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Biomimetics Applied in Electrochemistry

Iago A. Modenez

Abstract Nature has evolved through billions of years to achieve highly efficient
biological processes and materials with properties that go, most of the time, far
beyond the current human know-how. Not only to deeply understand these selective
systems, but also to gain inspiration for the design of new processes and materials
with similar behavior, the principles of biomimicry and bioinspiration have been
applied by the scientific community and the industry. The general strategy for that
is firstly, through scientific analysis, systematize the fundamental mechanisms that
underlie a particular biological process, and then apply these concepts in the fabri-
cation of novel biomimetic/bioinspired materials with enhanced performance. The
inspiration coming from natural sources can be structure-wise and/or function-wise
and, in the recent years, has had a significant impact on the bioelectrochemistry field,
as most of the available electrochemical techniques are useful tools to investigate
these systems. This chapter discusses the recent trends in biomimicry and bioinspi-
ration in the bioelectrochemistry field, mainly focusing on biomimetic membranes,
reconstituted membrane proteins, protein-based electrodes, biomimetic enzymes,
genetic materials, and live cells.

1 Introduction

Nature expresses the highest level of complexity with structures and functions that
are remarkable in terms of selectivity and efficiency. The biological entities and
processes have evolved through billions of years to perform a variety of functions
including catalysis, sensing, light-harvesting, molecular recognition, self-assembly,
charge transfer, structural support, signal transduction, and the list keeps going on [1].
Taking advantage of this evolutionary experimentation to learn and gain inspiration
can be a helpful, but challenging, approach to address many problems faced by
humanity. These are fundamental aims of the bioinspiration field, and ultimately, of
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the biomimetics (a term that is derived from the Greek word “bios” meaning “life”
and “mimesis” meaning “to imitate”) [2, 3].

Although the formal distinction between biomimicry and bioinspiration is
not clear-cut, the current definition of biomimicry involves the direct replica-
tion/imitation of the structure–function relations observed in biological systems,
while bioinspiration is mostly concerned in firstly revealing structure–property mech-
anisms and formulating systematic theories and then, applying the principles that
underlie natural processes to non-biological systems, pushing these principles to
higher levels and going beyond what nature offers [4, 5]. Furthermore, in a simplified
way, we can say that a biomimetic material—structure-wise and/or property-wise—
is the result of observation and study of the structure and function taking biological
systems as a model [6]. Interestingly, over the last two decades, the number of publi-
cations related to biomimetics has increased from around 100 research articles in
1995 to more than 2500 research articles published only in 2017 [7]. This demon-
strates not only the increasing interest of the scientific community in the field, but
also an evolution in the understanding of biological systems at a molecular scale, in
the wide range of applications—from chemistry [8], medicine [9], material science
[3, 10], energy [11] to robotics [12], architecture [13], and arts [14]—and in the
techniques and methods used to investigate these systems [15].

Electrochemical techniques have been an important tool to study biomimetic and
bioinspired materials in the field of bioelectrochemistry. Monitoring electron transfer
(ET) processes, current flow, and energetic state modulation due to the application
of a certain potential is very insightful and makes it possible to gather valuable infor-
mation regarding these systems [16]. Moreover, the combination of electrochemical
techniques and surface-sensitive methods, such as spectroscopic, spectrometric, and
microscopic techniques, has been employed to better understand the dynamics and
structure of biomimetic systems [17].

In this chapter, it is described the recent trends in the field of biomimicry and
bioinspiration, focusing mostly on the bioelectrochemistry field. All the biomimetic
or bioinspired materials, in terms of structure and/or properties, presented here have
an equivalent biological inspiration, which is also introduced. In addition, the electro-
chemical and coupled techniques (in situ or operando techniques) applied to study
these systems are briefly discussed. The first section discusses the importance of
biomimetic membranes and reconstituted membrane proteins in the understanding
of the relationship between the cells and the surrounding environment. The following
section is focused on protein-based electrodes and biomimetic enzymes for biocatal-
ysis, followed by a section in which genetic materials and living organisms are
used to construct biomimetic materials. Finally, broader applications—especially
concerning energy storage materials and bioelectrocatalysis—are presented, along
with the final conclusions and some future perspectives in the field.
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2 Biomimetic Membranes

Biological membranes, which form the outer boundary of living cells allowing
a selective communication between their interior and the surrounding environ-
ment [18], are involved in several crucial processes, including signaling, cell–cell
recognition, active transport of molecules, transmembrane ion-conducting channels,
compartmentalization and adhesion processes, and others [19]. They can also incor-
porate a large variety of proteins, carbohydrates, cholesterols, redox molecules,
and oligosaccharides that play vital roles especially in redox reactions, such as
in photosynthesis and respiration. The biological membranes’ high complexity in
composition and structural scaffold has led to the development of several simplified
membranes that can be used as biomimetic models—as some of their physical–chem-
ical properties are most likely similar to natural cell membranes—to gather a deep
knowledge into the relation between membrane structure and cellular function.

The formation of biomimetic membranes at metal electrode surfaces is quite inter-
esting as it allows the combination of electrochemical techniques (i.e., cyclic voltam-
metry (CV), chronocoulometry, electrochemical impedance spectroscopy (EIS), and
differential capacitance) and surface-sensitive methods (i.e., spectroscopy, micro-
scopic methods, and neutron scattering) to characterize the systems, in terms of
both electrochemical properties and molecular level information. Moreover, by
depositing biomimetic membranes at gold surface electrodes, for instance, it is
possible to directly associate changes taking place in the membrane with the electrical
signal as current, resistance, and capacitance changes, which ultimately contribute
to the development in the biosensing and biomedical devices field [20]. Among the
different types of biomimetic membranes that can be formed at metal surfaces, it
is possible to highlight the supported lipid monolayers (sLMs), supported planar
bilayer lipid membranes (sBLMs), tethered bilayers (tBLMs), and floating bilayer
lipid membranes (fBLMs) [21, 22], which are usually built by combination of Lang-
muir–Blodgett and Langmuir-Schaefer (LB-LS) transfer methods or by vesicle fusion
(VF).

The supported lipid monolayers (sLMs) are the biomembranes’ simplest models,
firstly studied by Plank and Miller using mercury as the substrate [23]. This model
has found several practical applications ranging from structure-dependent interac-
tions with flavonoids molecules [24], screening of organic pollutants in water [25]
and interactions with nanoparticles [26] to investigations concerning the adhesion of
cells to charged electrode surfaces [27]. Furthermore, coupled electrochemical tech-
niques, such as electrochemical scanning tunneling spectroscopy (EC-STM) and
electrochemical atomic force microscopy (EC-ATM), can be used, for example,
to better understand and visualize the formation mechanism of lipid vesicles on
an Au(111) surface under electrochemical control [28], potential-dependent struc-
tural transitions, and hydration/dehydration processes triggered by an electric field in
chitosan-derived molecular films [29]. In addition, Prieto and coworkers [30] reported
the use of CV and EIS techniques to analyze the stability and electrical properties of
a sLM on gold electrode, as well as, the release mechanism of an anticancer drug.
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The first generation of lipid bilayers models supported on a solid substrate is the
supported planar bilayer lipid membranes (sBLMs). In this system, the inner layer
is directly adsorbed onto the substrate (such as Au, Ag, or mica) while the outer
leaflet is exposed to the electrolyte; therefore, the biomembrane is exposed to an
asymmetric environment. A number of studies have been carried out in order to
better understand the formation mechanism [31], the potential-dependent structural
transitions and permeability changes of sBLMs supported on gold surfaces [32], as
well as their interactions with antibiotic peptides [33, 34].

This type of biomimetic membrane finds applications in a wide range of
fields, including biosensing and bioelectronic devices, as reported by Su and
coworkers [35]. The authors present a method for generating sBLMs on a conducting
polymer (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; here named as
PEDOT:PSS) device using a solvent-assisted lipid bilayer (SALB) technique inside
a microfluidic channel. This technique consists in suspending lipid micelles in an
isopropanol/water mixture that is exposed to the surface of interest, in this case the
PEDOT:PSS layer. During the incubation time, the micelles adsorb to the surface,
then, with a slow replacement of the solvent with increasing aqueous buffer frac-
tion; the lipid micelles rapidly self-assemble into a planar bilayer lipid membrane at
the substrate surface (Fig. 1A). Two different model membranes were constructed
following the method: a mammalian and a bacterial biomimetic membrane. Bilayer
formation on a PEDOT:PSS/Au electrode surface was further validated by EIS
measurements (Fig. 1B), and its sensing capability was probed by the interaction
between the mammalian model with an α-hemolysin (α-HL), a pore-forming toxin
from Staphylococcus aureus, and antibiotic interactions between the bacterial model
with polymyxin B (PMB), a cationic peptide used to treat Gram-negative bacterial
infections.

When the supported lipid bilayer assembles, there is a shift in the phase plots
(Fig. 1C, E, black and red dots) for both biomimetic membranes due to the formation
of an additional layer on the electrode, which also generates the characteristic semi-
circle in the Nyquist plot, indicating an RC element (Fig. 1D, F, black and red dots).
The mammalian and bacterial membrane models showed a resistance of 0.54 ± 0.05
and 0.46 ± 0.09 k� cm2, respectively, and a calculated capacitance of 376.6 ±
166.1 and 950.0 ± 808.7 μF cm−2, respectively. The authors attributed the higher
capacitance value for the bacterial membrane model to an ionic reservoir due to
additional electrostatic interactions between the negatively charged lipids domains
and the negatively charged PSS regions on the polymer surface. Furthermore, the
integrity of the membrane models was evaluated by the changes in the resistance
upon interaction with a toxin and an antibiotic compound. It was reported a 23.2% ±
17.8% decrease in the resistance of the mammalian membrane upon interaction with
α-HL (Fig. 1D, blue dots), while for the bacterial membrane model, the calculated
decrease was 99.63% ± 1.86% with both the phase and Nyquist plot resembling the
lipid-free state (Fig. 1F, blue dots), indicative of a possible destruction of the lipid
bilayer upon interaction with PMB.

In addition, a set of electrochemical techniques, such as differential capacitance,
CV, chronocoulometry, differential pulse voltammetry (DPV), and EIS, has been
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Fig. 1 SALB formation inside a microfluidic channel. A The magenta color denotes the solvent
phase containing lipid micelles while the yellow represents aqueous buffer flowing-in to replace
the solvent and forming the supported bilayer at the channel surface; EIS configuration used
in the paper. B The thin blue layer represents the PEDOT:PSS film and the dark yellow layer
represents the gold contact supporting the polymer and planar bilayer. Below the diagram are cartoon
representations of the two bilayers formed with the method, and the toxin (α-HL) or compound
(PMB) used to disrupt them. POPC (light gray) and cholesterol (yellow) are the components of
the mammalian bilayer while POPE (green) and POPG (blue) are the components used for the
bacterial bilayer. Impedance monitoring of the SALBs on PEDOT:PSS/Au electrodes. Phase of
the impedance and the corresponding Nyquist plot for the mammalian membrane model (C, D) and
bacterial membrane model (E, F). Before the SALB addition (black), after the SALB addition (red),
after the insertion of the toxin α-HL (5 × 10–6 M) or PMB (0.5 mg mL−1) (blue) in the mammalian
and in the bacterial bilayers, respectively. Reprinted with permission from [35], copyright 2019
American Chemical Society
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applied to study the incorporation of nanocarriers into sBLMs for drug delivering
into cells [36], to probe bioanalytes recognition and signal amplification by the
incorporation of a function-oriented 2D nanohybrid into a selective sBLM [37], and to
determine the role of charged lipids in an asymmetric bilayer [38], which contributes
to the development of more biologically relevant models of cell membranes.

To achieve higher mechanical and chemical stability, biomimetic models were
developed in which the bilayer is covalently bounded to the electrode via hydrophilic
tethering molecules (thiolipid derivatives with hydrophilic spacers attached to a
hydrophobic tail group and terminated with a thiol or disulfide at the head group).
These models are known as tethered bilayers (tBLMs). The tBLMs preparation
methods give precise and direct control over the thickness and composition of the sub-
membrane reservoir and, by doing so, the reconstitution of transmembrane proteins
and peptides is facilitated by the hydrophilic spacer region, which, by consequence,
minimizes the interaction of the hydrophobic region of the bilayer with the elec-
trode surface [39]. For instance, Wiebalck et al. [40] succeeded in incorporating
the bacterial respiratory ubiquinol/cytochrome bo3 coupleda into a tBLM and, by
using EIS and SEIRAS, they were able to follow the formation of a transmembrane
proton gradient along with the catalytic O2 reduction in the biomimetic system.
Tethered bilayers can also be used to mimic microbial membranes, such as of Gram
negative bacteria, to study bacterial membrane proteins and screen antimicrobial
activity of drug candidates [41], or even to detect single ion channel activities with
high sensitivity and temporal resolution envisioning nanoelectronic interfaces to
electrophysiology applications [42].

Floating bilayer lipid membranes (fBLMs) are physically separated from the
metallic support (∼2.4 nm) by a water-rich lubricant layer, which allows them to
show an improved membrane fluidity in a manner that they are able to mimic the
quasi-natural environment of natural biologic membranes. For instance, investiga-
tions using surface-enhanced infrared reflection absorption spectroscopy (SEIRAS)
under electrochemical control showed that water molecules are more ordered in
the sub-membrane region of a fBLM on a gold electrode surface than in a bulk
solution. In addition, the authors also show the effect of an ion channel blocker on
the water transport across the bilayer [43]. The combination of EIS with atomic
force microscopy (AFM) and polarization-modulation infrared reflection absorption
spectroscopy (PM-IRRAS) measurements is a powerful approach to visualize the
formation of conducting pores in a fBLM due to the insertion of an antimicrobial
peptide, as reported by Abbasi et al. [44], as well as the inhibition of ion transport
thought membrane channels due to the action of amiloride drug [45].

2.1 Reconstituted Proteins into Biomimetic Membranes

The development and optimization of biomembrane models are quite important not
only to understand the formation and dynamics of biological membranes them-
selves, but specially concerning reconstituted protein-based biomimetic platforms,
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which find applications in a wide range of fields, coming from molecular interactions
studies, materials development and biosensors to energy harvesting, medicine, and
water purification [46]. Membrane proteins are biomolecules with high specificity
and selectivity yield, but when they are not in their native-like environment, they
often go through denaturation processes leading to their inactivation, which makes
the electrochemical characterization and direct applications of these proteins limiting
at a first sight. One good strategy then is to incorporate membrane proteins in model
lipid bilayers that mimicry their natural environment and attach this system to the
electrode surface. For instance, small ion channel-forming proteins, such as grami-
cidin A and α-hemolysin, have been successfully incorporated into lipid bilayers for
ionic and molecular recognition and quantification [47, 48], while the pH-depended
transporting properties of a complex multispan membrane protein, designated Bot1,
inserted into a tBLM were probed using EIS [49]. A tBLM model was also applied
to study the kinetics of secondary structure conformational changes occurring in
cytochrome c oxidase (CcO) under electrochemical control, using time-resolved
surface-enhanced IR-absorption spectroscopy (tr-SEIRAS) [50]. In this case, the use
of a biomimetic system has two major advantages: it allows the direct ET between
the CcO and the electrode without the need of mediators and, moreover, due to
the geometry of the tBLM, a hydrophilic layer between the electrode and the lipid
membrane allows the electrochemically reduction of protons (resulting from the
enzyme activity) to molecular hydrogen.

The reconstitution of proteins into biomimetic membranes is not always achiev-
able, since the protein, in some cases, can induce significant damage in the membrane,
hampering the incorporation, as reported by Karaballi et al. [51]. In this study, the
authors monitored the interaction between a model amyloid-forming protein and a
sBLM, formed on a nanostructured substrate by LB-LS deposition. Electrochemical
surface-enhanced Raman spectroscopy (EC-SERS) was used to monitor molecular
level changes resulting from the interaction between the protein, at different stages
of aggregation, and the sBLM, in which the latter was significantly deteriorated by
the protein oligomers and protofibrils.

The ability of harness and transduce energy, which is linked to the vectorial transfer
of ions across the cell membrane, is a notorious strategy in nature. The energy stored
as electrochemical gradient is, then, used to carry out several biochemical processes,
including the chemical synthesis of ATP driven by the enzyme F1F0-ATPase. The
development of biomimetic devices capable of reproducing nature’s behavior is a
significant challenge. In this sense, Gutiérrez-Sanz and coworkers firstly demon-
strated that a proton gradient can be produced by electroenzymatic H2 oxidation on an
electrode surface covered by a phospholipid bilayer (PBL) [52]. The authors reported
that this gradient can be harnessed in an artificial system to fuel ATP synthesis on an
Au electrode modified to include a membrane-bound NiFeSe hydrogenase (Hase)
and a F1F0-ATPase in the presence of a PBL [53] (Fig. 2A). Initially, the biomimetic
construction was followed using ATM enabling the visualization of the NiFeSe
hydrogenase monolayer due to its covalent binding to the surface modified with
a self-assembled monolayer (SAM) of 4-aminothiophenol, as well as the protrusions
occurring on top of the bilayer corresponding to the membrane-embedded ATPase.
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Fig. 2 Representation of the supramolecular construction to synthesize ATP from enzymatic
H2 electrooxidation. A Hase immobilized covalently on a SAM-modified (4-aminothiophenol)
Au electrode and anchored to a phospholipid bilayer (PBL), in which it is embedded F1F0-
ATPases enzymes. The biomimetic system uses the protons produced from H2 electrooxidation
to synthesize ATP; Cyclic voltammetry and ATP production. B Cyclic voltammograms of the
Hase/PBL/ATPase-modified electrode before activation under N2 (dashed line) and after Hase
activation through H2 incubation (solid line) (0.1 mol L−1 phosphate buffer pH 8.0, scan rate =
0.01 V s−1 and T = 30 °C); C ATP synthesis from ADP + Pi at 150 mV vs. SCE under 1 atm
H2 (0.1 mol L−1 phosphate buffer pH 8.0). ATP concentration is shown as a function of time for
Hase/PBL/ATPase (black solid circles), PBL/ATPase (gray solid circles), and Hase/PBL (gray open
circles) electrodes. The error bars were estimated from the standard deviation of 3 measurements;
Proton gradient. D Simultaneous proton pumping activity of F1F0-ATP synthase over time moni-
tored by DPV (inset). The oxidation peak of the SAM on Au is shown as a function of time after ATP
hydrolysis started. The error bars were estimated from the standard deviation of 2 measurements.
Reprinted by permission from [53], copyright Wiley–VCH 2016

To check the bioelectrocatalytic activity of the modified electrode with both
enzymes, the Hase was activated in an anaerobic chamber under 1 atm of H2 and
subsequently a cyclic voltammogram was obtained sweeping from −0.6 to + 0.2 V,
in which it is observed an increasing anodic current until it reaches a plateau at −
0.2 V attributed to the oxidation of H2 to protons (Fig. 2B). In a second experiment,
a continuous potential of +150 mV (vs. SCE) was applied during 130 min in the
presence of 500 μM of ADP and under 1 atm of H2, in order to generate protons at the
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PBL/electrode interface of the biomimetic device. The experiments showed that ATP
is produced during hydrogen oxidation catalyzed by the immobilized Hase only in
the presence of F1F0-ATPase, ADP, and phosphate. Moreover, ATP was no detected
in control experiments performed with just one of the enzymes immobilized on the
electrode surface (Fig. 2C). The capacity of the F1F0-ATPase incorporated into the
PBL to hydrolyze ATP and to generate a proton gradient in the absence of Hase was
then investigated by the authors. As the SAM present on the electrode surface has
its redox potential dependent on the media pH, it can act as a pH-sensitive probe.
The results showed that, after incubation of the electrode in an ATP solution, a shift
in the oxidation peak of the 4-aminothiophenol measured by DPV was attributed to
the pH change at the PBL/electrode interface associated with the ATP hydrolysis by
the reconstituted F1F0-ATPase (Fig. 2D). This electrode-assisted conversion of H2

into ATP could be applied in the future to locally generate this biochemical fuel in
biomedical devices or even in valuable products’ enzymatic synthesis.

Not only the synthesis, but also the detection of ATP is important, as this
molecule is a good indicator of cell metabolism, it can reveal a possible pres-
ence of microbial colonies, which is an important issue in food industry and in
healthcare settings, for instance. García-Molina et al. [54] reported a potentiometric
biosensor based on an ATPase reconstituted in a fBLM over Au electrodes modified
with a 4-aminothiophenol SAM. The biosensor provided a quantified value of ATP
concentration in the bulk within 5–10 min ranging from 1 μM to 1 mM.

Natural photosynthetic processes, such as photosynthesis, have been an inspira-
tion for the development of biomimetic materials in the energy harvesting field.
Photosystem I (PSI), a nano-scale biological photodiode, is a transmembrane
protein complex responsible for the photoactivated charge separation with near unity
quantum efficiency during photosynthesis. To fabricate stable bio-hybrid devices
capable of high photocurrent generation, it is important to systematically assemble
well-oriented and functional PSI onto the desired bio-abio interfaces through suit-
able biomimetic protein scaffoldings. Niroomand et al. [55] investigated the photoac-
tivity of biomimetic constructs of cyanobacterial PSI reconstituted within a nega-
tively charged sBLM—mimicking the natural thylakoid membrane—assembled on
an SAM Au electrode. AFM imaging and force spectroscopy were used to probe
the incorporation of PSI into the sBLM, while electrochemical measurements (in
particular, chronoamperometry) indicated up to fourfold to fivefold enhancements
in photocurrent densities generated from the biomimetic system when compared to
the measurements from a dense monolayer of individual PSI on SAM/Au substrates.
The authors stated that these findings contribute to the development of photochemical
energy conversion and artificial photosynthetic systems, as the fundamental under-
standing of the optoelectronic properties of PSI under biomimetic reconstitution is
key to achieve optimized devices.

The increase in biocatalytic activity of proteins and enzymes can be obtained by
their incorporation into biomimetic lipid membranes, as already seen in the previous
examples, but also another valuable approach is using multilayered lipid membrane
stacks that show various functional advantages compared to single-lipid membranes,
such as increased surface area, compartmentalization of biomolecules, and more
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spatially organized processes, as reported by Heath and coworkers [56]. The authors
engineered a lipid multilayer matrix assembling two different membrane proteins,
in which poly-L-lysine electrostatically links the negatively charged sBLM on an
Au electrode. In a first set of experiments, the ubiquinol oxidase, cytochrome bo3

(cyt bo3), was reconstituted in the lipid assemble (Fig. 3A). The catalytic activity

Fig. 3 Representation of the possible interconnected multilayer membrane structure
containing cyt bo3. A The ubiquinone molecules are reduced to ubiquinol at the Au electrode
surface, which is then oxidized by cyt bo3, catalyzing the reduction of O2 to H2O; B cyclic voltam-
mograms of increasing bilayer stacks containing cyt bo3. Inset depicts the catalytic current measured
at −450 mV vs. SHE as function of the bilayers number (air saturated buffer (∼250 × 10–6 M O2)
was used as supporting electrolyte + 20 × 10–5 M of 3-(N-Morpholino) propanesulfonic acid +
30 10–3 M of Na2SO4, pH 7.4, T = 20 °C at scan rate of 10 mV s−1). Illustration of MBH
activity on the membrane-modified electrode. C The electrons generated from H2 oxidation are
used to reduce ubiquinone by the cyt b562 subunit (shown in brown) to ubiquinol. Ubiquinone
is then reoxidized at the electrode surface; D cyclic voltammograms of increasing bilayer stacks
containing MBH. Inset depicts the catalytic current measured at +600 mV vs. SHE as function of
the bilayers number (supporting electrolyte = 5% H2, 95% N2 saturated buffer + 20 × 10–3 M of
3-(N-Morpholino) propanesulfonic acid + 30 10–3 M of Na2SO4, pH 7.4, T = 30 °C at scan rate
of 10 mV s−1). Reprinted by permission from [56], copyright Wiley–VCH 2017
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measured by CV showed that, at low electrode potentials (<0.2 V), quinone is reduced
to quinol at the electrode surface and diffuses to cyt bo3 where it is oxidized by the
enzyme, coupled to the reduction of O2 to H2O.

Moreover, increasing the number of layers, which by consequence also increases
the concentration of enzyme, leads to a ∼2.5-fold increase in the catalytic current
(Fig. 3B). The same behavior was observed when a membrane-bound NiFe hydro-
genase (MBH) was incorporated in the biomimetic lipid membrane (Fig. 3C). The
electrons coming from the oxidation of H2 to protons are transferred from the MBH
to the electrode through the quinone pool, as in the natural biological process. Each
additional bilayer increases the catalytic current, as shown by the CVs (Fig. 3D).
These results hold substantial technological potential for biomimicry, finding appli-
cations in the design of novel protein arrangements for photonics, catalysis, and
sensing, for instance.

3 Bioinspired Protein-Based Electrodes and Biomimetic
Enzymes

The combination of protein and redox enzymes—which have the ability to catalyze
several reactions applicable for energy, biomedical, and environmental purposes—
and abiotic materials, such as the electrodes, have attracted researchers’ interests in
the past years [57, 58]. The appropriate electron coupling and long-term stability of
these systems remain a fundamental challenge until nowadays. More recently, these
challenges have been addressed through biomimetic and bioinspired approaches envi-
sioning the combination of electrodes with specific redox potentials and flexibility,
along with highly stable and properly oriented redox proteins. The construction of
these protein-based electrodes is based on borrowing structures and strategies found
in biological ET systems in order to understand and design improved engineered
electrode devices [59].

One critical step in the construction of bioinspired protein-based electrodes is the
immobilization/stabilization of the protein at the electrode interface, which can be
accomplished by electrostatic binding, energy-based immobilization, and covalent
binding. The electrostatic immobilization methods involve tailoring protein binding
to interfaces based on the opposite charges between enzyme and electrode [60]. This
approach mimics the structure and chemical nature of protein binding sites, and the
formation of a donor–acceptor complex enables protein–protein electron transfer.
Another similar approach is binding of protein by interface chemical modification,
in which the binding is not based on electrostatic interactions but on the protein’s
attraction to high-energy chemical groups (-OH, -COOH, for instance) [61]. Since
most of the redox cofactors are covalently stabilized within the polypeptide chain
in proteins, a covalently bounding approach can also be used in bioelectrochemical
devices, specially using polymeric interfaces through cross-linking on electrodes.
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The step of immobilization of the biomolecule at the electrode surface is quite impor-
tant as many other parameters, such as protein loading and long-term stability, will be
directly influenced by this. Protein orientation at the electrode surface, for instance,
is crucial to achieve maximum electron transfer. This point becomes even more
important when two different enzymes are immobilized on the interface.

Efrati and coworkers [62], inspired by the natural photosynthetic apparatus,
reported the construction of a photo-bioelectrochemical cell for the conversion
of solar light energy into electrical power. The main idea was to conjugate a
redox enzyme to a photosystem-based photoelectrochemical electrode to generate
photocurrents with the concomitant driving of an enzyme-catalyzed reaction. As
shown in Fig. 4A, the photoexcitation of photosystem I (PSI) leads to the transfer-
ring of electrons to the electrode surface through a relay unit (R1), whereas the PSI
oxidizes the redox enzyme by the ET mediator (R2), resulting in the biocatalyzed
oxidation of the substrate. In order to produce a directional electron flow to an indium
tin oxide (ITO) glass electrode, the authors set out a biomimetic system in which
the communication between PSI and glucose oxidase (GOx) was achieved using a
pyrroloquinoline quinone (PQQ) monolayer and an osmium redox polymer as relay
units (R1 and R2, respectively), as shown in Fig. 4B. Considering the measured redox
potentials of the PQQ monolayer, the osmium redox polymer, and the PSI, a vecto-
rial ET chain was proposed as follows (Fig. 4C): the photoexcited P700 transfers
the electrons to PQQ, and the electrons trapped by the relay are then transferred
to the ITO electrode. Through the biocatalyzed oxidation of glucose, the FADH2

cofactor in GOx is reduced. At this point, the osmium redox polymer takes the elec-
trons from the reduced FADH2—regenerating the biocatalyst—and transfers them to
P700

+, generating the PSI photosystem. This process generates increased photocur-
rent as the glucose concentration increases (Fig. 4D), resulting in an estimated overall
light-to-electrical power conversion efficiency of 0.12%.

Furthermore, the I-V curve depicted in Fig. 4E shows a maximum photocurrent at
−0.05 V corresponding to 450 nA. Biasing the electrode to lower potentials will, by
consequence, decrease the driving force transferring the electrons from PQQ to the
ITO electrode, which results in a decrease in the photocurrent. The same behavior
is observed when biasing the electrode to more positive potentials, where it is seen
a slight decrease in the photocurrent, a fact that is attributed to the partial oxidation
of the osmium polymer. Such bioinspired system provided the basic principles for
the construction of photo-biofuel cells and can be amplified to the photonic wiring
of enzymes using other photoactive nanomaterials.

Not only PSI is part of the biological photosynthetic apparatus, but also photo-
system II (PSII), which is able to photocatalyze water oxidation to release H+, O2,

and electrons. For the latter, a number of biomimetic and bioinspired approaches
to design protein-based electrodes have been reported in the specialized literature
in order to identify undesirable light-induced charge transfer pathways [63] and to
achieve Z-scheme water splitting in the artificial photosynthesis field [64–67], for
instance.

Another great source of bioinspiration for the design of protein-based electrodes
is the bacterial electroactive biofilms, especially regarding their ability of long-range
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Fig. 4 Assembly of a bioinspired PSI/enzyme photoelectrochemical electrode. A General
scheme for a photonically wired PSI/redox enzyme photoelectrochemical cell, in which R1 corre-
sponds to a relay unit wiring PSI with the electrode surface, while R2 is a relay unit wiring the redox
enzyme with PSI; B an organized assembly of a photonically wired PQQ/PSI/Os2+/3+-polymer/GOx
on an ITO electrode acting as a photoelectrochemical enzymatic electrode. Energy level diagram of
the redox components of the photoelectrochemical electrode. C The organization of the energy
levels of the different components allows the ET cascade yielding the photocurrent. Photocur-
rent features generated by the PQQ/PSI/Os2+/3+-polymer/GOx photo-bioelectrochemical elec-
trode. D ON/OFF switchable photocurrents on irradiation of the layered electrode with white-light
in the presence of variable concentrations of glucose (1) 0 mM, (2) 10 mM, (3) 20 mM, (4) 30 mM.
Electrode biased at 0.0 V vs. Ag QRE; E I-V curve corresponding to the photocurrent generated by
the cell where the photoactive electrode acted as the working electrode and a Pt plat and Ag wire
acted as counter and quasi-reference electrodes, respectively, at different bias potentials between
the reference electrode and the working electrode, taken under white-light irradiation and with a
glucose concentration of 30 mM. Reprinted by permission from Springer Nature: Nature Energy
[62], copyright 2016

electron transport [68]. It is known that these biofilms are constituted by a network
of conductive nanowires connecting bacteria to each other or to metal oxides in the
surroundings and that the electronic conductivity is deriving from electron hopping
between the redox centers. Inspired by these principles, Forge and coworkers [69]
reported the design of a conductive protein bionanowires by coupling a chimeric
protein resulting from the attachment of a prion domain to a rubredoxin that acts as
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an electron carrier. Using both CV and EIS, the authors observed that this highly orga-
nized film is able to transport electrons over several micrometers and, therefore, acting
as an electron-mediator to fabricate a bioelectrode for the electrocatalytic reduction
of oxygen by laccase. The same concept was adopted by Hochbaum et al. [70] to
propose a biomimetic α-helical peptides assembly to form electronically conductive
nanofibers and by Laycock et al. [71] in the de novo design of peptide sequences
aiming to enhance the conductivity in peptide-based gels. This approach opens the
way to the development of bioelectronic devices for physiological environments and
bioenergy applications.

Artificial enzymes—also known as biomimetic enzymes—are another important
category in the biomimetic field, in which, inspired by nature, highly stable and low-
cost alternative materials, including carbon dots [72], rare earth and ferromagnetic
nanoparticles [73, 74], metal complexes [75], polymers [76], porphyrins [77], and
metal organic frameworks (MOFs) [78, 79], are used to imitate the structure and/or
function of natural enzymes. These artificial enzymes, often called nanozymes, are
projected to overcome the intrinsic drawbacks of natural enzymes, such as ease
denaturation, high cost, and difficulties in recycling, finding applications in a wide
range of fields, coming from biosensing and cancer diagnostics to catalysis and
pollutant removal [80]. The term nanozymes, which specifically describe nanomate-
rials with intrinsic enzyme-like characteristics, were first coined in 2004 by Scrimin
and coworkers [81] that reported the transphosphorylation activity of functionalized
gold nanoparticles, followed by Gao et al. that described in 2007 the peroxidase-like
property of Fe3O4 nanoparticles, catalyzing the oxidation of peroxidase substrates
in the presence of H2O2 in a manner similar to that of the iron active sites within the
heme group of natural enzyme horseradish peroxidase [82]. Like natural enzymes,
the activity of nanozymes can be tuned by adjusting a series of parameters such as
size, shape and morphology, surface coating and functionalization, composition, by
the addition of activators, and by the media pH and temperature [83].

In the field of electrochemistry and, more specifically, in the bioelectrochemistry,
artificial enzymes have also found important applications. For instance, not only
peroxidase nanozymes have been widely employed in the construction of electro-
chemical affinity biosensors—which are based on registering changes in electro-
chemical readouts before and after specific affinity reactions—but also superoxide
dismutases, hydrolases, catalases, and others [84–89]. Some works report the use of
artificial peroxidase gold nanoparticles for antibiotics (kanamycin) [90] and bacteria
(Pseudomonas aeruginosa) [91] determination in spiked acacia honey and in water,
respectively. The activity was monitored by DPV and chronoamperometry, and the
methods were able to detect selectively 0.73 nM of kanamycin or 60 colony-forming
units per mL of P. aeruginosa in only 10 min. Moreover, Crespilho and coworkers
[92] recently reported the use of magnetic iron oxide nanoparticles (Fe3O4-NPs
and γ-Fe2O3-NPs) as redox biomimetics of complexes III and IV (cytochrome bc1

and cytochrome oxidase, respectively) of the mitochondrial respiratory chain. The
designed bioinspired system (Fig. 5A) was based on the incorporation of these
nanoparticles in a mitochondrial model membrane allowing direct electron trans-
fers between the latter and cytochrome c, acting here as an electron carrier protein,
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Fig. 5 Illustration of the bioinspired mitochondrial electron transfer chain. A Representation
of the biomimetic model membrane with Fe3O4-NPs (I) and γ-Fe2O3 (II) incorporated in a mono-
layer mitochondrial cell model membrane, mimicking the redox properties of cytochrome bc1 and
cytochrome oxidase, respectively. The cytochrome c (III)—not incorporated in the membrane—has
a heme group (IV) in which the iron changes between Fe3+ and Fe2+ in redox reactions. B Schematic
illustration with calculated pseudo-first-order rate constants of the ET reactions. C Representation
of the ferricytochrome c (I) reduction by Fe3O4-NPs (II), with �G‡ and �Gz

binding energies, in
which the first one requires Coulombic and van der Waals interactions between the species, followed
by ET from the NP Fe2+ sites to the protein heme group, resulting in ferrouscytochrome c (III) and
a partially oxidized NP (IV). Electrochemical characterization. D CV curves for the LB film
(black), LB film + Cyt c (red) and LB + NPs film + Cyt c (green) under inert atmosphere (PBS
buffer 0.1 mol L−1, pH 7.4 as supporting electrolyte, scan rate of 5 mV s−1 at 25 °C). Reprinted
from [92], copyright 2021, with permission from Elsevier

such as in the biological chain. The heterogeneous ET between nanosized iron oxides
and cytochrome c was investigated in a molecular level under different conditions,
in order to determine the pseudo-first-order rate constants (Fig. 5B) and the electron
pathways between the inorganic biomimetic materials and the protein. The authors
observed a direct and entropy-driven ET, with rate constant of 2.63 ± 0.05 L mol−1 at
25 °C, between the iron sites of the NPs and the cytochrome c heme group requiring
an activation energy Ea = 40.2 ± 1.5 kJ mol−1 with an overall Gibbs free energy
of −55 kJ mol−1 (Fig. 5C), related to the binding energy between the protein and
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the NPs in addition to the ET reaction itself. This Ea is around three times higher
than the one for the ET between complex III and cytochrome c (14.8 kJ mol−1) in
the electron transport chain which, according to the authors, is not unexpected as
previous reports showed that higher Ea is usually observed for biomimetic materials
than for biological systems in nature. Furthermore, the NP-Cyt c system is mainly
governed by electrostatic forces that contribute to an associative mechanism in the
transition state. Finally, after the incorporation of both Fe3O4-NPs and γ-Fe2O3-
NPs in the mitochondrial model membrane, the authors carried out electrochemical
assays showing that either for the Langmuir–Blodgett film only or for the latter in
presence of cytochrome c (Fig. 5D, lines black and red), no redox processes were
observed other than an ohmic drop caused by a partial blockage of the ET between the
electrode and the protein due to the lipid membrane. In contrast, for the Langmuir–
Blodgett film containing the NPs, the cyclic voltammogram (Fig. 5D, green line)
shows a quasi-reversible redox couple (E0 = 57.5 mV vs Ag/AgClsat) with cathodic
and anodic peaks at 10 mV and 123 mV, respectively, related to the couple Fe3+/Fe2+

of the heme group, proving that indeed ET occurs across the lipid membrane with
the aid of the biomimetic NPs.

Metal–organic frameworks (MOFs)—which are self-assembled materials
composed of metal cations or clusters of metal ions liked by multidentate organic
ligands—have also been applied as artificial enzymes in the construction of electro-
chemical biosensors, therapeutics and immunoassays, bioanalysis, and as biocata-
lysts due to their high surface area, tunable porosity, excellent thermal and chemical
stability, exposed active sites, diversified and tailorable structures, and biocompati-
bility [93]. These materials often share many structural and/or electronic characteris-
tics comparable with the active sites of metalloenzymes (Fig. 6A). For instance, the
metallic cations are often coordinated to the organic linkers by functionalities similar
to the carboxylate, histidine, and thiolate moieties that usually form the coordination
sphere in natural metalloenzymes resulting in high-spin electronic configurations,
due their weak-field ligand properties [94].

Inspired by the multiple functions of MOFs in biomimetic catalysis, Ling et al.
[95] proposed the design of a Pt-decorated metalloporphyrinic MOF formed by Fe
porphyrin and Zr4+ ions that exhibited high catalase- and peroxidase-like activities,
as well as high electrocatalytic activity toward H2O2 and O2 reduction. The same
behavior was observed by Ju and coworkers [96] when studying assemblies of Fe
porphyrin on porous carbon derived from MOFs. The authors observed an excel-
lent electrocatalytic activity of the Fe porphyrin mimicking cytochrome c oxidase
toward the O2 reduction. Furthermore, by coupling the biomimetic catalyst to a
glucose oxidase enzyme, they were able to construct a biosensor for glucose detec-
tion with a linear range of 0.5–18 mM. Although most of the published works related
to biomimetic MOFs is focused in heme mimicry (peroxidase activity), these mate-
rials can also mimicry the properties of phosphotriesterases (which are enzymes
responsible to hydrolyze the phosphate ester bonds) as shown by Hupp et al. [97],
chymotrypsin—a H-bond donating serine protease—by the incorporation of an acidic
hydrogen-bond-donating squaramide moiety into a porous UiO-67 MOF derivative
[98], and carbonic anhydrases, responsible for the biomineralization of CO2 through
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Fig. 6 Metalloenzymes and MOFs. A Properties comparison between natural metalloenzymes
actives sites and metal sites in MOFs. Republished with permission of Royal Society of Chemistry,
from [94], copyright 2020; permission conveyed through Copyright Clearance Center, Inc. B Some
examples of iron and cupper-based molecular catalysts supported in metal or carbon electrodes.
Cu-catalyzed alkyne-azide cycloaddition is used for the immobilization on the electrode surface, as
showed for the Fe-porphyrin systems in 6 and the Cu-phenanthroline complex in 7. If the complex
has a thiol group, the binding on Au surfaces gives immobilized species as in 8 and 10. The
attachment can also be carried out by metathesis polymerization on graphite electrodes (shown in
9) or even π-π stacking between aromatic moieties and carbon nanotubes, as in 11. Reprinted by
permission from Springer Nature: Nature Reviews Chemistry [106], copyright 2017

calcium carbonate (CaCO3) crystallization [99]. Hydrogenase-like activity of MOFs
was also reported; for instance, Feng and coworkers [100] were able to show that
one can photocatalytically produce H2, by combining the photosensitizing and proton
reducing activity in a single Zr-porphyrin-based MOF platform. The same photocat-
alytic behavior was observed by Du et al. [101] when using a 2D-layered MOF with
a thiolate-bridged Ni2+ node as a [NiFe]-hydrogenase active site biomimetic.

In addition, MOFs are suitable matrices for enzyme encapsulation due to their
extremely ordered cavities/channels, providing a hydrophobic confined environment
and a highly dense distribution of accessible active catalytic sites throughout their
architecture [102]. With that perspective, Liu et al. [103] studied the trapping of
the cytolytic peptide melittin (MLT) into porous zeolitic imidazolate framework-8
nanoparticles (ZIF-8) as a nanoplatform for delivering cytolytic peptides in cancer
treatment. On the other hand, Dong and authors [104], as well as Li et al. [105],
applied that same ZIF-8 framework, but now envisioning the encapsulation of glucose
oxidase (GOx) for the construction of an amperometric biosensor for glucose detec-
tion. In both cases, the GOx@ZIF-8-modified electrode showed good peroxidase-like
bioactivity and high electrocatalytic activity toward H2O2 and O2 reduction.

Similarly to MOFs, molecular catalysts (MC) have been well-studied and applied
as metalloenzymes biomimetics. Usually, a molecular catalyst is comprised by a
transition metal center as the active site and specific organic ligands, producing a
coordination environment that allows the regulation of the electronic structure of the
active site. This configuration—which is ultimately bioinspired by the active sites
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in metalloenzymes—provides some advantages for MCs in comparison with other
types of materials, such as clear tridimensional structure and catalytic mechanism,
tunability, selectivity, and metal-atom economy [107]. One major interest in the
development of MCs is the activation/reduction of the O2 molecule, which in nature
is catalyzed by two classes of enzymes: cytochrome c oxidase (CcO) and multicopper
oxidase (MCO).

The active site of CcO enzymes contains a Fe-bound heme a3/CuB dinuclear center
that is capable of catalyzing the complete reduction of O2 to H2O with negligible
formation of incomplete reduction intermediates, such as peroxide [108]. As the
heme group exists in several proteins and metalloenzymes (hemoglobin, cytochrome
c, cytochrome P450…), iron porphyrin complexes are indeed good candidates for the
investigation of the O2 reduction reaction (ORR). For example, Tanaka et al. reported
a Fe3+-porphyrin and Fe3+-phthalocyanine complex liked through a fourfold rotaxane
supported on conductive carbon black capable of efficiently reducing O2 to H2O with
an onset potential of 0.78 V vs RHE in acidic conditions [109], while Anxolabéhère-
Mallart and coworkers [110] investigated Fe-peroxo porphyrin complexes in the
electrochemical reductive activation of O2. On the other hand, MCO enzymes feature
redox-active sites composed of two type 3 (T3), one type 2 (T2), and one type 1 (T1)
Cu centers [106], operating closer to the thermodynamic potential of the O2/H2O
couple than CcO. Regarding the mimicry of these redox copper centers, Cao et al.
[111] and Kojima et al. [112] reported a binuclear and mononuclear Cu2+ complexes
such as electrocatalysts for complete reduction of O2 into H2O. Different approaches
were used to immobilize these electrocatalytic biomimetic complexes in electrodes,
as shown in Fig. 6B. Finally, plenty of Co, Fe, Mn, and Cu-based molecular catalysts
for electrocatalytic ORR have been studied in literature and summarized elsewhere
[113–118].

Other than ORR, many different types of complexes were synthesized and studied
envisioning the biomimicry of enzymes’ active sites. Platinum-based complexes were
proposed, as a formate dehydrogenase mimetic, to electrocatalytically convert CO2

to HCO2
− [119], while Ru, Ir, Mn, Co, Fe, Ni, and Cu-based molecular catalysts

were employed as photosystem II biomimetics for H2O oxidation, as summarized by
Sun and Zhang [107]. Furthermore, for instance, hydrogenases and [NiFe]-carbon
monoxide dehydrogenases biomimetics for H2 evolution and conversion of CO2 to
CO, respectively, were also recently reported and summarized elsewhere [120–123].

4 Genetic Material and Live Cells

In addition to the bioinspired wiring of enzymes and proteins at electrode surfaces, the
incorporation of genetic material, such as DNA, shows great potential to significantly
enhance the bioelectroactivity of these biomolecules, as reported by Stieger et al.
[124]. The authors applied DNA, a natural polyelectrolyte, as a building block for
the construction of a photo-active 3D architecture comprising cytochrome c, as both
molecular scaffold and conductive wiring network, and PSI as a photo-functional
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matrix element. The incorporation of DNA improved the maximum photocurrent
and electrode stability, rendering this genetic material as an interesting candidate for
application in photo-bioactive electrode structures.

Biological membrane channels, as controlled pathways for molecules and ions
across the cell membrane, play major roles in a series of processes, such as sensing,
signaling, communicating, and transporting. Due to the molecular recognition and
self-assembly properties of DNA, and also inspired by the biological channels, Guo
and coworkers [125] reported the usage of 3D cross-linked DNA superstructures
as a biomimetic gate-like nanopore, able to manipulate the mass transportation on a
subcellular scale. The authors observed that the cross-linked 3D DNA nanostructures
in and out of the nanopores efficiently switch off the transverse ionic flux, changing
remarkably the electrochemical resistance of the nanopores from 7.27 � (in the
opened state) to 14.4 � (in the closed state). Moreover, the ON–OFF ratio between
the opened and closed states approaches 103–105, which is a gating mechanism
applicable to nanopores with diameters up to ca. 650 nm. Due to the high importance
of biological channels and pores in the living organisms [126], the development of
artificial bioinspired gate-like nanopores, such as the one reported, is fundamental
for the understanding of surface-governed transport phenomena and applications on
bioanalysis and smart nanofluidic devices.

Single stranded DNA (ssDNA) can also be applied as a probe for the electrochem-
ical detection of microRNA (miRNA), according to Zhao and coworkers [127]. As
miRNA is considered a biomarker in the cancer diagnosis and prognosis, the develop-
ment of highly sensitive detection methods is of great clinical significance. Inspired
by the biological channels, the authors reported the fabrication of a biomimetic
nanochannel-ionchannel hybrid that, firstly, had ssDNA covalently immobilized on
the outer surface of ionchannels through chemical coupling. This probe allowed
label-free and ultrasensitive recognition of target miRNA-10b through hybridization
between the latter and ssDNA. The different charge density on the outer surface
and the varied effective ionchannel size after miRNA-10b recognition directly influ-
enced the mass transport properties of the nanochannel-ionchannel. The ionic current
response through the hybrid was monitored in real time using a homemade electro-
chemical cell, which enabled the in situ detection of miRNA with a ultralow limit of
15.4 aM.

Biomimetic and bioinspired nanomechanical DNA-based nanopores have already
been designed as an approach to achieve the sequence-specific and a ligand-triggered
channel opening controlled release of small molecule cargo from lipid vesicles [128].
Furthermore, Lv et al. [129] reported the construction of artificial channels on the
plasma membranes of live cells, by combining DNA nanotechnology and specific
chemical modifications. This system would mimicry the functions of endogenous
protein channels for molecular transport. The membrane-spanning DNA nanopore,
constructed using six DNA duplexes, showed a 2 nm hexagonal hollow channel,
5 nm outer diameter, and 14 nm height. To ensure a stable insertion of the biomimetic
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nanopore on the live cells plasma membrane, a 2-nm-high hydrophobic membrane-
spanning region composed of phosphorothioate (PPT) was inserted on the nanos-
tructure (Fig. 7A and B). After incubation, the DNA nanopores were inserted spon-
taneously into the plasma membrane, creating small hallow sizes of around 2 nm
(Fig. 7C).

To further characterize the modified membranes, an ultralow current detection
system was applied in order to examine the ion flow across the DNA nanopores
inserted in the lipid bilayers in vitro (Fig. 7D). The current trace at different voltages
is shown in Fig. 7E. The results showed that, comparing to the non-modified lipid
bilayers, the ionic current increased steadily with higher voltages, indicating a struc-
turally integral and stable DNA channels across the membrane over time (Fig. 7F).
The authors also observed that the nanopores are able to stay on the plasma membrane
of live cells for at least 20 min after insertion at 37 °C, after that they start to be inter-
nalized by the cells. Moreover, the nanopores were able to selectively transport ions
in neurons cells and small molecule anticancer drugs in drug-resistant tumor cells,
opening the way to applications ranging from biotechnology to biomedicine.

Real-time electrochemical monitoring of cell-released biomolecules is also quite
important to understand basic cellular processes and physiological biology. Three-
dimensional (3D) scaffold platforms are promising candidates to integrate electro-
chemical sensing, while mimicking the vivo-like cellular environment, as recently
reported by Hu and coworkers [130]. In this work, the authors developed a biomimetic
3D scaffold 3-aminophenylboronic acid (APBA) functionalized graphene foam (GF)
aiming the long-term cell culture and real-time electrochemical monitoring. The

Fig. 7 Representation of the DNA-based nanopore and its insertion into the plasma
membrane of live cells. A Phosphorothioate (PPT) group chemical structure modified on the DNA
nanopore; B schematic illustration of a six-duplex -bundled DNA nanopore; C DNA nanopores
incorporated into the plasma membrane of live cells for molecular transport. Characterization
of the DNA nanopores in vitro. D Scheme of the ultralow current detection system with DNA
nanopores incorporated in a lipid bilayer. E Current trace recorded at steadily increasing voltages
with DNA nanopores incorporated in a lipid bilayer and F the corresponding current–voltage curve
(solution of 1.0 mol L−1 KCl, 10 mM Tris, and 1.0 mM EDTA at pH 8.0). Reprinted with permission
from [129], copyright 2020 American Chemical Society
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biomimetic system combines both the cell-adhesive properties of APBA and the
mechanical and electrochemical properties of GF. HeLa and GFP-HeLa cells grew
and proliferated for a long period along the skeletons of the 3D GF, exhibiting high
viability, while the release of gaseous messenger H2S from the cells culture for
different time periods was successfully monitored in real time.

5 Further Applications

Several other biomimetic and bioinspired approaches can be found in the liter-
ature in the bioelectrochemistry field. Some examples include a Setaria viridis-
bioinspired electrode for high-performance supercapacitor application, in which the
authors improved the electrochemical energy storage, the specific capacitance, and
the cycling stability by mimicking the hierarchically multi-scale topography of a
plant [131]; a biomimetic electroactive nanocomposite from self-assembled collagen
fibrils and silver nanowires, which presented an excellent charge storage capaci-
ties and injection, as well as antimicrobial properties, while retaining the mechan-
ical properties similar to soft tissues [132]. This approach resulted in a novel and
promising bioelectrode material and electroactive tissue regenerating scaffolds. Still
in the field of nanocomposites, Jiao et al. [133] recently designed a electricity-
adaptive and highly-reinforced nanocellulose nanocomposite bioinspired by the
ability of echinoderms and sea cucumbers to alter the stiffness of their inner dermis
under certain conditions. The authors combined biosourced and sustainable wood-
based cellulose nanofibrils (CNFs) with water-soluble copolymers equipped with
thermo-reversible supramolecular motifs that would allow a reversible modulation
of mechanical properties using low voltage direct current (DC). Applying low DC
at specific voltages, they observed the dynamization and breakage of the thermo-
reversible supramolecular bonds that led to a significant electrochemical softening
of the nanocomposites. Moreover, these changes in the mechanical properties could
be reversibly controlled by power on/power off cycles, which open new possibilities
for the construction of mechanically adaptive materials triggered by readily available
low DC supplies.

Lithium-ion batteries (LIBs) are a well-spread and valuable energy storage
systems as they present high energy density, long cycling life, and high voltage
[134]. As these systems are intrinsically depend on efficient and selective transport
of lithium ions, Shi et al. [135], inspired by the ion-channels in biological systems,
reported the construction of chemically modified nanoporous channels in metal–
organic frameworks (MOFs) that electrostatically repelled anions while allowed the
passage of lithium ions. When applying this bioinspired MOF as an electrolyte
membrane, the authors observed significant enhances in lithium-ion transference
number, as well as an improvement in the rate performance and in the cycling life
of the LIB. Other approaches to use rechargeable lithium metal anode in LIBs were
already proposed inspired by the nest of ants [136], for instance, as they are a model
of efficient interconnected channels able to quickly transport air. The bioinspired
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ionogel electrolyte (BAIE) consisted of confining ionic liquid within interconnected
SiO2 channels to promote the dendrite-free stripping of lithium anodes with high
ionic conductivity and thermal stability, as observed by the authors.

Although LIBs are important materials for energy storage, the limited availability
of lithium threatens and often drives the research for new materials with similar
electrochemical performance and natural abundance, such as the sodium-ion batteries
(SIBs) [137]. For that, another type of material, other than graphite, needs to be
used as anode, in which tin phosphide (Sn4P3) is a potential candidate due to its
low redox potential (∼0.3 V vs Na/Na+) and high capacity (1132 mA h g−1) [138].
However, the use of pure Sn4P3 is limited, as its low ionic and electronic conductivity
directly affects the capacitance and cycling stability of the material. Recently, Ran
and coworkers [139] reported the development of a bottlebrush-like heterostructure of
Sn4P3 grown on carbon nanotube (Sn4P3@CNT/C) in order to improve and solve the
limitations involving the direct application of this promising anode material for SIBs.
To do so, firstly, the precursor SnO2@CNT was synthesized through a hydrothermal
reaction, consisting of a central CNT stem and SnO2 nanorods of around 450 nm in
length and 30 nm in diameter, resembling the bottlebrush plant (Fig. 8A). Secondly, a
carbon layer was coated on the SnO2@CNT surface also by a hydrothermal method,
followed by sintering in nitrogen. The SnO2@CNT/C still maintains the bottlebrush-
like morphology, as shown in Fig. 8B. Finally, the material was hand-milled with
NaH2PO2, heated at 280 °C, and washed with dilute HCl and water. At this point, the
heterostructure Sn4P3@CNT/C resembles the bottlebrush fruit, in which the Sn4P3

nanoparticles are firmly attached to the CNT stem (Fig. 8C).
The electrochemical performance of the heterostructure was investigated, firstly

concerning the discharge/charge voltage profiles at a current density of 0.2C
(200 mA g−1), in which the authors observed a first discharge and charge capacities
of 1377 and 1173 mA h g−1, respectively, corresponding to a coulombic efficiency
(CE) of 85.2%. The Sn4P3@CNT/C CE jumps to 95% at the second cycle; it reaches
to 99% within 10 cycles and keeps stable afterward still delivering 742 mA h g−1 after
150 cycles, as shown in Fig. 8D. Furthermore, the authors explored the electrochem-
ical performance of the full-cell using Sn4P3@CNT/C as anode and Na3V2(PO4)3/C
as the cathode (Fig. 8E). The initial charge/discharge curve profile is displayed in
Fig. 8F; the obtained initial discharge capacity was of around 104 mA h g−1 at
0.2C with an average operating voltage of approximately 3.0 V. In terms of cycling
performance, the full-cell retained 93% of its capacity after 50 cycles. In addition, the
EIS results showed that the Sn4P3@CNT/C has a smaller impedance than the pure
Sn4P3, and after 500 cycles, the bioinspired electrode impedance decreases, indi-
cating an improvement in the electron/ion transport across the interface (Fig. 8G).
In conclusion, the favorable electrochemical performance of the Sn4P3@CNT/C can
be explained in terms of structure, as the CNT acts as a “stem”; providing electron
expressway and mechanical stability, the Sn4P3 nanoparticles act as a “fructus” on the
CNT surface, increasing the contact area and shortening the ion diffusion pathway,
while the amorphous carbon acts as a “permeable stoma” on the tin phosphide surface,
promoting the electrolyte penetration (Fig. 8H).
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Fig. 8 SEM images of the bioinspired heterostructures with the respective bottlebrush inspi-
ration. A SnO2@CNT; B SnO2@CNT/C; C Sn4P3@CNT/C. Electrochemical performance of
the bioinspired Sn4P3@CNT/C. D Cycling and rate performance of Sn4P3@CNT, and pure Sn4P3
at a current of 0.2C (1C = 1000 mA g−1) and 2.0C; E representation of the full-cell battery; F first
charge/discharge curves of coin-type NVP/C//Sn4P3@CNT/C full-cell at 0.2C (1C = 117 mA g−1);
G EIS of pure Sn4P3 and Sn4P3@CNT/C at 1 and 500 cycles; H representation of the transport
mechanism of Sn4P3@CNT/C. Reprinted with permission from [139], copyright 2020 American
Chemical Society

A biomimetic approach for energy storage systems was also proposed by Orita
et al. [140], but now for the construction of a aqueous redox flow battery (RFB)
based on flavin mononucleotide. RFBs in general store their energy using redox
active materials that are dissolved in a electrolyte—referred to as positive and nega-
tive electrolytes—which are physically separated by a membrane and circulated by
pumps [141]. To apply an active material that is safe, inexpensive, and has a high-
energy density, the authors chose to use a sodium salt of flavin mononucleotide
(FMN-Na), known as riboflavin-5’-phosphate sodium salt, as negative electrolyte,
while using potassium ferrocyanide as positive electrolyte. It is worth mentioning
that flavins are cofactors of several biologically important enzymes, having one of the
most versatile in vivo redox centers. The RFB showed an initial discharge capacity
of 1.31 Ah l−1 at 10 mA cm−2, an open-circuit voltage of 1.40 V and an average
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discharge voltage of 1.03 V. In addition, the discharge capacity retention after 100
cycles was 99%, while the coulombic efficiency was >99% at a current density of
80 mA cm−2. The results showed that FMN-Na is, indeed, a promising active mate-
rial for constructing sustainable ecofriendly RFBs. Furthermore, flavin compounds,
such as FMN, have been selected by nature through the long evolutionary process;
therefore, the biomimetic approach presented in the work derives directly from the
nature’s wisdom.

Since its first proposal in 2012, the triboelectric nanogenerator (TENG)—based on
the coupling of physical effects of contact electrification and electrostatic induction—
has been the most innovative technology in the field of nano-energy [142]. In order
to increase the energy conversion efficiency, Liu et al. [143] proposed a bioinspired
photoelectric-electromechanically integrated TENG (Pem-iTENG) to increase the
material surface charge density. Based on the microstructure of the mastoid cilia on
the lotus leaf, the authors designed a superhydrophobic flexible rod-like structure
onto the Pem-iTENG surface. Furthermore, inspired by the photosynthesis process
in green plants, a P-type conductive polymer (polyaniline) is matched with titanium
dioxide (a N-type semiconductor) to construct a P-N heterojunction that is able to
improve the quantum efficiency of the photocatalytic system, by the retention of
the generated photoelectrons which, by consequence, increases the surface charge
density. Finally, the bioinspired Pem-iTENG displayed an open-circuit voltage of
124.2 V and a maximal short-circuit current density of 221.6 μA cm−2 under tidal
wave and sunlight, which is an improvement by a factor of 10 over already reported
TENGs.

Bioinspiration is also present in the field of electrocatalysis for renewable energies,
such as the aqueous electrocatalytic reduction of CO2 into alcohol and others hydro-
carbon fuels. Recently, taking as bioinspiration the microstructure of gas-trapping
cuticles of subaquatic spiders, Wakerley and coworkers [144] reported the fabrication
of a superhydrophobic surface of hierarchically structured copper dendrites for CO2

reduction. These hydrophobic gas-trapping cuticles are known as “plastron effect,”
which allows aquatic arachnids (such as the diving bell spider) to respire under water
(Fig. 9A). The same principle was used by the authors to achieve an analogous struc-
ture, in which hierarchically structured dendritic Cu was chemically modified with
a monolayer of 1-octadecanethiol to trap CO2 gas at the electrolyte–electrode inter-
face, as illustrated in Fig. 9B. Linear sweep voltammetry (LSV) (Fig. 9C) comparing
both the hydrophobic dendrite and the equivalent wettable dendrite showed that to
reach a current of -5 mA cm−2, the latter required a potential of −0.68 V vs. RHE,
whereas the hydrophobic dendrite required a more negative potential of −1.38 V
vs. RHE. This behavior can be explained by two different contributions: firstly,
a significant decrease in the electrode electrochemically active surface area and,
secondly, by the lack of proton reduction activity exhibited by the hydrophobic elec-
trode. Measurements of controlled potential electrolysis (CPE) confirmed that even
at highly cathodic potentials, the bioinspired dendrite had a lowered H2 evolution
activity. For instance, at −1.6 V vs. RHE, the hydrophobic electrode displayed a H2

evolution faradaic efficiency (FE) below 10%, while the wettable dendrite displayed
values above 60% (Fig. 9D, E). On the other hand, the CO2 reduction efficiency for
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Fig. 9 Introduction to the plastron effect. A The usage of hydrophobic surfaces to trap a layer
of gas between the solution-solid interface is known as plastron effect. This is a mechanism used
by diving bell spiders for subaquatic breathing; B the same principle is applied to the hydrophobic
dendritic Cu surface for aqueous CO2 reduction. Effect of hydrophobicity on electrocatalytic
performance of the biomimetic electrode C LSV of the wettable and hydrophobic dendrite. Inset
shows a high-resolution TEM of the Cu dendrite (The electrolyte was CO2-saturated CsHCO3
0.1 mol L−1, pH 6.8, at room temperature with a scan rate of 20 mV s−1); D CPE product FEs from
the wettable and E from the hydrophobic dendrite at various potentials. Proposed mechanism for
CO2 reduction. F,G The representations of the wettable dendrite show the reactant mass transport
and product formation on the electrode surface, while H, I depict the enhanced CO2 mass transport
from the triple-phase boundary between the electrolyte, electrode and gaseous CO2 and the resultant
formation of products on the surface of the hydrophobic dendrite. Reprinted by permission from
Springer Nature: Nature Materials [144], copyright 2019
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two different products (named C1 and C2) was superior for the hydrophobic dendrite
than for the wettable one, indicating a clear increase in the reaction selectivity toward
CO2 reduction. Moreover, the bioinspired electrode attained a 56% FE for ethylene
and 17% for ethanol production at neutral pH, compared to 9% and 4% on the
wettable equivalent. The role of the hydrophobic surface in promoting CO2 reduc-
tion over H+ reduction is illustrated in Fig. 9F–I. At high cathodic potentials, both
dendrites can rapidly react with H+ or CO2—forming Cu-H* or Cu-COOH* inter-
mediates—thus, the selectivity is controlled by the mass transport of the substrates.
As the wettable has a larger liquid-electrode interface, only aqueous H+/CO2 are
substrates (Fig. 9F), and the groups Cu-H* are expected to be in higher proportions,
leading to H2 formation (Fig. 9G). On the contrary, in the hydrophobic dendrite,
the electrolyte is pushed away from the surface, forming an electrolyte-solid–gas
triple-phase boundary (Fig. 9H). Under these conditions, the CO2 mass transport
is omnidirectional increasing the local CO2 concentration, whereas the H+ comes
unilaterally from the solution. Therefore, the population of Cu-COOH* species are
higher, subsequently forming Cu-CO* that promotes C–C coupling and, finally, the
electrocatalysis products C1 and C2 (Fig. 9I).

6 Final Considerations and Future Perspectives

This chapter summarized the recent progress and highlights the importance of
biomimicry and bioinspiration in the field of bioelectrochemistry. As seen in all
the discussed examples, nature is an endless rich source of inspiration, ranging from
cells, microorganisms, and plants to small insects and animals. To deeply understand
the complex processes occurring in biological systems, as well as, to create materials
with biological-like properties, the scientific community often applies fundamental
principles of the biomimicry and bioinspiration fields. Regarding this point, electro-
chemical techniques—such as cyclic voltammetry, electrochemical impedance spec-
troscopy, differential capacitance, and chronocoulometry—are quite important tools
to investigate these biomimetic systems. These tools become even more useful when
coupled with other techniques, such as surface-sensitive methods (spectroscopy,
microscopic, etc.), especially for the characterization of biomimetic membranes and
reconstituted membrane proteins, which ultimately contributes to the development
of biosensors and biomedical devices. Bioinspired approaches can also be used to
design protein-based electrodes and to fabricate biomimetic enzymes able to catalyze
reactions in a manner similar to that of natural biological active sites. In addition,
genetic material (DNA and RNA, for instance) and live cells are biomaterials that
have also found application in biomimicry, including the construction of biosen-
sors for diagnosis, gate-like nanopores for small molecules and ions delivery into
cells, for enhancement in the bioelectroactivity of biomolecules, and for cell culture
cultivation. Furthermore, nanostructures present in plants and small insects are a
source of inspiration especially in the energy storing materials, such as batteries and
nanogenerators, and bioelectrocatalysis field.
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Finally, every year more and more research papers are published presenting inno-
vative approaches for the design and study of biomimetics and/or bioinspired mate-
rials. Nevertheless, there are still several improvements needed in the field in order
to obtain more complex materials to get as close as possible to the natural biological
entities or even to surpass the properties nature offers. As the biological materials’
structures range from the atomic to the macroscale, and considering that property is
intrinsically dependent on structure, sophisticated and highly accurate characteriza-
tion techniques able to access each of these length scales still need improvements.
It is also needed to take in consideration that most of the biological and bioin-
spired/biomimetic materials are quite delicate in a manner that they can be easily
damaged by, for instance, electron beams and/or vacuum conditions. Furthermore, the
production of these materials in an industrial level is still limited, as they are usually
fabricated and evaluated in a small quantity within the laboratory. These challenges
are exciting opportunities to invest even more in the development of biomimetics that
will allow, for certain, a more cooperative evolution and an environmental-friendly
technological development.
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Progress in Bioelectrocatalysis

Graziela C. Sedenho

Abstract Oxidoreductases are highly specific and efficient biocatalysts that can be
applied on electrochemical systems for green energy conversion, such as biological
fuel cells, and in biosensors. However, understanding the biocatalytic and electron
transfer mechanisms to reach high-performance devices is not trivial and has been
requiring many efforts of researchers from bioelectrochemical field. In this context,
the present chapter addresses in details the fundamental aspects and recent advances
in the understanding of catalytic and electron transfer mechanisms of the main
oxidoreductases applied electrochemical systems, such as alcohol dehydrogenase,
hydrogenase, glucose oxidase, and multicopper oxidases.

1 Introduction

The core of the bioelectrocatalysis is the biocatalysts, and they can be distinguished
by their nature in two main classes: microbial cells and redox enzymes, being the
latter the focus of this chapter. The evolution process over billions of years contributed
to the development of highly specific and efficient biocatalysts, so-called enzymes,
that play crucial roles in the intricate metabolism of all living organisms on earth.
In particular, oxidoreductases are a class of enzymes that play important role in
energy conversion and metabolism in living organisms and represent almost 25%
of all known proteins [1]. Those enzymes, through their cofactors or coenzymes,
biologically catalyze redox reactions between two substrates, an electron donor and
an electron acceptor. Several researchers have extensively demonstrated isolated
oxidoreductases can be electrically connected to electrode surfaces, and the electrode
is able to substitute one of the enzyme substrates.

In summary, the bioelectrocatalysis relies on the benefits of biocatalysis and elec-
trocatalysis, as the biocatalysis is controlled by the electrode potential. The Fermi
level of the electrode is controlled by the applied potential, and the electrode can
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act as electron donor or receptor to/from the biocatalyst. In consequence, the elec-
trochemical conversion of the substrate into product occurs at lower overpotentials
than would take place without the biological entity. In addition, the biocatalysts are
renewable, able to operate under mild conditions of pH, temperature, and pressure,
and show wide substrate scope and higher activity and selectivity when compared to
the traditional inorganic electrocatalysts [1, 2]. Therefore, these features of oxidore-
ductases enable practical applications of bioelectrocatalysis on several systems and
devices, such as in biosensors [3], bioelectrosynthesis of diverse products and fuels
[2, 4], and green energy conversion systems [5].

In this context, the present chapter addresses in details the types and fundamental
aspects of the oxidoreductases mostly applied in energy conversion systems and
biosensors and their catalytic and electron transfer mechanisms. Although microbial
cells represent an important type of biocatalyst, the present chapter is focused on
describing and reporting the recent progress in bioelectrocatalysis involving isolated
redox enzymes.

2 Overall Aspects of the Redox Enzymes

Redox enzymes (or oxidoreductases) show a polypeptide backbone arranged in
secondary and tertiary structures, and a prosthetic group, namely redox cofactor,
which acts in the electron transfer process. The composition and conformation of the
polypeptide backbone play crucial role in the biological recognition of the substrates
and in the enzyme stability [6]. Typically, the redox cofactor can be metal complexes,
such as heme centers, iron-sulfur clusters, and copper centers, or an organic molecule
bound to a specific site of the enzyme, for example, quinones and flavins derivatives
[7]. While some oxidoreductases show a cofactor very tightly or even covalently
bound to their structure to catalyze the redox reaction, others require coenzymes as
transient electron (or hydride) carriers. Examples of coenzymes of oxidoreductases
are nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide
phosphate (NADP). Oxidoreductases can be divided according to the catalyzed redox
reaction into dehydrogenases, oxygenases, oxidases, hydrogenases, and nitroge-
nases, and in a second level, they can be divided by the cofactor or coenzyme type
[8].

Several oxidoreductases have been employed as bioelectrocatalysts in bioelec-
trosynthesis of value-added compounds and fuels, in biological fuel cells (BFCs),
and in the development of biosensing devices. However, the present chapter is dedi-
cated to describe the recent progress in the understanding of the bioelectrocatalytic
and electron transfer mechanisms of the main dehydrogenases, hydrogenases, and
oxidases used in bioelectrocatalytic systems.

Dehydrogenases represent the largest group of redox enzymes and are known to
catalyze reversible hydride transfer reactions between their coenzymes or cofactors,
such as NAD, flavin adenine dinucleotide (FAD), and quinone derivatives, and a
diversity of organic alcohol, aldehydes, and sugars. Because of those features and
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their substrates, some dehydrogenases have been extensively used in anodes of BFCs
and in biosensors mainly for food quality control, monitoring of industrial processes,
and biomedical analyses [7]. Examples of these enzymes are alcohol dehydrogenase
(ADH), glucose dehydrogenase (GDh), lactate dehydrogenase, fructose dehydroge-
nase, and malate dehydrogenase. Differently, hydrogenases are known to catalyze
the reversible oxidation of molecular hydrogen into protons and electrons in their
metal active sites, and because of that, they have extensively used as biocatalyst
in bianodes of BFCs for hydrogen oxidation and in bioelectrosynthesis of H2. The
third class of redox enzymes addressed in the present chapter is the oxidases, which
are able to transfer electron to oxygen and usually contain a flavin coenzyme or a
metal cofactor as active site. One of the most studied and used oxidase in bioelec-
trochemical systems is glucose oxidase (GOD), a redox enzyme able to catalyze the
oxidation of glucose into gluconolactone [9]. GOD is the most common oxidase
used in bioanodes of BFCs and has been extensively used in glucose biosensors
for diabetes diagnosis. Other very studied subclass of oxidases is the multicopper
oxidases (MCOs), especially laccase and bilirubin oxidase (BOD). MCOs are able
to promote the catalytic reduction of molecular oxygen into water and, because of
that, they have been widely employed in biocathodes of BFCs [10]. The following
subsections address aspects of bioelectrocatalytic and electron transfer mechanisms
of those oxidoreductases.

3 Alcohol Dehydrogenase

ADH is a zinc-containing and NAD-dependent dehydrogenase that catalyzes the
oxidation of a wide variety of primary and secondary alcohols to the corresponding
aldehydes and ketones, respectively, with concomitant reduction of NAD(P)+ to
NAD(P)H. ADH is essential for the metabolism of endogenous and dietary ethanol in
mammalians [11], whereas in fermentative microorganisms it inversely acts reducing
acetaldehyde into ethanol. ADH from Saccharomyces cerevisiae mostly catalyzes the
reversible oxidation of ethanol to acetaldehyde with the interconversion of NAD+ to
NADH (Eq. 1) and has been extensively used in the industrial production of ethanol
and alcoholic beverages, and as anode catalyst of innumerous ethanol/O2 enzymatic
fuel cells [12].

C H3C H2 O H + N AD+ � C H3C H O + N ADH + H+ (1)

Yeast ADH (EC 1.1.1.1) is an homotetramer with approximately 150 kDa
(Fig. 1a). The asymmetric unit is formed by four different subunits arranged as similar
dimers, AB and CD. Crystallographic studies have shown the unit cell contains two
different tetramers consisting of AB:AB and CD:CD. The dimers have similar struc-
tures; however, the A and C subunits differ from the B and D subunits in coenzyme
and catalytic domain structures. Each subunit in a dimer has a coenzyme binding
domain, where the NAD binds to at the carboxyl-terminal group and two zinc atoms.
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Fig. 1 a Yeast ADH
structure from Protein Data
Bank (PDB: 4W6Z). b
Ordered sequential Bi-Bi
catalytic mechanism of
ethanol oxidation by AD.
“E” represents the enzyme

One zinc atom is essential for catalytic activity, and the other has structural function.
During catalysis, the alcohol binds in the cleft between the domains and coordinates
to the tetrahedral zinc active site displacing water [13]. The tetrahedral catalytic
zinc atoms are coordinated to two cysteine and one histidine residues, and then to
the oxygen of the alcohol; therefore, the catalytic zinc atom promotes the precise
positioning of the substrate to enable the hydride transfer from ethanol to NAD+

[13].
It is well established that ADH shows a sequential bi-bi catalytic mecha-

nism. NAD+ binds first at the enzyme followed by ethanol binding, forming an
ADH-ethanol-NAD+ ternary complex. Then, the hydride is transferred producing
ADH-acetaldehyde-NADH, and finally, the product dissociation of the product
followed by the reduced coenzyme from the complex occurs [14]. More recently,
studies with differential electrochemical mass spectrometry (DEMS) enabled further
details about ethanol/acetaldehyde binding/dissociation kinetics and mechanism
[15]. The concomitant detection of NADH and acetaldehyde showed that acetalde-
hyde dissociates from the enzyme structure approximately 107 times faster than
NADH, confirming the ordered sequential Bi-Bi catalytic mechanism, and that the
rate-limiting step is the dissociation of the NADH complex (Fig. 1b) [15].

4 Hydrogenase

Hydrogenases are crucial enzymes for many microorganisms that utilize molecular
hydrogen as energy source [16]. In the bioelectrocatalysis field, they are known to
efficiently catalyze the reversible oxidation of molecular hydrogen at small over-
potentials in neutral media [17]. Since 2006 [18], due to their attractive features,
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purified hydrogenases have been widely exploited as biocatalyst in anodes of H2/O2

enzymatic fuel cells.

2H+ + 2e− � H2, E0′ = −0.413V (vs.SH E, pH7.0) (2)

The several types of hydrogenases differ by the metal active site, which can be
di-iron (FeFe), nickel–iron (NiFe), and iron (Fe), by the catalytic activity toward
hydrogen oxidation or hydrogen evolution, and by O2 tolerance. Between them, the
[NiFe] hydrogenases, namely group 1, are the most studied type and show several
advantages for application in anodes of H2/O2 enzymatic fuel cells, as they are
more robust and show high active for hydrogen oxidation, with turnover frequencies
reaching values >1,000 s−1 [17]. Several researchers have been dedicated to under-
stand the structure and the catalytic and electron transfer mechanisms, as well as
the activity inactivation by molecular oxygen in the last years, and in this context,
crystallographic, spectroscopic, and electrochemical techniques have been provided
useful information.

Group 1 hydrogenases show similar structures consisting of two subunits that
interact very extensively forming a globular heterodimer [19]. The smaller subunit
shows three Fe-S clusters, namely [4Fe-4S] proximal [3Fe-4S] medial, and [4Fe-4S]
distal clusters, whereas the larger subunit houses the deeply buried NiFe active site
(Fig. 2a). Although the Fe-S clusters do not participate in the catalytic mechanism,
they play crucial role in the electron transfer mechanism, as they are aligned as
a conductive chain that allows a fast electron transfer from the active site to the

Fig. 2 a Structure of [NiFe] hydrogenases I from E. coli (PDB 3UQY) indicating the large and
small units, the active site and Fe-S clusters. b Mechanism for H2 oxidation at [NiFe] hydrogenase.
Reprinted from Ash, P.A., Hidalgo, R., Vincent, K.A.: Proton transfer in the catalytic cycle of
[NiFe] hydrogenases: Insight from vibrational spectroscopy. ACS Catal. 7, 2471–2485 (2017).
https://pubs.acs.org/doi/abs/10.1021/acscatal.6b03182. Further permission related to this material
should be directed to the ACS. Copyright 2017 American Chemical Society

https://pubs.acs.org/doi/abs/10.1021/acscatal.6b03182
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enzyme surface, where they are transferred to an electron acceptor [17]. The catalytic
bimetallic site has Ni and the Fe atoms bonded to the protein by four cysteine thiolates,
two of which are bridging ligands, whereas the other two are terminal to the Ni, and
Fe atom is further coordinated to one CO and two CN− ligands. [19]

Despite variations between [NiFe] hydrogenases from different organisms and the
localization in the microbial cells, they show a typical catalytic cycle, as shown in
Fig. 2b. Considering the direction of molecular hydrogen oxidation, initially [NiFe]
hydrogenase tends to be as a mixture of states at Ni(III)-Fe(II) (Ni–B state) and Ni(II)-
Fe(II) (Nia-SI). Ni–B state requires a reductive activation, forming Nia-SI state which
interacts with H2, which is heterolytically cleaved [20, 21]. The H2 cleavage leads
to the formation of the Nia-R state with a bridging hydride ligand between Ni(II)
and Fe(II) and a nearby proton. The removal of the proton generates the Nia-C state;
then, the Nia-SI state is regenerated by a proton and electron transfer. There are
spectroscopic evidences that an intermediate state involving Ni(I) (Nia-L state) may
occur before reestablishing the initial Nia-SI state [22]. Despite several advances in
unraveling the catalytic mechanism of hydrogenases through electrochemical control
combined to spectroscopic monitoring of the catalytic site [20–23], some aspects
remain unclear, such as the initial interaction between H2 and Nia-SI, how heterolytic
cleavage of H2 proceeds, and how the proton leaves the active site.

5 Glucose Oxidase

GOD is one of the most studied enzymes because of its several industrial, tech-
nological, and biomedical applications. In the bioelectrochemistry field, GOD has
been extensively studied and applied in glucose biosensing and glucose BFCs due
to its great ability to catalyze glucose oxidation [24]. GOD was found in a wide
range of organisms, including alga, fruits, insects, and fungi, mainly in Aspergillus
and Penicillium species. Aspergillus niger is the most common species utilized for
GOD production for industrial applications [24]. GOD is a homodimeric glycopro-
tein, with approximately 160 kDa and one deeply buried FAD tightly bound per
monomer (Fig. 3a). The carbohydrate moiety can vary between 11 and 30% of the
total molecular weight of the enzyme, depending on the species and the host that
expressed it. Eight potential N-glycosylation sites were identified in GOD from
Aspergillus niger and Penicillium amagasakiense, being the majority conserved in
both species [25]. In both microorganisms, an extended carbohydrate moiety (N89
in Aspergillus niger and N93 in Penicillium amagasakiense) was localized forming
a bridge between the two monomers, which provides extra stability of the GOD
dimer. The FAD-binding site is quite conserved in GOD from Aspergillus niger and
Penicillium amagasakiense; all residues forming hydrogen bonds to the cofactor are
conserved, except His78 and Thr110 in the protein from Aspergillus niger, which are
replaced by Gln78 and Ser110 in GOD from Penicillium amagasakiense, respectively
[25].



https://www.twirpx.org & http://chemistry-chemists.com
Progress in Bioelectrocatalysis 43

Fig. 3 a Structure of GOD from Penicillium amagasakiense (PDB 1GPE). b Scheme of the glucose
oxidation by GOD, with regeneration of FAD by electron transfer to molecular oxygen. c The active
site of GOD from Aspergillus niger with bonded glucose molecule. Carbon, nitrogen, oxygen,
hydrogen, and phosphorous atoms are represented in gray, blue, red, white, and orange, respectively.
Reprinted from Petrović, D., Frank, D., Kamerlin, S.C.L., Hoffmann, K., Strodel, B.: Shuffling
active site substate populations affects catalytic activity: The case of glucose oxidase. ACS Catal. 7,
6188–6197 (2017). https://pubs.acs.org/doi/10.1021/acscatal.7b01575. Further permission related
to this material should be directed to the ACS. Copyright 2017 American Chemical Society

The function of this flavoprotein is to catalyze the oxidation of glucose. This
process is divided into two sequential half-reactions: firstly, the β-D-glucose is
oxidized to D-glucono-δ-lactone, through the transfer of two protons and two elec-
trons from the substrate to FAD, in a reductive half-reaction. The D-glucono-δ-
lactone formed is then non-enzymatically hydrolyzed to gluconic acid (Fig. 3b).
Next, in the oxidative half-reaction, O2, the natural co-substrate of the enzyme, is
reduced to H2O2 for regeneration of the oxidized cofactor, as represented in Fig. 3b
[26]. Since the 1970, it is established that glucose oxidation reaction by GOD follows
a Ping-Pong Bi-Bi mechanism [27–29]. The first step of the catalytic mechanism
involves the replacing of a water molecule from the oxidized active site of the

https://pubs.acs.org/doi/10.1021/acscatal.7b01575


https://www.twirpx.org & http://chemistry-chemists.com
44 G. C. Sedenho

enzyme by a glucose molecule (Fig. 3c) [30], with simultaneous loss of a proton
from a surrounding histidine residue (His516 in Aspergillus niger) that acts as a
Lewis base. Then, a concerted hydride anion and proton transfer respectively from
the glucose substrate to FAD and to the histidine residue take place. Finally, a new
molecule of water replaces D-glucono-δ-lactone in the active site. In the oxidative
half-reaction, O2 diffuses to the active site and replaces the water molecule, and then
two protons and two electrons are transferred from FADH2 via two single electron
transfer steps, forming H2O2 and regenerating the oxidized state of the enzyme.

In this sense, some strategies have been developed to minimize the O2 compet-
itive effect, such as cofactor redesign, enzyme engineering, consumption of H2O2

generated, use of protection layers and redox mediators. Cofactor redesign consists
of replacing the native FAD with a modified flavin, such as 7,8-dichloro-FAD [31–
33]. The electrochemical studies have demonstrated that a bioelectrode made with a
native GOD loses 60% of its current in the presence of O2, whereas the bioelec-
trode employing the enzyme with modified FAD loses only 15% [33]. Enzyme
engineering for reducing O2-sensitivity requires the identification of amino acids
residues that interact with O2 during the oxidative half-reaction and the replacement
of them. Eight and five potential amino acid residues were identified to be involved
during the oxidative half-reaction with O2 in GOD from Penicilium amagasakiense
and Aspergillus niger, respectively [34]. The performance of a bioelectrode with
Ser114Ala/Phe355Leu GOD mutant from Penicilium amagasakiense was consider-
ably less affected by O2 than the wild-type GOD-based electrode [35]. In addition,
studies have shown that replacing the non-polar Val464 with polar histidine close to
the redox active site decreases the diffusion and stabilization of O2 within GOD from
Penicilium amagasakiense, becoming the bioelectrode insensitive to the presence of
oxygen and considerably more stable due to the lower amount of H2O2 generated
[36]. Other strategies to circumvent the effect of H2O2 on GOD bioelectrochemical
systems are related to enzyme immobilization. Co-immobilization of catalase [30,
37–39], horseradish peroxidase (HRP) [40], and polydopamine [41] for decomposi-
tion of the H2O2, as well as the use a protection layer consisted of lactate oxidase
and catalase to consume O2 and avoid its contact with GOD catalytic layer [42] are
able to provide O2 tolerant GOD bioelectrodes. Alternatively, H2O2 generated by
GOD on the bioanode has been used to supply the HRP biocatalyst on the cathode
of a glucose BFC [43].

Another important aspect that represents a recurrent difficulty in the development
of GOD-based bioelectrochemical systems is the efficient electrical communication
between the active site of the enzyme and the electrode surface, to achieve high elec-
tron transfer rates and consequently high catalytic currents. As previously mentioned,
the redox sites (FAD molecules) of GOD are deeply buried into the polypeptide shell
of the enzyme, which hampers DET to the electrode surface by electron tunneling.
Some strategies have emerged to decrease the distance between FAD, such as the
use of redox polymers and nanomaterials and orientated enzyme immobilization,
and enzyme modification. Since the 1980 [46, 47], redox mediators have been used
to decrease the distance that electrons need to travel from the redox active site of
GOD to the electrode surface, increasing the rate of tunneling and consequently the
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bioelectrode performance. Examples of redox mediators are: osmium-based poly-
mers [46, 48], ferrocene derivatives [47, 49, 50], ferritin [51, 52], quinone derivatives
[45], and redox dye-based polymers [44]. Also, nanomaterials such as gold [53–55]
and platinum nanoparticles [56], carbon nanotubes [57, 58], and graphene oxide [5]
have been applied with this purpose. Alternatively, GOD deglycosylation [59, 60]
and oligomerization [61] have been used to enhance the electron transfer reaction
between FAD and the electrode surface. The high content of carbohydrate moiety
on GOD acts insulating for electrical contact of the redox active site; therefore, the
enzyme deglycosylation can short the redox site/electrode distance compared to the
native enzyme. GOD oligomerization can improve the interaction of the enzyme
with the electrode surface, considerably enhancing the electron transfer rate when
compared to the native protein.

6 Multicopper Oxidases

MCO is a family of oxidases ubiquitous in the nature and can be divided into
three categories according to the specificity toward the substrates. The first category
includes laccases, which oxidize a wide range of organic substrates; the second one
is the metalloxidases, such as ceruloplasmin and cuprous oxidase, that oxidize metal
substrates; and the third category is represented by enzymes that oxidize specific
organic substrates, for example, BOD and ascorbate oxidase [10]. The overall feature
of the MCOs is the presence of at least four copper atoms in their structure, which
act in the substrate oxidation while transfer electrons to the molecular oxygen, their
natural electron acceptor.

Laccase was the first enzyme used for reducing O2, in 1979 [62]. Although BOD
was discovered and isolated in 1981 from Myrothecium verrucaria MT-1 fungal [63],
its potential for reducing O2 was demonstrated only in 2001, starting the development
of BOD-based biocathodes for BFCs [64]. In 2011, the crystallographic structure of
BOD from Myrothecium verrucaria was completely elucidated [65]. It is known BOD
(EC 1.3.3.5) is a glycosylated monomeric enzyme with molecular weight ranging
from 52 to 68 kDa, 534 amino acid residues, and four copper ions (Fig. 4a) [65].
Although laccases have been extensively studied and employed in biocathodes for
reducing O2, BODs become much more attractive for that because they show higher
catalytic activity in neutral media and are less inhibited by halides than laccases [66,
67].

The catalytic site of MCOs is formed by the arrangement of the four copper
ions, namely Type 1 (T1), Type 2 (T2), and two copper ions Type 3 (T3). The Cu
T2 and T3 (two ions) form a trinuclear cluster (TNC), which is located 1.2–1.3
nm far from T1 [65]. The T1 and T3 Cu atoms are linked by a sequence of three
amino acid residues (His-Cys-His) [68], that are conserved in MCOs, and provide a
fast intramolecular electron-transfer pathway. The catalytic mechanism of the MCO
has been widely studied by spectroscopic, crystallographic, and density-functional
theory. It is known that the oxidation of organic substrates and reduction of O2 follow
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Fig. 4 a Structure of BOD from Myrothecium verrucaria MT-1 (PDB: 2XLL). b Catalytic site
of MCOs with the arrows indicating the flow of electrons, substrate, and O2, and the blue spheres
indicating the copper ions

a ping-pong mechanism. Summarily, T1 Cu is located near the protein surface and
is the primary electron acceptor from the natural substrates. Then, the electrons are
transferred, one at a time, from T1 to the T2/T3 Cu cluster, where O2 is reduced to
water (Fig. 4b) [69–71].

Detailed chemical, spectroscopic, and computational studies of ORR catalyzed
by MCOs greatly contributed to elucidate the catalytic mechanism of those enzymes
[68–71]. It is known that the mechanism involves the formation of two highly reactive
intermediates and occurs in two 2-electron steps with the second being fast and
ensuring a four-electron process, in fact. The catalytic mechanism can be described
as follows: (1) the fully reduced native enzyme (all Cu ions in the Cu(I) state) reacts
with O2 and 2 electrons are transferred, forming a peroxy-intermediate (PI), where
O-O bond is conserved. In the PI, O2 forms a bridge between T2 Cu and T3 Cu,
being that T2 Cu and one T3 Cu are in Cu(II) state, no protons are involved in the
formation of PI. Then, (2) a 2-electron transfer occurs and PI is converted into a
native intermediate (NI). In the NI, all copper ions are in the Cu(II) state. The O-O
bond is cleaved and the oxygen atoms originally from the O2 molecule form an oxo
and a hydroxo bridge between T2 Cu and T3 Cu, and between the two T3 Cu ions,
respectively. (3) Lastly, in the presence of the electron donor substrate, the fully
reduced state of the enzyme is reestablished by the transfer of four electrons and
four protons, and releasing two H2O molecules [70]. Therefore, NI is actually the
catalytically relevant fully oxidized form of the MCOs. Studies with mutant BODs
indicated that an aspartate residue in the TNC nearby conserved in all MCOs plays
a crucial role in the proton supply for the RRO to water. In the low potential MCOs,
the T1 reduction by substrate is the rate-limiting, whereas the rate-limiting step in
turnover of high potential MCOs is the first intramolecular electron transfer to NI
[71].
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The redox potentials of the copper sites of MCOs were determined by redox titra-
tion and protein film voltammetry in anaerobic conditions. For BOD, the reduction
potentials of T1 and T2/T3 were determined to be, respectively, between 0.66 V and
0.67 V vs. SHE (standard hydrogen electrode), and between 0.38 V and 0.39 V vs.
SHE, at pH 7.0 [72–74].

In bioelectrochemical systems, the natural electron donor substrates of the MCOs
are replaced by the electrode (DET mechanism) or redox mediators (MET), which
further transfer electrons to the electrode surface. Several bioelectrochemical studies
have contributed to the understanding of the electron transfer and biocatalytic mech-
anisms of MCOs. Electrochemical studies have demonstrated the current-pH depen-
dency of BOD reflects the pKa of the aspartate residue close to the TNC, which
is involved in proton transfer during the reduction of O2 to water. In addition, at
pH close to the aspartate pKa the BOD bioelectrocatalytic rate is controlled by the
electrode potential that drives the T1 Cu reduction [66]. Therefore, the decrease of
O2 catalytic reduction currents with the electrolyte pH has been explained by the
difficulty of supplying protons by such aspartate residue in question [66].

Electrochemical studies with laccase and BOD adsorbed on electrode surfaces
have shown the enzymes can adopt different orientations on carbon-based electrodes
and bare gold electrode, which can drastically affect the electron transfer efficiency
and the bioelectrocatalysis of O2 reduction. Carbon-based electrodes lead to the most
enzyme molecules oriented with the Cu T1 site proximal to the electrode, favoring
the DET-based bioelectrocatalysis, whereas gold electrodes induce the orientation
with Cu T2/T3 cluster closer to the electrode, harming the DET bioelectroreduction
of O2 to water. It seems that DET from the electrode to the T2/T3 is possible but
leads either to no catalysis or to reduction of O2 via 2 electrons producing H2O2

[75, 76].
Recently, XAS studies under bioelectrochemical control (Fig. 5a) have signifi-

cantly contributed to the understanding of some aspects of the BOD electron transfer
mechanism [77]. Through operando XAS, it was demonstrated that an overpotential
of 150 mV is required to reduce the four Cu(II) ions of the BOD in the presence of O2

when compared to in anaerobic conditions. Although the Cu(II) ions are reduced at
a potential close to + 0.55 V (vs. Ag/AgCl/KClsat) during the electrocatalytic ORR,
they do not remain in the reduced oxidation state of +1 due to the presence of oxygen
in the reactive site, and the electrons are quickly transferred in a second reaction step
to the O2 coordinated to the Cu TNC, hence returning to the +2-oxidation state, as
schematically represented in Fig. 5b. Also, operando XAS combined with quantum
mechanics/molecular mechanics suggests the metallic cofactor electronic structure,
as well as the spatial disposition of its surrounding ligands, strongly influences the
electron transfer that promotes the biocatalysis [78].
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Fig. 5 Cu K-edge XAS spectra at different applied potentials in the absence (a) and presence (c) of
O2. Signals at 8983 eV for reductive titrations in the absence (b) and presence (d) of O2. Red lines
in panels b and d represent the fits using the Nernst equation. (e) Simplified and schematic mech-
anism of internal electron transfer in BOD in the presence of O2. Reprinted from Macedo, L.J.A.,
Hassan, A., Sedenho, G.C., Crespilho, F.N.: Assessing electron transfer reactions and catalysis in
multicopper oxidases with operando X-ray absorption spectroscopy. Nat. Commun. 11, 316 (2020).
Copyright 2020, Springer Nature
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7 Final Considerations

In recent decades, research in enzymatic bioelectrocatalysis has made great progress,
mainly regarding the understanding of biocatalytic and electron transfer mechanisms.
This only was possible to the electrochemical, spectroscopic, and computational
studies, which are often strategically combined to give detailed and multi-faceted
information on the biomolecules. The understanding of the fundamental aspects
of bioelectrocatalysis and electron transfer is not only important to understand the
redox reactions in living organisms, but also has direct impact on the obtention of
high-performance bioelectrochemical systems, such as biosensors, energy conver-
sion systems and bioelectrosynthesis, and in the development of efficient biomimetic
catalysts.
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Fundamentals Concepts
of the Large-Scale Deposition Techniques
Applied to Biodevices Manufacturing

Giovana Rosso Cagnani and Gisela Ibáñez-Redín

Abstract Large-scale fabrication techniques are the most promising pathway to
produce electrochemical biosensors with low effective cost and high speeds. These
techniques used as a part in roll-to-roll processing, in the discrete or integrated
process mode, are attractive since they allow coating flexible substrates with solu-
tions and dispersions of functional materials through technologies such as gravure,
flexography, screen printing, inkjet, slot-die, and spray. Each of these techniques
offer unique characteristics, and if combined, can allow the manufacturing of fully
printed biosensors with excellent performance. In this chapter, we overviewed the
particularities of large-scale techniques, such as operation parameters, ink require-
ments, and forces involved in the process, which are responsible for the successful
deposition of the film.

Keywords Biosensor · Large scale · Roll-to-roll · Printed techniques · Coating
techniques

1 Introduction

Initially, the development of electrochemical biosensors has been centered on the
exploitation of analytical devices capable of detecting, quantifying, and monitoring
chemical species for clinical, environmental, and industrial analyses [33]. This
purpose changed facing a new trend emerging in terms of technological achieve-
ments, e.g., advances in the field of wearable sensors. Therefore, it is not enough to
produce a standard sensor, it needs to be innovative and economically viable to have
market significance.

Large-scale processes, such as roll-to-roll, offer the biosensor field a thriving alter-
native due to the versatility—is possible to manufacture films with different patterns
depending on the technique used—and several advantages as minimal waste, low
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cost, and easy manufacturing. Additionally, roll-to-roll deposition techniques can
provide high throughput fabrication; besides the materials which are processed in
solution and directly deposited on flexible substrates, it is possible to manipulate
various materials such as nanoparticles, semiconductor polymers and carbon mate-
rials at high speed. There is a wide variety of roll-to-roll deposition techniques, such
as spray, inkjet, flexography, slot-die, gravure, and screen printing, with specific char-
acteristics that can be used to obtain a fully printed biosensor. The choice between
one and another depends on the unit operations (drying and UV curing), deposition
characteristics (thickness, number of layers, pattern), and ink properties (viscosity
and surface tension) [6]. To use spray technique, for example, the ink must have
low viscosity to produce high print resolutions and control over material thickness
[24]. The inkjet printing pre-establishes that inks are compounds with small and
enough dispersed particles to not clog the inkjet nozzle [11]. While spray and inkjet
operate at low speed, flexographic, and gravure printing can work at high speeds [3,
34] using inks with viscosity ranging from 50–500 mPa.s. Slot-die coating can also
work at high speeds and with viscous inks; on the other hand, there is no possibility
of obtaining a specific printed pattern [25] as the other techniques listed.

Generally, to be successful in the manufacture of electrochemical biosensors by
any deposition technique, the technical aspects of production must be aligned with
the particularities of the ink or vice versa. The ink composition must contain physical
properties that lead to a satisfactory application. This implies that it should be possible
to spread the ink over the surface of the substrate chosen for the biosensor (obtaining
a regular film); that the wet film should be able to remain where it is deposited (film
must not leak); and, that the drying of the film should be uniform [15]. To clarify, the
decision of what technique to use depends on the number of layers deposited, what
part of the biosensor will be produced (reference, working, or counter electrode), and
which ink will be deposited—although some inks can be modified to be deposited
by different techniques. However, the particularity of the ink used in the deposition
process depends on the type of electrochemical biosensor being manufactured.

Enzyme biosensors require deposition techniques with low or no shear stress to
avoid the loss of enzymatic activity [22]. As for the preparation of inks, it is possible to
make different formulations without harming the biosensor. Immunosensors require
preparation steps for active film deposition. Is common for antibodies to be deposited
onto films that have the function of anchoring and organizing biomolecules to later
target recognition. Inks that contain antibodies in the composition are more aqueous
and need to be manipulated in a way that dewetting does not occur [16] when they are
deposited. Biosensors that use nucleic acid as a biorecognition element, in general,
have the same requirements as immunosensors, with only some variations in the
previous layers of the active element.

In this chapter, we will present the fundamentals of the techniques compatible with
roll-to-roll processing, which is used the most to produce electrochemical biosen-
sors. We will begin introducing the roll-to-roll processing and classifying deposition
techniques as printing or coating techniques. Subsequently, we will discuss the key
manufacturing methods of electrochemical biosensors, emphasizing how deposition
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physics leads to constraints on ink design, the deposition characteristics, and the
print speed of each technique addressed.

2 Roll-to-Roll Processing

Roll-to-Roll is a process in which the movement of the substrate through two or more
rolls forms a thin film of ink, therefrom building continuously different architectures
[1]. From a fluid mechanics perspective, in the roll-to-roll process, the fluid flows
through the existing nip between a pair of rotating rolls or through depositing tools
that control the thickness and uniformity of the film [20]. This process involves
physical phenomena associated with the air–liquid interface, static and dynamic
wetting lines, and the rheology of fluids, that in most cases do not follow Newton’s
law of viscosity [7]. However, how these phenomena act in the film formation is
directly related to the technique used, as well as the forces that govern the process,
which are: (i) viscosity—drag oriented in the flow direction; (ii) capillarity—the
action of surface tension at the interface of the coating surface; (iii) Elastic force—
resistance to deformation in the solid phase; and, (iv) external force—applied force
to move the rollers (substrate rotation) [7].

To ensure satisfactory deposition, the physical factors must be aligned with the
process parameters, considering that a lot of steps will be necessary to produce a fully
printed biosensor using the roll-to-roll process. First, the substrate is unrolled from
the initial bobine, passes through the deposition tools (where physical phenomena
act) and, at the end of the process; it is rewound in the external bobine. In addition to
deposition operations, there are other processes such as substrate treatment, drying,
UV curing, etc. Each of these steps requires individual adjusts such as scrolling
speeds, tension, and alignment of the substrate, making the planning of fully inte-
grated process often difficult. Alternatively, a discrete process is used, thus each layer
is processed individually, and the roll of material is transferred to the next equipment.
Figure 1 shows a discrete (Fig. 1a) and integrated (Fig. 1b) roll-to-roll process [14].

Normally, discrete processes are used to evaluate the processing parameters and
drying mechanisms for different deposition techniques and types of ink. These char-
acteristics enable the optimization of the processes and materials involved, until they
reach sufficient maturity to be applied in an integrated production line.

3 Deposition Techniques Compatible with Roll-to-Roll
Processing Used in the Manufacturing of Biosensors

This section will present the deposition techniques, compatible with roll-to-roll
processing, most used for biosensors manufacturing. However, before presenting
them it will be necessary to clarify some concepts about printing and coating.
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Fig. 1 Roll-to-roll process in a discrete and b integrate mode

All thin film production processes conducted in solution onto a substrate can be
classified as a deposition process. The deposition processes are divided into two main
categories: printing and coating. Printing techniques are characterized by the close
contact between the printing tool and the substrate and are used for depositing defined
patterns at different scales [14]. Rotogravure, flexography, and screen printing are
examples of printing techniques. In coating techniques, there is no contact between
the deposition tool and the substrate, so it is impossible to produce patterns as draw-
ings, signs, and logos. Coating processes are often used in the deposition of contin-
uous films [14]. Slot-die is an example of the coating techniques. However, some
techniques are classified into both groups. The spray technique, which is a coating
technique, allows the formation of patterns by using molds fixed to the substrate
containing the desired pattern. Once the concepts of coating and printing have been
defined, the deposition techniques compatible with roll-to-roll processing used for
manufacturing biosensors will be presented.
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3.1 Printing Techniques

3.1.1 Screen Printing

Screen printing is a process characterized by pressing the ink through a screen by a
squeegee or puller. This action transfers the pattern that was previously engraved in
the screen printing matrix to the substrate positioned below the printing system [19].
The screen printing matrix, stretched on a wooden, or aluminum frame (screen) has
a defined mesh, i.e., a number of threads per square centimeter that correspond to the
linescreen. The definition of points of the pattern to be engraved is calculated from
the density of threads of the matrix that is made of polyester or nylon fabrics. The
preparation of the screen and engraving of the pattern occurs through the photosensi-
tivity process. Initially, the matrix is entirely covered with a photosensitive emulsion
in a dark place. Afterward, the shadow mask with the printing pattern design is
placed over the matrix and these set is placed under the light source, as indicated in
Fig. 2. The dark regions of the shadow mask block the light passage (Fig. 2a) and
correspond to the place that the ink leaks through the fabric weft (Fig. 2b). The other
regions (regions without the print pattern) are waterproofed by curing the resin and
hardening the photosensitive emulsion due to light exposure.

During the printing process, the engraved screen is placed over the substrate
(Fig. 3a), without touching it, maintaining a minimum distance (D) (Fig. 3b). Excess
ink is spilled in a side of the matrix and then is scattered across the screen, filling the
print pattern, as shown in Fig. 3a. Due to the pressure applied with a squeegee on
the screen, the ink leaks between the uncovered threads of the matrix. The elasticity
of the fabric that the screen is made of allows temporary contact of the matrix with
the substrate [19]. After the application of pressure ceases, the screen returns to the
original state and the print pattern is transferred, as indicated in Fig. 3b.

Fig. 2 Screen engraving process. a Application of light on the shadow mask onto the screen covered
with photosensitive emulsion. b Screen with pattern engraved
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Fig. 3 Screen printing process. a Position of the screen on the substrate and application of the ink.
b The squeegee movement and printing of the engraved pattern

The screen printing technique uses inks containing high viscosity, usually in the
form of pastes, with the finality of preventing leakage of the ink through the matrix as
it is spilled onto the screen. Due to the characteristics of the inks, the printed film is
relatively thick before drying (>10 μm) [32] and, for this reason, it is recommended
to use solvents with low evaporation rate, allowing accommodation of the printed
film without marks of matrix threads. Solvents with high evaporation rate cause
poor formation of the printed film and premature drying of the ink, which can cause
clogging of the matrix weft. Substrate characteristics, material of matrix, scraping
angle and speed, distance between the screen and substrate, and type of emulsion are
factors that can also interfere with the thickness and quality of the printed film [15].

There is a variation of the technique known as rotary screen printing, most used
in industrial scales. In this configuration, the pattern is engraved with small holes
in a nickel cylinder, so that the number of holes per linear centimeter defines the
linescreen. Additionally, the squeegee is positioned inside the engraving cylinder.
As it is in conventional screen printing, the squeegee applies pressure on the cylinder
that rotates in sync with the substrate, transferring the ink according to the established
printing pattern. Figure 4 shows a schematic of the rotary screen printing process.
The duration of the contact between them is determined by the substrate scrolling
speed. Film thickness depends on cylinder linescreen, squeegee pressure (defined by
the angle between squeegee and cylinder), paste viscosity, and cylinder pressure on
the substrate [32].
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Fig. 4 Scheme of the rotary screen printing process. Printing cylinder cross-section and position
of the squeegee, the ink, and the printed pattern

The advantages of the screen printing process—whether conventional or rotary—
are low operating cost, ease of changing the print pattern and compatibility with
roll-to-roll production. The difficulty in obtaining thin films (less than 1 μm) and the
need to use inks with high viscosity are some limitations of this technique. Due to
ink requirements, screen printing is commonly used only for producing some parts
of the biosensors, such as working, reference, and counter electrodes [5, 12].

3.1.2 Gravure Printing

The simplest gravure printing process consists in a system of two cylinders, one of
support and other of print, as shown in Fig. 5. The print cylinder, which contains
the printing pattern, is partially inserted into the ink bath to be refilled continuously.
The excess of ink is removed using a doctor blade before coming into contact with
the substrate, leaving only the ink of the cavities of engraved pattern [27]. The print
cylinder is tensioned against the support cylinder, that controls the substrate, and
then, the pattern is transferred by the contact between the substrate and the print
cylinder [29].

Often, the support cylinder is encased with rubber to ensure good contact between
the substrate and the print cylinder. The print cylinder receives electrostatic nickel
and copper baths over which the printing pattern is engraved by electromechanical,
chemical, and laser techniques. Posteriorly, it is covered with a chrome electrolytic
bath to ensure the cylinder’s durability against the scraping process. The printing
pattern is defined as the percentage of the total cavity volume, which can range
between values from 0 to 100% and represents the tone of the print cylinder. Several
parameters define the printing quality and thickness of the film deposited in the
gravure process. These factors are divided into three groups: printing parameters,
characteristics of the inks, and cylinder engraving. The printing parameters involve
the rotation speed of the print and the support cylinders, contact pressure between the
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Fig. 5 Scheme of the direct gravure printing process showing the support cylinder, print cylinder,
doctor blade, and ink bath

cylinders, and doctor blade inclination angle. The characteristics required for inks
include properties such as viscosity—responsible for keeping the ink in the pore;
surface tension—which ensure the entry of ink into the cavity; solids concentration—
in relation to the dry thickness; and solvent type—evaporation rate that defines the
film uniformity [10].

In the manufacture of biosensors, the gravure process can be used both to print
electrodes and to print functional materials or biomolecules. However, the desired
characteristics for each printed layer must be evaluated, because for biomolecules
the spatial orientation is important for the biorecognition process with the target.

3.1.3 Flexography Printing

The flexographic printing process begins by supplying the ink to the anilox cylinder,
a ceramic cylinder with microcavities on the surface. These microcavities control
spacing and specific ink volumes per area [27]. The anilox cylinder is continuously
filled from the contact with a supply cylinder or from partial immersion in an ink
bath. Excess of ink in the anilox is removed using a doctor blade that ensures good
control of the transferred ink volume. Afterward, the ink from the anilox cylinder
is transferred to the soft printing plate cylinder, which is the printing pattern itself,
made of rubber or an embossed photopolymer and fixed with a special double-sided
tape. Both the soft printing plate and the tape have defined variations in thickness and
hardness, indicated according to the application. The printing of the pattern occurs
through direct contact between the printing cylinder and the substrate, controlled
by the support cylinder [21]. Is possible to observe in Fig. 6a how the cylinders are
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Fig. 6 Scheme of flexography printing process. a Position of anilox, soft printing plate, and support
cylinders. b Transferring of the ink to the substrate

positioned and how the ink is transferred to the substrate in flexography printing
process, Fig. 6b.

For the film printed by flexography to present uniformity, the inks used must
have low viscosity. This allows the ink to quickly flow from the print cylinder to the
substrate. Inks with high viscosity prevent the correct filling of the printing pattern
and the proper transfer to the substrate due to the surface tension effect created on
the printing pattern walls, causing problems such as clogging and loss of print detail.

As with gravure printing, the flexographic printing process can be used to print
several layers of biosensor as the electrodes, functional materials, and biomolecules.
Although, in flexography printing, the more intense shear stress between the blade
and the soft printing plate cylinder—or between cylinders—can compromise the
stability of biomolecules.

3.1.4 Inkjet Printing

The inkjet printing process is carried by the deposition of small individual ink drops,
so that each drop corresponds to one pixel of the pattern printed on the substrate after
evaporation of the solvent [13]. Inkjet printers can operate in two modes: continuous
and drop-on-demand (DOD) mode [31], the latter being the most used widely.

In DOD mode, the ink drop formation takes place in two ways: ink compression
through the print nozzle (piezoelectric) or by heating the ink, both demonstrated in
Fig. 7. In the piezoelectric actuation system (Fig. 7a), the application of a potential
in the piezoelectric element in contact with the printer nozzle promotes a volume
displacement (Fig. 7b) and the ejection of one ink drop (Fig. 7c) [18, 31]. On the
thermal actuation system (Fig. 7d), drop ejection occurs by the formation of gas
bubbles due to evaporation of the solvent in contact with the heating element (Fig. 7e),
increasing internal pressure and expelling a volume of ink through the printing nozzle
(Fig. 7f) [13, 18]. Due to the drop formation process, the inks used in the inkjet
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Fig. 7 Droplet ejection in a thermally and d piezoelectric system actuation of inkjet printers oper-
ated in DOD mode. b Contraction of piezoelectric element and the formation of the droplet. c
Droplet ejection in piezoelectric system actuation e Gas bubble formation by the actuation of
heating element. f Droplet ejection in thermal system actuation. Adapted from [18]

printing process must have low viscosity and high surface tension to easily generate
the flow of droplets.

The dry thickness of films printed using the inkjet technique can be calculated
from the number of drops delivered per area, the individual drop volume and the
concentration of solid materials in the ink [14], by the following relationship:

d = Nd × Vd
C

ρ
(1)
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where Nd is the number of droplets delivered per area (cm2), Vd is the volume of
the droplets (cm3), C is the concentration of the ink (g cm−3), and ρ is the density
of the ink (g cm−3).

In contrast to other printing techniques, where there is a pre-engraved pattern
in the deposition tool, on inkjet printing this pattern is easily modified in a
computer program. Thus, in terms of design, is acceptable that a biosensor can be
completely manufactured by inkjet printing. However, factors such as organization
of biomolecules, loss of activity (for enzymes), and production speed (inkjet printing
operates at low speed) must be carefully analyzed.

3.2 Coating Techniques

3.2.1 Spray

The use of the spray nozzle characterizes the film deposition using spray coating
technique. In this process, the film deposition is made by pressurizing the hose that
supplies ink to the spray nozzle, in this way the controlled entry of air into the hose
creates small droplets of ink which are launched onto the substrate positioned below
the nozzle, as indicated in Fig. 8. The kinetic energy of the droplets helps them spread
over the substrate upon impact, obligating the formation of a uniform layer [27].

Variations in the nozzle control parameters such as air entrance, ink volume, a
mixture of air/ink inside the nozzle, and nozzle opening in the exit-atomized fluid are
responsible for producing ink deposits with different characteristics [30]. Further-
more, different nozzle formats as well as conical, plane, and directional (focused
on a point)—illustrated in Fig. 9—also modify the structure of the deposited films.
Therefore, the film thickness manufactured using the spray technique is determined
from the distance between the spray nozzle and the substrate, the coating speed and
the number of sprayed layers [28].

Fig. 8 Scheme of spray coating process with an indication of air entrance, ink supply, and atomized
nozzle
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Fig. 9 Spray nozzle formats commonly used: a Conic, b plane, and c directional

Another important parameter is the drying temperature of the deposited film. The
drying temperature must be chosen according to the specifications of the solvent
or the solvent mixture used in the ink [2]. High temperatures promote rapid evap-
oration of the solvent, which can cause defects such as the formation of bubbles,
delamination and drying of the droplets preventing the formation of uniform film
[9]. The disadvantage of using spray coating is a limitation due to the viscosity of
the inks. High viscous inks cause spray nozzle clogging and for this reason the spray
technique is selected to functionalize the biosensor work electrode.

3.2.2 Slot-Die Coating

Slot-die coating is a versatile and widely used process to create uniform thin films.
During the coating process with a conventional slot-die (see Fig. 10a), the ink is
pumped through the shim inside the die with defined dimensions, filling the gap
between the slot-die head and the substrate [26]. This gap is called the coating gap,
as shown in Fig. 10b. As the substrate is moved, the ink present in the coating gap
forms a wet film, previously bounded by the meniscus upstream and downstream of
the gap, toward displacement. After solvent evaporation or solidification, a dry film
can be obtained on the substrate surface [8].

The slot-die coating technique is a pre-measured process, in which the wet thick-
ness can be pre-set and precisely controlled by adjusting the processing parameters,
as shown in Eq. 2 [14]. Already, the approximate dry film thickness is obtained from
the product between Eq. 2 and the relation between the concentration of solids and
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Fig. 10 Slot-die coating technique. a Conventional slot-die coating with single deposition head. b
Cross-section of slot-die head showing the shim and expanded image of coating gap

Fig. 11 Coating window and regions outside the window where defects as ribbing, rivulets, barring,
air entrainment in the ink bed, and meniscus disruption occur due to the combinations of process
parameters established outside the operating range. Adapted from [23]

the density of the ink, Eq. 3 [14].

d = f

v × w
(2)

d = f

v × w
× c

ρ
(3)
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where d corresponds to the thickness in cm, f to flow rate in cm3 min−1,v to
substrate scrolling speed in cm min−1, w to shim width, c to ink solids concentration
in g cm−3, and ρ to dry film density in g cm−3.

To maintain uniform thickness across the film, the coating process must occur
within an operating range that determines appropriate working values for processing
parameters, such as substrate rotation speed, ink flow rate, coating gap height, ink
viscosity, and surface tension, for each type of slot-die head. This region, which the
coated film is free from defects, is called the coating window. Outside the window,
the film thickness change due to defects as well as ribbing, barring, rivulets, air
entrainment into the meniscus, and meniscus disruption, e.g. There may not even be
a continuous layer covering the substrate [23]. Figure 11 shows the defect-free region
for a conventional slot-die die and the coating defects outside the coating window.

The region of the coating window is related, besides the processing parameters
and physical properties, with the shape of the slot-die head and the distance between
the die and the substrate [4]. For inks with low viscosity, it is necessary to modify
the slot-die head design to increase the shear rate, smooth the fluid in the coating
gap, and force film deposition without the die acting as a barrier. As for viscous inks,
the design of the die must be suitable to the shear rate does not negatively affect the
film formation. Already, the distance from the slot-die to the roll or substrate is, in
general, determined by the film thickness and the viscosity of the ink to be applied.
Materials with low viscosity or difficult to smooth require small coating gaps, that
is, less distance between the die and the substrate [17].

Despite working in a limited range of parameters and producing patternless contin-
uous films, the slot-die coating technique is still attractive for the fabrication of
biosensors. This is because depending on the characteristics of the ink used, mainly
related to its viscosity, the adjustment of the processing parameters is more easily
done than in other coating or printing techniques. In addition, it is possible to use
this technique for the complete fabrication of the biosensor, safeguard the use of
masks with pattern design for depositing working electrodes, counter electrode and
reference electrode.

4 Conclusion and Outlook

This chapter outlines some roll-to-roll compatible large-scale manufacturing tech-
niques with application in the development of electrochemical biosensors. Screen
printing, gravure, flexography, and inkjet were the printing techniques presented in
this chapter. Whereas, spray and slot-die were the coating techniques cited. For each
technique mentioned, the physical properties and the process parameters that inter-
fere in the deposition were highlighted. In roll-to-roll processing, the deposition steps
demands more attention, as it directly influences in the building or functionalization
of biosensors electrode. Is at this stage that the coating or printing techniques are
selected, and the choice between one and the other depends on the ink properties, as
well as on the characteristics required for the biosensor.
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In general, techniques that require the use of viscous inks or allow the formation of
printed patterns are used for the fabrication of the biosensor electrodes. Techniques
that use inks with low viscosity and produce continuous films are used to modify the
surface of the working electrode. Depending on the type of biosensor being manufac-
tured, techniques with high shear stress should be discarded, as they can interfere in
the properties of the active element. Thus, before any initiative to produce a biosensor
using large-scale deposition techniques, it is correct evaluated the processes in a
discrete mode, i.e., separately. This ensures the control of the variables involved in
the deposition systems and contributes to the development of an integrated process
for the production of fully printed devices using techniques compatible with roll-to-
roll processing. Large-scale deposition processes have emerged as a promising trend
to reduce the cost of manufacturing sensors and biosensors.
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Volume-Confined Biomolecules
for Application in Biocatalysis

Rodrigo M. Iost

Abstract Enzymes can catalyze innumerous metabolic process in living organisms.
They are involved in all chemical pathways that are essential for life and are part
of a complex network of biological functions that realize efficient and selective
biochemical reactions. An important characteristic of such natural catalysts is that
their activity is usually regulated by their spatial organization, forming macromolec-
ular structures, eventually being cooperatively part of multistep or cascade chemical
reactions. Advanced scientific studies in this field aims to future technological appli-
cations, such as the development new generation of artificial environments to carry
out a desirable chemical synthesis or even for target drug release applications. Many
efforts to transfer such biomolecules to a non-native environment require that they
are either bound or adsorbed to a membrane, or even physically confined in to a
volume defined by an artificial compartment, at micro or nanoscale level. However,
the creation of an artificial environment, able to perform desirable chemical reac-
tions, is not a simple task. One of the reasons for that is the difficulty to obtain a
synthetic media comparable to the conditions of biological medium. Herein, we will
discuss some of the main strategies used for the spatial confinement of biomolecules
in a specific volume for application in biocatalysis. For this purpose, we will focus on
the use of polymer vesicles, liposomes, and virus-like particles as the main strategies
used for micro- and nanoconfinement of enzymes.

Keywords Biocatalysis · Biomolecules · Immobilization · Volume-Confined

1 Introduction

1.1 Volume-Confined Biomolecules

The biological activity of biomolecules in diluted conditions can be different from
their activity in crowding conditions [1]. The effect of crowding condition alter the
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structure and functions of enzymes and can be exemplified when enzymes undergo its
biological activity inside living cells [2]. Cells contains a relative high concentration
of macromolecules and crowding conditions that affects the spatial confinement of
enzymes [3]. This is basically an important consideration when artificial micro- and
nanoreactors are designed [4]. The volume-confinement of metabolic enzymes could
improve their catalytic efficiency by favoring consecutive reactions that are placed
in close proximity to each other, reducing the diffusion distance of metabolites and
performing a maximum efficiency of an enzymatic reaction [5]. For this purpose, an
overaching concept for engineering synthetic compartments from polymeric mate-
rials and biomaterials has been stablished for numerous practical applications, such as
in biosynthesis, gene therapy, tissue engineering, or medicine. When medical appli-
cations are desirable, studies of biocompatibility [6], stability in vitro and in vivo [7],
and biodegradability mechanisms [8] are also necessary. For example, major efforts
are focused on the use of synthetic polymers vesicles (polymersomes), liposomes,
proteins, or virus-like particles for fabrication of the capsules [9].

Polymersomes are hollow spheres structures inspired by natural phospholipids
found in living cells that comprises water in its core and are surrounded by a
block copolymer membrane [10]. If properly designed, polymersomes can achieve
controlled drug release through stimuli-responsive chemistry [11], e.g., by incor-
poration of proteins and other protocols for surface functionalization with specific
ligands [12] or even used as emissive fluorophores to give rise a localized optical
signal for tumor issue analysis [13]. Many studies have been reported in the liter-
ature aiming the mimicking of natural compartments for biological reactions [14].
One of the fundamental problems is the proper choice of the material used for the
compartmentalization of biological molecules, such as by the use of layer-by-layer
deposition [15], sol–gel chemistry [16], or using capillary microfluidic devices for
and efficient encapsulation of the proteins in double emulsion drops [17]. Due to the
versatile properties of polymersomes and their ability to compartmentalize aqueous
and different organic solvents, their applications can be extended to design chem-
ical reactions in micro and nanoreactors, e.g., to produce adenosine triphosphate
(ATP) [18]. The use of polymersomes as encapsulating agents of enzymes can be
then advantageous to control the release of some specific products of reaction. The
entrapment of enzymes within polymersomes can be used as active micro- or nanore-
actors and the integration of selective membrane channel proteins can be incorpo-
rated to provide selective mass transfer for specific products of reaction [12]. As an
example, polymersomes can undergoes biocatalysis in biphasic reaction systems at
which enzymes are present in aqueous phase and the reaction products are transferred
to a specific organic solvent outside the membrane [19]. Another important aspect
for the production of polymersomes is the high level of control of the enzymes in
separate domains within polymersomes to carry out cascade reactions.

The compartmentalization of enzymes are an important step to mimic the coupling
biological process in nature, such as by the incorporation of enzymes in polymer-
somes. For example, the investigation of the structural stability formed by a diblock
copolymer polymersome with selective incorporation of Candida antarctica lipase
B (CALB), horseradish peroxidase (HRP), and glucose oxidase (GOx) [20] was
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carry out using transmission electron microscopy (TEM), with a clear evidence that
the incorporation of the enzymes did not disrupt the structure of the nanoreactor
[20]. The diameter of the polymersomes was around 50–1100 nm (average diameter
of 517 nm). The enzyme activity in to polymersomes as well as the confirmation
of the incorporation in to the polymersomes was then monitored by fluorescence
spectroscopy. The enzyme CALB labeled with Alexa Fluor 48 was incorporated in
to the membrane of the polymersome. Both soluble and aggregates was located in
the membrane and in the internal water pool of the polymersome and independently
studied by switching the excitation wavelengths from 488 to 633 nm, respectively, and
highlights the positional assembly of the enzymes in different regions of the polymer-
some using lyophilization approach [20]. The positional assembly was also extended
for the incorporation of the enzymes GOx and HRP. HRP was incorporated in to the
hydrophilic domains of the membrane of the polymersome and GOx was entrapped
in to the water pool of the polymersome. The coupling reaction between GOx/HRP
was firstly monitored spectroscopically. In this experimental approach, the reaction
pathway from the outside of the polymersome through the enzyme GOx in the inner
pool reaches the enzyme HRP located in to the membrane. The reaction pathway
was followed by the presence of 2, 2′-azinobis(3-ethyl-benzothiazoline-6-sulphonic
acid) (ABTS). The reaction pathway proceeds smoothly through the addition of
glucose in to the reaction environment. Glucose readily permeate the membrane of
the polymersome, resulting in the enzymatic conversion of glucose in to lactone and
hydrogen peroxide (H2O2) as subproduct of reaction. H2O2 is subsequently utilized
by HRP to convert ABTS to ABTSC•+, with maximum efficiency of conversion at pH
5.5 (three times faster when compared to pH 7.5). The one-pot multistep reactions
for the three-enzyme system was also monitored using 1, 2, 3, 4-tetra-O-acetyl-b-
glucopyranose as substrate. In a first reaction step (the rate-limiting step of reaction),
CALB was responsible to hydrolyze acetate groups before the followed reaction
pathway by GOx-HRP. The experiments also showed that the conversion reaction in
polymersomes was also much more effective than in solution; in the absence of ABTS
no enzymatic reaction can proceed. Moreover, the three-enzyme reaction system in
polymersomes highlights the clear benefit of encapsulation approach, with a loss of
activity of around 87.5% when compared to enzymatic reaction in solution after one
month [20].

Cell membranes are formed by natural phospholipids bilayer, to which proteins
and other small molecules are bound [21]. Phospholipids can be self-assemble on
their own to form vesicles with a spherical phospholipidic bilayer, or liposomes [22].
Liposomes as well as polymersomes are often classified according to their lamellar
properties and diameter to form small unilamellar vesicles (SUVs, 20–100 nm), large
unilamellar vesicles (LUVs, 100 nm–1 μm), and giant unilamellar vesicles (GUVs,
> 1 μm) [23]. Also, the particular hydrophobic lipidic bilayer with a hydrophilic
nature of the inner core favors the encapsulation of proteins, enzymes, photosensi-
tizers, vaccines, etc., for a broad range of applications. Although liposomes are good
mimics of natural cells membranes they are difficult to handle in comparison to poly-
mersomes basically because of its lower physical stability, higher chemical instability
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due to the oxidation and hydrolysis of lipidic bilayer membrane [23]. The lower chem-
ical versatility of the membrane is also a limiting factor when practical applications
are envisioned. However, liposomes can be also a pathway of synthetic compart-
mentalization of biomolecules, such as enzymes, and can be prepared according
to many protocols of encapsulation [24]. As an example, lipid vesicles are used to
obtain living/synthetic hybrid cells to perform a synthetic enzymatic metabolism co-
encapsulated in the vesicle [25]. One important feature of lipid vesicles is the perme-
ability of substrates and products of reaction through the membrane. The substantial
permeability of the molecules is reported to depend on the dynamics of the lipid
membrane and also due to the relative size of uncharged molecules [26]. On the
other hand, lipidic bilayer membranes are reported to have selective permeability to
charged molecules or other macromolecular species, e.g., generated as products of an
enzymatic reaction. The selective permeability of reaction products was reported for
the trapping of individual horseradish peroxidase (HRP) biomolecule within LUVs
[27], as shown in Fig. 1.

The reaction of the enzyme HRP was studied when encapsulated within surface-
tethered lipid vesicles using biotin-avidin chemistry [27]. The LUVs were used to
mimic cellular entrapment of HRP (0.5 μmol L−1)(Fig. 1a), and the progress of enzy-
matic reaction was based on the HRP-catalyzed oxidation of the non-fluorescent
uncharged molecule Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) in to the
fluorescent product resorufin (7-hydroxy-3H-phenoxazin-3-one) in the presence of
H2O2. Ample red diffuses freely through the lipid bilayer membrane in to the inner
cage of the LUVs, where HRP catalyze its oxidation reaction; H2O2 can also cross
the bilipidic membrane [28]. However, the product resofurin cannot cross the phos-
pholipids bilayer at neutral pH due to their negative charge causing its accumulation
inside the vesicle and was monitored by the increase in the fluorescence signal as the
reaction proceed [27]. Figure 1b shows the Microscopic image of a typical sample
where the bright spots correspond to the positions of individual vesicles with accu-
mulation of product molecules. The addition of resofurin to the outside of the LUVs
did not show the same localized bright spots and no indication of the adsorption by
the membrane of the vesicles [27]. Figure 1c–f shows the decline of time traces of
fluorescence signals over time of individual vesicles containing enzyme molecules,
and not the substrates but the product inhibition is the main cause for the suppression
of the reaction. In this case, the Edie-Hofstee plot of v (μmol s−1) as a function of
v/[H2O2] with a fixed initial concentration of resofurin was used to determine the
allosteric inhibition by the product of reaction and a clear prove why enzymatic reac-
tion rates inside vesicles eventually decreases toward close to zero. A possible way to
avoid the suppression of enzymatic activity inside vesicles could be the introduction
of pores to facilitate the product scape from the inside of the vesicles, preventing its
accumulation [27].

Viruses are intracellular parasites that depend on host living cells machineries for
their replication [29]. The structure of virus is formed by its protein shell, or capsid,
and their genetic material. Virus-like nanoparticles can have different size and shapes
according to the chemical environment (e.g., pH and ionic strength), are chemi-
cally stable and are similar to the original structure of viruses but without the viral
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Fig. 1 Individual HRP Trapped in Lipid Vesicles. a An individual enzyme molecule within a
lipid vesicle. A LUV encapsulating a single HRP molecule is attached to a glass-supported lipid
bilayer using biotin-avidin chemistry. Externally added Amplex Red substrate molecules penetrate
the vesicle and react with the enzyme, leading to creation of the fluorescent product resorufin that
remains trapped in the vesicle interior. Microscope image of a sample with surface-tethered vesicles
containing single HRP molecules after incubation with the substrate. The bright spots represent the
positions of vesicles where fluorescent resorufin was produced and accumulated. b–f Representative
time traces of the fluorescence intensity from individual vesicles as a function of time. Following
an initial rapid rise, the fluorescence signal approaches a plateau (Reproduced with permission of
reference [27])

genome [9]. The basic structure of viruses can be used to insert many kinds of biolog-
ical molecules [30], such as redox proteins and enzymes, according to non-covalent
encapsulation [31], covalent encapsulation [32], charge-mediated encapsulation [33],
RNA aptamer-mediated encapsulation [34], scaffolding protein-mediated encapsula-
tion [35], unnatural amino acid-mediated encapsulation [36], and enzyme-mediated
encapsulation [37]. Also, the use of virus-like nanoparticles as encapsulating agents
provides several advantages for practical applications because they can prevent degra-
dation with the environment and improve the delivery to a specific target [9]. This also
resumes the enormous potential of virus-like nanoparticles as drug-delivery systems.
In particular, virus-like nanoparticles can also be used to create a favorable condi-
tion for encapsulation of enzymes for creation of functional enzymatic virus-like
nanoparticles. An important aspect of such capsides is also the porosity of its molec-
ular structure for possible control of reaction product release. As an example, a virus
capside was investigated as a nanoreactor for biocatalytic reaction of an individual
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HRP enzyme [38]. In this case, the enzymatic activity of the HRP biomolecules within
virus capside was examined at the single-molecule level using confocal fluorescence
[38]. The relative increase of fluorescence signal was monitored inside a single virus
capside over time as a result of the formation of enzyme-product complex. The
accumulation of reaction product was also responsible in this case for the suppres-
sion of the enzymatic activity. HRP catalyzes the oxidation of the non-fluorescent
substrate dihydrorhodamine 6G to produce the highly fluorescent dye rhodamine
6G. The rhodamine 6G was then monitored in the course of the biocatalytic reaction.
Interestingly, the characteristic diffusion time (τD) of rhodamine was around three
orders of magnitude when compared to rhodamine in pure water. The difference of
magnitude of τD was attributed to the virus capside that hampers the diffusion of
the molecules through the pores of the capside wall, which is also dependent on the
pH and temperature of the chemical environment [38]. In another example, a single
protein virus-based nanocages was reported to study cascade enzymatic reactions
performed by two cascade systems, glucose oxidase–peroxidase mimic of ssDNA
with hemin (GOx-DNAzyme) and glucose oxidase-glucono kinase (GOx-GCK) [39]
(Fig. 2).

Single- and complementary-stranded DNA tags were chemically attached to the
redox enzymes by using the cross-linking agent N-[ε-maleimidocaproyloxy] sulfos-
uccinimide ester, promoting its co-encapsulation inside virus capside [39]. The DNA
tags and the outside of the capsides provided tunable system by varying the molecular
length of the DNA and buffer salt concentration, with the enzymes non-covalently
bound but instead incorporated in to the protein cage of the virus [39]. This protocol
was used to create two cascade reaction systems. Figure 2a shows the formation of
the capside-like structure with ssDNA (catalytic active in the presence of hemin)
and Fig. 2b shows GOx enzyme functionalized with ssDNA. Figures 2c and d show
the GCK functionalized with ssDNA and GOx conjugated to GCK, respectively.
The enzymatic catalytic activity of both encapsulated cascade systems I (GOx-
DNAzyme) and II (GOx-GCK). In the first enzymatic cascade system (Fig. 2e),
glucose is converted by GOx enzyme to gluconolactone and H2O2 as subproduct
of reaction. H2O2 is consumed by the DNAzyme in the reaction with ABTS as
well as by catalase enzyme. The formation of ABTS cation radical (ABTS•+) by the
catalytic activity of GOx-DNAzyme was monitored at λ = 410 nm after the addi-
tion of glucose in the reaction system [39]. For the reaction system GOx-GCK, the
formation of the end product of reaction nicotinamide adenine dinucleotide phos-
phate (NADPH) was monitored upon addition of glucose in to the reaction system,
at λ = 340 nm. Figures 2f and g show the Michaelis–Menten kinetics of reaction
for cascade systems I and II, respectively, with KM values similar for both systems.
On the other hand, kcat showed a twofold increase for encapsulated systems [39].
Figure 2h shows the kinetic reaction measurements for the production of ABTS•+

in the presence of and after pH inactivation of the enzyme catalase. Both reaction
cascade reaction pathways also showed that glucose substrate was able to diffuse in
to the virus capside shell [39]. DNAzyme exhibit lower catalytic efficiency in the
presence of H2O2. However, an experimental evidence showed that the subproduct
of reaction H2O2 can diffuse out of the virus capside and react with enzyme catalase.
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Fig. 2 Enzymatic Cascade Reactions in Virus-based Nanocages. Encapsulation of a ssDNA in
yellow, b GOx, in blue, functionalized with ssDNA, c GCK, in green, functionalized with the
complementary ssDNA in red, d GOx conjugated to GCK. The specific sequence of ssDNA is
catalytically active in the presence of hemin. e Schematic representation of cascade system I in the
presence of a competing enzyme, catalase (encapsulated processes shown in gray boxes). f Kinetic
measurements of cascade system I; the production of ABTS•+ was monitored at λ = 410 nm at
different glucose concentrations. g Kinetic measurements of cascade system II; the production of
NADPH was monitored at λ = 340 nm at different glucose concentrations. h Kinetic measurements
for the production of ABTS•+ in the presence of and after pH inactivation of the competing enzyme,
catalase. i Cryo-electron micrograph of GOx–ssDNA loaded CCMV capsids. Black arrows indicate
elongated particles, and red arrowheads indicate irregular particles. Two-dimensional class averages
derived from the final 15481 particle data set (inset). Bar, 50 nm. j Surface-shaded representation of
the outer surface of the class I T = 1 capsid (diameter 21.4 nm) viewed along a 2-, 3-, and 5-fold axis
of icosahedral symmetry (top to bottom). Models of the class I T = 1 capsid, with the front half of
the cargo and protein shell removed (right). Protein shell is white, cargo is yellow. Arrow indicates
a 2-fold axis of icosahedral symmetry. k Surface-shaded representations of the outer surface of the
class II T = 1 capsid (diameter 22.6 nm) (as in B) (Reproduced with permission of reference [39].
Copyright 2017, American Chemical Society)

2 Final Considerations

It is envisioned that the control of physical and chemical properties of such volume-
confined environments can be able to overcome some practical limitations regards
to the production of desirable chemicals or even the pathway to which enzymes
can catalyze multistep or cascade chemical reactions. In this way, to understand
the biocatalytic behavior of enzymes in volume-confined environments is a funda-
mental step toward practical application in many fields of research. For example, the
confinement of biological molecules such as enzymes in micro- or nanoscale reactors
strongly influences how the reaction rate of enzymes are carry out, the stability of the
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enzymes or even the efficiency of the biocatalytic reaction by the possibility to control
the local reaction environment. Similarly, the selective control of the reaction prod-
ucts and selective release from the inner to the external chemical environment can be
a fundamental step for practical applications in synthesis and medical applications.
These are basically some of the fundamental steps toward the mimic of biological
reactions in living organisms. However, the design of micro- or nanoscale environ-
ments with controllable production and release of chemicals is a current challenge in
chemistry. Basically, the choice of an appropriate material for the fabrication of the
cage could depend on the desirable application. Also, the capability of fabrication
of nanoscale environments can provided us to acquire new information about the
enzyme kinetics at single-molecule level that cannot be obtained when bulk experi-
ments are realized. It is also desirable to develop new protocols for controlling and
simultaneously probe chemical reactions in real-time in crowded environments as
an important step for the development of new artificial systems.
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Organic Semiconductors as Support
Material for Electrochemical
Biorecognition: Advantages, Properties,
and Biofunctionalization
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Abstract Organic semiconductors are among the most promising class of mate-
rials for the development of highly efficient bioelectrochemical devices. They have
versatility in their structure, morphology, and composition to provide a suitable envi-
ronment for the immobilization of biomolecules, in addition to booster the electron
transfer to the electrode. This chapter summarizes the basic properties of conducting
polymers and carbon-based materials (focusing on carbon nanotubes, graphene, and
derivatives), as well as synthesis methods to obtain materials with improved proper-
ties for application as electrochemical biosensor. Subsequently, it will be discussed
strategies for immobilizing the biorecognition elements on the surface of the material.

Keywords Organic semiconductor · Conducting polymer · Carbon nanotube ·
Graphene · Biofunctionalization · Electrochemical biosensor

1 Introduction

Organic semiconductors have received increasing attention for their application as
support material for electrochemical biorecognition due to their versatility in chem-
ical, morphological, and electrochemical behavior, in addition to low cost for produc-
tion. Tailoring their surface properties and composition during the synthesis allows
efficient biomolecules immobilization for an excellent biorecognition performance
and simple operation for a variety of analytes. In this type of biosensor, the organic
semiconductor may contribute to both sensing and transduction.
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In addition to the chemical composition versatility, these materials can be easily
combined with other nanomaterials to improve their biosensor performance. The
formation of nanostructured organic semiconductors or the combination with hydro-
gels, for example, improves the charge transport and mechanical properties, respec-
tively [38, 52, 56]. Furthermore, many strategies have also been reported to improve
chemical stability, crystallinity, charge transport, active surface sites, and interactions
with biomolecules. For instance, the organic semiconductors can be either functional-
ized or combined with varied materials (such as metal and metal oxide nanoparticles,
molecularly imprinted polymers, and ionic liquids) to obtain nanocomposites with
improved chemical stability and large surface area in nano/microporous structures.

The simplicity, high sensitivity, selectivity, robustness, feasibility for mass produc-
tion, miniaturization, multiplexing, and portability make the organic semiconductor
based electrochemical biosensors attractive for the development of point-of-care
(PoC) devices [52, 80, 84]. The PoC diagnostics field had been rapidly developed
over the past few decades, leading to the commercialization of novel sensing tech-
nologies and arrays, consisting of bioreceptors that drive a selective recognition of
the target of interest [54, 75]. However, the limited recognition elements stability, the
high cost for device fabrication and for obtaining the isolated biomolecules has been
encouraged the development of new matrices as support material to allow efficient
immobilization of these biomolecules in a suitable environment for biorecognition.

The feasibility and low cost of conducting polymers (CPs) production allow
straightforward applications, as they can function as sensing elements and trans-
ducers simultaneously. These characteristics enable the simplification of the sensor
design, providing a direct electrical readout during the detection of the analytes.
The remarkable advantages of CPs over other support materials for electrochemical
biorecognition are mainly: (i) improved response to the target, (ii) high sensitivity to
small perturbations in environmental conditions, allowing the conversion of a binding
event to an electrical readout in a fast measurement, (iii) enhanced sensitivity toward
chain conformation alterations, arising from their π structure, (iv) easy processability,
(v) low cost, (vi) long lifetime, (vii) the possibility to obtain flexible devices, and
finally, (viii) their good electroactivity in buffer solutions and lower/none toxicity
effect, turning to be an ideal choice for biosensor fabrication [58, 70] to detect, for
example, nucleic acids, proteins, and whole SARS-CoV-2 [58, 70, 74].

Carbon-based materials are a versatile option to compose the chemically modified
electrodes for electrochemical biorecognition due to their singular physicochemical
characteristics. Furthermore, the electronic properties of some carbon-based mate-
rials, such as graphene and carbon nanotubes (CNTs), can improve the biosensor
response and allow its miniaturization. The electrode modification with carbon-
based materials or nanocomposites containing carbon allotrope might contribute
to the sensor response and biomolecules immobilization. The sp2 carbon-bonded
structures provide high electrical conductivity, which enhances the charge transfer
on modified electrodes. Additionally, the functionalization of carbon nanomaterials
and biocompatibility make them suitable for stabilizing the biorecognition element
(preventing unbinding or enzyme denaturation, increasing the biosensor lifetime)
and composing wearable devices [20, 26, 69].
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Among the carbon-based nanomaterials, graphene and CNTs have been widely
applied in the biosensors field for some specific reasons: (i) the possibility to func-
tionalize the surface with any functional group of interest, (ii) the elevated surface
area, (iii) high electrical conductivity, and (iv) transducer action converting the inter-
action between the biorecognition element and the analyte into a measurable signal
[26].

Therefore, the outstanding properties of CPs, CNTs, graphene, and derivatives
explain the efforts to apply these organic semiconductors as support material for
electrochemical biorecognition. Hence, firstly in this chapter, a description of their
properties and biofunctionalization are described. The next chapter is focused on
describing strategies for the electrochemical biorecognition and finally, it is presented
some trends toward the designing of miniaturized high-performance devices, such
as by using machine learning and screen-printed electrodes technology.

2 Organic Semiconductors

2.1 Conducting Polymers

The CPs are well known for presenting interesting optical, electrochemical, mechan-
ical, and electrical properties after being submitted to a doping process when charge
carriers are formed. The most widely investigated CPs for electrochemical biosensors
are polyaniline (PANI), polypyrrole (PPy), and poly (3,4-ethylenedioxythiophene)
(PEDOT) [46, 74]. These materials present interesting properties for electrochemical
transduction, such as low ionization potential, good electrical conductivity, and high
electronic affinity [52].

The semiconductor behavior of these organic materials results from a band gap
dependent on their chemical structures. During the polymerization of p-type semi-
conductors, such as PANI, PPy, and PEDOT, the monomer is oxidized to form a
radical cation (polaron) which reacts with neighboring monomers. After successive
reactions, the oligomers and eventually the polymers are formed. When a second elec-
tron is removed during the polymerization, two situations are expected: the formation
of another polaron in another segment of the chain or the removal of an electron from
the same segment (after four or five monomeric units in this segment), forming a
dication radical (bipolaron) (Fig. 1a).

The charges generated in the polymer backbone are neutralized with counter ions
during the doping process (in analogy to inorganic semiconductors, but one should
take in mind the difference in dopant concentrations, which is expressively higher for
the organic semiconductor) [46, 74]. As a result, distortions in the polymeric chains
generate energetic levels between the highest occupied molecular orbital and the
lowest unoccupied molecular orbital (Fig. 1b). The formation of polaron/bipolaron in
the band gap and the mobility of these charge carriers make these materials conductive
[5, 39, 48]. The optical and electronic properties of these aromatic CPs arise from
the superposition of pz orbitals coming from unsaturated bonds.
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Fig. 1 Formation of a polaron and bipolaron in PPy and b their energy states

The charge transport in the polymer matrices occurs by intrachain mobility and
interchain hopping [10]. The resulting conductivity depends on the number of charges
carries and their mobility. Although the CPs usually have a number of charge carriers
four to five orders of magnitude higher than in inorganic semiconductors (typically
1021 to 1023 cm-3), their mobility is lower, limited to only 10-4 to 10-5 cm2 V-1 s-1

(against 102 to 105 cm2 V-1 s-1 in inorganic semiconductors) due to structural defects
in the chain [27]. A strategy for improving the conductivity in CPs is controlling the
synthesis parameters to obtain ordered materials by chain orientation with dianionic
counter ions [23].
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Although there are different methods for doping these materials, such as photo-
chemical (leading to high-performance optical materials) and interfacial doping
(charge injection without counter ions), the most common methods used to assemble
electrochemical biosensors are governed by either chemical or electrochemical
oxidation.

In chemical polymerization, oxidizing agents (such as FeCl3) are commonly used,
and the produced CP is in powder form. Meanwhile, in electrochemical polymeriza-
tion, the polymer is deposited onto the anode surface with the application of anodic
potentials. The film thickness is controlled during the electropolymerization with the
number of cycles and potential range during the cyclic voltammetry (CV) or the time
during potentiostat/galvanostatic polarization [46]. The electrochemical synthesis of
PPy in powder form has been recently reported [25]. A different approach is a vapor-
phase polymerization, where any type of substrate (regardless of its size or shape)
can be coated with the polymer. In this case, the morphology is controlled by the
temperature and pressure of deposition.

Among all these polymerization methods, the electrochemical stands out with
some attractive advantages, including (i) elimination of several steps during the
synthesis and purification, (ii) polymerization and film assembling in a few seconds,
(iii) any conductive surface may be used for the deposition, such as a transductor
and flexible electrodes, and finally, (iv) highly homogeneous films with thickness
ranging from few nanometers to micrometers are obtained with a fine control
[25, 32, 38, 60, 76].

Some CPs properties are intrinsic and dependent on the polymer identity. For
example, PANI conductivity is strongly dependent on pH, the conductivity of emeral-
dine salt (partial oxidate state) is increased after treatment with acids; on the other
hand, PANI presents high electrical resistance when the pH is above 3 (predom-
inating the fully reduced state, leucoemeraldine) [59]. PPy has good conductivity
when synthesized in aqueous media, presenting properties strongly dependent on the
counter ions [40]. However, the low solubility of thiophene in water usually requires
organic solvents such as acetonitrile or propylene carbonate for the synthesis. The
use of acetonitrile or propylene carbonate allows large potential windows in elec-
trochemical applications [8]. The dispersion in water may be facilitated by using
sulfonated polystyrene as a dopant [72].

Although some CPs properties depend on their identity, the structural, morpho-
logical, optical, and electrical properties are easily modulated by choosing suit-
able polymerization methods, allowing to obtain CPs with desirable properties. The
properties can be molded to provide a suitable environment for the biomolecule
and to improve the biorecognition kinetics. For example, CPs with a high density of
polarons/bipolarons in the surface may allow an efficient immobilization of enzymes
in an environment with pH above their isoelectric point (pI). This behavior was
observed for the enzyme acetylcholinesterase (AChE), which conformational orien-
tation improves the electron transfer rate from the enzyme to the electrode, as
schematically represented in Fig. 2 [42].
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Fig. 2 Schematic representation for the improvement in electron transfer rate between the AChE
enzyme and PPy electrode allowed by optimizing the CP surface properties to obtain a suitable
environment for the negatively charged enzyme

2.2 Carbon-Based Materials

The carbon-based materials (compounds with mostly carbon–carbon bonds) are
usually classified according to the carbon chain organization, which includes
0D (graphene quantum dots, nano-onions, fullerenes, carbon dots, and nanodi-
amonds), 1D (CNTs, nano-horns, nanofibers), 2D (graphene, graphene oxide,
and graphene nanoribbons), and 3D materials (graphite, diamonds, and three-
dimensional graphene) [22]. These different structural forms affect the physical–
chemical characteristics of these compounds, such as transparency, electrical conduc-
tivity, and reactivity. For example, nanodiamonds are electrical isolates but have
excellent mechanical and optical properties, high surface area, and tunable surface
structures. Moreover, they are suitable for biomedical applications because of
their non-toxicity [62]. Meanwhile, graphene and CNTs present excellent electrical
conductivity and are widely applied in the bioelectroanalytical field for accelerating
the direct electron transfer between the active center of the biomolecule and the
underlying electrode. Consequently, the graphene and CNTs based electrochem-
ical biosensors present high sensitivity, selectivity, electron transfer rate, and low
detection limit. Therefore, the discussion in this chapter will only focus on these
carbon-based materials.

Pristine graphene has one layer of sp2-hybridized carbon atoms arranged in a
hexagonal lattice [55]. It presents the largest theoretical specific surface area among
the carbon materials (2630 m2 g−1), being an ideal support to attach biomolecules.
Furthermore, it has high intrinsic mobility, excellent mechanical, optical, and thermal
properties. These properties allow, for example, the development of transparent flex-
ible memory, more sensitive, durable, affordable touchscreens, and batteries with
better and faster energy storage that can recharge in a few minutes.

Graphene is defined as a zero-band gap semiconductor or semimetal since the
density of states is zero at the Fermi energy level [22]. Indeed, the most explored
characteristic of this material and its derivatives is the notable electrical behavior. For
example, its band gap can be adjusted from 0.26 eV for pristine graphene obtained
from epitaxially grown on SiC substrate to zero as the number of layers increases
typically to more than four [12]. Additionally, the doping can be tuned electrostat-
ically between n-doping (electrons are the charge carrier in excess) and p-doping
(holes are the charge carrier in excess) by the ambipolar electric field effect [22].
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The electric behavior and other properties depend highly on graphene crystalline
arrangement. Number and size of sheets, along with the amount and type of struc-
tural defects on the honeycomb lattice (such as functionalization, edges, doping, C/O
ratio) are consequences of the synthetic method and directly influence the band gap
energy of graphene. The most frequently used methods to obtain graphene include
mechanical or chemical exfoliation of graphite, chemical vapor deposition, epitaxial
growth, ultrasonic cleavage, and reduction of graphene oxide (GO) by thermal, elec-
trochemical, chemical, or biological procedures [1]. Due to the huge difficulty of
obtaining graphene with high crystallinity (pristine graphene) on a large scale, most
studies involving graphene-based electrodes use graphene derivatives such as GO
and reduced graphene oxide (rGO).

Schematically, a flat graphene sheet might be stacked into graphite by the van der
Waals forces, wrapped up into fullerenes, or rolled into CNTs [21]. As graphene,
CNTs have interesting electrical, mechanical, and chemical properties that make
them suitable for biosensor applications. Both single-walled carbon nanotubes
(SWNTs) and multi-walled carbon nanotubes (MWNTs) are hollow cylinders of
sp2-hybridized carbon atoms with diameters up to 100 nm [22, 87].

The CNTs might behave as metal to moderate semiconductors according to the
chirality of the wrap, the nanotubes diameter, and doping [22, 89]. Furthermore,
since the curvature introduces a misalignment of the π-orbitals, the reactivity on the
convex surface enhances, meanwhile the reactivity in the concave surface decreases
after rolling the planar graphene sheet [87]. Besides the electrical properties, other
CNTs advantages include excellent electrochemical performance, large surface area,
good chemical and thermal stability, easy functionalization, high tensile strength,
ultra-lightweight, in addition to favor devices portability and allowing a broad range
of working potentials in aqueous solutions [67, 87, 89].

However, one should keep in mind that some defects can be purposefully gener-
ated on the CNT and graphene sheet for improving the surface functionalization
or modification. The purposeful insertion of defects aims to increase the compati-
bility of graphene species with other components in nanocomposites. Furthermore,
the surface modification of the graphene species can make the material chemically
sensitive and soluble, thus allowing its use in detection technology. And, due to
its structural characteristics, compared to other carbons, graphene is easier to func-
tionalize in an efficient, reproducible, and homogeneous way. In this sense, several
approaches have been used to functionalize graphene and CNTs. Among all, two
methods stand out:

i. Covalent modification by grafting molecules on the sp2-carbon atoms of the π-
conjugated structure. This functionalization can be achieved via reaction with
unsaturated π-bonds of graphene [53] or with p or n heteroatom doping [36].
The direct modification of graphene carbons has the main advantages of forming
more stable material, greater control over the functionalization degree, and
better reproducibility. However, the covalent functionalization causes losses
of the free π electrons associated with sp2, which constitutes the π-cloud in
graphene. This can affect the carrier’s mobility, introducing a scattering site
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Fig. 3 Schematic representation of the most common nanocomponents in electrochemical biosen-
sors, including the interface of nanostructured electrodes, probes, and biosensing target molecules

and consequently changing the electronic structure and physical properties of
graphene [64].

ii. Non-covalent modification is based on the adsorption of aromatic compounds or
surfactants by π-stacking and hydrophobic interactions with the carbon struc-
ture. The main methods for this modification involve the adsorption of surfactant
molecules, coating with polymers, and interaction with metallic nanoparticles
(NPs) [4] or biomolecules [43]. The advantage of the non-covalent functional-
ization approach is that by not interfering with the C–C bond of graphene, it
preserves the electronic properties of the material, especially its high electrical
conductivity. However, as the non-covalent functionalization is non-specific, it
lacks a fine control over the degree of surface functionalization, changing the
doping density of puddles of electron holes and the presence of scattering sites
[82].

In addition to these functionalization methods, the performance of carbon-based
materials can be potentially improved when combined with other materials in
nanocomposites, for example, when incorporated into CPs matrices. Figure 3 shows
a schematic representation for some combinations to assemble the electrochemical
biosensors.

2.3 Conducting Polymer and Carbon-Based Materials
Composites

Although CPs and carbon-based materials have individually excellent properties
as support for biomolecule immobilization and development of electrochemical
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biosensors, the combination of those materials in composites can result in syner-
gistic effects based on morphological modifications and the electronic interaction
between them. As a result, improvements are achieved in the electrical sensing
activity, thermal stability, mechanical strength, and chemical properties, resulting
in a material with potential for application in different areas, such as solar cells,
supercapacitors, transistors, biosensors, and electrochemical sensors [31].

There are different methodologies to obtain these composites. For example,
nanocomposites of CPs and carbon materials can be synthesized by (i) electrodepo-
sition of the CP in a pre-prepared CNT or graphene modified electrode; (ii) chemical
synthesis; and (iii) in-situ deposition of the CP and the CNTs or reduction of GO in a
bare electrode [6]. The interaction mechanisms between the CP and the CNTs are still
not fully understood. However, some studies suggest that depending on the mech-
anism of synthesis, the polymer may covalently functionalize the CNTs [7] or the
CNTs may act similarly to anions in the doping process, responsible for maintaining
the electrical neutrality in the polymer chain during the doping process [78, 85].

The composites of CP with graphene are used as a nanofiller for the polymer
matrix. A new bottom-up synthesis for chemically producing graphene/PANI
nanocomposites was reported by Souza [68]. The method is based on chemical reac-
tions at liquid–liquid interfaces, starting from the monomer aniline and benzene,
where graphene and the polymer are simultaneously synthesized, forming the
nanocomposite with exciting electrical properties [68].

The rGO is also combined with CP in composites. For example, in a composite
with PANI, the residual oxygen functional groups in rGO interact with the aniline ions
through electrostatic interactions, hydrogen bonding, and π–π interactions. The later
interaction can increase the electron transfer, improving the sensing performance of
the material [83]. Also, recent studies have shown that GO, even as an electrical
insulator, can be used to increase the conductivity of PEDOT:PSS. This increase in
conductivity is assigned to changes from PEDOT in benzoid to quinoid structures,
promoted by the presence of GO, leading to improvements in the charge transfer
rate. Therefore, with a high potential to be applied on the design of electrochemical
biosensors [9].

In fact, these CPs-carbon-based materials nanocomposites have been used as
electrochemical biosensors due to their unique morphological and electrochemichal
properties, providing an excellent environment for the immobilization of several
biomolecules, including enzymes, antibodies, microorganisms, DNA, and aptamers.
Indeed, there are many articles reporting their use as a matrix for biomolecules
immobilization, for instance:

i. with enzymes, e.g.,: for glucose [66, 86], pesticide [11, 17, 29], and vitamin C
biosensors [34],

ii. with DNA, e.g.,: for Mycobacterium tuberculosis [51, 71], anticancer drug
[28], and DNA hybridization biosensors [18, 81],

iii. with aptamers, e.g.,: for detection of dopamine [37, 79], and for pesticide [30],
iv. with antibodies e.g.,: for immunoglobulin G (IgG) [15, 88], vitellogenin

(Vtg) [16], aflatoxin B1 [35], and hepatitis B surface antigen (HBsAg)
immunosensors [24].
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The excellent response provided by carbon materials can be amplified when
combined with other nanomaterials, such as NPs, and especially when combined
with conducting polymers.

3 Immobilization of the Biorecognition Elements

3.1 Conducting Polymers as Support Material

Advanced support materials with desirable properties for electrochemical biorecog-
nition are obtained with CPs by controlling their surface and bulk properties, allowing
the immobilization of a wide variety of biorecognition elements. Besides, improved
performance is reached by avoiding fouling surface, not specific binding, keeping
the biorecognition sites available, decreasing interferences with physical barriers,
or providing an appropriate conformation that enables a fast electron transfer to the
electrode during the biorecognition.

The efficient conversion from the biorecognition events to an electrical readout
during the transduction strongly depends on the immobilization step, which is
expected to be efficient and simple, avoiding steric hindrance to maintain the activity
of the recognition probe. There are different suitable methods for the immobiliza-
tion element, according to its characteristics, the nature of the solid surface, and the
transducing mechanism. The reported methods for common recognition elements,
such as oligonucleotides, aptamers, antibodies, and enzymes, include electrochem-
ical entrapment, physical adsorption, covalent attachment, and affinity interactions
[2, 5].

In the electrochemical entrapment, the biomolecules might be incorporated into
CPs during the electropolymerization. This method allows a strong adhesion between
biomolecule and polymer film in a single step, in addition, it enables controlling the
number of entrapped biomolecules by controlling the film thickness. However, the
entrapment may affect the accessibility toward the embedded biomolecules. Further-
more, some CPs require very acidic conditions, high oxidation potential, and counter
ions that compete with the biomolecules for the polymer doping sites during the
electropolymerization. Thereby, an alternative is controlling the pH of the elec-
trolyte, using biomolecules as counter ions, and applying low potentials during the
electropolymerization process [19].

Physical adsorption is based on electrostatic forces between the cationic CPs and
anionic biomolecules, hydrophobic and van der Waals forces as well. Therefore,
it is essential to evaluate the temperature, pH, solvent type, and net charge of the
bioprobe for efficient adsorption. Recently, the literature reported the optimizing
pyrrole polymerization to improve the surface conditions for the immobilization of
AChE through electrostatic interactions, leading to improved catalytic performance
[42].
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For covalent binding, N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (NHS/EDC) are usually used after the polymerization to couple
carboxylic acid (–COOH) from CPs to amine (–NH2) groups from the biomolecules.
Therefore, any biomolecule with its polypeptide chain can be immobilized onto the
CP surface containing carboxylic acid groups.

Affinity attachment is an alternative for covalent immobilization because it
also provides strong binding, in addition to reducing the need for chemical reac-
tants. For example, the electrodeposition of biotinylated (antibodies or protein)
monomers onto the electrodes, introducing avidin (glycoprotein), builds avidin-
biotinylated polymer bridges, or anchoring biotinylated recognition probes onto
avidin-biotinylated polymer composites [13, 48, 52, 65, 73].

Efficient immobilization of the biological species is expected with changes in
the structure, morphology, and composition of the polymeric matrix, leading to
improvements in the biosensor stability, sensitivity, and overall electrochemical
performance. CPs micro/nanostructured or nanocomposites can be easily obtained
by in-situ or ex-situ methods with several nanomaterials. Nanostructured CPs or
porous structures show higher sensitivity and faster response time attributed to the
higher active surface area, shorter penetration depth for target molecules and fast
diffusion of molecules into the porous structure [19]. Also, the introduction of func-
tional groups, crosslinking near-surface groups, changes in the surface wettability
and morphology, in the electrical conductivity, and in the electroactive surface area
favor the biomolecule immobilization, allowing the active sites to be closer of the
electrode surface, improving the mass or electrons transfer rate [49, 50]. For example,
CPs nanocomposite of hydrogels has shown good biocompatibility promoting the
immobilization of biomolecules and preserving their bioactivity, excellent process-
ability, which can be easily cast into a thin film with any desired shape as its gelation
requires no templates, resulting in a much simple synthetic procedure [63].

A modern strategy to obtain artificial biosensors avoiding the immobilization
of biomolecules for biorecognition involves molecularly imprinted polymer (MIP),
where the recognition elements can be tailor-made synthetically to match a biomarker
target with low cost and simple fabrication [44, 61]. It consists of a template of
molecules, functional monomers, and crosslinking reagents. Micro-or nanostructured
electrosynthesis of MIP integrated with a small, portable electrochemical device has
become a suitable candidate for PoC applications.

For MIP, initially, the polymerization (chemical or electrochemical) occurs around
the print species using monomers that are selected for their capacity to form specific
and definable interactions with the print species. After, solvent extraction is used
to remove entrapped molecules into the polymer. Thus, a microcavity is formed for
specifically binding target molecules with the same shape and structure as a lock-
and-key, and MIP is ready for use. In addition, in this case, the over-oxidation of
CPs is a process that plays a positive role since it creates oxygen-containing groups
(mainly carboxyl (–COOH), carbonyl (–CH = O), and hydroxyl (–OH)) very close
to the entrapped molecules and these charged groups form a specific environment,
which is suitable for the recognition/attachment [14, 61].
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Finally, the synergistic effect between CPs and nanomaterials, such as metal
oxides, carbon-based materials (CNTs, graphene and their derivatives), metallic NPs,
among others, results in matrices with improved properties for biomolecules immo-
bilization with better stability and activity for the bioelement in the solid–liquid
interface aiming commercial applications [41, 57, 77] The insertion of these mate-
rials in the polymeric matrix can decrease charge transfer resistance (Rct) and mass
transfer impedance compared to pristine materials.

3.2 Carbon-Based Support Materials

The biofunctionalization of carbon materials is widely applied to obtain sensors
with bio-specificity and/or catalytic activity [87]. The carbon nanomaterials are suit-
able for biofunctionalization due to the high surface-to-volume ratio that allows
high biomolecule loading per area. It is exceedingly difficult to characterize exactly
how the biorecognition element is anchored on the carbon allotrope matrix because
there are many interaction possibilities, some of them occurring simultaneously,
as illustrated in Fig. 4. However, molecular dynamic simulations and atomic
force microscopy-based single-molecule force spectroscopy are valuable tools for
understanding these interactions [33]. Biomolecules might anchor on sp2 carbon-
based materials covalently (surface groups or crosslinkers) or non-covalently (π–π

stacking, hydrogen bonds or electrostatic interaction) [33, 87], as detailed below:

i. Covalently with crosslinkers: such as glutaraldehyde (GA), polyethylene glycol
(PEG), among others.

ii. Covalently with specific functionalities on carbon frame surface: e.g., amida-
tion reaction between amine groups of proteins or enzymes and carboxylic
groups of GO or carboxylic-functionalized CNTs using EDC and NHS.

iii. Electrostatic adsorption: this is the principle for the layer-by-layer assembling,
e.g., the graphene has a negative surface charge that might attract enzymes
when pH is above the pI.

iv. π–π stacking or hydrophilic interaction between hydrophobic carbon network
and aromatic groups may be part of the biomolecule or a linker.

v. Hydrogen-bond: resulting from the interactions with the oxygenated surface
groups or others surface functionalities.

The choice for an appropriate methodology for immobilization depends on the
characteristics of the carbon-based material, biorecognition element, and environ-
ment where the device will be applied. For example, the covalent interactions between
carbon materials and biomolecules are more stable, avoiding unbinding; on the
other hand, the non-covalent interactions allow to keep the intrinsic properties of
the support and preserve the active sites of the biomolecules [33]. Also, the carbon
materials can be combined with chitosan, nafion, or other polymers to favor the
homogeneity and to prevent leaching of the film. This strategy is widely applied on



https://www.twirpx.org & http://chemistry-chemists.com
Organic Semiconductors as Support Material … 93

F
ig

.4
Sc

he
m

at
ic

ill
us

tr
at

io
n

of
so

m
e

po
ss

ib
ili

tie
s

fo
r

gr
ap

he
ne

ba
ck

bo
ne

fu
nc

tio
na

liz
at

io
n

or
m

od
ifi

ca
tio

n



https://www.twirpx.org & http://chemistry-chemists.com
94 N. M. Galdino et al.

electrode modification because both CNTs and graphene have high surface energy
what causes difficulties in suspending them in most solvents [89].

GO is an excellent material for chemical functionalization due to the oxygen-
containing groups on the surface [69]. Carboxylic-functionalized graphene shows a
negative surface charge in water and facilitates the immobilization of biomolecules,
especially enzymes, employing strong hydrogen bonding, electrostatic interaction
with amino groups, and covalent functionalization. Indeed, EDC can provide an
efficient way to anchor biomolecules on activated carboxylic functionalized materials
since the intermediate ester is more susceptible to the nucleophilic attack of primary
amino groups than carboxylic groups in accordance with the carbodiimide crosslinker
chemistry [3, 87].

Akhtar et al. [3] developed a functionalized GO bridging glucose oxidase enzyme
(GOx) and Au-sputter screen-printed electrode (SPE). The GO oxygen-containing
groups were used for both enzyme attachment on carboxylic moieties and self-
assembly on Au electrode by thiolation of epoxide and hydroxyl groups. GOx was
covalently anchored on carboxylic groups activated by EDC. The scheme for the
electrode modification is shown in Fig. 5. It was confirmed that the activated COOH-
GO had enhanced the electron transfer rate according to the CV and electrochem-
ical impedance spectroscopy in potassium ferro/ferricyanide solution. As proof of
concept, the biosensor was applied for D-glucose determination using CV [3].

On the other hand, Lu et al. [45] used the non-covalent functionalization of
graphene to obtain an amperometric biosensor. In this work, GO was combined
with cyclodextrin, an oligosaccharide with high supramolecular recognition and

Fig. 5 Representation of functionalized GO bridging GOx and Au-sputter SPE synthetic route and
application for glucose electrochemical detection [3] (Copyright 2019 [Reprinted with permission
from American Chemical Society])
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enrichment capability. Horseradish peroxidase enzyme (HRP) conjugated with
1-adamantane carboxylic acid was self-assembled with cyclodextrin-graphene,
presenting good electron-transfer properties and preserving the natural structure of
the enzyme (evidenced by the Soret band of HRP in UV–Vis). The amperometric
biosensor presents quick response (95% of the steady-state current within 4 s) and
long-term stability [45].

In another study, procalcitonin antibodies linked to pyrene-based molecules
were attached on highly oriented pyrolytic graphite (HOPG) by π–π staking [47].
According to the authors, the amine groups of the antibody reacted with the acti-
vated ester groups of 1-pyrenebutanoic acid succinimidyl ester (PYSE) on HOPG
surface. In this case, the HOPG enhances the charge transfer even though the anti-
body acts as a barrier on the electrode surface. As expected, the antibody-modified
electrode showed smaller oxidation and reduction peak currents and higher charge
transfer resistance than the HOPG bare sensor. The biosensor was successfully
applied to detect the sepsis biomarker procalcitonin by electrochemical impedance
spectroscopy, managing to diagnose septic shock [47].

4 Conclusions

Organic semiconductors (specifically conducting polymers, carbon nanotubes,
graphene, and derivatives) are interesting materials for the development of high-
performance electrochemical biorecognition devices due to their versatility. By
controlling the production of the electrodes or synthesis of these materials, one can
optimize their interaction with biomolecules, favoring an suitable environment for
their conformational stability. In addition, improvements in the biorecognition and
electron transfer rate are expected by combining different organic semiconductors
or with different nanomaterials.
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Conducting Polymers and Carbon-Based
Materials in Biosensor Applications

Fabio Ruiz Simões, Gabriela Martins de Araújo,
and Milton Alexandre Cardoso

Abstract Conducting polymers (CPs) and carbon-based materials are examples of
materials used in modern biosensors that enable scientific advances in different areas
of concentration. This chapter discusses the main characteristics of the CPs such as
polyaniline (PAni), polypyrrole (PPy), and polythiophene and carbon-based mate-
rials such as fullerenes, carbon nanotubes, and graphene besides reporting the recent
advances for biosensor applications. CPs have attracted much interest, especially
in biosensors due to the specificity that can be reached with the immobilization of
biomolecules its structures such as enzymes. Already the sensitivity of the biosen-
sors can be increased by producing the CPs as nanofibers and nanostructured films.
Carbon-based materials such as carbon nanotubes have also been widely used in
biosensor applications which act as highly efficient transducers supporting enzymes.
Graphene has been used in the development of biosensors in different areas due to
its high specific area, high conductivity, and low thickness. These materials have
been explored in the development of biosensors used in clinical, environmental, and
food applications. Biosensors based on CPs and carbon-based materials are low-
cost, simple, specific, sensitive as well as portable devices and with miniaturized
size enabling scientific advances in bioelectrochemistry.
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1 Introduction

Biosensors are electronic devices that respond to biochemical stimulus and generate
an electrical impulse that can be used to quickly detect chemical or biological species.
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They are currently used in many applications, such as in the areas of health [1–3],
food [4–6], and the environment [7, 8]. In general, they are made up of an electronic
part, a transducer, and a sensor element that interacts with the analyte. The sensor
element can be biological material, such as cells, organelles, proteins, antibodies,
among others, which is immobilized on the sensor surface [9].

Biosensors can be thermometric [10], optical [11], piezoelectric [12], or elec-
trochemical [1, 7, 13–15]. Among them, the electrochemical biosensors stand out,
which act through the diffusion of electroactive species or in ionic charge. Electro-
chemical biosensors are the most popular and are used extensively to monitor blood
glucose in blood samples for diabetes control [16]. Some of the reasons that favor its
application are the good selectivity and sensitivity, agility in carrying out the analysis,
usually do not require prior sample treatments, and have low consumption of reagents,
which make it more sustainable. Furthermore, they can be amperometric, measuring
variations in electrical current due to redox reactions; conductometric, measuring
the conductance in catalytic reactions; or potentiometric, measuring the potential
difference between electrodes with constant current [17]. Currently, amperometric
biosensors are the most used, as the concentration of the analyte is proportional to
the current intensity. Thus, it is common to use differential pulse voltammetry (DPV)
to quantify this variation during the analysis of the electrochemical amperometric
biosensor against the analyte.

Biosensors have been known since 1962, for the work of Clark and Lyons
[18]. And they have been increasingly studied in association with modern mate-
rials. Conducting polymers (CPs) are examples of materials used in modern biosen-
sors because they respond reversibly between conductive and insulating states [19].
Through oxidation and reduction reactions, the electrochemical biosensor can iden-
tify and quantify the analyte [9]. Other modern materials that have risen with tech-
nological development are nanotechnological materials. There are many materials
whose nanoparticles are applied in sensory devices. However, carbon allotropes are
noteworthy because they are low-cost materials (except diamond) that vary in their
conductive state according to their carbon hybridization [20]. Carbon nanotubes
and graphene are carbon allotropes widely used in the manufacture of sensors and
biosensors, but they are not necessarily used alone.

2 Conducting Polymers

Conducting polymers (CPs) are electrically conductive materials composed of
organic polymers. The association of the electrical conductivity of metals with the
mechanical properties of polymers has been studied, since the mid-1950s, with the
incorporation of conductive loads inserted into the polymer matrices. These poly-
mers were called “extrinsically conducting polymers”. From the 1970s onwards, a
new class, the “intrinsically conducting polymers”, has been developed, where the
electrical conductivity is independent of the incorporation of conductive loads and its
properties are similar to inorganic metals and semiconductors [21]. Intrinsically, CPs



https://www.twirpx.org & http://chemistry-chemists.com
Conducting Polymers and Carbon-Based Materials … 103

represent a class of “synthetic metals” that combine the chemical and mechanical
properties of polymers with the electronic properties of metals and semiconductors
[22].

2.1 Main Characteristics of Intrinsically Conducting
Polymers

The first “intrinsically CPs” was obtained in 1977 by H. Shirakawa (University
of Tsukuba) with the collaboration of the professors A. MacDiarmid (Univer-
sity of Pennsylvania) and A. Heeger (University of California, Santa Barbara),
by exposing polyacetylene in its insulating form (conductivity, = 10–5 S cm−1to
doping, oxidizing or reducing agents, making it an intrinsic electrical conductor (

= 10–2 S cm−1) [19]. Due to the success of polyacetylene synthesis, the research
field of “CPs” had started. In 2000, H. Shirakawa, A. MacDiarmid, and A. Heeger
were awarded with the Nobel Prize in Chemistry.

CPs are also known as “conjugated polymers”, as they have conjugated double
bonds in their structure (single bonds “σ” alternated with double bonds “σ e π”) with
sp2 hybridization between the carbon bonds, as shown in Fig. 1 [19]. However, for a
polymer to be considered an electrical conductor, it is not enough to have conjugated
double bonds. It is also necessary to cause some disturbance, by either the removal
or the insertion of electronic charges (oxidation or reduction). This process is called
doping [23].

The electrical properties of CPs can be reversibly changed on a wide range, from
insulator to metallic conductor. Conductivity can be increased several times by “dop-
ing”, using substituents that can be oxidizing or reducing agents, or radical’s electron
donors or acceptors. This “doping process” can be performed by chemical methods
of direct exposure of the polymer to the charge transfer agents (doping) in the gaseous

Fig. 1 Polyacetylene molecular structure
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phase or solution, or by electrochemical oxidation or reduction. The term “doping” is
used in analogy to crystalline inorganic semiconductors, since in both cases doping
is random and does not affect the material structure [23–25].

Doping agents can be neutral molecules, acids, salts, bases, organic or inorganic
compounds that can easily ionizable. The doping process plays an important role in
the stability and conductivity of the CPs, since it leads to the formation of defects
and deformations in the polymer chain known as polarons and bi-polarons, which
are responsible for the displacement of charges and for the conductivity increasing
[26, 27]. The electrons π delocalized along the polymeric chain give conductive
properties and provide the ability to support the charge carriers, with high electrical
mobility along with the polymer structure [27].

The advantages of CPs are not limited to electronic and/or optical properties of
metal and inorganic semiconductors, but also their flexibility, processability, and
mechanical properties [21]. Thus, since their discovery, conductive polymers have
attracted great attention in several applications such as charge dissipating mate-
rials, optoelectronics, solar cells, supercapacitors, batteries, sensors, and biosen-
sors [21]. The most common intrinsically CPs are polyaniline (PAni), polypyr-
role (PPy), polythiophene, polyacetylene, poly(p-phenylene), and poly(p-phenylene
sulfonated), Fig. 2. The molecular structure of these conjugated polymers exhibits

Fig. 2 Molecular structures of common conducting polymers. a Polyaniline; b polypyrrole; c
poly(p-phenylene); d polyacetylene; e polythiophene; and f poly(p-phenylene sulfonated)
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properties such as low ionization potential and high electronic affinity, and as a result,
they can be easily reduced or oxidized [28].

Due to its characteristics such as the electrical conductivity that can be modulated
on a wide range, the CPs have been extensively used in the development of electrodes
aiming applications such as sensors [29], biosensors [30, 31], batteries [32], and
supercapacitors [33]. In sensor and biosensor applications, the CPs are used as active
transducer materials [29–31]. However, in sensor applications, the CPs are sensitive
but not specific [29]. The sensitivity can be increased by producing as nanofibers [34,
35] and nanostructured films [36]. The specificity can be reached with the addition of
functional groups or with immobilized molecules in its structures such as enzymes
[37, 38], porphyrins [39], among others.

CPs can act as excellent materials for the immobilization of biomolecules and
rapid electron transfer for the fabrication of efficient biosensors [41]. At the end of
the twentieth century, the first experimental results that join biosensors and CPs were
released. The CPs most used in biosensors are PAni and PPy.

2.2 Applications of Intrinsically Conducting Polymers
at Biosensors

PAni is an intrinsically CP and has great potential for biomedical applications [41].
It is one of the well-known CPs because it has high conductivity, good environ-
mental stability, and low toxicity and is hydrophilic, having high biocompatibility.
Furthermore, PAni can be easily synthesized in aqueous solutions, having a low cost.
Its different forms of oxidation allow for variations in stability, conductivity, and
color, factors that arouse the interest of several industrial fields [42]. The electrical
conductivity of PAni can be regulated, as it is related to its degree of protonation,
type of dopant, redox state, and temperature. It has a reversible doping/undoping
capability and features two redox pairs, facilitating charge transfer between enzyme
and polymer in the biosensor. Thus, PAni acts as a mediator of electron transfer in
biosensors, dispensing with the use of other diffusional mediators [41].

Hamid et al. (2018) [43] developed an electrochemical biosensor for the detection
of danazol (Dz) which is a drug used in the treatment of endometriosis. The authors
produced non-enzymatic biosensors based on PAni electropolymerized onto carbon
electrodes. After characterizing the films, they studied the behavior of the elec-
tropolymerized film using Cyclic Voltammetry (CV). They used 0.88 M of aniline
and hydrochloric acid (HCl) as a dopant, varying the doping concentrations in 1.0,
1.2, and 1.5 M. Their results showed that the oxidation and reduction peaks grow
with the increased with successive scans of potential indicating the growth of the
PAni polymer chain. The current intensity signal was greater with doping performed
with 1 M HCl reaching 44.67 mA/cm2 at a potential of 0.2 V. By dissolving Dz in
methanol (0.01 M), a stock solution was prepared, later diluted to various concentra-
tions, and stored in the dark and refrigerated. These solutions were used as supporting
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electrolytes for electrochemical analysis of DPV, at a potential from -0.4 to 0.4 V. The
assay parameters were optimized and fixed. A study was also carried out with elec-
trochemical impedance spectroscopy (EIS) in phosphate buffer (PBS). EIS showed
that the polarization resistance (Rp) also called the charge transfer resistance (Rct)
increases with increasing Dz concentrations. The use of this technique is interesting
as it explores the use of EIS for analyte analysis and not just for film characteriza-
tion. DPV performed using PBS (pH = 1) as supporting electrolyte showed that the
highest current intensity obtained was 1.671 mA for a concentration of 2 nM.

Asmatulu et al. (2019) [44] developed nanobiosensors based on PAni. The authors
fabricated porous PAni nanofibers in 4 diameters through the electrospinning process.
The nanobiosensor was manufactured onto a printed circuit platform with an auxil-
iary electrode and interdigitated working electrode, deposited onto a silicon layer
with electrospinning PAni nanofibers. These nanofibers were deposited on top of
the gold (Au) interdigitated electrodes, developing four detection platforms. Poly-
dimethylsiloxane manifold (PDMS) was used to mitigate contamination risks and
prevent evaporation, so PAni porous nanofibers were integrated into Au interdigi-
tated microelectrodes forming a lab-on-chip device. After treating the platform with
ethanol, cleaning with ultrapure deionized water (DI), and drying with nitrogen gas,
the biosensor collector was injected with PBS solution, followed by EIS and func-
tionalization of the Au surface. The optimized concentration of cyclooxygenase-2
(COX-2) antibody was injected into the collector, which was incubated. Bovine
serum albumin (BSA 200 μL) has been added, aiming to prevent the adsorption of
non-specific antigen. EIS performed after insertion of BSA represents the interac-
tion between the antigen and the antibody. After, a COX-2 solution (200μL) was
prepared and injected into the collector, which acted as a blocking peptide. EIS
measurements were performed alternated by washing the device with PBS and then
injecting a higher concentration of COX-2 solution, varying the concentrations of
10 fg mL−1 to 1.0 μgmL−1. The results showed that the developed nanobiosensors
detected COX-2 at concentrations as low as 0.01 pgmL−1 either in the buffer solu-
tion or in the human serum samples. Through EIS, the authors proved the selectivity
of the device and showed that the PAni nanofiber with the smallest mean diameter
(256 nm) showed greater sensitivity.

The potentiometric flexible tattoo biosensor manufactured by Mishra et al. (2018)
[45] uses the pH sensitivity properties of PAni to monitor the release of protons from
the diisopropyl fluorophosphate (DFP) analyte during hydrolysis by the enzyme
organophosphate hydrolase (OPH). The sensor was printed in a skull shape. One eye
corresponds to the working electrode printed with carbon; the other corresponds to the
reference electrode printed with Ag/AgCl. After the preparation of the printed tattoo
sensor, PAni was electropolymerized on the working electrode and a Nafion/OPH
layer and PVA hydrogel were deposited by drop-casting. DFP is a toxic organophos-
phate (OP) pesticide; therefore, the necessary precautions were taken when carrying
out the experiment in liquid and vapor phases. Initially, a stock solution of DFP
(0.1 M) was prepared. When injected, the enzymatic hydrolysis of DFP occurs when
it reaches the outer layer of the Nafion/OPH biosensor and the DFP is absorbed and
diffused. There is a release of ions that diffuse toward the electropolymerized layer
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of PAni, detecting the pH and protonating the active sites. Variations in the obtained
potentials generate the quantification of DFP. Fatigue tests were also performed on
the biosensor that did not show structural damage. There was linearity in the pH
ranges and stability in the response. The biosensor presents a fast response, with effi-
cient analytical performance and good reproducibility, and can be applied to detect
OPs pesticides in direct contact with the skin. This type of flexible sensor, with
good mechanical strength and good analytical response, expands the application
possibilities of electrochemical biosensors.

PPy is also widely used as an electrochemical sensor and there is great interest
in its use in biomedical areas, as PPy has high biocompatibility and good electrical
conductivity. Thus, several types of biosensors use this CP, such as immunosensors
[46] and enzymatic sensors [47]. PPy has the advantage of enlarging the surface
area of the electrode and, at the same time, keeping the interfacial resistance low.
These factors contribute to the increased sensitivity of the resulting device, which is
expressed in the increased charge density of the antibody in a biosensor, for example
[48].

Among some works that use it is worth mentioning the work of Ayenimo and
Adeloju (2017) [49] who developed an amperometric glucose biosensor based on
PPy. Glucose sensors are very important. They allow monitoring of glucose, delaying
or controlling diabetes and complications related to it. In this work, platinum disk
electrodes (2.0 mm2) were used, pre-treated by CV in an H2SO4 solution (1.0 M) until
obtaining a constant electrochemical response. The film was prepared using a 0.2 M of
pyrrole monomer and 300 U mL−1of immobilized glucose oxidase (GOx), prepared
galvanostatically by electropolymerization. An outer layer based on Py (0.1 M) and
KCl (0.05 M) was also made, forming the outer ultrafine layer (PPy-Cl 7.9 nm) also
prepared galvanostatically. The biosensor was tested on fruit juices diluted in DI by
standard addition. Thus, a bilayer biosensor was developed containing a film of PPy
with GOx and another external film of permselective PPy-Cl. The electrochemical
behavior of the PPy-GOx biosensor without and with the inclusion of the outer layer
was studied with and without glucose. By adding the second layer of PPy-Cl, the first
was not compromised, obtaining well-defined and similar redox peaks. Furthermore,
the second layer contributed to the retention of GOx and is effective in eliminating the
influence of uric acid, glycine, ascorbic acid, and glutamic acid interferences. Thus,
the inclusion of the second film made was possible to minimize interference in the
amperometric detection of glucose. By raising the glucose concentration, the results
exhibited increased linearity, exhibiting superior selectivity for glucose detection.
Recovery studies reached levels of 90–101% recovery. The results showed that the
biosensor achieved good reproducibility and stability with a low detection limit
(26.9 μM) and good sensitivity. In addition, the study applied the bilayer biosensor
to detect glucose in various fruit juices and was successful.

Akdag et al. (2020) [50] developed a PPy biosensor with chitosan (Chi) and
acetylcholinesterase (AChE) to determine acetylthiocholine (ATCh) and the pesti-
cide paraoxon. The PPy was initially electropolymerized on a platinum (Pt) electrode
and subsequently covered with a Chi solution for enzyme immobilization. After
neutralizing the electrode, it was incubated with a glutaraldehyde solution that was
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deposited on the electrode surface for 2 h. The biosensor was characterized and its
analyte detection performance evaluated by DPV. The results proved the electropoly-
merization of PPy on a Pt electrode. The detection limit obtained was 0.45 μM for
ATCh and 0.17 nM for paraoxon, which shows that the manufactured biosensor
was more efficient in determining the pesticide. However, the authors were able to
immobilize AChE on the electrode surface and detect both analytes.

3 Carbon-Based Materials

Due to advances in nanoscience and nanotechnology, the miniaturization of systems
and devices has many advantages such as less energy consumption, lower cost, and
improved functionalities compared to other materials. Carbon-based materials can
have different allotropic forms with different hybridizations (sp3, sp2, and sp). Thus,
the development of nanoscience and nanotechnology has been deeply attached to
the development of new carbon-based materials, and among the allotropes, we can
highlight those based on graphite structures such as fullerene, carbon nanotubes, and
graphene (Fig. 3) [20].

Fig. 3 Carbon-based materials: a graphene; b fullerene; c SWCNT side view; d SWCNT apical
view; e MWCNT; f diamond crystal structure [51]
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3.1 Main Characteristics

Fullerenes were discovered by Smalley (Rice University) and its collaborators, Kroto
and Curl in the mid-1980s. The molecules are structured in the “cages” forms built
up of sp2 carbon hybridizations forming a network of pentagons and hexagons. Their
discovery allowed new hypotheses about carbon nanostructures and how the archi-
tectures formed from sp2 carbon units, even with simple geometries, can originate
new structures with distinct properties [20, 52, 53].

The carbon nanotubes (CNTs) were discovered by Iijima in 1991 [54] and are
materials consisting of carbon cylinders with nanometric diameters and special prop-
erties such as high electrical conductivity, excellent chemical stability, and high
values of mechanical strength modulus and specific area. There are two distinct
types: single-walled carbon nanotubes (SWCNT) formed a single layer and multi-
walled carbon nanotubes (MWCNT) with more than one layer of graphite sheet
(concentric tubes) (Fig. 3d and e). The main technique used in the production of
carbon nanotubes is “Chemical Vapour Decomposition” consisting in the catalytic
decomposition of ethylene or acetylene at high temperatures in the presence of a
metallic catalyst [55, 56].

Due to its characteristics such as high specific area and charge storage capacity,
the carbon nanotubes have been used in the development of nanoelectronics devices
[57], batteries [58], hydrogen storage [59], among others. Also, due to their ability
to improve electron transfer reactions, contributing to the improvement of reac-
tion kinetics and being able to catalyze oxidizing electrochemical reactions, carbon
nanotubes have also been widely used in electrochemical sensors [60] as well as act
as highly efficient transducers supporting enzyme and other molecules in biosensor
applications [61–63].

Graphene is the first two-dimensional (2D) atomic crystal (hexagonal structure
based on sp2 hybridized carbon atoms) which is the basic structure of all graphitic
carbon materials such as carbon nanotubes (“rolled up” graphene sheets) and graphite
(stacked graphene sheets) [64]. Graphene has received increasing attention due to its
unique physicochemical properties such as high surface area, excellent conductivity,
high mechanical strength, stiffness and elasticity, and very high electrical and thermal
conductivity [65]. These properties suggest such graphene could replace materials
as when combined with others could also enable several disruptive technologies. For
example, the combination of conductivity, transparency, and elasticity can be applied
to flexible electronic displays [66].

The production of graphene characterizing its unique properties was firstly
reported by Geim and Novoselov in 2004 when the material was isolated using
the “Scotch Tape” method and its high charge-carrier mobility was determined [64,
67–70]. Geim and Novoselov were awarded the Nobel Prize in physics in 2010 [64].
However, the term graphene as layers of graphitic materials has been reported decades
previous to 2004 [68]. In 1958, Hummers and Offeman already have introduced a
procedure that is one of the simplest, safe, large-scale, and widely used methods
where the base that consists in the obtaining of graphitic oxides from oxidizing in
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strong acidic media using a mixture of sulfuric and nitric acids with sodium nitrate
is used up to nowadays [71].

The “Hummers method” has been improved by replacing the use of NaNO3 with
H2SO4, H3PO4 and double the amount of KMnO4 to avoid the emission of toxic gases
caused by the oxidation of NaNO3 (NO2 e N2O) [72]. This method produces oxidized
form the graphene oxides (GO) that has a large number of oxy-functional groups
over the GO surface such as -OH, -COOH, -O, and -CO, makes the material readily
dispersible in water and in some polar organic solvents, which promotes also strong
interaction with functional groups from monomers such as aniline in an aqueous
system [73]. On the other hand, GO loses its conductivity due to changes of carbon–
carbon bonds hybridizations from sp2 to sp3. In this sense, aiming the improvement
of conductivity, new environmentally friendly reducing agents have been used for
rGO obtaining [74]. As for example, ascorbic acid emerges as a green alternative to
common reducing agents and can be compared to hydrazine for the deoxygenation
of GO being safe and innocuous [75].

The properties of graphene are intrinsically dependent of the production method
that can affect directly the quality, dimensions, shapes, type of defects, etc.
Aiming large-scale industrial applications, several methods for production have been
exploited such as ion chemical vapor deposition (CVD) [76], liquid-phase exfoliation
[77], growth upon a silicon carbide substrate [78], unzipping of carbon nanotubes
[79], among others [66]. The different production methods result in different varia-
tions of graphene with different properties and its applications are driven according
to its characteristics. In general, graphene or rGO flakes are used for composite mate-
rials, conductive paints, and reinforce materials, while planar graphene for lower-
performance active and non-active devices and planar graphene for high-performance
electronic devices [66].

Graphene with its planar structure, high specific area, high conductivity, and low
thickness shows several advantages in the development of sensor and biosensors. One
of the improvements, when compared to carbon nanotubes, is that planar graphene
sheets can expose all carbon atoms to interact directly with the analytes. Moreover,
graphene does not contain metallic impurities that can interfere in the analysis and
some production methods are cheaper, large scale, and cost effective [80].

The development of sensors and biosensors which based on different forms of
graphene (such as GO and rGO) has been used in several applications in different
areas especially clinical (deoxyribonucleic acid (DNA), glucose, cholesterol, H2O2,
uric acid, ascorbic acid, dopamine, proteins, etc.), environmental (pesticides, metallic
ions, hormones, bisphenol A, etc.), and food applications [80]. As for example,
the direct electrochemistry of enzyme, its electrocatalytic activity toward small
biomolecules (hydrogen peroxide, NADH, dopamine, etc.), and graphene-based
enzyme biosensors have been reported for several works [65]. The combination
of graphene sheets with nanoparticles or other nanostructured materials can also
enhance the analytical response such as sensitivity, the limit of detection, and
reproducibility of sensors and biosensors [80].
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3.2 Applications of Carbon-Based Materials in Biosensors

Uric acid (UA) is the final product of the metabolism of purines and heterocyclic
organic compounds present in the human body. The monitoring of UA in body fluids is
of great importance as high concentrations of UA are related to increased health prob-
lems and increases the individual’s risk of developing kidney disease, heart disease,
and diabetes. Disposable biosensor is an excellent alternative to be used in clinical
diagnoses involving UA, as they allow a quick and low-cost response. Thus, Shi
et al. (2020) [81] developed a disposable electrochemical biosensor using MWCNT
to detect UA in human saliva. The authors developed an AutoCAD template of the
printed circuit electrode (SPE) and used it on previously cleaned polyethylene tereph-
thalate (PET) substrate. By printing Ag/AgCl conductive ink and carbon conductive
ink, reference electrodes and working electrodes/counter electrodes were obtained,
respectively. After drying, the working electrode was modified with MWCNT by
depositing 3 μL of the aqueous suspension of MWCNT and with 3 μL of the aqueous
solution of uricase, which was incubated at 4 °C for 2 h. Uricase is an enzyme found
in many organisms, but not in humans. For comparison, the same electrode was
manufactured without modification with MWCNT. And both were analyzed in K3Fe
(CN)6/K4Fe(CN)6 system. Human saliva samples were collected, following ethical
protocols. The samples were subjected to standard addition. The schematic in Fig. 4
(Ia) shows the steps of fabrication of the SPE on PET substrate, including its modi-
fication by drop-casting with MWCNT and with the enzyme, Fig. 4 (Ib) shows the
final appearance of the SPE, followed by scanning electron microscope (SEM) results
(Figs. 4II).

The SEM results show the morphological characterization of the electrodes, where
in Figs. 4IIa and IIb it is observed the roughness of the SPE manufactured in 4IIc, the
modification with MWCNT and in 4IId the enzyme incubated on the MWCNT/SPE.
In the Fig. 4IId, it is possible to see that the uricase incubation allows the electrode
surface to become smoother. The CV results showed that modification with MWCNT
increases the peak current intensity, but when modifying with the enzyme the current
intensity was reduced. This was corroborated by the EIS results, which showed an
obvious decrease in Rct for the MWCNT modification which increased again when
analyzing the device with the incubated enzyme. The DPV results an oxidation peak
at 0.31 V in both devices. However, the modified SPE with MWCNT accentuated the
oxidation peak 26 times greater than the modified unmodified SPE, showing that the
device increased when modified with MWCNT. The standard addition results also
showed a linear increase in current with increasing UA concentration, with a low
detection limit. In chrono-amperometry (CA) results, biosensors with MWCNT had
a higher response signal. Thus, it was advantageous to modify the SPE with MWCNT,
as it increased the sensitivity of the device, allowing it to be used in human saliva
[81].

Cancer is known for its degree of lethality and is estimated that there are about
14.1 million malignant cases that lead to 8.2 million deaths annually [82]. By using
a biosensor to detect the disease directly in bodily fluids, such as serum and urine,
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Fig. 4 Ia Schematic illustration of the stepwise SPE fabrication; Ib images of the final device
obtained; IIa and IIb SEM images of the SPE without modification; IIc SEM image of the modi-
fication with MWCNT; and IId SEM image of morphology of working electrode modified with
MWCNT and with the incubated enzyme [81]
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non-invasive analyzes can be performed, facilitating the early detection of the disease
and favoring its treatment. A carbohydrate antigen is expressed on carcinoma cells
which have changes in glycolysis patterns, so the identification of antigens in the
expression of carbohydrates allows to identify the progress of the disease. In this
work, a graphene biosensor was developed for cancer biomarker detection of the
tumor-associated Thomsen-nouvelle (Tn) antigens. The biosensor was developed
using graphene screen-printed electrodes (SPE) activated by CA at three time inter-
vals and with two potential values using Ag/AgCl reference electrode and auxil-
iary platinum electrode for deposition of oxygenated groups such as—COOH. In
sequence, the sensor was chemically activated with a solution of 40 μL of N-(3-
dimethylaminopropyl)—N’-ethylcarbodiimide (EDC) 200 mM hydrochloride and
in 50 mM N-hydroxysuccinimide (NHS) solution. Then, the electrode surface was
incubated with human serum albumin (HSA) for covalent correction of HSA as a
nanoscaffold, activated with a 40 μL solution of 200 mM EDC and 50 mM NHS.
In this way, it was possible to carry out electrochemical oxidation on the electrode
and modify it with HSA, and to then covalently immobilize the Tn antigen. After
immobilizing the antigen, the analyte was incubated in obligatory up to 9 pM. After
optimizing the parameters of electrode activation and modification with HSA, elec-
trochemical characterization using CV was performed, where covalent immobiliza-
tion of HSA resulted in a decrease in �E. The results of the glycan biosensor indi-
cated that it detects the analyte with good sensitivity and selectivity, with satisfactory
reproducibility and an excellent detection limit [82].

In addition to cancer, graphene biosensors are interesting alternatives for other
pathogens, such as infection caused by the Zika virus. This type of infection is
caused by the transmission of the virus, and several outbreaks have taken place in
recent history. The infection can cause Guillain–Barre syndrome in adults, and in
fetuses, it can cause severe brain damage. A graphene-based biosensor was produced
immobilizing a highly specific monoclonal antibody. Graphene films were previously
produced by plasma-intensified photolithography, used to passivate and standardize
graphene, forming graphene films, which were later encapsulated. The biosensors
were functionalized by immobilizing the protein with anti-Zika monoclonal anti-
bodies developed by the Centers for Disease Control. This antibody was diluted in
a PBS solution pH = 7.4, with incubation carried out at room temperature. Possible
residual groups were extinguished. The biosensor was characterized by AFM and
Raman spectroscopy and was applied to analysis in PBS solution (pH = 7.4) and in
artificial serum. The results showed that protein immobilization occurs at a density
of 5 proteins/μm2 on the graphene surface with a thickness of 1.0 nm and that during
the procedure, in which the graphene is initially functionalized, and then the anti-
body is immobilized, it results in an increase of 20% in capacitance response. The
detection sensitivity was also determined, and the selectivity was validated, showing
that the biosensor can be applied in tests to diagnose the Zika virus [83].

ASPE biosensor based on combined graphene and reduced graphene oxide (rGO)
was used to determine the beta-amyloid (Aβ) peptide, which is an Alzheimer’s
biomarker, as anomalous levels of the biomarker are related to pathologies caused
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Fig. 5 Schematic of the electrochemical process to detect Aβ1–42: SPE graphene/rGO (a);
modification with the linker (Pyr-NHS) (b); antibody (c); BSA (d); Aβ1–42 peptide(e) [84]

by Alzheimer’s disease. According to the authors, the graphene-coupled rGO gener-
ates high conductivity and active sites that can be used in biosensors through the
chemical functionalization of rGO, which starts to act as an anchoring site for the
antibodies. The biosensor was validated in human plasma samples and in mouse
plasma samples. Initially, the SPE was produced by deposition of an aqueous solu-
tion of GO on the graphene of the SPE. The GO was electrochemically reduced in
10 mM K3[Fe (CN)6] with a 1 M KCl solution, with a CV cycle, varying the potential
from −1.5 V to 0.5 V. In sequence, the device was incubated through modification
of N-hydroxysuccinimide 1-pyrenebutyric acid (Pyr-NHS) which was performed in
methanol to facilitate the immobilization of the Aβ antibody for 2 h and then incu-
bated for 16 h in a solution containing H31L21 antibody. The plasma samples were
enriched with the peptide concentration and 20 μL was deposited on the biosensor
for 1 h. Then, the electrode surface was blocked with BSA (in PBS). The process
performed is summarized in Fig. 5 [84].

The cyclic voltammograms showed that modification with GO reduces the peak
current, but an electrochemical reduction of GO promotes the formation of the
graphene/rGO film which has a higher peak current intensity than graphene SPE
without the modification, due to high conductivity of graphene combined with the
electroactive sites of rGO. Furthermore, antibody incubation time and ligand concen-
tration were optimized. Device sensitivity was determined using DPV and the peak
current intensity decreased by increasing the Aβ concentration. Limit of detection
(LOD) of 2.398 pM was obtained and a linear range from 11 pM to 55 nM. Thus,
this graphene and rGO biosensor proved to be an interesting device for the electro-
chemical detection of the Aβ peptide, reconciling the electrochemical inertia and
electrocatalytic activity of graphene with the electroactive sites of rGO.
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4 Final Considerations

CPs such as PAni and PPy and carbon-based materials mainly fullerene, carbon
nanotubes, and graphene have stood out in bioelectrochemistry due to their character-
istics. In this chapter, it was observed that the CPs have been extensively used as active
transducer materials in the development of electrodes aiming biosensor applications
due to their electrical conductivity can be modulated on a wide range, besides their
flexibility, processability, and mechanical properties. Already carbon-based mate-
rials been widely used in biosensor applications due to advances in nanoscience and
nanotechnology, such as miniaturization of system, less energy consumption, lower
cost, and improved functionalities compared to other materials.

Furthermore, the applications discussed were in areas such as clinical and environ-
mental. The clinical applications of CPs-based biosensors and carbon-based mate-
rials showed the monitoring of uric acid in body fluids, detecting cancer biomarkers,
facilitating the early detection of the disease, and favoring its treatment. In the envi-
ronmental area, biosensors based on materials discussed throughout this chapter were
applied in the detection of emerging pollutants such as pesticide OPs, preventing their
accumulation in the environment, in addition to helping to maintain well-being and
life.

The main advantages of CPs-based biosensors are their sensitivity and specificity,
due to the addition of functional groups or molecules immobilized in their structures,
mainly as nanofibers and nanostructured films. Biosensors based on carbon-based
materials, on the other hand, also have advantages related to increased sensitivity and
selectivity and enable good reproducibility of the device. In this way, it is possible
to unite the advantages of these two material classes in hybrids.

The next chapter will address the characteristics and the advantages of the
hybrids of intrinsic CPs and carbon-based materials. It will also address the recent
applications of these hybrids in bioelectrochemistry, with a focus on biosensors.

References

1. Maduraiveeran, G., Sasidharan, M., Ganesan, V.: Electrochemical sensor and biosensor plat-
forms based on advanced nanomaterials for biological and biomedical applications. Biosens.
Bioelectron. 103, 113–129 (2018)

2. Garcia-Carmona, L., Martin, A., Sempionatto, J.R., et al.: Pacifier biosensor: toward noninva-
sive saliva biomarker monitoring. Anal. Chem. 91, 13883–13891 (2019)

3. Seo, G., Lee, G., Kim, M.J., et al.: Rapid detection of COVID-19 causative virus (SARS-CoV-
2) in human nasopharyngeal swab specimens using field-effect transistor-based biosensor. ACS
Nano 14, 5135–5142 (2020)

4. Bravo, I., Revenga-Parra, M., Pariente, F., Lorenzo, E.: Reagent-less and robust biosensor for
direct determination of lactate in food samples. Sensors 17, 144 (2017)

5. Gaudin, V.: Advances in biosensor development for the screening of antibiotic residues in food
products of animal origin—a comprehensive review. Biosens. Bioelectron. 90, 363–377 (2017)



https://www.twirpx.org & http://chemistry-chemists.com
116 F. Ruiz Simões et al.

6. da Silva, M.K.L., Vanzela, H.C., Defavari, L.M., Cesarino, I.: Determination of carbamate
pesticide in food using a biosensor based on reduced graphene oxide and acetylcholinesterase
enzyme. Sens.S Actuators B-Chem. 277, 555–561 (2018)

7. Maduraiveeran, G., Jin, W.: Nanomaterials based electrochemical sensor and biosensor
platforms for environmental applications. Trends Environ. Anal. Chem. 13, 10–23 (2017)

8. Uniyal, S., Sharma, R.K.: Technological advancement in electrochemical biosensor based
detection of Organophosphate pesticide chlorpyrifos in the environment: A review of status
and prospects. Biosens. Bioelectron. 116, 37–50 (2018)

9. Perumal, V., Hashim, U.: Advances in biosensors: Principle, architecture and applications. J.
Appl. Biomed. 12, 1–15 (2014)

10. Xu, N., Bai, J., Peng, Y., et al.: Pretreatment-free detection of diazepam in beverages based on
a thermometric biosensor. Sens.S Actuators B-Chem. 241, 504–512 (2017)

11. Shafiee, H., Lidstone, E.A., Jahangir, M., et al.: Nanostructured Optical Photonic Crystal
Biosensor for HIV Viral Load Measurement. Sci. Rep. 4, 4116 (2014)

12. Pohanka, M.: Piezoelectric biosensor for the determination of Tumor Necrosis Factor Alpha.
Talanta 178, 970–973 (2018)

13. Jayanthi, V.S.P.K.S.A., Das, A.B., Saxena, U.: Recent advances in biosensor development for
the detection of cancer biomarkers. Biosens. Bioelectron. 91, 15–23 (2017)

14. Mishra, R.K., Hubble, L.J., Martin, A., et al.: Wearable flexible and stretchable glove biosensor
for on-site detection of organophosphorus chemical threats. Acs Sensors 2, 553–561 (2017)

15. Cui, H.-F., Wu, W.-W., Li, M.-M., et al.: A highly stable acetylcholinesterase biosensor based
on chitosan-TiO(2)graphene nanocomposites for detection of organophosphate pesticides.
Biosens. Bioelectron. 99, 223–229 (2018)

16. Martinkova, P., Pohanka, M.: Biosensors for blood glucose and diabetes diagnosis: evolution,
construction, and current status. Anal. Lett. 48, 2509–2532 (2015)

17. Thevenot, D.R., Toth, K., Durst, R.A., Wilson, G.S.: Electrochemical biosensors: recommended
definitions and classification. Biosens. Bioelectron. 16, 121–131 (2001)

18. Clark, L., Lyons, C.: Electrode systems for continuous monitoring in cardiovascular surgery.
Ann. N. Y. Acad. Sci. 102, 29–000 (1962)

19. Shirakawa, H., Louis, E.J., MacDiarmid, A.G., et al.: Synthesis of electrically conducting
organic polymers: halogen derivatives of polyacetylene, (CH) x. J. Chem. Soc., Chem.
Commun. 16, 578–580 (1977)

20. Aqel, A., Abou El-Nour, K.M.M., Ammar, R.A.A., Al-Warthan, A.: Carbon nanotubes, science
and technology part (I) structure, synthesis and characterisation. Arab. J. Chem. 5, 1–23 (2012)

21. Li, Y.: Conducting polymers. In: Organic Optoelectronic Materials. Springer, pp. 23–50 (2015)
22. Pron, A., Rannou, P.: Processible conjugated polymers: from organic semiconductors to organic

metals and superconductors. Prog. Polym. Sci. 27, 135–190 (2002)
23. Chiang, J.C., Macdiarmid, A.G.: Polyaniline—protonic acid doping of the emeraldine form to

the metallic regime. Synth. Met. 13, 193–205 (1986)
24. Levi, M.D., Vorotyntsev, M.A., Kazarinov, V.E., Frumkin, A.N.: Electron-conducting poly-

mers—electrochemical doping and equilibrium potential distribution across metal-polymer-
solution interfaces. Synth. Met. 43, 2923–2925 (1991)

25. Macdiarmid, A.G., Epstein, A.J.: Secondary doping in polyaniline. Synth. Met. 69, 85–92
(1995)

26. Paasch, G.: Transmission line description for doped conjugated polymers with polarons,
bipolarons and counterions as charged species. Electrochim. Acta 47, 2049–2053 (2002)

27. Paasch, G.: Transport in doped conjugated polymers with polarons and bipolarons forming
complexes with counter ions. Solid State Ion.S 169, 87–94 (2004)

28. Popkirov, G.S., Barsoukov, E.: In-situ impedance measurements during oxidation and reduction
of conducting polymers—significance of the capacitive currents. J. Electroanal. Chem. 383,
155–160 (1995)

29. Lange, U., Roznyatouskaya, N.V., Mirsky, V.M.: Conducting polymers in chemical sensors
and arrays. Anal. Chim. Acta 614, 1–26 (2008)



https://www.twirpx.org & http://chemistry-chemists.com
Conducting Polymers and Carbon-Based Materials … 117

30. Bartlett, P., Birkin, P.: The application of conducting polymers in biosensors. Synth. Met. 61,
15–21 (1993)

31. Xia, L., Wei, Z., Wan, M.: Conducting polymer nanostructures and their application in
biosensors. J. Colloid Interface Sci. 341, 1–11 (2010)

32. Lee, H.-Y., Jung, Y., Kim, S.: Conducting polymer coated graphene oxide electrode for
rechargeable lithium-sulfur batteries. J. Nanosci. Nanotechnol. 16, 2692–2695 (2016)

33. An, H.F., Wang, X.Y., Li, N., et al.: Carbon and conducting polymer composites for
supercapacitors. Prog. Chem. 21, 1832–1838 (2009)

34. Ghanbari, K., Mousavi, M.F., Shamsipur, M.: Preparation of polyaniline nanofibers and their
use as a cathode of aqueous rechargeable batteries. Electrochim. Acta 52, 1514–1522 (2006)

35. Ebrahim, S., El-Raey, R., Hefnawy, A., et al.: Electrochemical sensor based on polyaniline
nanofibers/single wall carbon nanotubes composite for detection of malathion. Synth. Metals
190, 13–19 (2014)

36. Paterno, L.G., Fonseca, F.J., Alcantara, G.B., et al.: Fabrication and characterization of nanos-
tructured conducting polymer films containing magnetic nanoparticles. Thin Solid Films 517,
1753–1758 (2009)

37. Kucherenko, I.S., Soldatkin, O.O., Kucherenko, D.Y., et al.: Advances in nanomaterial applica-
tion in enzyme-based electrochemical biosensors: a review. Nanoscale Advances 1, 4560–4577
(2019)

38. Sethuraman, V., Muthuraja, P., Raj, J.A., Manisankar, P.: A highly sensitive electrochemical
biosensor for catechol using conducting polymer reduced graphene oxide-metal oxide enzyme
modified electrode. Biosens. Bioelectron. 84, 112–119 (2016)

39. Dai, H., Wang, N., Wang, D., et al.: Voltammetric uric acid sensor based on a glassy carbon
electrode modified with a nanocomposite consisting of polytetraphenylporphyrin, polypyrrole,
and graphene oxide. Microchim. Acta 183, 3053–3059 (2016)

40. Gerard, M., Chaubey, A., Malhotra, B.D.: Application of conducting polymers to biosensors.
Biosens.S & Bioelectron. 17, 345–359 (2002)

41. Zare, E.N., Makvandi, P., Ashtari, B., et al.: Progress in conductive polyaniline-based
nanocomposites for biomedical applications: a review. J. Med. Chem. 63, 1–22 (2020)

42. Lai, J., Yi, Y., Zhu, P., et al.: Polyaniline-based glucose biosensor: a review. J. Electroanal.
Chem. 782, 138–153 (2016)

43. Hamid, H.H., Harb, M.E., Elshaer, A.M., et al.: Electrochemical preparation and electrical
characterization of polyaniline as a sensitive biosensor. Microsyst. Technol. Micro Nanosyst.
-Inf. Storage Process. Syst. 24, 1775–1781 (2018)

44. Asmatulu, R., Veisi, Z., Uddin, M.N., Mahapatro, A.: Highly sensitive and reliable electrospun
polyaniline nanofiber based biosensor as a robust platform for COX-2 enzyme detections.
Fibers Polym. 20, 966–974 (2019)

45. Mishra, R.K., Barfidokht, A., Karajic, A., et al.: Wearable potentiometric tattoo biosensor for
on-body detection of G-type nerve agents simulants. Sens.S Actuators B-Chem. 273, 966–972
(2018)

46. Wang, H., Ma, Z.: A cascade reaction signal-amplified amperometric immunosensor platform
for ultrasensitive detection of tumour marker. Sens.S Actuators B-Chem. 254, 642–647 (2018)

47. Sheikhzadeh, E., Chamsaz, M., Turner, A.P.F., et al.: Label-free impedimetric biosensor for
Salmonella Typhimurium detection based on poly [pyrrole-co-3-carboxyl-pyrrole] copolymer
supported aptamer. Biosens. Bioelectron. 80, 194–200 (2016)

48. Li, S., Jiang, Y., Eda, S., Wu, J.J.: Low-cost and desktop-fabricated biosensor for rapid and
sensitive detection of circulating D-dimer biomarker. IEEE Sens. J. 19, 1245–1251 (2019)

49. Ayenimo, J.G., Adeloju, S.B.: Amperometric detection of glucose in fruit juices with
polypyrrole-based biosensor with an integrated permselective layer for exclusion of inter-
ferences. Food Chem. 229, 127–135 (2017)

50. Akdag, A., Isik, M., Goktas, H.: Conducting polymer-based electrochemical biosensor for
the detection of acetylthiocholine and pesticide via acetylcholinesterase. Biotechnol. Appl.
Biochem 68, 1113–1119 (2021)



https://www.twirpx.org & http://chemistry-chemists.com
118 F. Ruiz Simões et al.

51. Bhong, S.Y., More, N., Choppadandi, M., Kapusetti, G.: Review on carbon nanomaterials as
typical candidates for orthopaedic coatings. Sn Appl. Sci. 1, 76 (2019)

52. Stamatin, I., Morozan, A., Dumitru, A., et al.: The synthesis of multi-walled carbon nanotubes
(MWNTs) by catalytic pyrolysis of the phenol-formaldehyde resins. Phys. E-Low-Dimens.
Syst. & Nanostructures 37, 44–48 (2007)

53. Thostenson, E.T., Ren, Z.F., Chou, T.W.: Advances in the science and technology of carbon
nanotubes and their composites: a review. Compos. Sci. Technol. 61, 1899–1912 (2001)

54. Iijima, S.: Helical microtubules of graphitic carbon. Nature 354, 56–58 (1991)
55. Andrews, R., Weisenberger, M.C.: Carbon nanotube polymer composites. Curr. Opin. Solid

State Mater. Sci. 8, 31–37 (2004)
56. Dai, H.J.: Carbon nanotubes: synthesis, integration, and properties. Acc. Chem. Res. 35, 1035–

1044 (2002)
57. Hazani, M., Hennrich, F., Kappes, M., et al.: DNA-mediated self-assembly of carbon nanotube-

based electronic devices. Chem. Phys. Lett. 391, 389–392 (2004)
58. He, B.L., Dong, B., Wang, W., Li, H.L.: Performance of polyaniline/multi-walled carbon

nanotubes composites as cathode for rechargeable lithium batteries. Mater. Chem. Phys. 114,
371–375 (2009)

59. Qiu, Y.J., Yu, J., Fang, G., et al.: Synthesis of carbon/carbon core/shell nanotubes with a high
specific surface area. J. Phys. Chem. C 113, 61–68 (2009)

60. Zhao, Q., Gan, Z., Zhuang, Q.: Electrochemical sensors based on carbon nanotubes.
Electroanal. 14, 1609–1613 (2002)

61. Hwang, H.S., Jeong, J.W., Kim, Y.A., Chang, M.: Carbon nanomaterials as versatile platforms
for biosensing applications. Micromachines 11, 814 (2020)

62. Rivas, G.A., Rubianes, M.D., Rodriguez, M.C., et al.: Carbon nanotubes for electrochemical
biosensing. Talanta 74, 291–307 (2007)

63. Valentini, F., Orlanducci, S., Terranova, M.L., et al.: Carbon nanotubes as electrode materials
for the assembling of new electrochemical biosensors. Sens.S Actuators B-Chem. 100, 117–125
(2004)

64. Geim, A.K., Novoselov, K.S.: The rise of graphene. Nature Mater 6, 183–191 (2007)
65. Shao, Y., Wang, J., Wu, H., et al.: Graphene based electrochemical sensors and biosensors: a

review. Electroanalysis 22, 1027–1036 (2010)
66. Novoselov, K.S., Fal′ko, V.I., Colombo, L., et al.: A roadmap for graphene. Nature 490, 192–200

(2012)
67. Novoselov, K.S., Geim, A.K., Morozov, S.V., et al.: Electric field effect in atomically thin

carbon films. Science 306, 666 (2004)
68. Novoselov, K.S., Jiang, D., Schedin, F., et al.: Two-dimensional atomic crystals. Proc. Natl.

Acad. Sci. 102, 10451–10453 (2005)
69. Novoselov, K.S., Geim, A.K., Morozov, S.V., et al.: Two-dimensional gas of massless Dirac

fermions in graphene. Nature 438, 197–200 (2005)
70. Zhang, Y., Tan, Y.-W., Stormer, H.L., Kim, P.: Experimental observation of the quantum Hall

effect and Berry’s phase in graphene. Nature 438, 201–204 (2005)
71. Hummers, W.S., Offeman, R.E.: Preparation of graphitic oxide. J. Am Chem. Soc. 80, 1339–

1339 (1958)
72. Zaaba, N.I., Foo, K.L., Hashim, U., et al.: Synthesis of graphene oxide using modified hummers

method: solvent influence. Procedia Eng. 184, 469–477 (2017)
73. Li, X., Zhong, Q., Zhang, X., et al.: In-situ polymerization of polyaniline on the surface of

graphene oxide for high electrochemical capacitance. Thin Solid Films 584, 348–352 (2015)
74. Zhang, J., Yang, H., Shen, G., et al.: Reduction of graphene oxide via L-ascorbic acid. Chem.

Commun. 46, 1112–1114 (2010)
75. Xu, C., Shi, X., Ji, A., et al.: Fabrication and characteristics of reduced graphene oxide produced

with different green reductants. Plos One 10, e0144842 (2015)
76. Losurdo, M., Giangregorio, M.M., Capezzuto, P., Bruno, G.: Graphene CVD growth on copper

and nickel: role of hydrogen in kinetics and structure. Phys. Chem. Chem. Phys. 13, 20836
(2011)



https://www.twirpx.org & http://chemistry-chemists.com
Conducting Polymers and Carbon-Based Materials … 119

77. Hernandez, Y., Nicolosi, V., Lotya, M., et al.: High-yield production of graphene by liquid-phase
exfoliation of graphite. Nat. Nanotech 3, 563–568 (2008)

78. de Heer, W.A., Berger, C., Ruan, M., et al.: Large area and structured epitaxial graphene
produced by confinement controlled sublimation of silicon carbide. Proc. Natl. Acad. Sci. 108,
16900–16905 (2011)

79. Kosynkin, D.V., Higginbotham, A.L., Sinitskii, A., et al.: Longitudinal unzipping of carbon
nanotubes to form graphene nanoribbons. Nature 458, 872–876 (2009)

80. Justino, C.I.L., Gomes, A.R., Freitas, A.C., et al.: Graphene based sensors and biosensors.
TrAC, Trends Anal. Chem. 91, 53–66 (2017)

81. Shi, W., Li, J., Wu, J., et al.: An electrochemical biosensor based on multi-wall carbon nanotube-
modified screen-printed electrode immobilized by uricase for the detection of salivary uric acid.
Anal. Bioanal. Chem. 412, 7275–7283 (2020)

82. Kveton, F., Blsakova, A., Lorencova, L., et al.: A graphene-based glycan biosensor for
electrochemical label-free detection of a tumor-associated antibody. Sensors 19, 5409 (2019)

83. Afsahi, S., Lerner, M.B., Goldstein, J.M., et al.: Novel graphene-based biosensor for early
detection of Zika virus infection. Biosens. Bioelectron. 100, 85–88 (2018)

84. Sethi, J., Van Bulck, M., Suhail, A., et al.: A label-free biosensor based on graphene and reduced
graphene oxide dual-layer for electrochemical determination of beta-amyloid biomarkers.
Microchim. Acta 187, 288 (2020)



https://www.twirpx.org & http://chemistry-chemists.com

3D-Printed Electrochemical Devices
for Sensing and Biosensing of Biomarkers

Luiz R. G. Silva, Ava Gevaerd, Luiz H. Marcolino-Junior,
Márcio F. Bergamini, Tiago Almeida Silva, and Bruno Campos Janegitz

Abstract In this chapter, we explore the concepts of obtaining 3D devices, as
well as the most relevant results regarding applications of these electrochemical
sensors/biosensors for the determination of biomarkers. Some procedures and trends,
new cell geometries, surface treatments, and applications in fully printed tools are
described. Furthermore, the applications of the devices for biomarkers determination
and their advantages will be discussed in detail, as well as the perspectives for the
use of these devices.

Keywords 3D printing · Electrochemistry · Biomarkers · Sensors · Biosensors

1 Introduction

The electrochemical sensors obtained by 2D-printing techniques are widely used
for the monitoring of biomarkers in general, and their surface can be modified with
different types of biomolecules, or treatments depending on the final application
purpose. However, some limitations on the sensor geometry, on the inks used in
the process of obtaining the strips, in addition to limitations on the 2D-printing
methodology, can restrict the scope of application of these sensors for biological
applications [1, 2]. Thus, as a way to get around and even improve performance,
3D printing comes as a promising approach, allowing the devices obtained by this
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methodology to be more robust, stable, and enabling more stable measurements when
in biological environments, such as fluids biomarkers in which the biomarkers are
found [3].

3D printing is one of the most innovative technologies available today, and it has
established itself as a popular and powerful tool in many different fields. If we look
at the last 30 years, it is possible to observe the growth of this technology in the most
different niches of society [4, 5]. The main motivation in using 3D printing is to
obtain customized prototypes for different applications, quickly, with decentralized
manufacturing and easy integration with the other parts of the system. This is possible
because, in a very simple way, 3D printing is an additive manufacturing method that
can build objects from a computational model, a model that is custom designed for
the system in question.

In a very recent review, Su [6] makes a survey of 3D analytical devices with biolog-
ical applications, in which the author concludes that the increasing use and replace-
ment of conventional devices by 3D devices come from a series of characteristics
that can be changed when these devices are manufactured, which ultimately generate
a result far superior to conventional devices, precisely because of the synergism that
is generated when all the best features are placed in one device.

As a brief search in the literature, it is possible to note that a large portion of
the application of this technology is for scientific research, and just as 3D printing
offers a huge potential for devices from different areas, for systems and research in
electroanalytical chemistry would not be different. In the last 10 years, it is possible
to note an exponential growth in the publication numbers in the analytical field,
especially for the electroanalytical devices (Fig. 1).

For most electroanalytical devices and applications, the 3D devices were obtained
using the extrusion of melting thermoplastics, by using fused deposition modeling
(FDM) [1, 2]. Although it seems that these devices obtained by FDM have appli-
cation limitations, that are directly related to the most common thermoplastics, the
acrylonitrile butadiene styrene (ABS), and the polylactic acid (PLA), what can be
observed, and will be discussed in detail throughout the chapter, is that different
types of surface treatments, functionalizations, and changes in the composition of

Fig. 1 Publications from the last 10 years in electroanalytical field. Keywords: “3D-printed
electrode”. Results from Science Direct database
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thermoplastics can be carried out, thus improving the interface of these devices with
biological environments, making the application range only increase.

As described by Abdalla and Patel [7], electrochemical devices obtained by 3D
printing are a new horizon for measurements of biologically relevant molecules, and
it is to demonstrate this new horizon that the following discussions were made.

2 3D-Printed Electrochemical Devices

The electrodes used at electrochemical sensors and biosensors are based on solid
substrates manufactured by traditional processes. Carbon-based electrodes, espe-
cially glassy carbon and carbon paste electrodes, and metallic electrodes such as
platinum and gold provide robust surfaces with good electronic conductivity and
are versatile for the incorporation of modifiers. Despite the expressive success of
the aforementioned working electrodes, currently, there is a new field of research in
wide expansion, which aims to manufacture electrode materials and complete elec-
trochemical devices for electroanalysis using a simple, low-cost, and reproducible
methodology. Such research makes use of 3D-printing technology, developed at
the end of the last century and with significant advances in the current twenty-first
century.

3D-printing technology is based on the fabrication of solid objects from the
sequential deposition of layers of a given material. In a typical procedure, the first
step consists of drawing the desired object in a virtual environment using CAD soft-
ware, when all dimensions, shapes, and geometries are defined [8]. The file is then
converted into a format that is universally recognized and read by the 3D-printer soft-
ware, the STL (StereoLithography) format [8]. In the printer’s software, the 3D model
is subjected to a slicing process, which consists of generating several layers of a 2D
cross-section of the entire object. Finally, the printer starts to deposit the material after
successive sequencing of these 2D layers, which are built on top of each other, until
the desired 3D object is fully printed [8]. There are several 3D-printing technologies
available, in which the most popular is based on Fused Deposition Modeling (FDM).
This technology makes use of an extrusion method, in which a thermoplastic fila-
ment is heated to its semi-molten state before extrusion by a movable heated nozzle,
which deposits the polymer onto a substrate [1, 9]. Some examples of thermoplastics
for use in 3D-FDM printing are polylactic acid (PLA) and acrylonitrile butadiene
styrene (ABS). Once deposited, the material solidifies creating a layer that stacks on
top of the previous layer. This step is repeated layer-by-layer until the entire object
is printed [9].

3D-FDM printers have allowed the dissemination of 3D-printing technology to
various branches, due to their lower cost, relatively easy operation, versatility in the
design of the most varied and complex objects, and rapid prototyping [10]. Currently,
in the context of electrochemistry, 3D-printing technology has already been explored
in areas such as the development of Li-ion batteries, capacitors, electrocatalysis, and
electroanalysis [8, 11, 12]. In the latter case, 3D printing has been applied in the
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manufacture of electrodes for three-electrode systems [13]. For this, the conductivity
of the used material must be high for electrochemical/electroanalytical applications,
and therefore, filaments based on polymers doped with carbonaceous conductive
materials (graphene, graphite, and carbon black) are already commercially available,
which enabled the manufacture of the electrodes.

In addition to the preparation of the electrodes themselves, an important advance
reported is the use of 3D printing for the fabrication of the entire electrochemical
device, that are, electrodes and electrochemical cells, the so-called all-in-one 3D-
printed electrochemical devices [1]. In the case of the electrochemical cell, to avoid
interference with the electrochemical transduction of the three-electrode system,
naturally, a non-conductive filament is chosen to manufacture the electrochemical
cells. The electrochemical cell and electrodes 3D printed by Richter et al. [14] are
displayed in Fig. 2. The components were fabricated by FDM 3D printing using a
carbon black/PLA filament for the electrodes and insulant PLA filament for the other
electrochemical cell parts.

Although a conductive filament is used, the surface that remains exposed to the
electrolytic solution does not yet have fully adequate charge transfer characteris-
tics. This is because conductive particles (such as graphene sheets or carbon black
nanoparticles) are still occluded in the insulating polymer matrix. Thus, chemical,
electrochemical, and/or mechanical treatment procedures are essential to active the
electrodic surface [1]. A systematic study was recently reported by Kalinke et al. [15],
in which the use of mechanical polishing, chemical, and electrochemical treatments,
individually or in combination, of electrodes printed with PLA/graphene (PLA-G)
was explored. The best electrochemical performance was achieved by applying the
combined chemical and electrochemical activation steps: (1) chemical treatment by

Fig. 2 Schematic 3D-printed (AM) electrochemical cell and the 3D-printing working electrode
preparation by polishing. On right, SEM images of the 3D-printed surface after polishing and after
electrochemical activation. (Reprinted with permission from [14], Copyright (2019), American
Chemical Society)
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Fig. 3 3D PLA-G electrode design and SEM images with 10 000 × magnification of the electrodes:
a PLA-G, b PLA-G in DMF for 10 min and DMF followed by electrochemical treatment (EC), c
PLA-G in 1.0 mol L−1 NaOH for 30 min and NaOH followed by electrochemical treatment (EC).
(Reproduced from [15] with permission from the Royal Society of Chemistry)

immersion in 1.0 mol L−1 NaOH solution during 30 min and (2) electrochemical
treatment carried out by applying + .8 V during 900 s followed by cyclic voltam-
metry (potential range of 0.0 to − 1.8 V and scan rate of 50 mV s−1), both in 0.10 mol
L−1 phosphate buffer solution (pH 7.4). Figure 3 compares the morphology of as-
printed electrodes and those obtained from different treatments. Indeed, the SEM
images suggest the presence of multilayer graphene nanoribbons, free of the dense
PLA layer in the case of the NaOH, and EC-treated electrodes, which led to a great
increase in surface area, defects, electron transfer rate, and amount of edge site.

The electrodes printed from the conductive filaments have been applied so far
for the determination of analytes of pharmaceutical, environmental, and biological
interest. In some cases, analytes with well-explored electrochemical behavior were
determined, such as dopamine [10], uric acid [16], nitrite ion [16], heavy metals
[17], among others. This is necessary to enable the comparison of data with those
provided by electrodes conventionally used in electroanalysis. However, it opens up
a great deal of space for the use of this new 3D (bio)sensors for the electrochemical
study and quantification of more specific organic and inorganic analytes. 3D–printed
electrodes can be used as a conventional non-modified electrode or as a platform
for the preparation of electrochemical sensors or biosensors in electroanalysis. In
addition to direct use, some recent works propose the modification of electrodes
to improve electrochemical properties, such as electrochemically active area and
charge transfer kinetics, or biological agents for the proposition of electrochemical
biosensors. This modification can be performed by incorporating modifiers in the
composition of the filament [18] or by modifying the electrode surface [19, 20]. More
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examples of application specifically in the detection of biomarkers are presented in
the following section.

3 Electrochemical Determination of Biomarkers Using
3D-Printed Devices

The use of 3D printing in electroanalysis is relatively new. Despite the use of this
technology for decades, one of the first applications of 3D printing for electrochem-
istry was demonstrated in 2010 [8], and the first biomarker was detected only in
2018 using 3D-printed sensors. Since then, to our knowledge, few works have been
reported for the detection of biomarkers. In this aspect, 3D printing for the anal-
ysis of biomarkers is a growing field, and a lot has to be explored, improving the
diagnostics of different kinds of diseases. Table 1 summarizing the above-discussed
works is presented below, containing the possible biomarker studied, the material
used for the fabrication of the sensors, the 3D-printing method employed, as well as
the analytical characteristics obtained in each work.

The precursor work employing 3D-printed technology for the detection of a
biomarker was reported in 2018 [21]. In this work, a 3D-printed stainless-steel elec-
trode in helical shape was constructed for the detection of paracetamol and dopamine
(DA). The 3D-printed stainless-steel electrode was surface-modified with a thin
gold layer by electro-plating by applying a constant current (−20 mA for 90 min)
to improve the electrochemical performance. The electrodes were obtained using
selective laser melting SLM, based on the application of a focused laser beam of
high energy which binds metallic particles deposited in a powder form in a printing
stage, forming a previously established design, layer by layer. Figure 4 presents
an illustration of the design and 3D-printed electrodes, including the Au-modified
stainless-steel electrode. The simultaneous detection of the analytes was success-
fully performed, demonstrating that the 3D-printed sensor is capable of detecting
both without mutual interference. Following the same approach, Ho et al. used the
Au-modified 3D-printed stainless-steel electrode for the detection of the biomarkers
ascorbic acid (AA) and uric acid (UA) [22].

Regarding the use of commercial conductive filaments, Santos et al. [23] devel-
oped inexpensive and reproducible 3D-printed graphene electrodes employing the
FDM printing technique with conductive polylactic acid/graphene (PLA/graphene)
filaments for electrocatalytic detection of dopamine (DA). The electrodes were 3D
printed using an extrusion temperature of 190 °C in the form of disks with diameters
of 5 mm and thickness of 1 mm. A 2–mm-thick strip was designed to allow the
electrode to be connected to a connector. An illustration of the working electrode is
shown in Fig. 5.

Still employing the FDM technique, an interesting work that presents a way to
manufacture the full electrochemical assembly (electrochemical cell and electrodes)
in a single printing step was presented by Katseli et al. [24]. Its applicability was tested
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Fig. 4 Schematic representation of the metal 3D-printed electrode fabrication and modification.
(Adapted from [21])

Fig. 5 a Design drawn in
the Tinkercad platform and b
the digital photo of the 3D
graphene electrode.
(Reprinted from [23] with
permission of Elsevier)

facing the determination of caffeine and glucose. The three conductive electrodes
(working, counter, and pseudo-reference electrodes) were printed from a conductive
PLA/carbon filament, and an electrode holder was printed from a non-conductive
PLA filament. Figure 6 presents an illustrated diagram of the printer used as well as
the final printed electrodes.

Already in 2020, the number of works employing 3D printing for the detection of
biomarkers increased. A good example is the work proposed by Kalinke et al. [15],
which exploited different types of surface treatments on FDM 3D-printed graphene
electrodes for the determination of DA in synthetic urine and serum. The electrodes
used in this work also presented a disk shape with 5.0 mm in diameter and 1.0 mm in
thickness, and with a connector of 20.0 mm in length and 2.0 mm in thickness. A series
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Fig. 6 a Schematic
illustration of the3D-printing
processing of a 3D printer
equipped with two heads. b
Photograph of the
3D-printed integrated device.
(Reprinted from [24] with
permission of Elsevier)

of surface treatments and its combination were exploited, including the electrochem-
ical activation, mechanical treatment (polishing), and chemical treatments by direct
immersion in different types of solvents (dimethylformamide—DMF, NaOH, HNO3,

and H2SO4). The optimized surface treatment was a combination of direct immer-
sion in NaOH for 30 min with electrochemical treatment that consist of applying a
constant + 1.8 V potential for 900s in the presence of 0.1 mol L−1 PBS (pH = 4).
The same strategy was used for the determination of L-methionine [25]. The devel-
oped sensor was tested in the analysis of biological samples (serum) enriched with
L-methionine and presented adequate recovery values, indicating a great potential
of the produced 3D-printed sensors for the determination of this biomarker.
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Rocha et al. have reported the modification of a commercial conductive filament
(PLA/graphene) with nickel microparticles (Ni-G-PLA) [26] for the non-enzymatic
determination of glucose. For the production of Ni-G-PLA, a mixture of 30 g of the
commercial conductive filament (cut into small pieces) was solubilized together with
3 g of Ni(OH)2 in 250 mL of acetone and chloroform compound solution (3:1 v/v).
The material obtained was dried at 100 ºC in an oven for 12 h and then cut into small
pieces. Finally, the material was extruded at a temperature of 220ºC and a speed of
30 rpm to form the desired filaments (Fig. 7a). The new filament was used to print
3D hollow square boxes (4 cm × 4 cm × 2 cm) with a wall thickness of 0.72 mm
in a vertical orientation (Fig. 7b). Figure 6C shows the coupling of the 3D-printed
electrodes to the bottom of the batch injection analysis cell (BIA). Thus, the method
employed in conjunction with the PLA/graphene 3D-printed electrode with nickel
microparticles was a great alternative for the fabrication of sensors.

Regarding the use of conductive filaments for the construction of biosensors,
Marzo et al. [27] produced a 3D-printed PLA/graphene electrode using the FDM
technique. The obtained device was modified with horseradish peroxidase (HPR)
to develop a biosensor capable of detecting hydrogen peroxide. Thus, initially, the
complete activation of the surface (chemical and electrochemical—DMF-EC) of
the 3D electrodes was performed, and later, the sensors were modified with gold
nanoparticles (AuNPs). An illustration of the whole process is shown in Fig. 8. In
the same way, Silva et al., 2020, presented an unprecedented procedure in which they

Fig. 7 Schematic diagrams: A Production of the Ni-G-PLA filament using the 3D extruder; B 3D
printing of a hollow square box (4 cm × 4 cm × 2 cm) with the wall thickness of 0.72 mm; C
the 3D-printing electrode (1 × 1 cm) is positioned at the bottom of the BIA cell on a metal plate
(electrical contact); a illustration of Ni-G-PLA filament; b printer nozzle; c Pt counter electrode; d
micropipette tip; e reference electrode (Ag/AgCl); f 3D-printed Ni-G-PLA working electrode (1 ×
1 cm). (Reprinted from [26] with permission of Elsevier)
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Fig. 8 Representative scheme of 3D graphene-PLA biosensor fabrication: a 3D printing of the
electrode; b activation in DMF and by electrochemistry; c modification of 3D-printed electrode
with HRP enzyme; and d modification of the 3D-printed electrode with gold NPs and, subsequently,
with HRP enzyme. e and f are corresponding mechanisms of H2O2 detection. (Reprinted from [27]
with permission of Elsevier)

have employed different chemical treatments to form reduced graphene oxide (rGO)
in 3D-printed electrodes made from conductive filaments of PLA/graphene printed in
3D by FDM for the determination of serotonin and catechol [28]. Tyrosinase enzyme
was immobilized on the surface of the working electrode to obtain a biosensor for
catechol determination. Thus, to obtain the enzyme layer film, 1.0 mg of dihexadecyl
phosphate (DHP) was dissolved in 1.0 mL of 0.2 mol L−1 phosphate buffer (pH 6.0),
and 90 µL of this solution was mixed with the enzyme tyrosinase (10 µL/25 units)
under constant stirring per 10 s. Next, a volume of 40 µL of this solution was placed,
using a micropipette, upon the treated G-PLA surface, and the system was kept inside
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a refrigerator for 48 h for drying. The method employed for detection serotonin for
catechol.

Katseli et al. [29] have proposed an innovative conformation of 3D-printed electro-
chemical microtitration wells (e-wells) based on direct quantum dots for enzymatic
bioassays, employing a 3D printer equipped with a twin extruder fed with non-
conductive (PLA) and conductive (PLA/CB) filaments. The sensors were printed at
60 ºC on the printing platform and 200 and 220ºC on the extruder nozzles for the
PLA and PLA/CB filaments, respectively. Figure 9 presents a summarized graphic
illustration of the sensor production method and the final design. The bioanalyt-
ical applicability of the 3D e-wells was demonstrated by performing voltammetric

Fig. 9 a 3D-printing fabrication procedure of e-well and its dimension in cm. The conductive
filament is PLA loaded with carbon black (PLA/CB). b Photograph of the 3D-printed e-wells. c
Schematic illustration of the immunoassay for the QD-based voltammetric determination of CRP
and H2O2 amperometric assay in 3D e-wells. (Reprinted from [29] with permission of Wiley
Analytical Science)
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Fig. 10 Immunosensor step-by-step buildup. (Reprinted from [30] with permission of Elsevier)

bioassays in the detection of the C-reactive protein biomarker employing biotiny-
lated reporter antibody and streptavidin-conjugated CdSe/ZnS QDs. In addition, due
to the extension of its scope to the enzymatic biosensing, the e-wells were applied
for the determination of by-products of hydrogen peroxide, demonstrating universal
applicability in electrochemical bioassays.

Finally, Martins et al. [30] have recently reported the first immunosensor
constructed with the commercial 3D conductive filament of CB/(PLA) to detect
Hantavirus Araucaria nucleoprotein (Np). In this work, the biorecognition element
(antibody against Hantavirus) was directly immobilized on the 3D-printed elec-
trodes using EDC/NHS chemistry (please, see Fig. 10). To detect the hantavirus
nucleoprotein (Np), the electrode’s response toward the redox probe (K3[Fe(CN)6])
was compared in the absence and presence of Np. By applying this simple
biosensing approach, it was possible to quantify the Hantavirus Araucaria, which
was successfully applied in the analysis of diluted human serum samples.

4 Conclusions and Perspectives

The development of new types of devices for the sensing of biomarkers is of
paramount importance, especially devices that aim to overcome the current prob-
lems of conventional methods of analysis. In this way, 3D-printing technology
is a fundamental tool to support the production of a new generation of electro-
chemical devices. This technology, coupled with the development of new elec-
trochemical sensors, brings several advantages, such as automatization and large-
scale production, development of complete and miniaturized systems (cell and



https://www.twirpx.org & http://chemistry-chemists.com
134 L. R. G. Silva et al.

electrodes) with a wide variety of designs, cost reduction, and application of new
materials.

Given the aspects discussed in this book chapter, 3D-printed electrochemical
devices are increasingly being used in the monitoring of biomarkers, as the evolu-
tion of the produced sensors is constant, with new designs, fabrication methods,
and surface treatments, facilitating the handling and employability of the sensors.
In addition, with the advancement of 3D technology, whether employing simpler or
more sophisticated printers, an advance in the production of increasingly robust elec-
trochemical sensors is observed, whether in miniaturization, with greater specificity,
sensitivity, applicability, or production with new materials.

Finally, the use of 3D-printing strategies applied to the development of miniatur-
ized electrochemical systems is a technology that fully adequates to the precepts of
analytical chemistry. The possibility of integration between automated production
with the freedom to model new designs and complete electrochemical systems is one
of the most promising trends in current electroanalytic, considering the exponential
growth of publications. Thus, this manufacturing strategy will become increasingly
popular and with wide growth, aiming the production of new types of materials, new
methods of surface treatment, or new architectures that brings beneficial advances
for both the academic environment and society.
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