanoparticles for electrode modification can improve
the Cyt c electron transfer process. This improvement in electrochemical behavior
can be observed by increasing the electron rate constants, increasing the surface
coverage and decreasing the distance between iron center and electrode surface [10,
26, 39]. Kosopova et al. investigated the effect of different types of gold nanos-
tructures on the Cyt c direct electrochemical [40]. Nanostructures of oleylamine-
stabilized monodisperse spherical nanoparticles (OA/AuNPs) and ultrathin gold
nanowires (OA/AuNWs) were assembled on gold electrode surfaces to immobilize
Cyt c. As results, the thin-film bioelectroactive nanoarchitectures showed electro-
chemical properties depending on nanostructure type and the method of assembly
onto electrode surface.Considering the same assembly strategy, the effect of nanopar-
ticles geometry was observed by change of ca. −20 mV at the redox potential (Cyt
c Fe2+/Cyt c Fe3+) of the OA/AuNWs/electrode compared to OA/AuNPs electrode.
Furthermore, OA/AuNWs/Cyt c bioelectrode improves the electron transfer kinetics
when compared to OA/AuNPs/Cyt c system, with kET values of 2.4 ± 0.5 and 2.0
± 0.3 s−1, respectively [40]. In other work, DET of Cyt c was studied in a glassy
carbon electrode (CGE) modified by 3D graphene aerogel (3DGA) decorated with
gold nanoparticles (AuNPs) [41]. The 3D-networked structure (3DGA-AuNPs) with
large specific surface area and high conductivity facilitated the DET between iron
center and electrode (Fig. 6a). The nanostructured electrode (3DGA-AuNPs/Cyt
c/GCE) showed a pair of well-defined and quasi-reversible redox peaks for Cyt c
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Fig. 6 a Field-emission scanning electron microscope image of 3DGA-Au NPs and schematic
representation of electrocatalytic mechanism for determination of H2O2 in the 3DGA-Au
NPs/Cyt c/CGE surface. b Cross-sectional scanning electron microscopy image of glass/FTO
substrate covered with SLG/pyr-NTANi/cyt c553 and illustration of FTO/SLG/pyr-NTANi/ cyt c553
nanostructure. Adapted and reprinted with permission from Refs. [41, 45]. Copyright 2021 Elsevier

Fe2+/Cyt c Fe3+ process and efficient electrocatalytic behavior toward H2O2 sensing
[41].

Carbon-based nanomaterials (carbon nanotubes, graphene and its derivatives) are
one of the most widely used nanoscale materials to form an electrochemical interface
that improves the protein electron transfer [42]. This fact is due to its desirable physic-
ochemical properties, such as improved electrical conductivity, extraordinary elec-
trical character, porous structure, mechanical strength, chemical stability and large
specific surface area [7, 32, 43]. Multi-walled carbon nanotube-modified electrodes
can improve the electrochemical behavior for Cyt c DET [44]. In this case, the pres-
ence of carbon nanotubes promotes conformational changes in the protein at various
nano-levels, including secondary structure, spatial orientation, and spin states. The
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change in secondary structure and transition of spin states provide an optimum orien-
tation of the redox center and relatively high energy to create a microenvironment
required to facilitate DET of Cyt c [44].

Very recently, Niewiadomski and coworkers investigated the direct electron
transfer of the novel cytochrome c553 peptide linker variants (Cyt c553) immobilized
on the graphene-modified electrode [45]. The fluorine doped tin oxide (FTO) elec-
trode was covered with a single layer graphene (SLG) functionalized with a pyrene
derivative self-assembled monolayer coordinated with Ni2+ species (FTO/SLG/pyr-
NTANi) [45]. The conductive bioelectrode (FTO/SLG/pyr-NTANi/Cyt c553) showed
a well-defined nanostructure with formation of a stable Cyt c553 monolayer (Fig. 6b).
These studies have demonstrated that presence of C-terminal His6-tag of Cyt c553
were crucial for optimized heme orientation on FTO/SLG/pyr-NTANi interface.
Moreover, the fine-tuning of the prepared nanoarchitectures electronic propertieswas
influenced by optimization of the heme group inclination angle and by the optimal
HOMO/LUMO levels of the iron center interaction at the interface. These changes
favor an efficient DET of cyt c553 with a 20-fold increase in cathodic photocurrent
when compared to similar electrodes previously reported [45].

Mesoporous nanostructures (e.g., ZnO, TiO2, SnO2, Co3O4, Fe3O4, SiO2, Nb2O5)
are of great importance as electrode modifiers to investigate DET of proteins. Due to
its various properties such as high surface-to-volume ratio, ultra-high surface areas,
large pore volumes, unique structural stability, electrical activity, good biocompat-
ibility, catalytic properties, adjustable pore sizes and shapes [7, 46]. The combi-
nation of these advantages creates a suitable microenvironment to facilitate Cyt
c/electrode interactions and promote DET on electrode surface. A mesoporous
structure constituted by cobalt metal–organic frameworks/gold nanoparticles (Co-
MOFs/AuNPs) was used for immobilize a nanosystem based on cytochrome c-
multiwalled carbon nanotubes (Cyt c-MWCNTs) [47]. In this work, Huang and
coworkers studied the electrocatalytic activity of a novel electrochemical nanoplat-
form (Cyt c-MWCNTs/AuNPs/Co-MOFs/CGE) for nitrite detection. The Co-
MOFs/AuNPs showed a lamellar structure with large specific surface area for immo-
bilize and improve the electron transfer of Cyt c-MWCNTs. As results, Cyt c-
MWCNTs/AuNPs/Co-MOFs/CGE electrode exhibited a quasi-reversible redox pair
for Cyt c Fe2+/Cyt c Fe3+ process and improved electrocatalytic activity towards
nitrite (with low detection limit, high selectivity and good reproducibility) [47].

Melo et al. reported the preparation of magnetically induced mesoporous frame-
work (Fe3O4–AuNPs) as support for Cyt c immobilization [48]. The authors demon-
strated thin film formation of Fe3O4–AuNPs derived from the magnetic assembly
of magnetite nanoparticles decorated with nearly monodisperse gold nanoparticles
(functionalized with L-cysteine (cyst) molecules) on an ITO electrode surface. This
(ITO/Fe3O4–AuNPs/Cyst) film exhibited a thickness of approximately 5-μm, elec-
trochemically active surface area (EASA) of 71.87 cm2 and mesoporous with an
average size of 31 ± 1.0 nm. Thus, mesoporous nanostructure interface was ideal
for realize the electrostatically immobilize between Cyst (negatively charged) and
Cyt c (positively charged). The ITO/Fe3O4–AuNPs/Cyst bioelectrode showed an
improvement in the protein electrochemical behavior, with a 4.0-fold increase in
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faradaic currents of Cyt c redox processes when compared to standard Cyst-modified
polycrystalline gold electrodes [48].

Apart from the aforementioned nanomaterials, nanocomposites are extensively
explored for investigations of the direct electrochemistry of Cyt c [49–51]. The
researchers’ interest is due to the possibility of combining several properties of one or
more chemical components to obtain new advanced nanocomposites with improved
properties. These advantages emerge from the synergistic effect resulting from
supramolecular interactions between (nano)materials (nanoparticles, biomolecules,
polymers, organic compounds, inorganic complexes, etc.) [7, 50]. For example,
Graphene oxide (GO)-based nanocomposites has been used as electrode nanomate-
rial due its desirable physicochemical properties that facilitate the efficient Cyt cDET
[49]. In this purpose, Cyt c was immobilized on the nanocomposite constituted of
graphene oxide-multiwalled carbon nanotube (GO-MWCNT). This nanocomposite
was deposited on AuNPs modified glassy carbon electrode and the MWCNT/Au
NPs/GCE electrode surface showed an improvement in DET with high surface
coverage value (1.82 × 10–9 mol cm−2) and fast electron transfer kinetics (kET of
3.4 s−1) [49]. In another approach, it was reported the preparation of a multicom-
ponent nanocomposite (MCNC) film constituted of graphene embedded titanium
dioxide nanowires (TiO2(G) NWs) thiol-functionalized polyaniline (PANI(SH)),
and gold nanoparticles (Au NPs) [50]. The ultraporous nanostructure obtained was
used to immobilize Cyt c on glassy carbon electrode into three-dimensional nanoar-
chitectured electrode (3DNE). The 3D multicomponent nanoarchitecture demon-
strated improvement in the electrochemical properties of Cyt c and in the electro-
catalytic activity for detection of nitrite ions (with enhanced sensitivity, low detec-
tion limit, high stability, and good reproducibility). Moreover, the Cyt c/TiO2(G)
NWs/PANI(SH)–AuNPs/3DNE surface exhibited high kET value (25.35 s−1), while
the surface coverage value was estimated as 1.439× 10–4 mol cm−2. The synergistic
effect of the chemical components improve the physicochemical properties of the
3DNE interface such as enhancing electron transport properties due the connectivity
the layer of PANI(SH) on the surface of TiO2(G) NWs [50].

5 Kinetic Modeling

Redox reactions at the protein/electrode interface can be accompanied by several
other processes, such as proton transport, conformational transitions, and redox
cofactor ligand exchange. Thus, when ET is the limiting step, the oxidation and
reduction rates have an apparent ET rate constant (kET) [15, 52]. In 1979, based
on the Butler-Volmer (BV) theory, Laviron published a mathematical treatment to
determine the ET rate constants of redox species adsorbed on solid electrodes [53].
This is the most used method to determine the kET parameter, mainly due to its
simplicity, where the only experimental data needed are the overpotentials. However,
some authors [54, 55] have demonstrated that BV theory has some restrictions and
boundary conditions thatmay compromise its application in electron transfer kinetics
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study of immobilized proteins. For instance, in BV formalism, activation energies for
the anodic and cathodic processes are assumed as a linear function of overpotential,
disregarding the influence of the reorganization energy (λ) in electron transfer rate
constants. Furthermore, it disregards contributions to the rate from states in the elec-
trode at any potential other than the applied potential (i.e. Fermi level) [56]. In this
sense, Marcus’ theory [57–59] is more convenient, once when applied to heteroge-
neous systems, it overcomes these restrictions. Based onMarcus’ equations, Chidsey
[54] derived a relation of ET rate constants (kred/oxi) with overpotential (E−E0′

) for
the immobilized redox species (Eq. 1). This relation describes the ET rate between a
donor and an acceptor over all Fermi levels in the electrode, in which the contribution
of each state is weighted according to Fermi–Dirac statistics, once electron transfer
can occur to or from any Fermi level (Ei) in the electrode.

kred/oxi = kmax√
4πλ/RT

∫ ∞

−∞
exp[−[(λ ± F(E − E0′

))/RT − x]2RT/4λ]
exp(x) + 1

dx (1)

in which E is the applied potential, E0′
the formal potential of adsorbed couple and

x = (E − Ei)F/RT. kmax is the limit of rate constant when the overpotential tends to
infinity and is given by Eq. 2:

kmax = 4π2V 2
0

NAhRT
exp(−βr) (2)

in which V 0 represents the maximum electronic coupling, β is the decay coefficient
and r is the distance between redox centers. kred/oxi can be calculated from Chidsey’s
equation based on mathematical method described by Armstrong and coworkers
[60].

For most cases of redox proteins adsorbed on modified electrodes, the distance
between the electrode surface and the protein active site is sufficiently large, and
thus ET normally occurs by a non-adiabatic mechanism. Under these conditions, the
efficiencyofDET is givenby the kET,which exhibits an exponential decaywith theET
distance (d), which can be controlled by the number of spacer groups (e.g. the number
of CH2 groups in the alkyl chain length). As an example, Murgida and coworkers,
have studied the distance dependence of the ET rates of Cyt c immobilized onAu and
Ag electrodes coated with SAMs of pyridine-terminated alkanethiols (PyCn/Cn−1)
[61]. In this study, kET values (at 24.4 °C) of 42 ± 3, 1700 ± 150, 2500 ± 300 and
2400 ± 500 s−1 were observed for PyC16/C15, PyC12/C11, PyC11/C10 and PyC6/C5

SAMs, respectively. These results indicated that effective kET can be achieved by
maintaining the pyridine chains length in the range of 6–12 unites carbon [61]. This
dependence may be expressed simply by Eq. 3, derived fromMarcus theory [62, 63]:

kET = k0exp[−β(d − d0) (3)
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In another work, Luz and coworkers [10] investigated the effect of gold nanopar-
ticles (AuNPs) presence at the Cyt c/electrode interface on ET kinetics. Based on
cyclic voltammetric experiments and Marcus Theory, the authors demonstrated that
incorporation of AuNPs at protein/electrode interface facilitates electron transfer.
Applying Chidsey equation, the maximum rate constant for Cyt c on the AuNP
modified electrode was approximately 4 times higher as compared to that on the
AuNP lacking electrode. Furthermore, exploring the Eq. 3, it was demonstrated a
decrease of 20% in the effective ET distance caused by the presence of AuNPs [10].

6 Final Considerations

In this chapter, the various methods applied to immobilize Cyt c, such as phys-
ical adsorption, encapsulation or entrapment, covalent binding and layer-by-layer
assembly were discussed. Different electrode modifiers have been employed for
enzymatic immobilization in order to achieve favorable conditions for Cyt c direct
electron transfer. Among them, metallic nanoparticles, carbon-based nanomaterial
and nanocomposites have stood out. Several researchers have demonstrated that these
nanomaterials create a suitable environment for Cyt c immobilization by increasing
the surface coverage and decreasing the distance between iron center and the elec-
trode surface, factors that directly favor the fast electron transfer. In addition, themain
strategies to determine the electron transfer kinetic parameters were discussed based
on the Marcus theory, since the Butler-Volmer formalism when applied to immobi-
lized proteins systems, presents some restrictions that lead to over or underestimated
parameters.
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Surface-Confined Biomolecules
for Application in Bioelectronics

Rodrigo M. Iost

1 Immobilization of Biomolecules

The spatial confinement of biomolecules is usually prepared intentionally aiming
to obtain practical advantages over enzymes in aqueous solution, such as easy of
separation of the biocatalyst from the products of reaction. The possibility to recover
the biocatalyst in the final of its use is also experimentally desirable [1]. In particular,
it is necessary to ensure that the biomolecules remains at least partially active after
the immobilization [2]. To maintain, at least partially, the stability and biocatalytic
activity of enzymes is also a prerequisite for practical application of biosensors [3–
6], bioenergy conversion [7, 8] or bioelectro production of chemicals [9–13] for
industry. In the course of the last decades, numerous applications regards to the
use confinement of biomolecules has increased considerably, either to a surface or
restricting them to a volume to which they are confined [14, 15]. However, to bring
biomolecules to non-natural physical or chemical environments is still a difficult
task, especially when the maintainance of biocatalytic properties are desirable. We
can briefly emphasize the basic protocols of immobilization of biomolecules [8,
14, 16]: (i) the physical adsorption; (ii) entrapment; (iii) covalent binding and; (iv)
encapsulation. Figure 1 shows a scheme of some basic methods of immobilization
of biological molecules, such as proteins and enzymes.

The immersion of a solid substrate in to a solution that contains the biological
material can be easily used to attach them on surface. The physical adsorption of the
biomolecules (Fig. 1a) to a surface is feasible basically due to surface interactions
of van der Waals forces, electrostatic forces, hydrogen bonds and/or hydrophobic
interactions [17]. From the experimental point of view, the physical adsorption of
biological molecules is relatively simple and can be carry out by the immersion of a
solid substrate in to a solution that contains the biologicalmaterial [18] or by dropping
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Fig. 1 Immobilization of Biomolecules. a physical adsorption, b entrapment in polymer matrix, c
covalent attachment and d encapsulation

a solution of proteins on to the solid surface [19–26], previously chemically modified
or not. Soft or flat surfaces of metals, semiconductors, and some carbon nanomate-
rials like graphene monolayer are relatively difficult to maintain the biomolecules
physically adsorbed by itself and they can be easily leached to the bulk solution.
Concerning the application in biodevices, it is desirable that the redox centers of
biomolecules are efficiently connected to the surface at the same time favoring the
efficiency of biodevice’s characteristics. For example, this is directly related to the
concentration of the substrate used to obtain an efficient response in a biosensor [27,
28] and/or also to achieve the best performance regards to the kinetic and thermo-
dynamic parameters of (bio)energy conversion devices [29, 30]. The synthesis of
highly porous materials has been extensively used to circumvent this experimental
hurdle and generally to improve the characteristics of the device. One of the most
extensively used porous materials for biodevices application is carbon [29, 31–33].
Highly porous carbon can be easily obtained experimentally through oxidative or
non-oxidative protocols and are reported to obtain an efficient catalytic performance
of the biodevice [34, 35]. Also, porous materials are defined in relation to its size and
eventually can increase the feasibility to which biomolecules are connected with the
surface [36]. Besides the simple adsorption of biomolecules on flat surfaces or highly
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porous materials, it is also crucial to understand the role played by the presence of
chemical functionalities on solid surfaces.

The presence of chemical functionalities plays a pivotal role for the fabrication
of efficient biodevices [37]. One of the most efficient methodologies to modify and
modulate the chemistry characteristics of surfaces is by the use of self-assembly of
organic/inorganic materials by using layer-by-layer technique [38] or even the use of
Langmuir–Blodgett [39, 40]films.Theseprotocols are extensively reported tomodify
the surface of electrodes previously to the adsorption of biological molecules, and
enables the maintenance of the structural integrity of the biomolecules at the same
time can control the thickness of the coating layer [41]. Another efficient protocol to
confine biomolecules on surfaces is by the use of entrapment (Fig. 1b). Entrapment,
or occlusion of biomolecules, involves the use of a matrix (e.g. polymer solution)
for dispersion biological molecules [42, 43]. The solution containing the biolog-
ical material is then used to coat the surface by drop-casting, or immersion of the
solid substrate in to the solution. For this purpose, organic polymers and/or poly-
electrolytes are dispersed with the biomolecules in solution. The possibility to bound
biomolecules on surface have also been subject of major interest for bioelectronics,
such as by using covalent [44–46] or non-covalent [47] protocols of functionalisation
of surfaces. Covalent or even non-covalent modifications of surfaces are one of the
most extensively explored protocols for tunning the chemistry of surfaces, also due
to its experimental simplicity and easy of control of the thickness of the coating layer.
Another important advantage of using functionalised surfaces is the orientation of
the biomolecule relative to the solid surface [48], an important characteristic when
efficient biorecognition platforms are desirable [48, 49].

Covalentmodification of surfaces (Fig. 1c) can be advantageous over non-covalent
functionalisation because they can drive the way how biomolecules are oriented in
relation to the surface [50]. One of the most exployed protocols for covalent func-
tionalisation of surfaces is by the grafting of aryldiazonium salts on to solid supports
[51]. The use of diazonium salt reaction is interesting due to some main character-
istics. For example, many different diazonium salts are commercially available or
can be easily synthesize, the functionalisation can be carry out on conducting or
non-conducting surfaces and the modification is very stable due to the formation
of a covalent bound between the surface and the aryl chemical groups [52]. The
two common methods for the attachment of aryldiazonium salts on surfaces are by
the use of thermal [53] or the electrochemical [54] modification, and can be then
easily probed by Raman [53–56] or infrared [57, 58] spectroscopy. The use of cross-
linking molecules has also been reported to anchor a wide variety of biomolecules
on surfaces for biosensing and bioenergy conversion applications. Among the many
available cross-linking molecules, glutaraldehyde is undoubtedly one of the most
reported in the last decades for the immobilization of biomolecules on surface [59].
Glutaraldehyde is a linear dialdehyde and high soluble molecule in water/alcohol
and in some organic solvents [59]. It is also reported that the advantage of using
such type of molecule is the relative low cost and its commercial availability. The
reactivity of the molecule with amino chemical functionalities of the side chains
of enzymes generates highly stable chemical compounds with amino-functionalized
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surfaces, favoring the attachment of proteins [60, 61]. Finally, the encapsulation of
biological molecules are also used to maintain their integrity and structural stability.

Capsules has also been usually used for creation of micro- or nanoscale reservoir-
like structures with a relatively defined coating material. Basically, the microen-
capsulation of molecules, or active chemical compounds (core), is defined by the
creation of a physical barrier (shell) to restrict the way how the core are in contact
with the external media aiming to control the reactivity of the inner environment, to
control the release of the core material, etc. [62, 63]. The core or internal phase of
the material can be solid, liquid or gas, and the shell is usually prepared from porous
polymeric materials aiming practical applications [64]. The morphology of a capsule
can also be defined by its simple or multiple walls of the shell, or also according to
the matrix used to obtain the capsules. The simplest form of a capsule is a relative
small spheres with a uniform wall around it. Polymers are usually used for creation
of these capsules due to the possibility to control the characteristics of porosity for
applications in food and target drug-release [65, 66]. On the other hand, a range
of lipid types has been used as model membranes of cell-size to form “giant” unil-
amellar vesicles (Fig. 1d) for practical applications, e.g., as drug delivery synthetic
systems.

Among these experimental protocols for immobilization of biomolecules, it is
interesting to understand and be able to probe the interface between the biomolecule
and the solid surface. Regards to the chemical functionalization protocols for the
fabrication of biodevices, it is experimentally interesting to ensure the feasibility
of the protocol for the functionalization of surfaces, especially when multiple
steps of chemical modification are realized previously to the immobilization of
the biomolecules. However, to probe chemical functionalities can be experimen-
tally difficult. Strictly speaking, appropriate and feasible protocols of immobiliza-
tion needs to guarantee their efficiency by probing the presence of target groups on
surface or by its presence in the molecular structure of the biomolecule. In the next
topics, we will focus on the description of the protocols and strategies used for the
immobilization of biomolecules regards to the probing of chemical functionalities
on to solid surfaces for application in bioelectronics. We will also focus on the elec-
trochemistry and spectroscopic techniques used for the characterization of chemical
functionalities for immobilization of biomolecules on surfaces. The site-selective
chemical modification aminoacid side chains of proteins [67, 68], cascade reactions
[69, 70], the effect of molecular crowding [71] phenomena of biological molecules
are equally important and can be found in specific reviews.

2 Surface-Confined Biomolecules—Chemical
Functionalisation

The covalent or non-covalent chemical functionalisation of micro- and nanomate-
rials can play a pivotal role for practical application in many fields of research,
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especially when few quantities of biomolecules are studied. For example, the chem-
ical functionalisation of solid surfaces are extensively reported for the immobiliza-
tion of many types of biomolecules such as DNA [72], redox proteins and enzymes
[73], peptides [74] and virus [75, 76]. The advantage of such protocols is the relative
stability of the bounds involving the biomolecules and the substrate, favoring that the
biomolecules do not release completely in to the bulk solution or lose the biological
activity during the practical application. For this purpose, many types of precursors
are used aiming to achieve the attachment of chemical groups on to carbon, metallic
and semiconducting substrates [77], and can be systematically probed by the vibra-
tional fingerprint of the chemical functionalities by using vibrational spectroscopy
techniques.

Carbon nanomaterials (e.g. nanotubes [37, 78], functionalized graphene flakes
[79–81] or graphene monolayer [82]) and metal surfaces (e.g. gold electrodes [83–
86]) are extensively used as platforms for biosensing. It is reported that both cova-
lent and non-covalent functionalisation of carbon surfaces at nanoscale or even at
atomic scale provides some advantages or disadvantages when they are used as
platforms for subsequent immobilization of biomolecules [47]. As an example, the
covalent modification of surfaces can strongly attach the biomolecules on surfaces
previously modified with organic moities, controlling the charge characteristics on
surface, improving the efficiency of immobilization and increasing the stability of
the biodevice [47]. On the other hand, the attachment of covalent moities can alter the
electronic structure of nanomaterials and hampers the fabrication of the biodevice
[87, 88]. In the next topics we will emphasize the capability to probe chemical func-
tionalities at nano and atomic scale level aiming the application in the attachment of
biomolecules for bioelectronics. Moreover, it will be emphasize some main proto-
cols for modification of surfaces using organic molecules to control the chemistry
characteristic at the interface by the use of galvanostatic or potentiostatic deposition
[89], and using the “click-chemistry” of molecules on surfaces [90].

3 Non-covalent Chemical Functionalisation

The non-covalent binding energy is fundamentally conceived as lower in comparison
to covalent bonds, and can contribute for the attraction or cohesion in physical and
chemical systems [91]. In regards to the non-covalent functionalisation of surfaces,
it is desirable to identify the fingerprint of chemical functionalities on surface for
subsequent immobilization of biomolecules, especially when lower concentrations
of the precursor are used. When micro- and nanoscale surfaces are designed, it is
desirable to develop simplemethods for probing chemical functionalities on surfaces.
Such protocols involves basically the modification of surfaces with the chemical
functionalities and the vibrational fingerprint of chemical functionalities can be then
probed spectroscopically by Raman [55, 92–94] or infrared spectroscopy [95–98].
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The probing of chemical functionalities on carbon nanomaterials has received
considerable attention in the past decades. For example, the chemical functional-
ization plays a pivotal role for modulation of the chemistry characteristics of solid
conducting surfaces, e.g., gold [99], carbon nanotubes [44, 100] or graphene mono-
layer [32, 56, 73, 101] electrodes. For this purpose, some studies has focused on the
role of modification at the basal plane and at the edge of micro- and nanoscale elec-
trodes and their local electrochemistry influence in the final properties of the device.
Also, the probing of functional chemical groups in isolated carbon nanotubes and
graphene is currently investigated with focus on the development of more sensitive
and selective sensing and biosensing devices. As an example of non-covalent chem-
ical functionalisation of isolated carbon nanomaterials, poly(pyrrole) (PPy) was used
to tune the surface properties of single carbon nanotubes and graphene monolayer
electrodes using electrochemistry [55]. Atomic Force Microscopy (AFM) was used
to verify the relative height of the thickness of the polymer layer deposited on to the
nanoscale electrodes, as shown by the relative height of around 2 nm for graphene
and 3 nm for single carbon nanotubes. The relative height for AuNPs was in the
range from 20 to 50 nm. The Raman spectrum for both single carbon nanotubes
and bare graphene electrodes showed the characteristic D-, G- and 2D peaks that
in general does not effect the Raman signature of the underlying single nanomate-
rial, before and after the local probe of the chemical funcionalisation [55]. In this
case, the strenght of near-field enhancement effect caused by the presence of AuNPs
strongly influences the observation of the chemical functionalisation, and basically
was used to assign the various peaks related to the C–H bending, C–N stretching
and C=C stretching and pyrrole ring stretching modes of polymer PPy. The spatial
distribution of these chemical fingerprints on graphene monolayer were also moni-
tored by Raman [55]. In another approach, the influence of chemical functionalities
electrochemically deposited on to the surface of graphene monolayer on surface
charge was experimentally and theoretically investigated for future applications in
sensing and biosensing devices [101]. For this purpose, the strategy of modifying the
chemical functionalisation of graphene surface was used to modulate the isoelectric
point (pI) that is related to the acid–base properties of the ionizable chemical groups
on surface. The possibility to modulate the chemistry characteristics of the isolated
edge of carbon nanomaterials can also be experimentally advantageous over the basal
plane of electrodes.

The possibility to control the chemistry at the periphery or at an isolated edge of
graphene monolayer electrodes has received considerable attention aiming to control
its interfacial physical and chemistry characteristics [102–106]. Some fundamental
studies have reported that the reactivity of electrodes at the periphery or even at
isolated edgeof graphenemonolayer can change considerablywhencompared tobulk
carbon electrodes [106–108]. The funcionalisation of graphene monolayer occurs at
both basal plane or at the periphery of the graphene edge, especially when graphene
flakes are dispersed in solution [109, 110]. Then, it is crucial to use experimental
protocols for efficient probing of such chemical functionalities on surfaces, especially
at the atomic scale edge of carbonmaterials. This is because atomic scale surfaces are
envisioned for application in themonitoring of the activity ofmolecules in biodevices.
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On the other hand, a simple and selective method for non-covalent functionalisation
of na isolated graphene edge was reported in a recent study by using electrochemistry
[111], as shown in Fig. 2.

The fabrication procedure for the functionalisation of the isolated graphene edge
is described as follows. Graphene monolayer samples obtained by chemical vapor
deposition (CVD-grown graphene) method and transferred to Si/SiO2 substrates
with pre-patterned metallic Ti/Pt contacts by using wet-transfer protocol [112]. The
wet-transfer protocol envolves the drop of poly(styrene) solution in toluene over
graphene as a support polymer [113]. The transfer of CVD-grown graphene was
followed by the removal of trace metal/metal oxide copper particles and remaining
organic polymer from the wet-transfer protocol from the surface of graphene mono-
layer by electrochemical etching (e-etching) [112]. A positive photoresist was then
deposited over the surface of graphene samples to define the location of graphene
edge (GrEdge) by exposure of the samples to oxygen plasma. GrEdge was subse-
quently modified with poly(aminobenzylamine) (pABA) non-covalently attached

Fig. 2 Probing an isolated graphene edge. a AFM image of a typical GrEdge functionalized with
poly(aminobenzylamine) (pABA) and AuNPs, referred to as GrEdge–pABA–AuNPs. b Compar-
ison of the Raman spectra at GrEdge–pABA (red curve) and GrEdge–pABA–AuNPs (blue curve).
c Raman map along the line shown in (a). d Map of the C–N stretching mode (1358 cm−1) of the
same region as in (a) (λex: 633 nm, 3.4 mW, 2 × 1 s). Reproduced with permission of Ref. [111].
Copyright 2019, Royal Society of Chemistry
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exclusively at isolated edge of graphene, with and without the electrodeposition
of AuNPs [111]. In this case, the covalent attachment through diazonium coupling
reaction was also carry out, with no possibility of subsequent deposition of AuNPs
at GrEdge. The deposition of the AuNPs was then carried out in order to char-
acterize spectroscopically the non-covalent attachment of chemical functionalities
especifically attached to the edge of graphene monolayer by SERS effect. An AFM
image of a typical GrEdge-pABA-AuNPs is shows in Fig. 2a. Figure 2b shows the
Raman spectra at the functionalised GrEdge before (red) and after (blue) attached to
AuNPs, with new Raman peaks in addition to the D, G and 2D peaks of graphene
and related to the pABA. The Raman modes are assigned to the specific modes of the
polymer pABA (Fig. 2c). The Raman map along the cross-section of GrEdge is also
shown in Fig. 1d with the corresponding spots related to the vibrational modes of
pABA layer electrochemically deposited at GrEdge-AuNPs [111]. The possibility to
probe such chemical functionalities at isolated graphene edge also opens the pathway
for obtention of more sensitive sensing devices [114] and future immobilization of
biomolecules exclusively at the edge.

4 Covalent Chemical Functionalisation

The preparation of covalent functionalized electrodes have shown significant advan-
tage in bioelectronics. For this purpose, many are the reported protocols that can
generate covalent chemical functionalities on surfaces, especially on gold [115] and
carbon [116]materials. The thermal or electrochemical functionalisation are reported
as a simple an effective method for the covalent attachment of oxygen containing
groups on surfaces [116–118]. Both thermal and electrochemical strategies are also
frequently used for the functionalization of electrodes by using diazonium salt reac-
tion [119, 120]. Diazonium reaction has been used as a common strategy for the
control of the attachment of covalent moities on surfaces due to the efficiency and
simplicity of the experimental methodology [51]. The main question that remains
is the side chemical group exposed to the surface that could favor the subsequent
attachment [72, 121]. The nature of the organic moities is also an important experi-
mental parameter to be considered for the fabrication of biodevices, such as by the
use of thionyl chloride (SOCl2) [122, 123] or 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) N-hydroxysuccinimide (NHS), or N-hydroxysulfoxuccinimide
(sulfo-NHS) for the formation amide bonds that links the biomolecules to the surface
of the electrode [124]. The characterization of the efficient coupling reaction is
also an important step and has been reported in some promissor studies aiming
the fabrication of biodevices, as shown for the functionalization of gold electrodes
for immobilization of redox proteins (Fig. 3).

It is reported that the coupling strenght of biomolecules on surface as well as their
relative orientation plays a pivotal role for mechanistic investigation of charge trans-
port in protein electronics.One of themost relevant post-functionalizationmethod for
chemical modification and coupling proteins, DNA and virus on surfaces is the use
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Fig. 3 Protein electronics. PM-IRRAS spectra in the 1100 cm−1 and 1900 cm−1 range measured
on a monolayer of MPA bound to the Au surface, main peak at 1730 cm−1 of the (C=O) stretching
vibration of free carboxylic (−COOH) group. bMPA monolayer on Au surface following reaction
with EDC/NHS. c EDC/NHS activated MPA monolayer on Au surface following the reaction with
the proteinAzurin forming the amide I and amide II peaks at 1653cm−1 and1544cm−1, respectively.
Reproduced with permission of Ref. [125]. Copyright 2018, American Chemical Society

of EDC as coupling agents to carboxyl group functionality [124]. The amine-reactive
ester is then stabilised by the use of NHS or sulfo-NHS before the coupling reaction
with the biomolecules, thus increasing the efficiency of EDC/NHS coupling reaction
[124]. The EDC/NHS coupling reaction has been recently shown to covalently attach
the protein azurin to gold contacts aswell as tomodulate the energy level alignment of
protein/gold junctions [125]. Figure 3a shows the polarization modulation-infrared
reflection-adsorption spectroscopy (PM-IRRAS) spectra of the layer of mercapto-
propionic acid (MPA) deposited on surface of Au electrodes. The spectral range was
monitored from 1100 to 1900 cm−1. The MPA bound to the surface of the electrode
shows onemain vibrational stretching peak at 1730 cm−1 related to (C=O) bounds of
carboxylic acid (COOH). Then, the MPA layer was reacted with EDC, followed by
the reaction with sulfo-NHS (Fig. 3b). The second step of functionalisation revealed
the replacement (shift) of 1730 cm−1 peak by the peak at 1750 cm−1, along with two
other peaks centered at 1780 cm−1 and 1815 cm−1 that corresponds to carbonyl and
succinimide stretching vibrations, respectively [125]. The realization of the next step
of chemical modification was carry out using lower concentration of EDC/NHS in
order to chemically activated the free –COOH functionalities of the MPA layer. This
step of modification was also supported by PM-IRRAS spectra where both –COOH
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and EDC-NHS are on surface of Au electrodes [125]. Finally, the next step was the
reaction of succinimidemoiety of the layerwith the exposed amino acid residues (e.g.
lysines or N-terminal amino groups) of the protein Azurin to form the stable amide
bound between the protein and the surface of the Au electrode. The PM-IRRAS
shows the formation of the amide I and amide II peaks at 1653 cm−1 and 1544 cm−1,
respectively, and the confirmation that Azurin covalently attached on surface of Au
electrode (Fig. 3c). The protein/metallic junction was then obtained by placing gold
nanowires (AuNWs) on top of the modified electrodes by electrostatic trapping of
the nanowires (Au-Azurin-AuNWs) in order to investigate the current–voltage and
conductance-voltage of the junction. In this case, the chemical modification of the
Au surface was responsible to chemically modulate the tunneling mechanism with
respect to the electrode Fermi level, an important and attractive method for control-
ling the charge-transfer characteristics across protein/metal contacts [125]. On the
other hand, the development of efficient protocols of immobilization has also shown
promissor for detection of target genes using graphene monolayer electrodes. As an
example, some authors have reported the detection of the new coronavirus that causes
severe acute respiratory disease (SARS) by amplification-free electrical detection of
target genes or single-nucleotide mutations using CRISPR-based liquid-field effect
transistor [126].

The capability to monitor the biomolecular interactions with single-molecule
sensitivity is still a experimental challenge due to the difficulty to monitor the
dynamics of biomolecular interactions at single entity level. A relatively recent
protocol related to a cathegory of synthesis was introduce by Sharpless and co-
workers to describe modular and stereospecific reactions. The advantage of such
protocols is to obtain site-specific reactions with possible control of molecular orien-
tations towards single biomolecule detection approach. This is a key aspect for future
nanoelectronics and the process of fabrication is also dependent on how single nano-
materials are manipulated. In a recent study, Freeley and co-workers reported for the
first time a site-specific “one-click” covalent coupling of single proteins on tip-end
of individual carbon nanotubes with envisioned application in bioelectronics [127]
(Fig. 4).

Figure 4a shows the attachment process scheme of a single protein at the tip-end
of individual carbon nanotubes. For this purpose, a single-stranded DNA (ssDNA)
allowed the dispersion of the carbon nanotubes in aqueous solution. The strategy was
the wrapping of the sidewalls of the nanotubes by ssDNA through π–π stacking,
leaving the terminal end of the nanotubes available for the amidation reaction on
the exposed –COOH functionality. The reaction at the tip end of the individual
carbon nanotubes was carry out with dibenzocyclooctyne (DBCO-functionalized
ssDNA/SWCNTs) and subsequent reacted with azide groups promoted 1,3-dipolar
cycloaddition [127]. Two engineered green fluorescente proteins (sfGFP) variants
was then attached to the end of the nanotubes and shows the importance of linkage
site for the protein-SWCNTs communication [127]. Basically, the generation of short
axis GFP (GFPSA) mutants to be in proximity with the end of the tubes was real-
ized by substitution of Gln204 by Glu132, with minimal impact in the biological
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Fig. 4 SWCNT Biodevice. a Schematics of the single protein attachment to SWCNTs. b and c
shows AFM image of ssDNA/SWCNT-GFPLA hybrids. Z-scales = 6 nm. Representative single-
molecule fluorescence traces for d GFPSA and e SWCNT-GFPSA hybrid. Reproduced with
permission of Ref. [127]. Copyright 2017, American Chemical Society

functions of GFP. The GFP mutants with modified amino acid residues was viabi-
lized to be attached to the end of individual carbon nanotubes in aqueous solution
ssDNA/SWCNT-GFP hybrids [127]. Figure 4b and c shows the AFM imaging of the
substrate and the prove of attachment of the proteins to the tip end of the nanotubes.
The AFM images corresponding to the relative height profiles of the GFP at the
tip end of the nanotubes of around 2.5 nm. Figure 4d and e shows the “on” and
“off” states by monitoring of GFP-nanotube tip. The nanohybrids were monitored
with single-molecule resolution by dispersion of ssDNA/SWCNT-GFP and spaced at
least 1μmapart on glass substrates. Themeasurementswere carry out by comparison
of total internal reflectance fluorescencemicroscopy of theGFP and the nanohybrids.
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The single molecule fluorescence dynamics of GFP showed that off-time periods are
independent of excitation intensity [127]. On the other hand, GFPSA showed shorter
off-times (between “on” and “off” states), while the nanohybrids showed longer
off-time periods. Also, the relatively short distance between the GFP and the tip of
the carbon nanotubes reveals that the electronic coupling occurs via photo-induced
charge transfer mechanism, or the quenching of fluorescence in a distance-dependent
manner [127]. The experimental approach can be promissor for the development of
solution processable single-molecule bioelectronics.

5 Final Considerations

The confinement of biomolecules on surfaces has developed as a consequence of
its scientific and technological application in bioelectronics. An inquirity about the
pivotal role of immobilized biomolecules may provide some technological advan-
tages regards to, e.g., their biological activity and stability. This is the main reason
why the control of chemistry characteristics of surfaces are experimentally attractive
for application in bioelectronics, and the use of experimental protocols for control-
ling the chemistry characteristics of surfaces have led to many successful examples
to the study of biomolecules on surfaces. The accurate control of chemical func-
tionalisation can be used to tune the chemistry characteristics at the interface, either
by non-covalent or covalent, and can represent a strategic pathway to improve the
fabrication of biosensors and bioelectronics. From this point of view, it is useful to
develop simple and promissor strategies to probe molecular events at micro- and
nanoscale level, e.g., using electrochemistry or electronic/vibrational spectroscopy.
Although much progress has been made in order to identify the chemistry character-
istics on surfaces or biological events using few quantities of biological molecules
is still a challenge to be overcomed. Finally, which are the most efficient method of
immobilization could be decided aiming to a specific technological application and
will also depend on the basic research and the capability of investigation of interfacial
characteristics of micro- and nanoscale systems.
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Sensitive Devices Based on Field-Effect
Transistors

Henrique Antonio Mendonça Faria, Edson Giuliani Ramos Fernandes,
and Nirton Cristi Silva Vieira

1 Introduction

Among the various types of transducers applied in Bioelectronics (i.e., the combi-
nation of biological materials and electronic components), Bergveld introduced
the concept of field-effect transistor (FET) for neurophysiological measurements
presenting to the scientific community the ion-sensitive field-effect transistor
(ISFET) [1, 2]. An ISFET is a device very similar to aMOSFET (metal–oxide–semi-
conductor field-effect transistor). The difference between them is the non-existence
of the metallic gate electrode in the ISFET, replaced by a reference electrode in a
solution [3]. Figure 1 illustrates the schematic diagram of a MOSFET and an ISFET.
In MOSFET, the current between the source and drain electrodes is controlled by
the voltage applied to the gate. In ISFET, the current is governed by the voltage
applied to the reference electrode added to the potential that appears on the metal
oxide surface due to the ions accumulation at its surface [3].

Since the pioneering study of Bergveld, a remarkable advance has been made
in research into developing and applying FETs as sensing devices. This chapter
encompasses this progress. FETs transducers are introduced, including the ISFET
and its derivatives, such as the extended gate field-effect transistor (EGFETs),
the organic field-effect transistors (OFETs), nanomaterial-based field-effect tran-
sistors (NanoFETs), and as a new trend, the tunnel field-effect transistors (TFETs).
Specifically, a historical overview of ISFETs, their working principle, and electrical
properties are carried out. We also provide the evolution of ISFETs for one and
three-dimensional nanometer devices.
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Fig. 1 a Schematic representation of MOSFET and b ISFET. Adapted from Refs. [3, 4]

2 Field-Effect Transistors Transducers

2.1 Historical Emergence of ISFET

The idea of using a FET as a microelectrode to measure the cell action potential
emerged in the late 1960s [5]. This first proposal described how this device could
be connected to measure the electrical potential resulting from neuronal activity.
Although the application of FET allowed measuring the cell action potential, for a
better understanding of the axon activity, it was necessary to quantify essential cell
ions such as sodium and potassium [5]. For this, the metallic contact of theMOSFET
gate had to be removed (in fact, not deposited in the microfabrication process) so that
the oxide layer could directly be in contact with the biological medium. Because this
device measures the concentration of ions, it was called an ion-sensitive field-effect
transistor (ISFET) [1]. The signs resulting from the ionic concentrations around the
muscle of the guinea-pig taenia coli were quantified in the complete study presented
two years later [2]. In addition to measuring the ionic activity around the muscle,
experiments were carried out to create a sensor that could measure the extracellular
action potential of the flexor tibialis muscle of a locust [6]. This sensor was called
OSFET, that is, without the “M” of the MOSFET. It is worth mentioning that almost
at the same time, Matsuo and colleagues developed a similar device for measured
pHcalled liquid oxide–semiconductor field-effect transistor (LOSFET) [7].Matsuo’s
device differs fromBergveld’s by two characteristics: the gate dielectric is composed
of two layers of different materials (SiO2 and Si3N4), and the data acquisition was
in the saturation region of the MOSFET.

After these historical publications, many research groups started studies on
ISFETs. ISFETs have been used as an alternative to measuring pH, especially under
conditions in which the glass electrodes could not be applied. In the last fifty years,
the use of ISFETs has added other modes of operation, including many different
segments in the field of biosensors [8].

The first commercial proposal for ISFET was in the 1970s by CORDIS, a North
American semiconductor company with a factory in the north of the Netherlands [8].
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The devicewas an ISFET-based catheter containing a poly(2-hydroxyethylmethacry-
late) hydrogel reference electrode. For the first time, this sensor could measure the
fluctuations in blood pH resulting from breathing, a relevant parameter to control the
mechanical pulmonary ventilation of patients during major surgical interventions.
However, due to biocompatibility problems, the sensor was not commercialized on
a large scale. Later, after the company’s restructuring, the research department at
CORDIS became SENTRON, which used the original idea of ISFET for several
applications beyond the medical field, holding the first patent [9].

2.2 Electrical Characteristics of ISFET

The ISFET is nothing more than a MOSFET with no metallic gate, allowing the
aqueous solution under analysis to contact the gate oxide directly. The operation of
the MOSFET can be used to understand how ISFET works. In the MOSFET, the
metallic gate and the channel region induced with negative charges form a parallel
plate capacitor [4]. The SiO2 layer works as a dielectric that enhances the capacitive
effect.Between these “twoplates,” therewill be an electric field normal to the channel.
The electric field established by the gate voltage modulates the charge in the channel
and defines the conductivity between the source and the drain electrodes.

The electrical behavior of the ISFET is similar to the MOSFET, with the addition
of the parameters related to the oxide-solution interface. Another difference between
MOSFET and ISFET is in the insulating layer. In ISFETs, additional insulating
materials can be deposited on silicon dioxide to be used as a barrier to the solution
while contributing to the capacitive effect [3]. Therefore, the sensor sensitivity and
selectivity are determined by the choice of insulating material. The most used oxides
as covering layers are SI3N4, Al2O3, SiO2, and Ta2O5 [10].

Figure 2a shows a properly polarized ISFET. As in the MOSFET, there are two
fundamental parameters: the drain-source current (IDS) and the threshold voltage

Fig. 2 a Schematic representation of polarized ISFET. b Standard IDS versus VDS curves of the
regions of operation of a FET device. Adapted from Refs. [3, 4]
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(Vt ) [4]. The device can operate in two regimes, defined as triode and saturation
regions, as shown in the IDS versus VDS (Fig. 2b).

The IDS current in the triode region allows the transistor to operate as a switch
and is described by Eq. (1) [4]:

IDS = Cox
W

L
μ

[
(VGS − Vt )VDS − 1

2
V 2
DS

]
(1)

where Cox is the capacitance of the oxide per unit area, W and L are the height and
length of the channel, respectively; μ is the electronic mobility in the channel, VGS

is the voltage between the gate and the source, Vt is the threshold voltage and VDS

is the voltage between drain and source. For Vt and VDS constants, IDS is a function
of the input voltage VGS . The process technology used to fabricate MOSFET/ISFET
allows the parametersCox ,W , L ,μ, and Vt to be constant [4]. Considering the ISFET
operating in the triode region, for constant and small values of VDS , the quadratic
term of expression (1) can be neglected, resulting in the linear relationship in which
the transistor operates as a variable resistor dependent on the value of VGS [4].

In the saturation region (VDS ≥ VGS −Vt ), it is a condition in which the transistor
works as an input signal amplifier, and IDS depends quadratically onVGS , as indicated
in Eq. (2) [4]:

IDS = Cox
W

L
μ(VGS − Vt )

2 (2)

Other parameters relevant are related to the threshold voltage of ISFET (Vt ), which
is the minimum voltage required to be applied between gate and source to create an
inversion of the channel depletion region, and then the channel becomes conducting.
Vt is expressed as (3) [3]:

Vt = Eref − ψ + χ sol − �Si

q
− Qox + Qss + QB

Cox
+ 2φ f (3)

where Eref is the potential of the reference electrode, ψ is the potential on the
oxide surface, χ sol is the surface dipole potential of the solvent, �Si is the work
function of silicon; Qox , Qss , and QB are the charges accumulated in the oxid, in the
oxide-silicon interface, and in the depletion region, respectively; φ f is the difference
between the potentials of the Fermi level and the intrinsic level of the semiconductor
[3]. Therefore, the ISFET is a device similar to theMOSFET, but with the possibility
of modulating the threshold voltage by changing the interfacial potential between
oxide and solution due to a change in the ionic concentration, which is usually the
concentration of H+ ions [3].

The site binding model is used to explain the sensitivity of ISFETs [11]. The
surface of amphoteric oxides (A) presents species in three distinct forms: negative
(AO−), neutral (AOH ), and positive (AOH+

2 ) ones, according to its protonation or
deprotonation. The following bindings can occur on the oxide surface:
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AOH+
2 ↔ AOH + H+ (4)

AOH ↔ AO− + H+ (5)

In this way, the potential on the oxide surface changes according to Eq. 6:

ψ = 2, 3kBT

q
(pHOx − pHSol) (6)

where kB is theBoltzmann constant, T is the absolute temperature,q is the elementary
charge; pHOx and pH Sol are the pH values at the oxide surface and the analytical
solution, respectively [11].

ISFET is “gated” via a reference electrode. The IDS versus VDS curve is obtained
as a function of VGS . Suppose Eref = 0, curves similar to the MOSFET are obtained
as a function of changes in the pH of the solution. This behavior shown in Fig. 3,
indicates that the interfacial potential is related to the pH, that is, Ψ = f (pH). The
transfer curve for a pH-sensitive ISFET is obtained by keeping VDS constant while

Fig. 3 a Expected output (IDS versus VDS), and b transfer (IDS versus VGS) curves of ISFET in
solutions of different pH values. c Vt value in each pH value, a Nernstian behavior at a temperature
of 25 °C (c). Adapted from Ref. [12]
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VGS varies in each solution with a different pH value (Fig. 3b), and the pH sensitivity
is obtained due to variation of Vt . This variation depends on the gate oxide material.
When it is linear with the logarithm of a particular ionic concentration, it is known
as Nernstian behavior, close to 58 mV/pH at a temperature of 25 °C (Fig. 3c) [12].

The reference electrode is a necessary element in the ISFET so that the electrical
circuit formed by the transistor and the electrolyte is closed. The potential of the
reference electrode must remain constant regardless of what happens in the electro-
chemical system. Thus, potential changes will only be detected at the FET gate used
as a working electrode. However, using the external reference electrode limits the
miniaturization of the systemandpresents risks of contamination in biological or food
analysis in the case of glass electrode breakdown [3]. The search for solutions came
after the publication of the first works [3]. For tests, the traditional reference electrode
such as Ag/AgCl offers a stable potential on larger volume samples. However, due
to the difficulty in miniaturizing this reference electrode, other alternatives, such as
integrating the reference electrode in the semiconductor or electrical arrangements
that could provide a stable potential, started to be studied. One of the approaches
was to use a differential measurement between an ISFET and another similar device
that does not react with the ion to be analyzed. This device is named REFET, which
an evaporated Pt pseudo reference electrode can be constructed on the substrate on
which the sensors are mounted [3]. During continuous attempts to develop a stable
REFET, the focus was on creating a completely inert surface. However, differential
system ISFET/REFET could only succeed when both devices are electrically iden-
tical [13]. For the REFET electrically similar to the ISFET both should be coated
with the same membrane. However, the REFET membrane should contain a buffer
component for the ion to be analyzed. The ISFET membrane should only follow
changes in the ionic concentration of the sample as in the system developed by
Chudy and coworkers [14].

In summary, the operating principle of an ISFET is similar to that of a MOSFET.
The voltage VGS in the ISFET is applied to the reference electrode (which ideally
maintains a constant potential). The potential on the metal oxide surface causes
variations in the voltage V t due to variations in the ionic concentration of the solution.
Each oxide has a specific sensitivity due to its amphoteric characteristics. The so-
called Nernstian materials are more suitable for applications such as ionic sensors
(pH, for example) and catalytic biosensors. Other FET transducers are discussed in
the following.

2.3 EGFETs and SEGFETs

One of the significant advantages of ISFETs is usingmicroelectronics in their produc-
tion, which enables the manufacture of biomedical devices on a large scale. On the
other hand, a drawback of ISFETs is the difficulty of isolating the FET part of
the reaction medium, which can influence the device’s performance due to some



Sensitive Devices Based on Field-Effect Transistors 77

possible ionic contamination. Another inconvenience is the high cost of developing
the devices, especially when considering disposable sensors.

An elegant system for isolating the FET part of the reactionmediumwas proposed
byVan der Spiegel and coworkers [15]. They developed the extended gate field-effect
transistor (EGFET) which, comprises an outer electrode or sensitive part connected
to the gate terminal of a MOSFET. Both elements, i.e., the sensitive part and the
MOSFET, are fabricated on the same substrate. In this case, themicrofabrication steps
are still necessary for the construction of the device [15]. Alternatively, the sensitive
layer can be connected to a high input impedance device, like an operational or
instrumentation amplifier, both working as a voltage follower (unity-gain amplifier).
According to Van der Spiegel, this strategy reduces the effects of input capacitance
and leakage [15]. Later, Chi et al. improved the EGFET by connecting the sensitive
layer to a commercial MOSFET. The authors showed that tin dioxide (SnO2) has
a sensitivity of ca. 56–58 mV/pH by using the commercial MOSFET CD4007UB
and also proved the concept proposed by Van der Spiegel when connecting the SnO2

membrane to the operational amplifier (LF356N) [16].
Figure 4 shows the EGFET and SEGFET configurations: aMOSFETwith its gate

terminal connected to an external electrode (sensitive part); bothmounted on the same
chip in (Fig. 4a) or with the outer electrode connected to a commercial MOSFET
(Fig. 4b). The circuit is closed using a reference electrode (Ag/AgCl or similar) and
an electrolyte solution. The configuration shown in Fig. 4b is often referred to in the
literature as a separative-extended gate-field-effect transistor (SEGFET) because the
gate is extended and separated from the FET part [17].

SEGFET configuration is more flexible for testing new materials as pH sensors.
For example, Fernandes et al. showed that films formed by multilayers of
poly(propylene imine) dendrimer (PPID) and nickel tetrasulfonated phthalocyanine
(NiTsPC) are very stable in a pH range of 4–10. PPID/NiTsPc films onto Au-covered
substrates displayed a pH sensitivity of 30mV/pH.When deposited onto ITO (indium
tin oxide), the pH sensitivity was 52.4 mV/pH, indicating that the films are porous
and permeable to the H+ ion [19].

The operating principle of an EGFET/SEGFET is similar to that described for
the ISFET (or MOSFET) in the previous section, except that only the sensitive
part and the reference electrode are introduced in the solution under analysis [16].

Fig. 4 a Configuration of an EGFET and b configuration of a SEGFET. Adapted from Ref. [18]
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Because only the sensitive part needs to be built, the EGFET/SEGFET configuration
has some advantages over traditional ISFET: (i) the measurement setup is simpli-
fied, (ii) new materials can be easily tested as pH sensors (and other ions), (iii)
the possible gate ionic contamination can be avoided, and (iv) the immobilization
of biomolecules is facilitated through the functionalization of just sensitive part,
allowing the development of new biosensors [19].

2.4 OFETs

The organic field-effect transistors (OFETs) were proposed in the 1980s [20]. In
OFETs, the active layer is an organic semiconductor or both; the active and dielectric
layers are organic materials (ordinarily organic thin films) [21]. Figure 5 shows the
four typical configurations of OFETs due to the conducting channel position: along
with the insulating/semiconductor interface (Bottom-gate/Bottom-contact and Top-
gate/Top-contact), at the base of the semiconductor (Top-gate/Bottom-contact) or the
top of the semiconductor (Bottom-gate/Top-contact) [22].

The first ion-sensitive organic-based field-effect transistor (ISOFET) for moni-
toring pH was reported by Bartic and colleagues [23]. In this case, an organic semi-
conductor (poly(3-hexylthiophene)) was used as a semiconductor layer and silicon
nitride as a dielectric layer (a silicon wafer was used as a support for the transistor).
Loi et al. reported the use of a plastic 900-nm-thick thin foil (Mylar™ from Dupont)

Fig. 5 Four types of OFETs. a Bottom gate/bottom contact, b bottom gate/top contact, c top gate
top contact, and d top gate bottom contact. Reprinted with permission from Ref. [22]. Copyright
(2012) American Chemical Society
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as substrate and gate insulator (dielectric rigidity of 105 V/cm) [24]. Thus, Pentacene
50-nm-thick film was used as a p-channel of the FET working in accumulation mode
in totally ISOFET. As well as inorganic FETs, the device sensitivity is due to the
charge density in the FET conducting channel, between source and drain electrodes,
by controlling the gate voltage [24]. Besides, the transistor performance is strongly
dependent on the solvent used in the organic film deposition. The main problem in
the organic devices is the operating voltage in solution, which can promote water
electrolysis, which can be overcome by an electrolyte-gated organic field-effect tran-
sistor (EGOFET) configuration, similar to ISFET configuration with an organic layer
as sensing gate. In the case, with the use of a dielectric with higher capacitance (for
example, Ta2O5 instead Si3N4) and low operating voltage (<1V), due to the electrical
double layer capacitance of a few tens of μF/cm2 [24].

Some strategies are commonly used to avoid the problem mentioned above: (i)
enhance the current density in the OFET channel, enhancing carrier accumulation
over the insulating material. The semiconductor channel must allow the transport
of both ions and electrical charges (negative charges or electrons in n-type FET
and positive charges or holes in p-type FET). Electrochemical reactions can induce
positive or negative charges in the gate, changing the concentration in the conducting
channel. (ii) Enhance the capacitance of the dielectric layer, assured by the use of
high-k dielectricmaterials or using a dielectric thin-film. The semiconducting layer is
responsible for carrier accumulation and depends on the capacitance of the dielectric.
The induced charge can be controlled by the thickness and relative permittivity
of the dielectric layer. (iii) Performing detection of biological events in a “dry”
device. For example, an OFET-based genosensor was developed by immobilizing
single-stranded DNAmolecules (ssDNA) on the organic layer. After hybridizing the
oligonucleotides in a solution containing the complementary DNA of interest, the
device was dry. Themeasurement of the shift in transistor saturation current was used
for DNAhybridization detection [25]. Another problem is the stability of the aqueous
potential for charge transport through the channel, once hydration is essential for ion
transport. Someya and coworkers protected the source and drain electrodes from
contact with water [26]. Using a more compact layer and low density of defects by
ordinated film, such as Langmuir–Blodgett film, can also solve the problem [27].

In summary, the advantages in the use of OFETs comparatively to ISFETs or
EGFETs are based on their: high sensitivity, large-scale processability, relatively
low cost, flexibility, possible biocompatibility, printability, the potential for wearable
devices, and the possibility of exploring the device surface functionalization.

2.5 NanoFETs

The study and manipulation of matter on a nanometric scale (i.e., Nanotechnology)
paved the way for a new generation of FETs. Nanomaterial-based field-effect tran-
sistors (NanoFETs), that is, FETs that use a nanomaterial as the transistor channel,
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Fig. 6 Schematic representation of NanoFETs and their application as biosensors. The transistor
channel is a nanomaterial. Reprinted with permission from Ref. [30]. Copyright (2019) Springer
Nature

have different or improved physical–chemical properties than conventional ones due
to their increased surface-to-volume ratio [28].

In principle, different types of nanostructures can be used to manufacture
NanoFETs, including one-dimensional (1D) nanotubes, nanowires (NWs), and
nanorods, andmore recently, two-dimensional (2D) nanosheets [29]. It is noteworthy
that here we do not consider ISFETs modified or decorated with nanomaterials as
NanoFETs. In other words, here we consider when nanomaterials are the channel
component of the FET, as displayed schematically in Fig. 6 [30].We also include here
FETs formed by the organic nanomaterials, mainly graphene and carbon nanotubes.

In NanoFETs, the nanosized channel is directly exposed to the measurement
solution, making these devices much more sensitive than traditional ISFETs. The
device can be gated by a bottom gate dielectric or via a reference electrode in a
solution-gated configuration. In the latter, the electrical double layer (EDL) acts as
the dielectric, and the device operates at lower gate voltage because almost voltage
applied to the reference electrode drops in the small EDLs that form at the reference
electrode/solution and solution/nanomaterial interfaces [31].

In nanomaterials, their electrical properties vary in relation to their macroscale
counterpart which can be explained by variation in the Density of States (σ) of the
material, assuming that σ is proportional to the energy (E) and dimensionality (D)
as [32]:

σ ∝ √
E

D−2
(7)
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Furthermore, a change in the material’s bandwidth (bandgap) is expected at a low
scale.

The interest in using NanoFETs has attracted significant attention due to the
discovery of new sensing mechanisms, possible integration of the detection part with
conventional semiconductor techniques, high spatial resolution, high conductivity,
high chemical stability, and possible integration with high-k dielectric materials [30].

2.5.1 1D NanoFETs

The most 1D nanostructure used in NanoFETs are nanowires, including a range of
semiconductors from group IV, group III–V, group II–VI, and metal oxide semi-
conductors. Organic nanowires, like carbon nanotubes and conductive polymer
nanowires, are also utilized. But the silicon industry’s well-established manufac-
turing and processing techniques make silicon nanowires (SiNWs) one of the most
widely used nanomaterials in NanoFETs [33].

There are two main fabrication techniques for preparing SiNWs, top-down and
bottom-up. The first process consists of the patterning of the SiNW from monocrys-
talline silicon via photolithography and electron-beamprocesses. The secondmethod
starts with the growth of SiNWs by chemical vapor deposition (CVD), followed by
the deposition of SiNW in a SiO2/Si substrate and fabrication of the devices by
photo or electron beam lithography methods. Each methodology has its advantages
and disadvantages in terms of cost, time, and reproducibility of NanoFETs [33].

SiNWs are also representative examples of NanoFETs because their physical–
chemical properties have been widely explored and controlled, as demonstrated
over the years by Prof. Lieber’s pioneering group [34]. The working principle of
a NanoFET is very similar to a conventional FET. If no gate voltage is applied,
there is no appreciable current in the nanochannel. When the gate voltage is applied
and exceeds the threshold voltage, charge carriers are induced in the nanomate-
rial (electrons for an n-type nanowire or holes for a p-type). Thus, the source-drain
current can then be turned on and off by gate voltage. For example, boron-doped
SiNWs-FETs, when functionalized with 3-aminopropyltriethoxysilane, exhibited a
pH-dependent conductance due to protonation and deprotonation on their surface. A
potential change modulates the nanochannel conductance on their surface as a result
of a chemical reaction [33].

In particular, carbon 1D structure has low heat dissipation and results in FET
devices with low operating temperature with a high current response at low volt-
ages [35]. Despite the broad applicability of inorganic nanowires in FETs, carbon
nanotubes (CNTs) represent the starting point for the realization of NanoFETs [36].
The surface single-molecule sensitivity of the CNTs with label-free detection and
fast response speed has excellent potential for real-time sensors [35]. The interac-
tions with a single molecule are possible because of the highly sensitivity of carbon
material to changes in their chemical environment: the electrical properties of carbon
nanotubes, such as electrical conductance, depends on the pH, the ionic strength, and
ions present in electrolyte voltages [35].
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Several methods can obtain CNTs, but the most common reported techniques are:
arc discharge, chemical vapor deposition (CVD), and laser ablation [37]. Depending
on the process, is possible to synthesize single-walled carbon nanotubes (SWCNTs),
multi-walled carbon nanotubes (MWCNTs), or a mixture of both, which will be
composing the channel of the FET. Furthermore, it is possible to obtain CNTs with
metallic or semiconductor electrical properties [37].

For applications in FET, semiconductor SWCNs are more adequate due to the
control of channel properties in terms of the semiconductor bandgap and, then, elec-
trical properties. However, in large-scale synthesis, both types of CNTs, metallic and
semiconductor, are obtained, and it is so hard to synthesized pure samples of SWCNT
semiconductors [37]. Then, a disadvantage ofCNTs-FETs is their low reproducibility
which requires high control of the nanotubes overall electrical properties (metallic
or semiconductor) and their dimensions. Type-p semiconductor SWCNT is more
common in FET-based devices. The adsorption of molecules on the CNT surface can
introduce defect levels near the conduction band and modulate the charge transport
in the nanotube [38]. Then, the direct detection of charge transfer in the nanotube
surface (or doping process) by adsorbed molecules makes the CNTs a transducer
component in FET for label-free and real-time detection, enabling its application in
studies of molecular recognition processes.

2.5.2 2D NanoFETs

As described in the previous section, 1D nanostructures are highly sensitive to charge
changes on their surface. However, the high cost of fabrication, reproducibility, and
low integrability, especially for a good alignment of nanotubes, has been a problem
for the practical realization (or mass fabrication) of these devices. In the opposite
direction, 2D nanomaterials have shown promise for the fabrication of NanoFETs
because they are also highly sensitive to changes in the electric field in their surround-
ings. Furthermore, because they are flat and easy to process, they allow the fabrication
of highly integrated FETs on a large scale and at a relatively low cost, increasing
interest in these NanoFETs for biomedical applications, especially biosensors.

In 2004, Novoselov and coworkers demonstrated the isolation of graphene and its
application as FET [39]. Graphene comprises an atomic monolayer of sp2 carbons
arranged in a 2D hexagonal crystal lattice and is the precursor of the other forms of
carbon [40]. Graphene is mainly obtained from three different routes: mechanical
exfoliation, chemical vapor deposition (CVD), and chemical exfoliation.Asproposed
by Novoselov, mechanical exfoliation produces the highest quality graphene, but
with low yield and reproducibility [39]. Although producing graphene of inferior
quality to mechanical exfoliation, the CVD technique is more suitable for large-scale
production, being compatible with microfabrication processes in a clean room [31].
Chemical exfoliation is used to obtain graphene oxide (GO) in large quantities and at a
low cost from the chemical exfoliation of graphite [41]. GO is an insulating material,
but its reduction produces a graphene derivative with high electrical conductivity.
Although reduced graphene oxide (rGO) has lower electrical properties than pristine
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graphene, it has been widely used in FETs due to its low cost and the presence of
functional groups that can be used to immobilize molecules [42].

The structure of the device is similar to that of the general NanoFET shown in
Fig. 6, i.e., the graphene or rGO is deposited on the two metallic source and drain
electrodes. However, the I versus V (Fig. 7) curves of graphene FET (gFET) are
different from traditional semiconductors. As graphene is a zero-bandgap semimetal,
in the output curve, there is no saturation region and, the transfer curve (IDS versus
VGS at constant VDS) exhibits an ambipolar conduction behavior around a charge-
neutrality point (CNP), also known as theDirac point [31, 39]. In otherwords, the lack
of a bandgap makes a gFET impossible to turn off; depending on the voltage applied
to the gate, there is conduction by positive or by negative charges and a point where
the density of the two carriers is equal [31, 39]. This fact compromises the switching
applications of gFETs. On the other hand, they are widely used in bioelectronics for
presenting carrier mobility far superior to conventional semiconductors [43].

The significant progress in graphene motivated the application of other 2D mate-
rials in FETs. 2D transition metal dichalcogenides (TMDs) are widely used in
NanoFETs.They aremonolayers of atomically thin semiconductors typeMX2,where
M is a transitionmetal andX is a chalcogen [44]. Themethods for synthesizingTMDs
are similar to those for graphene. The unique characteristics of TMDs like a direct
bandgap, atomic thickness, excellent mechanical and electrical propertiesmake them
ideal for biomedical applications [44].

TMDs are almost as thin, transparent, and flexible as graphene. Many of them are
semiconductors by nature with great potential to applications in FETs expected to be
more efficient than conventional silicon-based ones. Unlike graphene, the presence
of a bandgap in TMDs enables high switching ratios. This property makes 2D TMDs
new candidates for the next-generation bioelectronics [45].

Fig. 7 Idealized I versus V curves of graphene FET. aOutput curves and b transfer curves. Adapted
from Ref. [31]
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2.6 New Trends: Tunable FETs

In contrast to MOSFETs, where the current switching process involves thermionic
injection, the injection mechanism in a tunnel field-effect transistor (TFET) is inter-
band tunneling, through which charge carriers are transferred from one energy band
to another at a strongly doped p+– n+ junction [46]. Due to this tunnelingmechanism,
TFETsmaintain excellent switching characteristics even at high temperatures. These
devices can achieve a 100-fold power reduction compared to conventional transistors.
Because TFETs have low-off currents, they are ideal for low power systems [46].
TFETs represent a new trend for biomedical applications [47]. Among the types of
TFET, the nanowire tunnel field-effect transistor (NW-TFET) has great potential for
applications in biosensors, since they have ultra-low operating power [48]. Another
advantage of NW-TFET is the possibility of construction with multi-gates. Dual-
port NW-TFET devices improve operations at very high frequencies. As biosensors
require high sensitivity to changes in biomolecular bonds, this NW-TFET differ-
entiated structure results in the best performance regarding the subthreshold slope
[48].

3 Final Remarks

Bergveld’s proposal led to the development of a series of field-effect-based devices.
Whether to measure ion activity in chemical environments or for application as
biosensors. Among these devices stand out, the ISFET with different ion-sensitive
materials, its derivation EGFET/SEGFET mainly aims to isolate the FET part of the
chemical environment and the OFETs. These last ones especially provide a wide
range of processability, low cost, flexibility, printability, the potential for wearable
devices, among others. Nanotechnology enabled the development of NanoFETs,
primarily with 1D nanostructures such as carbon nanotubes and semiconductor
nanowires. More recently, 2D nanomaterials were used to develop a new genera-
tion of NanoFETs, where graphene and its derivatives are the most used materials.
Finally, each FET device has its peculiarities, and the choice of device will depend
on the final application.
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1 General Overview

This chapter describes recent advances in the construction of functional self-
assembled nanomaterials from molecular building blocks using supramolecular
chemistry concepts and suitable self-assembly processes. Supramolecular self-
assembly is the spontaneous arrangement ofmolecular components intowell-defined
nanostructures that can be stabilized by general interaction processes: (i) dynamic
covalent (e.g. imine and disulfide bonding), (ii) reversible noncovalent interac-
tions (e.g. electrostatic interactions, hydrogen bonds, hydrophobic, and hydrophilic
interactions, and van der Waals interactions), and (iii) mutual associative approach
[1].

The interaction of components at the molecular level allows the formation of
self-assembled nanomaterials with diversified structures and functionalities. These
nanoarchitectures can be achieved through molecular associative recognition, self-
organization, and dynamic nature [2]. For this proposal, the use ofmolecular building
blocks performs a crucial role in supramolecular self-assembly process due to their
versatility and functionality.

Building blocks can also be oriented towards the development of robust archi-
tectures onto electrode, such as self-assembled monolayers (SAMs), layer-by-layer
self-assembly, and electrochemical deposition. In this case, the electrochemical
supramolecular approach can be utilized to investigate kinetic and thermodynamic
study of electrochemical redox and electron transfer process from self-assembled
organized structures as well as investigating the electron transport mechanism. We
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will describe how electrochemistry supramolecular can be utilized to control elec-
trochemical conversion, affect the structure, and supramolecular systems proper-
ties. Special emphasis will be given to the electrochemistry mechanism of host–
guest complexes, substratesmodified,monolayer, andmultilayer assemblies. Finally,
we conclude with an outlook toward future developments of self-assembled nano-
materials for constructions of new (bio)sensor, energy storage, electronic, and
electrochemical devices.

2 Versatile Building Blocks Used for Supramolecular
Self-Assembly

Different individual components can be used for construction of supramolecular
nanostructures, such as metallic nanoparticles (MNPs) [3], coordination compounds
[4, 5], semiconductive oxides [6, 7], carbon-based materials [8], and biomaterials
[9]. Figure 1 illustrates the shapes and structures of some building blocks discussed
in this chapter. The following subsections have been organized in order to show the
importance of the components in the context of supramolecular chemistry.

Fig. 1 Scheme of the versatile building blocks used in supramolecular chemistry. Adapted and
reprinted with permission from Ref. [10, 11]. Copyright 2014 Royal Society of Chemistry
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2.1 Metallic Nanoparticles

Metallic nanoparticles (MNPs) have received considerable attention of scientific
community owing to their catalytic properties, antibacterial activity [12]; high
surface-to-volume ratio and unique optical and electrical properties [13, 14]. The
surface functionalization of MNPs enables the use of these as molecular building
blocks for supramolecular chemistry.

Among the most used MNPs by literature we highlight the gold nanoparticles
(Au NPs) due to their low toxicity, high chemical stability, and their unique and
tunable plasmonic properties [13]. Zhang [3] used Au NPs as individual components
to develop an improved glucose sensor. The high catalytic activity exhibited by Au
NPs improved the charge transfer between the glucose and the GOX enzyme during
the oxidation–reduction reaction resulting in a doubling of electrode sensitivity. The
electrode containing the Au NPs showed high sensitivity (216.9 μAmmol L−1) and
low detection limit (1 × 10–6 mol L−1), confirming that the electrode is a potential
candidate for the non-invasive monitoring of glucose [3]. Golub et al. [15] used Pt
NPs, CdS NPs, and Au NPs functionalized with an anticocaine aptamer subunit in
the detection electrochemical, photoelectrochemical, and surface plasmon resonance
(SPR) detection of the cocaine, respectively. The formation of the supramolecular
complex obtained by the interaction between the Pt NPs-aptamer and the cocaine
subunits allowed the detection of cocaine by the electro catalyzed reduction of H2O2.
The photoelectrochemical detection of cocainewas achieved due to the photocurrents
generated by the complex formed between the cocaine subunits and the CdS-NPs-
aptamer, in the presence of amine triethanol as a hole-eliminator. The supramolecular
Au-NPs-aptamer subunits-cocaine complex generated on the Au support allowed the
SPR detection of cocaine through the reflectance changes when stimulated by the
electronic coupling between the localized plasmon of the Au-NPs and the surface
plasmon wave. All the developed aptasensors allowed an analysis of cocaine with a
detection limit in the range of 10–6–10–5 mol L−1 [15].

Lopes et al. [16] developed gold (Au NPs) and silver (Ag NPs) nanoparticles
through a green route, using tannic acid (TA) as a reducing and stabilizing agent.
The supramolecular interactions between Au NPs, Ag NPs and TA were responsible
for the bathochromic shift (red-shifted) of the surface plasmonic resonance (SPR)
bands of these nanoparticles [16].

2.2 Semiconductor Oxides

Metal oxide semiconductors represent a diverse and fascinating class of materials
because of their high surface volume ratio, abundant active sites, and surface defects,
which provide good detection limits, making them attractive for the development of
materials with applications in various areas [17].
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The magnetite nanoparticles (Fe3O4 NPs) have shown good biocompatibility,
low toxicity, magnetic properties, easy to obtain, high surface area, and suitable
functionalization, making them attractive for various chemical and bio related appli-
cations, such as enzyme interaction, drug delivery, wastewater treatment, and toxic
analytes sensing [18, 19]. For example, Lima and collaborators [20] used Fe3O4 NPs,
poly(allylamine hydrochloride) (PAH), poly(vinyl sulfonic acid) (PVS) and polypyr-
role (Ppy) to develop layer-by-layer (LbL) films deposited onto gold substrate with
three distinct supramolecular architectures: (PAH/Ppy)n, (Fe3O4 NPs/PVS)n, and
(Fe3O4 NPs/Ppy)n. The (Fe3O4 NPs/Ppy)n film showed stronger electrostatic inter-
action, higher conductivity, as well as a more homogeneous substrate covering in
comparison to the other developed films, demonstrating a synergistic effect between
Fe3O4 NPs and ppy. The electrochemical and surface plasmon resonance analysis
confirming that Fe3O4 NPs-Ppy film can be used as an electrochemical or optical
non-enzymatic sensor for analytical detection [20].

Titanium oxide clusters—TOCs (also called polyoxotitanates or titanium–oxo
clusters), belong to a class of molecular analogs of TiO2 and titanate minerals,
which have a well-defined structure and are passive in functionalization. TOCs
have good chemical stability, photocatalytic properties, and redox activity, making
them promising materials for developing hierarchical structures using bottom-up
approaches [7]. Chen et al. [21] linked the TOCs-based tetrahedral clusters of Ti4L6

(L = embonate) with transition metal ions, such as Zn2+, Co2+, and Mn2+. Ti4L6’s
tetrahedral geometry and its calixarene-like coordination active vertices facilitate
the incorporation of coordination bond metal through π–π stacking interactions and
other non-covalent interactions, which characterize it as an excellent building block.
Metal–organic frameworks (MOFs) based on TOCs showed high water and heat
resistance and excellent gas adsorption properties [21].

Zinc oxide is an n-type semiconductor, which has a wide band gap around 3.37 eV
and high exciton binding energy (∼60meV). Due to its unique multifunctional phys-
ical and chemical properties, as well as its biological activity, it has called the atten-
tion of the scientific community a few years [22, 23]. Hassan and collaborators [24]
developed a new nanomaterial from zinc oxide nanoparticles (ZnO NPs) microre-
cycled from spent Zn-C batteries, and 3D graphene hybrid aerogel. Graphene inter-
acts weakly with ZnO NPs via van der Waals weak interaction, thus the electronic
properties of graphene could be conserved in the hybrid material. The nanomate-
rial has elevated sensing properties with higher sensitivity, lower detection limit and
fast response-recovery time, proving to be efficient for the detection of NO2 due to
the improvement in the conductivity of the nanomaterial and the porous structure
of grapheme. It is interesting to point out that decorated ZnO NPs’ gas detection
mechanism follows the surface charge model [24].
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2.3 Carbon-Based Materials

Carbon-based materials comprise an important class of materials used as molecular
building blocks in supramolecular chemistry; this is mainly due to the wide variety
of allotropes from 0 to 3D that provide numerous possibilities for constructing new
supramolecular entities. They include graphene-based materials, fullerenes, carbon
quantum dots, nano-onions, carbon nanotubes, nanocones called nanohorns, and
nanodiamonds [25]. It is also important to emphasize that these materials mostly
have low cost, good mechanical stability, flexibility, biocompatibility, in addition to
being thermal and electrical conductors [26]. Figure 2 shows the structure of some
carbon allotropes and their main properties.

Carbon dots are a newer class of carbon allotropes prepared by top-down and
bottom-up approaches [8].Due to excellent physico-chemical properties and biocom-
patibility, the carbon dots have aroused the scientific community’s interest in recent
years. It is noteworthy that with their ease of functionalization, they can be used
as self-assembly building blocks [29]. Furthermore, carbon dots can be synthesized
from abundant and non-toxic materials, such as biomass [30].

Sarkar et al. [29] developed carbon dots with different aliphatic/aromatic substi-
tutions (cholesteryl, palmitoyl, naphthyl) with spacers, such as ethylenediamine,
p-phenylenediamine, 2.2′-(ethylenedioxy) bis (ethylamine). Moreover, they demon-
strated the formation of self-assemblies using amphiphiles exclusively based on
carbon dots for the first time. Wang et al. [25] in turn, synthesized fluorescent carbon
dots with [GdCl3Br] with magneto-responsive properties (CQDGd) and used them

Fig. 2 Schematic representation of the main types Carbon-based materials. Adapted and reprinted
with permission from Refs. [27, 28]. Copyright (2007 and 2012) American Chemical Society and
Nature



94 A. M. B. F. Soares et al.

as building blocks to form hybrid DNA nanospheres (ssDNA) using a simple self-
assembly synthetic route. The phosphate and nitrogen bases of the dimple DNA
strand served as self-assembly sites; thus, the CQDGd/ssDNA nanospheres were
formed by interactions between Guanine and Cytosine through hydrogen bonds,
hydrophobic interactions, and synergistic electrostatic forces [25].

Fullerenes are zero-dimensional (0D) carbon nanomaterials with hollow and
perfectly spherical structures made up of five- and six-membered rings. There are
several forms of fullerene, such asC60, C70, C76, C82, andC84,withC60 being themost
commonly studied [25, 31, 32]. These nanomaterials have a high affinity for elec-
tron transport [31] and have shown great potential in applications in areas, such as,
energy and photocatalysis [32], solar cells, photodynamic therapy [33], biomedicine,
among others. Shahzad et al. [34] used fullerene as a building block to develop a new
heterogeneous photocatalyst for H2 synthesis. Among the factors that contributed
to the excellent performance of the photocatalyst, WO3/fulereno@Ni3B/Ni(OH)2,
the synergistic effect between the WO3/fullerene nanocomposite and the cocatalyst,
Ni3B/Ni(OH)2 stood out [34].

The combination of mechanical, thermal, optical, and electrical properties make
graphene, a 2D (two-dimensional) material, the most widely investigated carbon-
basedmaterial [26, 35]. Graphene has a unique crystal structure, having carbon atoms
bonded in sp2 hybridization, organized as a flat sheet of one atom thick [35]. One of
their derived is graphene oxide which there is the presence of oxygenated groups,
such as hydroxyls or carbonyls, in its structure. In recent years, graphene oxide, GO,
has been used as a two-dimensional building block to form supramolecular hydrogels.
Liu et al. [36] used graphene oxide to form hybrid supramolecular hydrogels with
amino-functionalized silica nanoparticles (SiO2–NH2 NPs). Herein, SiO2–NH2 NPs
interacted with GO nanosheets through hydrogen bonds between –NH2 and –COOH
in SiO2–NH2 and GO, respectively forming insoluble nano building blocks in a wide
concentration range [36].

Another carbon allotrope that has received considerable attention from researchers
in recent years is the carbon nanotube (CNT). CNTs can exhibit one, two, or more
tubular graphite walls [31, 37]. The electronic properties and chirality of CNTs
depend on how the graphene sheet is rolled during the tubular structure formation
[37]. The strong interactions of van der Waals and π–π give CNTs a potent tendency
to form aggregates, making their use difficult for some applications. However, their
unique chemical, physical and electronic properties, excellent mechanical proper-
ties, and tunable surface functionality make CNTs promising in developing different
materials, especially their electronic properties [38, 39]. In this sense, Ortiz et al.
[39] proposed a new strategy for forming an innovative nanoarchitecture through
the non-covalent functionalization of multi-walled nanotubes with ConcanavalinA
(ConA), a protein, directly. ConA immobilization on multi-walled CNTs provided
specific properties for supramolecular immobilization of glycoenzymes to construct
bienzymatic glucose biosensors [39].

In the class of carbon allotropes, carbon dots have shown an upward trajectory for
future applications due to luminescence properties, the possibility of green synthesis,
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and nanoscale dimensions. However, graphene-based materials represent the most
studied carbon-based material, followed by carbon nanotubes until today [8].

2.4 Coordination Compounds

The directed synthesis of coordination compounds has attracted considerable atten-
tion in supramolecular chemistry and crystal engineering [4]. For instance, bis (benz-
imidazole) (Bbim) has been widely used in coordination chemistry, as it can join
two or more metal centers, therefore, considered a ligand with variable denticity.
Samoľová et al. [4] synthesized four new complexes with manganese (IV) and bis
(benzimidazole) with different crystal structures in all complexes demonstrating
that the Bbim ligand is a robust building block in the formation of supramolecular
complexes [4]. Sun et al. [5] used polydiallyl malonylurea (PDAMU) as a building
block to form complexes with silver ions (PDAMU-Ag). The PDAMU-Ag complex
exhibited high antibacterial activity against Gram-positive bacteria (S. aureus) and
Gram-negative bacteria (E. coli). Other results suggest that PDAMU can be used
as a tool for constructing organometallic systems contributing to supramolecular
chemistry and materials science [5].

The Prussian Blue (PB) and Prussian Blue Analog (PBA) complexes are impor-
tant building blocks for the synthesis of different nanocomposites. These compounds
have structural, thermal, and electrochemical properties which make them promising
candidates for applications in different areas. PB and PBA present the general struc-
tural formula Max

+[Mb(CN)6]y. nH2O, in which, for PB, Ma = Mb = Fe, and for
PBA, Ma and Mb represent a transition element [40, 41]. It should be noted that
PBA-based materials are low cost and easy to obtain [42]. Niu et al. [42] developed
a Prussian blue analogue of nickel and cobalt and used it as a new high-efficiency
non-enzymatic sensor for glucose detection. The developed Ni-Co PBA presented an
excellent catalytic performance for the electro-oxidation of glucose when compared
with pure Ni PBA and pure Co PBA. The analysis of the experimental data confirmed
that the sensor based on Ni-Co PBA had a low detection limit (1.2 m mol L−1), wide
linear range (0.002–3.79 m mol L−1), good selectivity and high sensitivity (149 μA
mM−1 cm−2) suggesting that this is a promising sensor for detecting glucose in real
samples [42].

Rodrigues and collaborators [41] used the Prussian blue analogue of copper
(Cu2[Fe(CN)6]) as components for the formation of the CuO/Cu2[Fe(CN)6]
nanocomposite and investigated its electrical properties in the presence of H2O2.
The data obtained by cyclic voltammetry revealed a change in faradaic currents in
the presence of peroxide; the nanocomposite showed two well-defined redox pairs
(from Cu+/Cu2+ and CuFe2+ to CuFe3+), on the other hand, the precursors, CuO and
Cu2[Fe(CN)6], showed only a slight intensified effect for oxidation [41].

Carvalho et al. [43] used the cobalt Prussian blue analogue, Co3[Co(CN)6]2, to
construct amagnetically separable nanocomposite through interactionwithmagnetic
nanoparticles. The developed Co3[Co(CN)6]2/Fe3O4 nanocomposite presented a
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nanocubic shape decorated with small magnetite spheres that interacted through
dipole–dipole interactions. An increase in faradaic currents for the Co2+/Co3+ pair
present in the voltammograms of the hybrid nanomaterial compared to the isolated,
Co3[Co(CN)6]2 was observed. Themagnetic properties of Fe3O4 NPswere preserved
even after adsorption of cobalt Prussian blue analogue nanocubes. The nanocom-
posite also showed promising catalytic properties, demonstrating, therefore, that the
approach used is effective to produce hybrid nanomaterials with a combination of
magnetic and electrochemical properties [43].

Moraes and collaborators [44] developed a new hybrid material consisting of
Prussian blue (PB) and cashew gum polysaccharide (CG), a biopolymer that has
antibacterial, antitumor, healing, and gastric potential properties, in addition to being
biocompatible, biodegradable, and non-toxic and determined its potential as an elec-
trochemical sensor for the oxidation of drugs. The analysis of the data obtained by
the electrochemical tests showed that the bionanocomposite formed, PBNPs@GC,
has the capacity to oxidize some drugs, such as acetaminophen (ACT), metamizole
(MTM), and methotrexate (MTX), indicating that this material shows promise for
the development of sensors for clinical and pharmaceutical samples [44].

2.5 Others Classes of (Nano)materials

Another material class which is commonly used as a building block for supramolec-
ular chemistry is polyphenols (tannins), which has several advantages for engineering
biomaterials, as they are biodegradable, biocompatible, and abundant in nature. The
properties of these biomaterials provide the possibility of use as antioxidant, drug
delivery system, cell biohybrids, and for diagnosis [45]. The natural polyphenol,
tannic acid (TA), and poly(2-n-propyl-2-oxazoline) (PnPropOx) were used byMath-
ivanan et al. [46] for the formation of TA/PnPropOx multilayer thin films joined
by hydrogen bonding and hollow capsules manufactured by a sequential coating
of TA and PnPropOx onto CaCO3. The authors further investigated the interactive
forces, stability, permeability, and film thickness. It was found that the multilayer
thin films and capsules obtained were considered stable over a wide pH range (2–9)
and that hydrogen bonds and hydrophobic interactions are responsible for improving
the stability of the capsules [46].

Some biocompatible molecules, such as peptides, copolymers, phospholipids,
and small synthetic molecules have evolved as building blocks with great potential
for assembly into nanostructures with controllable size, shape, charge, and surface
properties. These molecules can spontaneously assemble, forming ordered super-
structures promising for applications in some areas, such as, energy, catalysis, optics,
medicine, among others [9]. Long et al. [9] showed the recent advances in the devel-
opment of trigonal building blocks in their work. Due to the unique structure of
C3 symmetry, molecules with trigonal geometry present advantages for their use
in supramolecular self-assembly as their structure expands the variety of building
blocks of supramolecular materials. Trigonal building blocks are generally small and
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easily obtainable molecules; in addition, they are more sensitive to stimuli than poly-
mers, for example, which are structurally complex [9]. Trigonal molecules can be
synthetic molecules [47, 48], nucleic acids [49], and peptides [50]. It should be noted
that the peptides, being biodegradable and biocompatible, are attractive as building
blocks for supramolecular biomaterials and can be used in different areas, such as
biotechnology and biomedicine [50].

In addition to the carbon dots presented earlier, other quantumdot (QDs)materials
have attracted the interest of the scientific community over the years mainly due to
their tunable bandgaps and the possibility of functionalization, thus, making them
efficient building blocks for many optoelectronic applications [51, 52]. Sol et al.
[53] developed a Z-type composite photocatalyst based on TiO2 nanorods decorated
with of gC3N4 and Au quantum dots. The Z-type heterojunction formed at the r-
TiO2 and gC3N4 interface as well as the improved electron capture by the Au QDs
were responsible for the improvement in the catalytic performance of the composite
photocatalyst. Therefore, this work provides an efficient strategy to design high-
performance photocatalysts using quantum dots and nanorods as building blocks
[53].

Among the fields of supramolecular chemistry, “host–guest chemistry” performs
a significant role in forming new supramolecular entities and has come to the
scientific community’s attention over the years. In host–guest chemistry, small
molecules (guest) are reversibly encapsulated in the cavities of larger molecules
(host) [54]. Cyclodextrins (CDs) [55], cucurbit[n]urils (CB[n]s) [56], calix[n]arenes
(CA[n]) [54], and pillar[n]arenes (PA[n]) [54] are among the most used molecules
as “host molecules”. In 2019, Yao et al. [57] obtained a host–guest complex with
β-cyclodextrin and methylene blue in a spray-coating based on hyaluronic acid.
The obtained complex showed a good photodynamic antibacterial capacity and can
be used to sterilize medical devices [57]. The tin(IV) porphyrin, viologen, and
cucurbit[8]uril (CB[8]) complex developed by Shee et al. [56] can be utilized as
a supramolecular sensor for the detection of aromatic compounds (hydroquinone,
naphthalene). IN this work, the authors used a tin(IV)porphyrin functionalized with
viologen “as a guest molecule” since the viologen units can be encapsulated within
the CB cavity. In this case, the porphyrin served as a structural scaffold for the
complexation host–guest [56].

Tang et al. [58] developed ferrocene-functionalized poly(ionic liquid) microgel
nanoparticles (PIL-Fc NPs). The possibility of using PIL-Fc NPs as a building
block for self-assembly was evaluated and confirmed by forming an inclusion
complex between the obtained nanoparticles and the β-cyclodextrin dimer (β-CD).
The supramolecular self-assembly was performed through the host–guest interaction
of the ferrocene groups, present in the functionalized poly(ionic liquid) microgels,
with the β-CD dimer [58].
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3 Methods of Building Blocks Supramolecular Assembly
onto Electrode Surfaces

The successful applications in the supramolecular electrochemistry are dependent
on the deposition of the building blocks onto electrode surfaces. The supramolecular
immobilization processes can improve molecular recognition, providing superior
electrochemical stability and enhance electron transfer [59]. The supramolecular
electrochemistry mechanism is guided by interactions that occur in the electrode
interface [60]. Therefore, the supramolecular electrochemistry investigate the inter-
actions at the molecular level between building blocks and electrode surface [60].
Furthermore, the reactivity of the interface constituted by site-specific supramolec-
ular interaction/analyte are objects of study of supramolecular electrochemistry.
Thus, the formed supramolecular structure onto electrode surface is influenced
by the balance of all interactions that occur between the building blocks and the
analyte (metals, ions, molecules, metabolites, proteins, hormones, nucleic acids, etc.)
[60]. For example, hydrogen-bonding, electrostatic interactions andhalogen-bonding
(supramolecular anion receptors) can promote the anion recognition to improve their
electrochemical sensing [61]. Moreover, supramolecular self-assembly of building
blocks onto electrode surfaces exhibit high molecular recognition capability (via
host–guest interaction, hydrogen-bonding andπ–π interactions) that can be improve
electrochemical performance of (bio)sensors [39, 62].

In the development these supramolecular structures, building blocks are immo-
bilized onto electrode surfaces using various strategies [63–66]. Figure 3 presents a
schematic representation of the main strategies used for supramolecular assembly of
building blocks onto electrode surfaces.

These assembly methods are important because they have the capacity of form
self-organized supramolecular architectures onto electrode surface. Table 1 presents
the main advantages, disadvantages and suggested interaction in the electrochemical
interface to form self-organized supramolecular structures onto electrodes surfaces.
The self-assembled monolayes (SAMs), LbL self-assembly and electrochemical
deposition methods are described with more detail in the following subsections.

3.1 Self-Assembled Monolayes (SAMs)

The SAMs method is one of the most used strategies for preparation of organic
ultrathin films with controlled thickness and chemical functionalization. The self-
assembly process is governed by chemical interaction of alkanethiols, dialkyl disul-
fides, alkylalkoxysilanes or sulfides with the surface of metallic or semiconductor
electrodes (gold, copper, mercury, platinum, silver or silicon, indium tin oxide)
[64, 67]. Various types of interactions can occur in the electrode interface include
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Fig. 3 Schematic representation of the main methods used to supramolecular assembly of building
blocks onto electrode surfaces

chain-chain and non-bonded interactions (interchain van der Waals, steric, repul-
sive, and electrostatic forces), which ensure tight packing, stability and organiza-
tion of the organic monolayer [64]. Moreover, SAMs nanoarchitectures form posi-
tive/negative/hydrophobic terminal chemical groups (–COOH, –OH, –NH2, –CN,
–SH, –SO3H, –SiOH, CH3) that can interact with others chemical species in the
interface of the modified electrode [64, 67]. SAMs approach involve the formation
of a (supra)molecular structures that exhibited unique physical and chemical proper-
ties on electronic devices such as organic film solar cells, organic thin film transistors,
electrochemical sensors and biosensors [68, 69].

The SAMs approach improve aspects related the electronic functions of the
organic film-based devices to as the dominant mechanism of charge transport and
electrical output [68–70]. For example, the insertion of SAMs structures in the elec-
trode/semiconductor interface of organic transistors can control/improve the charge
injection and transport [68, 70]. Furthermore, the SAMs (supra)molecular films play
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Table 1 Themain advantages, disadvantages and suggested interaction in the electrochemical inter-
face of the methods more employed to supramolecular assembly of building blocks onto electrode
surfaces [63–66]

Method Advantages Disadvantages Suggested
interactions

Self-assembled
monolayes (SAMs)

Ultrathin organic films
of controlled thickness
Flexibility in
functionalising the end
groups of SAM films
Thermodynamically
stable monolayers

Limited loading of
materials
Required specific
compounds to the
formation of the
monolayers
SAMs films are
susceptible to shearing

Hydrogen bonding
Van der Waals
attraction
Chemical interaction

LbL self-assembly Method versatile of
operation easy
Versatility to choose of
the building blocks
Control of the
multilayers films
thickness and
physicochemical
properties

Presence of abundant
residual polyelectrolyte
from each deposition
step
Polymer adsorption
behavior dependent of
over a very narrow pH
range
Hydrogen
bonding-based films
showed low stability

Hydrogen bonding
Electrostatic
interactions
charge-transfer
interactions

Electrochemical
deposition

Easy to implement and
time-saving
Reproducible control
and uniformity over
film thickness
Ability to use diverse
electrode of complex
geometries

The modifier or
monomer must be
soluble in the electrolyte
Current or voltage is
required to film
synthesis
Removal film onto
electrode surface is
difficult

Hydrophobic
interaction
Ion-exchange
π–π stacking
interaction

an important role in the tuning of electronic, structural and morphological prop-
erties of the interface of molecular devices. Lin et al. (2020) examined the elec-
tric behavior of bulk-heterojunction (BHJ) organic photovoltaic (OPV) cells based
in SAMs composed of [2-(9H-Carbazol-9-yl)ethyl]phosphonic acid (2PACz) [71].
Self-assemblymolecules of 2PACz onto the indium tin oxide (ITO) surfacewere used
as a hole-selective interlayer to enhance the power conversion efficiency and oper-
ational stability of ITO-2PACz. This behavior was because of the decrease contact-
resistance, enhanced charge extraction in the ITO-2PACz/BHJ interface, high charge-
carrier mobility before and after photoaging [71]. Very recently, it was reported
a novel approach that involves interstitially mixed self-assembled monolayers
(imSAMs) from a molecular diode of 2,2′-bipyridyl-terminated n-undecanethiol
(HSC11BIPY) and a nonrectifying diluent of n-octanethiol (HSC8) onto gold
substrates [72]. These methods consist in repeated surface exchange of molecules
(ReSEM), resulting in filling of HSC8 into interstices formed by bulky HSC11BIPY,
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decreasing the defects within themonolayers [72]. Thus, the supramolecular packing
structure of the SAMs enhanced electrical stability, functionalities and yields of
working junctions.

Another important characteristicwidely exploited of SAMs supramolecular archi-
tectures is the control and guidance of the terminal chemical groups that can specif-
ically interact with analyte of interest [73–75]. The molecular interface based in
the host–guest interaction was manufactured from cucurbit[7]uril (CB[7]) on mixed
ferrocenylundecanethiolate/n-alkanethiolate SAMs onto gold electrode [73]. As a
result, the supramolecular hosts assemblies at the nanometer scale demonstrated
the capability of forming inclusion complexes (CB[7]@Fc) to probe the structural
heterogeneity of ferrocenyl (Fc) SAMs [73]. Specific interactions were used by Li
et al. (2019) to immobilize carboxyl-functionalized graphene (CFG) onto glassy
carbon electrode (GCE) surface [74]. In this study, SAMs method was developed
to promote the covalent interaction between ethylenediamine (NHCH2CH2NH) and
CFG. The functionalized electrode (CFG-NHCH2CH2NH/CGE) SAMs-based was
crucial to electrochemical detection of hydroxyl free radicals [74].

3.2 LbL Self-Assembled

Among the self-assembled building blocks-based methods, LbL self-assembled is
one of most used strategies to make multilayer thin films with controlled thickness
on a variety of electrode surfaces [76, 77]. The principle behind the of formation
of multilayered films are based in various types of non-covalent and covalent inter-
actions (e.g., electrostatic interactions, hydrogen bonding, charge-transfer interac-
tions, coordination interactions, sol–gel processes, hydrophobic interactions, etc.)
[78]. Consequently, LbL method is a highly versatile technique that exhibit different
experimental approaches, such as dippingLbL assembly, spin-assisted LbL assembly
and spray-assisted LbL assembly [79]. Among them, dipping LbL coating is themost
used method to the produce functional supramolecular structures. The dipping LbL
approach consists in alternating immersion of a charged conductive substrate into
aqueous solutions of oppositely charged building blocks [76–79]. Then, rinsing the
as-prepared films in appropriate solutions and drying under nitrogen atmosphere for
the removal ofweakly adsorbed species occurs as intermediate steps. In this assembly
process, thickness and physicochemical properties of thin films can be controlled
with precision through of adjustment of the experimental conditions including solu-
tion pH, ionic strength, addition of salt and polyelectrolyte charge density etc. [65,
76]. Based on this information, LbL method is one of the most easy and versa-
tile strategies to supramolecular self-assembly of functional building blocks onto
electrode surfaces. Therefore, the LbL self-assembly allows investigate and control
supramolecular specific interactions that occurs in electrochemical interface consti-
tuted by building blocks and chemical species of interest. The self-assembly of
building blocks in electrodes with desirable architectures and properties is of great
importance for study the performance of electronic and electrochemical devices.
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Regarding electrochemical sensors and biosensors, LbL method promote the
improve in the electronic conductivity, and electroactive surface area, enabling an
increase in sensitivity [80–83]. However, the most important aspect is the introduc-
tion and control of sensitive molecular recognition species in electrode surface that
improve the selectivity capability in complex samples [81, 82]. For this purpose
chemical groups can be anchored to interact specifically with target analytes through
non-covalent and covalent interactions (e.g., host–guest interaction, electrostatic
interactions, biospecific interactions, chiral recognition, “click chemistry” reaction,
etc.) [78, 83]. A supramolecular electrochemical architecture with molecular recog-
nition properties was prepared by LbL self-assembly of polyethylene imine-reduced
graphene oxide (PEI-rGO) composites and cholesterol oxidase (ChOx) [81]. In this
work, the electrostatic interaction between the positively charged PEI-rGO and nega-
tively charged ChOx increase the electron transfer ability between the redox enzyme
and the surface of glassy carbon electrode (GCE). This supramolecular interaction
that occur at the electrochemical interface improve the electric conductivity andmain-
tain the bioactivity of theChOx [81]. Another example of supramolecularmultilayers
LbL strategy-based with biorecognition component (folic acid, FA) was demon-
strated by Correia and colleagues [82]. The authors realized alternately deposition of
positively charged polyallylamine hydrochloride (PAH) and negatively charged FA
on indium tin oxide (ITO) electrodes. The multilayers structure increase electroac-
tive surface area and improve sensitivity/selectivity to electrochemical detection of
folate receptor alpha (FR-α) via binding affinity between FA and FR-α [82].

The LbL method allows study detailed electrochemical mechanisms and electro-
chemical reactions that occur on interface of electrodes used in energy conversion and
storage devices [84]. Thus, the possibility of control the thickness and architecture of
multilayed electrodes in nanoscale is crucial to understand the processes that involves
competition between mass and charge transfer, modulation of interfacial dipole, and
ion permeability [84]. Wang et al. (2021) developed LbL self-assembled nanos-
tructured electrodes to investigate the electrochemical performance of lithium-ion
batteries (LIBs) [85]. The electrostatic interaction and colloidal stability properties
of building blocks (nanoparticles of lithium titanate, lithium iron phosphate, lithium
manganese oxide, and carboxymethyl celulose) were useful for make LIBs based
in the LbL self-assembly. The supramolecular interactions improved Li+ interca-
lating phase and electron-conducting phase providing a high specific capacity during
the charge/discharge cycles [85]. In another work, researchers explored the spray-
assisted LbL assembly technique to make nanostructured electrodes and study their
electrochemical behavior as flexible solid-state supercapacitor [86]. In this case, the
method is based in alternating spray of graphene quantum dot-reduced graphene
oxide (GQD-rGO) solution and an aqueous polyaniline (PANI) solution onto flex-
ible conductive substrate of carbon fiber cloth (CFC) [86]. The spraying-based
self-assembly process of GQD-rGO changed the CFC surface from hydrophobic
to hydrophilic and enhanced the electrostatic interaction between PANI and CFC.
The supramolecular strong interactions between GQD-rGO and PANI in the CFC
electrode interface improved the cycling stability and specific capacitance [86].
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3.3 Electrochemical Deposition

Compared with the approaches presente in Table 1, electrochemical deposition
methods aremost inexpensivewith easy operational implement and time-saving, also
showing reproducible and uniform film structrures onto various electrode geometries
[59, 63, 66]. Because of these characteristics, the electrochemical deposition is exten-
sively used to supramolecular self-assembly of building blocks on the conducting
electrode surfaces. The electrochemical deposition has as principle the immersion of
three electrodes (working, reference, and auxiliary) in suitable electrolyte solution
where sufficient current or voltage is provided to reduce ionic metallic species and
oxidize or reduce a monomer to polymerize it on the surface of the working electrode
[59, 63, 66]. For this reason, the main approaches of electrochemical deposition are
the electrodeposition of metal and metal-based (nano)materials and electropolymer-
ization of polymeric species. The experimental and electrochemical parameters such
as current densities/voltages, substrate surface, electrolyte pH, solution viscosity, and
diffusion coefficient can be adjusted and play critical roles in the morphology thick-
ness, uniformity and reactivity of the deposited film [59, 87]. Therefore, electrodepo-
sition and electropolymerization are approaches of supramolecular electrochemistry
to investigate the effects of electrodeposited films in the electrochemical behavior of
(bio)sensors, corrosion protection, energy conversion and storage [88–96].

In the context of (bio)sensors, electrochemical deposition methods enhanced
sensitivity and selectivity through of the supramolecular interactions of
(bio)molecules with the electrochemical interface [88–90]. In this process,
(supra)molecular recognition and (bio)recognition ability takes effect in the elec-
trochemical behavior of (bio)sensors because of the host–guest interactions (inclu-
sion complexes), hydrogen bonds, electrostatic interactions and halogen-bonding
[88–92]. For example, cyclodextrins-based host–guest complexes confine the target
analyte next of the electrode surface, providing a decrease or increase of the elec-
tric current of analytes’ redox processes [89]. The electrodeposition was used as
strategy of supramolecular electrochemical sensing by Uppachai and coworkers
[91]. One of the first steps was electrodeposition of Au nanoparticles onto graphene
oxide modified glassy carbon electrode (AuNPs/GO/GCE). To improve the detec-
tion of dopamine (DA), self-assembled mixed surfactants (TBABr/SDS) were added
into electrolyte solution [91]. Thus, hydrophobic interaction and electrostatic attrac-
tion occur through C–H chain and charge terminal group of the TBABr/SDS with
DA structure, respectively. These supramolecular interactions and synergistic effect
of TBABr/SDS with AuNPs/GO provide an enhanced anodic peak current of DA
[91]. Very recently, it was reported a novel approach based on preconcentration
of the organic target analyte using the electropolymerization [92]. The poly-(para-
aminophenol) film was electrochemically deposited in the glassy carbon electrode
(GCE) surface. The specific interactions that occur in the CGE/OxPPAP electrode
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interface are important to elucidate the electrochemical mechanism in the detec-
tion the melamine (Mel). As a result, the covalent supramolecular interaction (Mel-
aldehyde resins) between melamine and the aldehyde-rich CGE/OxPPAP surface
increase sensitivity and selectivity to determine Mel in real milk samples [92].

Concerning others applications (anticorrosion, energy conversion and storage),
electrochemical deposition approaches can influence in the supramolecular organi-
zation, electrochemical properties and performance of the building blocks on the
electrode surfaces [93–96]. In this context, it was demonstrated the electrodeposi-
tion of graphene oxide (GO) from covalent interaction with electroactive monomer
(carbazole, Cbz) [93]. The electrochemical step is governed by electropolymerization
of Cbz that covalently bond to GO surface to electrodeposit the GO-Cbz structures
onto indium tin oxide (ITO) surface. The supramolecular self-assembly of GO-Cbz
films in the conductive regions of the electrode enabled excellent anticorrosionperfor-
mance [93]. The electropolymerization of poly-1,4-bis(2-thienyl)benzene (PDTB)
film was used to prepared a photocathode and investigate the processes of photoelec-
trochemical (PEC) hydrogen evolution [95]. Electrosynthesis resulted in the PDTB-
base photocathodes with various microporous structures and regulated S oxidation
states. This structural organization improve the light absorption capacity, and charge
separation of the photocathodes. Thus, self-assembly of microporous structures by
electropolymerization promoted narrow band gap and low charge transfer resistance
that facilitated the transport of photogenerated electrons, resulting in the enhance
hydrogen production potential [95].

4 Applications of Supramolecular Structures

Nanotechnology has attracted tremendous attention in the past years from several
areas of knowledge, mainly due to the unique properties and prominent advantages of
nanoscale materials and devices [97]. More recently, there has been an extensive use
of nanotechnology to develop new functional systems used as sensors, biosensors,
molecular recognition devices, energy storage, and much more, as it is schematic
represented in Fig. 4 [98]. Electrochemistry plays an important hole on the applica-
tion of nanoscale materials in different areas, ranging from catalysis and energy to
(bio)sensors development, and beyond [99]. The synergism between nanomaterial
properties (already mentioned earlier in this chapter) and electrochemical devices,
makes them a powerful tool for several applications, especially owing to the high
sensitivity, portability, low cost, simplicity of instrumentation, and versatility of such
devices [100].

Electrochemical systems have been coupled with different types of nanomate-
rials like graphene and its derivatives, nanoparticles, etc., with an increasing range
of possibilities [100]. In this context, the use of self-assembled building blocks as
modifiers onto the surface of electrodes can be an interesting approach to improve
the conductivity and other electrical and chemical properties of electrodes for a given
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Fig. 4 Schematic illustration of the main applications of self-assembled building blocks onto
electrode surfaces

application. Some interesting works involving supramolecular electrochemistry will
be described as follows.

Roushani et al. (2020) described a nanoaptasensor to detect traces of an antibi-
otic commonly used in the treatment of bacterial infections called chloramphenicol
(CAP). The device was constructed using graphene oxide functionalized with
silver nanoparticles and (3-aminopropyl) triethoxysilane bounded to an aptamer
(Apt/AgNPs/[NH2-Si]-f-GO) modifying a glassy carbon electrode (GCE). 5 ×
10–3 mol L−1 of [Fe(CN)6]3−/4− solution was employed as a redox probe in this
approach. The high sensitivity and good linear concentration range of the nanoap-
tasensor is attributed to the presence of the AgNPs/[NH2-Si]-f-GO layer. This layer
has a large surface area on which more Apt can interact through covalent bonding,
resulting in more active sites for the biorecognition event. The authors demonstrated
an indirect mechanism for the detection of CAP in which the interaction between the
electrode modifier and the analyte (that is, the biorecognition event) creates a phys-
ical barrier/restriction, hindering the redox reaction of the probe on the electrode
surface, decreasing the peak current. The proposed device has several advantages,
including low detection limit, sensitivity, adequate stability, and high selectivity, in
addition to conjugation with biomolecules [101].
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Gayda and collaborators (2021) reported the use ofmetallic nanoparticles of Palla-
dium (Pd), obtained by green synthesis (gNPs) in the development of amperometric
biosensors (ABSs), aiming to immobilize enzymes onto the surface of graphite elec-
trodes (GEs). The authors claim that two bioelectrodes, AO-gPdNPs and laccase-
gPdNPs, presented better amperometric responses when using the enzymes alcohol
oxidase (AO) and laccase, respectively. The study also demonstrated that bioelec-
trodes modified with PdNPs had lower sensitivity to their substrates, wider linear
ranges of detection and greater stability. These are desirable characteristics for
enzymes that have a high sensitivity to their substrates, therefore, pointing out the
promising potential of gPdNPs in the construction of enzymatic ABSs [102].

Recently,Avelino et al. (2021) described the achievement of a biosensor composed
of polypyrrole (PPy) films and gold nanoparticles (AuNPs) used for specific detec-
tion of HPV genotypes. The biosensor was developed using flexible electrodes based
on polyethylene terephthalate (PET) strips coated with indium tin oxide (ITO). The
construction of the films took place in three stages: the first one was the electropoly-
merization of PPy, followed by the electrochemical deposition of AuNPs and the last
one was the immobilization of cysteine (Cys) on the metallic surface by chemisorp-
tion. The authors claimed that the association of these functional materials allowed
obtaining a platform with better electrochemical properties and high surface area,
besides the excellent ability to identify minimal concentrations of specific types of
HPV [103].

The same group reported a similar approach but focused on development of a
genetic device for the assessment andmonitoring of human infection by SARS-CoV-
2 in the early, intermediate, and late stages of the disease. The nanostructured platform
was built with polypyrrole (PPy) and gold nanoparticles (GNP) on miniaturized
gold-doped indium tin oxide (ITO) electrodes, functionalized with oligonucleotide.
The electrode was built through electrochemical polymerization, followed by an
electrochemical deposition of GNPs, and finally, a chemisorption of Cys molecules
in GNPs was performed. The biosensor exhibited high selectivity by not recognizing
the biological target in samples from patients not infected with SARS-CoV-2. The
proposed device obtained an estimated linear response range from 800 to 4000μL−1

copies with a regression coefficient of 0.99 and a detection limit of 258.01 μL−1

copies, proving to be efficient in the diagnosis of SARS-CoV-2 [104].
Metallic semiconductor oxides, used as building blocks in electrodes, have gained

prominence in the literature, due to the possibility of modifying amperometric,
potentiometric and conductometric properties. Fatema and Oh (2021) reported the
obtaining of graphene-based electrodes modified with mesoporous oxides of Zinc
(Zr), Silicon (Si) and Indium (In) (ZrO2–Ag–G–SiO2 and In2O3–G–SiO2), for detec-
tion of non-enzymatic glucose, ascorbic acid, and albumin in urine at physiological
pH. The authors stated that the In2O3–G–SiO2 electrode performed well over a wide
range of urine electrolytes, and showed no activity against uric acid, suggesting a
potential for biodetection of glucose in urine [105].

Hashemi et al. (2020) proposed the modification of graphene oxide (GO) with Ag
and Iron Oxide (Ag–Fe3O4) hybrid metallic nanoparticles for real-time detection of
ascorbic acid (AA) in plasma blood samples through electrochemical measurements.
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The results showed that the modification of glassy carbon electrode (GCE) with such
hybrid material significantly improved its sensitivity and selectivity. The authors
further stated that the GCE modified with GO–Ag–Fe3O4 had detection limits and
sensitivity of 74 × 10–9 mol L−1 and 1146.8 μA mM−1 cm−2, respectively, within
the concentration range of 0.2–60μM. In addition, themodified electrodemaintained
91.23% of its total performance after 15 days of detecting the AA oxidation peak,
highlighting its stability/selectivity, and evidencing the notable application capability
of the proposed platform [106].

Carbon-based materials such as carbon nanotubes (CNTs), graphene oxide (GO)
with different shapes and sizes have been widely used for applications such as
sensors, biosensors mainly due to their excellent electrical properties, as already
stated earlier in this chapter [98]. Xia et al. (2022) obtained a biosensor (GOx/β-
CD/MWCNTs/GCE) constructed from a graphite carbon electrode (GCE) modified
with multiwalled carbon nanotubes (MWCNTs) functionalized with β-cyclodextrin
and glucose oxidase (GOx), for the detection of glucose in honey. The study stated
that the interaction of β-cyclodextrin (β-CD) with CNTs improved the dispersibility
of the nanotubes in aqueous media, due to the internal hydrophobicity and external
hydrophilicity of β-CD. The results obtained in this study revealed that the carbon
nanotubes promoted the direct transfer of electrons from GOx, showing a linear
response for glucose concentration in the range of 50μMto 1.15mMwith a detection
limit of 0.42 μM and a sensitivity of 32.28 μA mM−1 cm−2 [107].

It is important to highlight that the manipulation of matter at the nanoscale also
enabled the construction of electrical devices used as capacitors and batteries for
energy storage. Zamiri et al. (2021) synthesized a ternary nanocomposite consisting
of three-dimensional graphene, silver nanoparticles and polyaniline (3DG-nAg-
PANi) using an in-situ polymerization technique, for applications as asymmetric
supercapacitor (ASC). The study showed that the incorporation of PANi with 3DG
led to the rapid diffusion of Ag ions, significantly improving the conductivity of the
nanocomposite, and increasing the peak area of the cyclic voltammogram. There-
fore, the authors concluded that the synergistic combination of nanomaterials (3DG-
nAg-PANi) improved the charge storage property of the electrodes, showing an
increase of almost 2.5 times in capacitance when compared to 3DG/PANi composite,
highlighting a potential use of such material for future energy storage devices [108].

Coordination compounds, such as PrussianBlue, has also been applied in develop-
ment of electrochemical nanosystems (e.g., energy storage devices and (bio)sensors)
for quite some time, with remarkable success reported in the literature over the last
years [109]. As an example, Carvalho and Collaborators (2021) described recently
the development of a carbon nanotube-based material (SWCNT-COOH) coupled
with Prussian Blue nanoparticles (PBNPs) as an promising electrode modifier for
the indirect detection of Ibuprofen (IBP) [110]. The electrode was built through the
incorporation of PBNPs in the internal and external surface of the nanotube. Cyclic
voltammetry (CV) data revealed that the presence of IBP decreases the electrochem-
ical currents of the redox processes of PBNPs, featuring an inhibition effect that is
proportional to the analyte concentration, suggesting an interaction between IBP and
free Fe3+ sites in the complex structure. Thus, IBP could be detected indirectly at
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lower potential when compared to the direct IBP oxidation potential. This electro-
chemical behavior opens possibilities for future studies of IBP detection based on
the inhibition effect of this analyte on the redox processes of PBNPs.

5 Conclusions

This chapter describes a brief electrochemistry supramolecular approach of smart
self-assembled nanostructures constructed by appropriate choice of building blocks,
synthetic route, and immobilization methods. The combined effect of lower-level
components, that could only be observed at the nanoscale, point to another avenue
to pursue within the constitutional dynamic chemistry. Special attention is given to
choosing the electrochemical technique in order to provide information on energy and
kinetics that is not available with spectroscopic and mass spectrometric techniques.
Based on the studies summarized in this chapter, the nano-supramolecular assembled
nanomaterials present the potential for various studies and applications including
drug carriers, (bio)sensor, tumor diagnosis, electronic device, and energy storage.
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In Situ and Operando Techniques
in Bioelectrochemistry

João C. Perbone de Souza

1 Introduction

Bioelectrochemistry is a field that use the electrochemistry to investigate biolog-
ical systems and brings together scientists from variety of areas including chemistry,
biology, and physics. The electrochemistry can provide information about thermody-
namics and kinetics of the electron transfer processes on biological systems; thus, it
is possible to know how the biological cells capture energy and the mechanistic path-
ways involved in the biological reactions. However, the bioelectrochemical approach
provide no information about the changes on the molecular structures. To solve this
limitation, the merge of the electrochemical with another technique (spectroscopic,
spectrometric, and microscopic) appears as a solution [1–6]. These techniques are
known as in situ or operando characterization, which can provide in-depth insights
into the biological reactions, thereby strongly contributing to obtaining hints, such
as the nature of the enzymatic active site and reaction mechanisms. By definition,
operando is a branch of in situ techniques that monitors a working catalyst during
genuine reaction condition with simultaneous measurement of catalytic activity and
selectivity [1].

Figure 1 presents a scheme of some kinds of spectroscopies that can be combined
with bioelectrochemical techniques. To exemplify, there is presented a multicopper
oxidase as generic investigated biomolecule, which has two redox centers. This kind
of biomolecule has an internal process known as the intramolecular electron transfer
(ET) that can be measured indirectly by spectroscopy [7], by the quantification of
substrate/products. There is also the interfacial ET, which occurs between enzyme
and electrode, this process can be measured by using a potentiostat/galvanostat.
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Fig. 1 Schematic representation of an in situ or operando spectroscopy in a bioelectrochem-
ical systems. The interaction of electromagnetic source with biomolecule onto electrodic surface
provides spectroscopic data that depends on range of electromagnetic spectrum is the incident radi-
ation. The electrochemical connection can provide the potential/current control for the bioelectrode
and give information of the electron transfer of adsorbed biomolecules on electrode

The information obtained from spectroscopy depends on the region of electromag-
netic radiation is used light source. The quantum changes (electronic, vibrational,
and rotational) in molecules and atoms depends on the incident electromagnetic
radiation, since the energy of ranges of electromagnetic spectra are different. The
spectroscopy can be applied in different ways, for instance, the electronic absorption
techniques allow the use the Lambert–Beer principle to quantify chemical species,
while the vibrational spectroscopy provides information about ligands at active site
of an enzyme. The versatility of spectroscopy gives a wide range to analyze several
properties, such as kinetics, thermodynamics, and binding parameters. Likewise, the
bioelectrochemistry is useful tool to assess physicochemical properties more related
to interface process.

The mass spectrometry and microscopy can be also merged with bioelectrochem-
istry and can brings important information on enzymatic kinetics and biomolecules
organization in a cell, respectively. These kind of operando and in situ techniques
will be detailed in this chapter.

2 Restraints Involved in Combining Bioelectrochemistry
with Analytical Techniques

The electrical communication between surface and biomolecule plays an important
role for bioelectrochemical measurements. In order to establish an effective electrical
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relay from biomolecule to electrode and vice versa, several immobilization methods
have been developed [8]. However, some strategies are not suitable for operando
and in situ bioelectrochemistry, due to the use of some chemical compounds that
interferes in spectroscopy signal and not provide an adequate molecular orientation
on electrode. Other restraint arises from the low coverage of enzymes on an electrode,
for example, an enzyme molecule of 5 nm diameter and densely packed monolayer
on a planar electrode surface would have maximum coverage of ca 8 pmol cm−2 [6].

The biological activity of biomolecules depends on the spatial conformation, in
specially, for proteins. Some physical and chemical factors can change the biomolec-
ular structure, such as the heat caused by intensity of light source [9]. Moreover, the
energy of electromagnetic source, which is higher for lower wavelengths values,
can modify the structure of biomolecules by ionization or cleaving some chem-
ical bond [10]. Thereby the cell design plays a key role for a suitable measure of
bioelectrochemical systems by using in situ or operando techniques.

Cell design depends on the mode of spectroscopy sampling that is used. The
transmission mode is applicable for (semi-)transparent working electrode, which
is used in ultraviolet–visible (UV–Vis), infrared (IR), X-ray absorption (XAS) or
MCD spectroscopy [6, 11, 12]. Thus, the bioelectrochemical cell design must allow
the passage of radiation through theworking bioelectrode. The external reflection and
the attenuated total reflectancemodes that is more used in vibrational spectroscopies,
must have a bioelectrochemical cell that permits the reflection of light that leaves the
surface of bioelectrode.

Electrode materials play an important role [13, 14], since they can have active
signals for some kinds of spectroscopies and the spectroscopy signal of electrode
can overlap the signal from biomolecules. Metallic electrodes must be avoided in
magnetic spectroscopies due to application of strongmagnetic field [15]. In addition,
the material influences the molecular orientation of biomolecules on surface [16].
Thus, the observation of some bioelectrochemical systems with accuracy depends
on the knowledge of this properties.

3 In Situ and Operando Spectroscopies
in Bioelectrochemistry

This topic is divided in the spectroscopic analytical tools that have been merged
with biolectrochemistry to provide in situ and operando techniques. The quantum
changes depend on wavelength of electromagnetic radiation source and the detector,
there is possible to observe electronic, vibrational, and rotational transitions. Thus,
the subtopics are organized by describing firstly the spectroscopies that use more
energetic radiation sources and lastly the less energetic spectroscopies. The next topic
describes operandomass spectrometry andmicroscopy, which are non-spectroscopic
techniques.
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3.1 Operando and In Situ Electronic Spectroscopies
in Biolectrochemistry

3.1.1 X-ray Absorption Spsectroscopy

The X-ray absorption spectroscopy (XAS) can be used as a direct probe of the
oxidation state and of the geometric and electronic structure of metallic sites in
proteins [17], such as copper [18], nickel [19], and iron [20]. The resulting XAS
spectra is divided into two regions of interest. The first region is the X-ray absorption
near edge structure (XANES), which is in the spectral range of the 50 eV around
the absorption edge and provides information about the electronic structure, density
of unoccupied states, and bonding geometry around the absorbing atom (element-
specific). The second region is the extendedX-ray absorption fine structure (EXAFS)
that is defined by the modulation of the absorption coefficient up to 1000–1500 eV
after the absorption edge,which can be used to probe the local structure [21]. Thereby,
this kind of spectroscopy, specially XANES, is very suitable to investigated redox
centers in metalloproteins.

The XAS technique when used as a standalone technique in non-electrodic ex
situ redox experiments provide important information on the electronic behavior of
some metals and supplies insights into the biological role of such metal-containing
structures [22–24]. Nevertheless, the nature of ligand structure around coordination
centers that has great importance in biological activity and biomimetic systems is not
evaluated just by using XAS, this information can only be obtained by combining
in situ XAS with electrochemistry. For metalloproteins, the modulation of the oxida-
tion state ofmetallic sites can be provided by bioelectrochemistry techniques, such as
protein film voltammetry (PFV) [25]. The redox state can be changed under precise
potential control; thus, it is possible to assess the changes on electronic structure by
using XAS.

In this sense, operando XAS was used to investigate the pathway adopted by
bilirubin oxidase fromMyrothecium verrucaria (MvBOD) that leads to the reduction
of O2 to H2O [26]. The MvBOD is a multicopper enzyme, thereby the operando
XAS assessed the redox activity of the Cu ions (T1, T2/T3) in effecting the electron
transfer from the substrate/electrode surface to the molecular oxygen under catalytic
and non-catalytic conditions. Figure 2a–d shows details of the crystal structure of
MvBOD (PDB: 2XLL) zoomed in at the four Cu ions and the schematic illustration
of operando XAS setup by using synchrotron radiation.

Figure 2e shows the X-ray absorption spectra of MvBOD recorded by applying
different potentials, which illustrates the evolution of a redox reaction. There was
observed the reduction of Cu2+, as presented by the attenuation of the signal at
8997 eV and the concomitant increase of the signal at 8983 eV due to the presence
of Cu+ in the enzymatic structure. When compared to the case of absence of O2 in
the bioelectrochemical system, the bonding of O2 to the trinuclear cluster provided a
150 mV increase of the onset potential in the potentiometric titration curve (Fig. 2f)
in the presence of Cu+. This phenomenon suggests the occurrence of fast electron
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synchrotron radia on

Fig. 2 Assessment of ET reactions and catalysis in multicopper oxidases using operando XAS. a
Representation of the crystal structure of MvBOD (PDB: 2XLL) zoomed in at the four Cu ions. b
Schematics of synchrotron radiation generation. The XAFS2 beamline of the Brazilian Synchrotron
Light Laboratory (LNLS), a national institution responsible for operating the only synchrotron light
source in Latin America, was used. c Principle of XAS spectroelectrochemical analysis. d Simpli-
fied scheme showing the fundamental processes required to obtain in situ XANES spectra during
bioelectrochemical characterization, with X-ray photoabsorption of core-level electrons followed
by photoelectron emission and fluorescence. e K-edge spectra of MvBOD under different elec-
trochemical potentials. f Potentiometric curves of Cu+ signal intensity under each atmospheric
condition highlighting the rise of this signal at different overpotentials. Reprinted from Ref. [26]
with permission from the Nature Publishing Group

transfer from T1 to the trinuclear cluster and the ability of the metal cofactor to act
as an electronic bridge connecting the electron donor (organic substrate or electrode
surface) and the electron acceptor (O2) in two distant parts of the enzyme for a faster
and more energetically favorable electron transfer [26].
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3.1.2 Ultraviolet–Visible (UV–Vis) Spectroscopy

In an UV–Vis spectroscopic measurement, the light absorption is a function of
wavelength that provides information about electronic transitions occurring in the
material and this technique allows to quantify some chemical compounds by using
Beer-Lambert law and to elucidate some mechanisms [27, 28].

The redox potential of oxidoreductases can be determined by UV–Vis spectro-
electrochemistry. For instance, the redox potential of glucose oxidase (GOx) from
Aspergillus niger in function of pH and mechanistic details was studied by using
a homemade UV–Vis spectroelectrochemical cell [29]. The elucidation of enzyme
redox chemistry showed that the flavin adenine dinucleotide cofactor ofGOxchanged
directly from the oxidized quinone to its doubly reduced state without the forma-
tion of stable singly reduced semiquinone intermediates in the pH range between
4.5 and 8.5. Other enzymatic thermodynamics parameters can be obtained by using
spectroelectrochemical UV–Vis. For instance, the enthalpy, entropy, Gibbs energy,
and reduction potential of Schizosaccharomyces pombe (Sp) ferredoxin was obtained
with in situ UV–Vis [30].

In bioelectrochemistry, most redox proteins do not obey the Nernst equation
because of the large steric inhibition to electron transfer, as well as the way of
enzymatic adsorption on the electrode surface. For the calculation of formal poten-
tial (E°) and the electron transfer number (n) from the Nernst equation is possible
by monitoring the absorbance changes in situ as a function of potential [31], this
shows the great importance of in situ UV–Vis spectroelectrochemistry. The Nernst
equation is

E = E◦ + RT

nF
ln

[O]
[R]

where E° is the formal potential of the redox coupleO/R, R is the molar gas constant
(8.314 J mo1−1 K−1), and F is Faraday’s constant (96,485 C mol−1). [O] and [R] are
the concentrations of the oxidized and reduced species, respectively. From the plot of
E versus ln ([O]/[R]) is possible to determine the formal potential E° and the electron
transfer number n. The ratio [O]/[R] is determined by using the Lambert–Beer law:

[O]
[R] =

( A−AR
�ε b

)

( AO−A
�ε b

) = A − AR

AO − A

where AR is the absorbance of the reduced form, AO is the absorbance of the oxidized
form, A is the absorbance of an intermediate mixture, �ε is the molar absorptivity
difference of the oxidized and reduced formmeasured at the same wavelength, and b
is the optical path length [31]. If the experiments will be carried out with temperature
changes, there is possible to calculate entropy and enthalpy changes.
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3.1.3 Fluorescence Spectroscopy

Fluorescence spectroscopy is based on luminescence properties of chemical species,
which is featured by substances that emits light provided from electronically excited
states [32]. This technique is highly sensitive, and the fluorescent probes can be
used to establish the degree of polarity of a particular region of a protein; measure
distances between groups in a protein; determine the extent of flexibility of a protein
[33, 34] and nucleic acids [35, 36]; andmeasure the rate of very rapid conformational
transitions.

In fluorescence spectroelectrochemistry, the electromagnetic phenomenon of
Föster or fluorescence resonance energy transfer (FRET) is the most used to eluci-
date mechanisms involving biomolecules [37]. FRET is the radiationless transfer of
energy between two light-sensitive molecules (donor and acepptor), this physical
process depends on effective spectral overlap and appropriate fluorophore dipole
alignment. The phenomenon is characterized by a decrease in donor emission with
simultaneous increasing in acceptor emission, is a highly distance-sensitivemeasure-
ment, thus can be used to measure protein–protein interactions and conformational
fluctuations within suitably labeled individual molecules. The fluorescence spectro-
electrochemistry was used to study the electrochemical behavior of azurin, which
is a metalloprotein with a redox-active Cu ion center that has a strong absorption
band around 550–600 nm in the oxidized state that disappears in the reduced state
[38–40]. This transition corresponds to π–π* transition centered at the copper site
and involving mainly the dx2–y2 orbital and a 3p orbital on the Cys112 ligand sulfur,
the copper site can be reduced to a d10 electronic configuration and then the absorp-
tion disappears (inset Fig. 3a) [41]. These studies monitored fluorophore labelled
azurin immobilized on self-assembled monolayer (SAM) coated with gold thin-
film electrodes, as schematically represent in Fig. 3a. An artistic representation of
the fluorescence electrochemistry assembly combined with confocal fluorescence
microscopy is represented in Fig. 3b [42].

The in situ spectroeletrochemical fluorescence has been used to study other
biomolecules, such as nucleic acids [43–46] and coenzymes [47, 48]. For instance,
the SAM containing DNA, Aib peptide and alkylthiol was studied in function of
the electrical potential of the interface revealing how the organization of these SAM
depend on the surface crystallographic orientation [46]. By fluorescence imaging
of mercaptohexanol with single strain DNA SAM on a single crystal gold bead
electrode, it was possible to observe a clear and substantial influence of the surface
crystallography on the competitive displacement of mercaptohexanol by single strain
DNA. In the case of coenzymes that have tricyclic heteronuclear organic ring in their
structures, the fluorescence spectroelectrochemistry can be effectively applied to
explore the redox reactions of these molecules, then gaining insights on biological
mechanism [47].



122 J. C. P. de Souza

Fig. 3 a Cartoon representation of N-terminus labelled azurin on SAM modified gold with an
appended fluorophore depicted as a red sphere (the copper shown as a blue sphere). Inset: optical
spectrum overlaps for the azurin Cu2+ Cy5 FRET pair. The Cy5 emission spectrum (dotted line)
was determined at excitation wavelength of 600 nm. The UV–Vis upon reduction of the metal
redox center (dashed line), eliminating the spectral overlap between the fluorophore and redox
center and turning the pathway to non-radiative energy loss from the fluorophore “off” (in effect,
turning emission from the fluorophore “on”). b An artistic representation of the fluorescence elec-
trochemistry assembly combined with confocal fluorescence microscopy. A reference electrode
(saturated calomel electrode, SCE) and counter electrode (Pt wire) were inserted in the sample
solution which was contained in a sealed holder with a semi-transparent, gold-coated glass cover
slip at the base which functioned as the optically transparent working electrode. Azurin labeled
with Cy5 is adsorbed on the SAM of octanethiol which was deposited on the gold film. Fluores-
cence of the dye label is quenched when the protein is oxidized because of FRET from the attached
fluorophore to the metal-cofactor (dark blue sphere). In the reduced form of the protein (light blue
sphere), quenching does not occur, and emission of the fluorophore is uninhibited. Reproduced
from Refs. [41, 42] with permission

3.1.4 Circular Dichroism

Circular dichroism (CD) is ameasure of the differential absorbance between left- and
right-circularly polarized light. CD signals arise from absorption of radiation, and
thus spectral bands are easily assigned to distinct structural features of a molecule.
An advantage of the CD technique in studies of biomolecules is that complementary
structural information can be obtained from some spectral regions, such as peptide
bond (below 240 nm), aromatic aminoacid side chains (260–320 nm), disulphide
bond (~260 nm), cofactors (distinguished regions) [49], quadruplex DNA (220–
300 nm) [50]. By using CD, it is possible to obtain different types of informa-
tion about secondary structure composition from the peptide bond region, tertiary
structure fingerprint from aromatic aminoacid region, and the integrity of cofactor
binding sites [49]. A similar technique based on the same principle is the magnetic
circular dichroism (MCD), which the sample is exposed in a strong magnetic field
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parallel to the direction of radiation propagation and is also very useful to characterize
biomolecules [51].

Despite the great importance of the role of chirality and biomolecules folding,
the CD is still one of the techniques less frequently combined with the electrochem-
ical methods [52]. Nonetheless, some examples of in situ CD applied to bioelec-
trochemistry is given here. The in situ CD spectroelectrochemistry was used to
monitor changes on secondary and tertiary or quaternary structure of hemoglobin
[53]. There was observed quaternary structural changes associated with the relaxed
to tense transition, i.e., the change fromoxidized to deoxidized hemoglobin structure.
The electroreduction process of hemoglobin by electron transfer/chemical reaction
mechanism is followed by the relaxed to tense transition. Other study evaluated the
cyclic denaturation and renaturation of double-stranded DNA by switching redox-
state of daunomycin that is a DNA intercalator [54]. The cycles of electrochemi-
cally controlled DNA denaturation and renaturation by switching of the daunomycin
redox state, were confirmed using in situ UV−Vis and CD spectroelectrochemistry.
A clear switching of the CD signal (~275 nm) was observed for DNA in the presence
of daunomycin that corroborated with in situ UV–Vis data. The great importance of
this study was demonstrated the proof-of-principle of a new electrochemical method
to control reversible DNA hybridization as an alternative to heating and cooling of
reaction solutions. Another report used in situ MCD for the evaluation of the heme-
proteins with electrochemical potential control, this technique brings information of
spin state, then the iron center in hemeproteins can be well characterized [55].

3.2 Vibrational Spectroelectrochemistry
in Bioelectrochemistry

3.2.1 Infrared Spectroscopy

Vibrational spectroscopy analyzes the periodic oscillations of atoms within a
molecule. These oscillations occur in a precisely defined manner [56], i. e., energy
of a vibration is quantized in discrete levels. The vibrational spectroscopy has some
advantages in characterization of biomolecules: (1) it can contribute to the elucida-
tion of details in the molecular structures and intermolecular; (2) it is in principle not
restricted by the size of the sample, thus can provide valuable information for small
biomolecules in addition to complex biological systems; (3) vibrational spectro-
scopic methods are applicable regardless of the aggregation state of the biomolecule
[56]. The two main techniques used to obtain vibrational spectra, infrared (IR) and
Raman spectroscopy, which are based on different physical mechanism. Noteworthy,
the most common form of IR spectroscopy is the Fourier transform infrared (FTIR).
Here, the IR spectroscopy coupled with electrochemistry to investigate biomolecules
will be detailed.



124 J. C. P. de Souza

The in situ and operando IR spectroscopy in bioelectrochemistry is used to inves-
tigate redox process of metalloenzymes [57–59], proteins at electrochemical inter-
faces [60], biofilms [61], and conformational changes of proteins [62–64]. Then, the
IR bio/spectroelectrochemistry has shown its great importance in investigation of
biological systems. For example, the guiding principles of enzymatic catalysis can
be clarified by using protein film IR electrochemistry (PFIRE), this technique reveals
the steady-state distribution of intermediates during catalysis of [NiFe] hydrogenases
[57] and potential-dependence of CO binding to the FeMo-cofactor of a nitrogenase
[65]. Figure 4a shows the structure of [NiFe] hydrogenase I from E. coli and the FeS
clusters which are electronically linked with the [NiFe] active site that allows the
fast electron transfer during the catalysis. Figure 4b presents the currently accepted
catalytic cycle for [NiFe] hydrogenases, which possess native CO and CN− ligands
coordinated to the iron atom of their catalytic site. These ligands function as excellent
IR absorbers and reporters of electronic and coordination changes at the active site.
The iron atom at active site remains the Fe2+ during the reactions, while the redox
state of Ni changes (Nia–R/Ni2+; Nia–C/Ni3+; Nia–L/Ni1+; Nia–SI/Ni2+; Ni–B/Ni3+;
subscript “a” means aerobic). There is substantial delocalization as indicated by
changes in CO and CN− wavenumber positions (νCO and νCN) in IR spectra, since
they are highly sensitive to electron density on Fe. The Fig. 4c shows a chronoam-
perogram that is observed a positive catalytic current at −74 and +356 mV, which is
relatedwith enzymaticH2 oxidation channels electrons to the electrode.The current is
very stable during themeasurement time at−74mV, but it decays slowly at+356mV
due to well-established oxidative inactivation. Figure 4d presents the IR spectra at
these potentials, there is possible to observe changes on the CO bands that is strongly
related with the population of intermediates of the catalytic site [66]. Figure 4e shows
a spectroscopic data that is turnover (H2-saturated)minus nonturnover (Ar-saturated)
difference spectra to reflect changes in speciation in response to catalysis. The posi-
tive peaks are provided by species that are populated in response to turnover, the
species population is highlighted at Fig. 4f [57].

3.2.2 Raman Spectroscopy

Raman spectroscopy is also a vibrational spectroscopy complementary to IR spec-
troscopy, which is based on measurement of scattering of radiation by matter, while
IR spectroscopymeasures the excitation ofmolecular vibrations by direct absorption.
The electromagnetic radiation source used in Raman spectroscopy is a monochro-
matic light (laser) with a very intense beam. The inelastic scattering of the incident
radiation is called Raman scattering, which the radiation leaves the sample with
lower or higher frequency, then brings information of the molecular structure and
composition of matter [67]. The Raman spectroscopy has been used to establish
structure−function relationships of proteins [68]. Raman spectroscopy as well as IR
spectroscopy is very useful in biophysics characterization, which provides wealth
details when coupled with electrochemistry techniques.
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Fig. 4 a Structure of [NiFe] hydrogenase I from E. coli, PDB 3UQY. b Catalytic cycle: states
are color-coded to match IR spectra shown later; νCO band positions refer to Hyd1, pH 6.0. d
Electrocatalytic current response, compared to the corresponding current in the absence of turnover;
e IR spectra recorded at−74 and+356mVduring steady-stateH2 oxidation; f H2 turnoverminusAr
nonturnover difference spectrum at+356mV; g column charts showing the steady-state distribution
of active site states at−74 and+356 mV during H2 oxidation. The protein film IR electrochemistry
of E. coli Hyd1 was carried out under turnover conditions (1 bar H2). Reprinted with permission
from Ref. [57]. Copyright © 2019, American Chemical Society
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In order to intensify the Raman signal when used in spectroeletrochemistry
some approaches have been adopted, such as surface enhanced Raman spec-
troscopy (SERS), surface enhanced resonance Raman spectroscopy (SERRS), and
tip-enhanced Raman spectroscopy (TERS). In situ spectroeletrochemistry based on
SERRS was used to investigate the electrocatalysis of microbial biofilms [69]. There
was characterized the outermembrane cytochromes in a catalytically activemicrobial
biofilm bymeasuring electrochemical and spectroscopic properties ofmicrobial cells
embedded in their natural biofilm habitat. The experiments were carried out under
strict electrochemical control, revealing the redox, coordination and spin states of
the heme iron as well as the nature of its axial ligand, thereby providing important
structural information that corroborated with the interpretation of electrochemical
data obtained by cyclic voltammetry.

The electrochemical coupled with SERS has been used in the study of DNA, their
bases and nucleotides. An aptasensor that detects the DNA hybrization directly was
evaluated by in situ SERS [70]. There was observed an unique spectral profile for
each of the four bases and nucleotides, whichwere easily distinguished. Other studies
using in situ SERS applied in the DNA bases and nucleotides were reported, such
as the study of adenine and guanine oxidation mechanism [71] and the monitoring
of DNA dehybridization kinetics for single nucleotide polymorphism detection [72].
The in situ electrochemical TERS helped elucidate the molecular reorientation of
adenine on gold surface under potential induction [73]. Therefore, the Raman spec-
troelectrochemistry has been showing an outstanding tool to investigate nucleic acids
and the mechanisms involving them.

3.3 Magnetic Spectroscopies Applied in Bioelectrochemistry

3.3.1 Electron Paramagnetic Resonance (EPR) Spectroscopy

Magnetic spectroscopies are among the most used techniques for characterizing
structural and dynamic properties of molecular systems, examples of them are
electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR).
EPR and NMR are techniques based on hyperfine interactions as well as nuclear
quadrupole resonance (NQR) and Mössbauer spectroscopies, which are based on
magnetic interaction of electron spin with nuclear magnetic momentum. EPR is an
unambiguous technique to investigate directly the free radicals and paramagnetic
compounds viz., transition metal ions, triplet states, etc. [74]. Thus, this technique is
very useful in the study of bioinorganic structures (as metalloproteins) [75, 76] and
biomechanisms involving free radicals [77, 78].

EPR spectroscopy is a powerful tool for the investigation of electron transfer
reactions, since one-electron transfer must involve paramagnetic species. Then, the
electrochemistry can be used to promote the electron transfer giving access to less
stable radicals [79]. Operando EPR in bioelectrochemistry has been used to study
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the mechanisms of redox reaction in biomolecules [80, 81]. The protein film electro-
chemical combined with EPR (PFE-EPR) provided an impressive potential control
of a redox-active protein in the absence of any redoxmediators for EPR spectroscopic
investigations [80]. Therewas studied aCu–Zn superoxide dismutasemodifiedmeso-
ITO electrode. By sweeping the potential from ~0.8 to ~−0.4 V versus the standard
hydrogen electrode, the EPR signal intensity decreased with the reduction of Cu2+

to Cu+ at the active redox center of the enzyme.
Operando EPR has been used also for elucidating the electron transfer mechanism

of coenzymes [81]. This technique was used investigate to the NADH/NAD+ (nicoti-
namide adenine dinucleotide) redox reaction and introduce how to probe free elec-
trons on a carbon electrode surface and correlate themwith the electrocatalyticmech-
anism. Figure 5a shows the operando EPR electrochemical cell that was designed
for use with aqueous electrolyte. This cell consisted in a capillary system with three
electrodes comprising flexible carbon fibers (FCF) pristine and functionalized as
working electrode (WE), platinum as the counter electrode, and saturated Ag/AgCl
as the reference electrode. Figure 5b (absence of NADH) and c (in presence of
NADH) present the X-band EPR spectra recorded simultaneously with chronoam-
perometric measurements after 50 s, when the steady-state current was achieved.
These experiments were carried out by using three different kinds of WE, pristine
FCF, FCF oxidized (FCF-O), and FCF functionalizedwith anthraquinone (FCF-AQ).
The presence of quinone functionalities causes an increase in the number of unpaired

Fig. 5 a Operando EPR cell design for applications in electrochemistry. X-band EPR spectra of
pristine FCF (black line), FCF-O (red line), and FCF-AQ (blue line) in a phosphate buffer solution
(0.1 mol L−1, pH 7.5) in b the absence of NADH and c the presence of NADH (1.0 mmol L−1)
at 0.60 V. d Spin concentration obtained with FCF-O (orange bars) and FCF-AQ (green bars) in a
phosphate buffer solution (0.1 mol L−1, pH 7.5) in the absence of NADH and in the presence of
NADH (1.0 mmol L−1). e Plot of the relative spin concentration versus the applied potential for FCF-
O in the absence of NADH (red dots) and in the presence of NADH (1.0 mmol L−1) (black dots).
All measurements were carried out at 273 K. Reprinted with permission of Ref. [81]. Copyright ©
2019, American Chemical Society
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electrons on the electrode surface, thus it is possible to observe higher EPR signals
for FCF-O and FCF-AQ. The presence of NADH in the electrolyte media provided
a concentration of unpaired electrons increases for all electrodes, which is observed
by intensification of the EPR signal. Figure 5d shows the difference of spin concen-
tration in absence and in presence of NADH for the working electrodes based on
FCF-O and FCF-AQ. The spin concentration was measured in function of potential
using FCF-O in absence and in presence of NADH as presented in Fig. 5e.

3.3.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

Modern molecular biology makes heavy use of NMR to have knowledge of the
structure and dynamics of biomacromolecules such as proteins, nucleic acids, or
oligosaccharides. While in situ EPR spectroelectrochemistry is the method of choice
to detect paramagnetic structures and to characterize their electronic state via the
g-values and hyperfine interactions in redox reactions, in situ NMR spectroelectro-
chemistry provides a powerful method for the investigation of structural or electronic
changes of diamagnetic molecules in any electrochemical reaction mechanism [15].

Although NMR spectroelectrochemistry appears as a promising tool for inves-
tigation of biomolecules, there are few scientific articles in bioelectrochemistry.
One example is the study of the redox reaction of ascorbic acid that acts as coen-
zyme was studied by using in situ 1H NMR [82]. Other scientific fields have devel-
oped interesting approaches for studying redox systems, such as the evaluation of
the electron transfer rate and the electrolyte decomposition in redox flow batteries
by using in situ NMR [83]. Thus, this kind of technique exhibits potentialities to
apply in complexes bioelectrochemical systems that containing biomacromolecules
as proteins and nucleic acids.

4 Non-spectroscopy In Situ and Operando Techniques
in Bioelectrochemistry

In addition to techniques based on operando and in situ spectroscopy, there are
mass spectrometry and microscopy merged with electrochemistry to investigate the
bioelectrochemical systems. Mass spectrometry (MS) consists basically of weighing
ions in the gas phase, i.e., the measurement of the ratio mass/charge (m/z) of
ionic fragments and/or molecular ion. MS measure is an important tool to analyze
biomolecular structures qualitatively and quantitively, for example, MS is an impor-
tant technique in proteomics field [84]. The other non-spectroscopy techniques used
in bioelectrochemistry is the atomic force microscopy (AFM) [85] and scanning
tunneling microscopy (STM) [86–89], which are used to sense a probe-to-surface
atom interaction.
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In bioelectrochemistry, the operando MS was used to evaluate the enzymatic
kinetics of alcohol dehydrogenase (ADH) that is a NAD-dependent enzyme [90].
The ADH promotes the redox reaction of short-chain alcohols in the presence of the
coenzymeNAD+. For instance, the ethanol can be oxidized in acetaldehyde while the
NAD+ is reduced in NADH. These products can be measured by operandoMS, since
the acetaldehyde is a very volatile compound and the NADH is oxidized easily, then
they are measurable by MS and electrochemistry techniques, respectively. Acetalde-
hyde production was detected by monitoring of the m/z 29 that corresponds to the
main fragment (COH+) of this product, the m/z 22 was monitored as blank, since
this ratio corresponds to doubly charged carbon dioxide that is not produced in
the ethanol oxidation by ADH. The NADH production was monitored by current
measurement under potential control by using a potentiostat. There was used FCF
functionalized with quinone-like groups that acts as electrocatalysts in the NADH
electro-oxidation [91]. The setup of the operandoMS (also called differential electro-
chemicalmass spectrometry,DEMS), is presented in Fig. 6a. This approach consisted
in a conventional electrochemical cell coupled with mass spectrometer by using
very hydrophobic interface that allowed only the passage of volatile compounds.
Figure 6b, c show the measure of faradaic and ionic currents by the time, respec-
tively. The faradaic chronoamperogramswere obtainedwith the polarization of ADH
bioelectrode at 0.6 versus Ag/AgCl/Cl−sat, where is observed the increase of current
with ethanol increments. The ionic chronoamperograms were obtained by moni-
toring the m/z 29 and 22 and ADH bioelectrode was polarized at 0.0 and 0.6 V
versus Ag/AgCl/Cl−sat at different times. The black line corresponds to the ionic
current of m/z 22 and was used as the background, since no CO2 production was
expected. Other lines are the ionic currents measured for m/z 29, which showed an
increase when the bioelectrode was polarized at 0.6 V versus Ag/AgCl/Cl−sat and
the intensity was higher by increasing ethanol concentration in the electrolyte media.
From faradaic and ionic currents values at steady-state, therewas possible to establish
the enzymatic kinetic parameters by using Michaelis–Menten model, as Km/Kcat.

The in situ electrochemical microscopies have been used to probe surface under
potential or current control of the analyzed surface. In bioelectrochemistry, there is the
possibility to study redox proteins, entire cells, and nucleic acids by using in situ elec-
trochemical microscopies. The electrochemical atomic microscopy (AFM-SECM)
operated in molecule touching mode and combined with redox immunomarking,
enables the in situ mapping of the distribution of proteins on individual virus parti-
cles and provided the localization of individual viral proteins possible [85]. The in situ
STM allowed the evaluation of metalloproteins assembled on gold surfaces under
potential control [86, 87], this kind of approach allows a single-molecule measure
[87]. Therefore, the in situ electrochemical microscopies have showing as an excel-
lent tool to assess details of biomolecular structure and how the electron transfer
occurs in bioelectrochemical systems.
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Fig. 6 aDEMS setup showing the electrochemical cell, where CE stands for the counter-electrode,
WE stands for the working electrode, the black region denotes flexible carbon fiber with immo-
bilized ADH, the yellow region is a Au electrical connection, and RE is the reference electrode
(Ag/AgCl/Cl−sat). The interface comprises a polytetrafluoroethylene membrane covering a steel
frit. b Chronoamperograms at 0.6 V versus Ag/AgCl/Cl−sat of FCF-ADH recorded in the DEMS
experiment for ethanol concentrations of up to 0.8 mol L−1. c Mass intensity peak monitoring at
m/z = 29 and 22 upon the application of overpotentials of 0.6 V and 0.0 V (vs. Ag/AgCl/Cl−sat),
each line represents an MS chronoamperogram. Adapted from Ref. [90] with permission from the
Royal Society of Chemistry

5 Overview

In situ and operando techniques in bioelectrochemistry appears as powerful tools to
investigate biomolecules and biosystems deeply. Since it is possible to control the
electron transfer by modulating the potential on bioelectrode interface and monitors
structural changes in the bioelectrochemical systems, which arises from of specif-
ically reagents/products or conformational changes on their structures. Moreover,
some physicochemical parameters can be changed during the measurements, so it
is possible to discover thermodynamics and kinetics parameters. There is a plenty
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of possibilities in the development and the using of the in situ and operando tech-
niques in bioelectrochemistry. For instance, the in situ NMR is still unexplored for
complexes biomacromolecules, although the NMR standalone being one of the most
powerful tools in the structure elucidation and dynamics evaluation for biomolecules.
Therefore, the use and the development of these approaches are the cutting-edge
in the bioelectrochemistry field and can bring in-depth insights of biomolecular
mechanisms.
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