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Chapter

Multilayered Nanostructures
Integrated with Emerging
Technologies

Maria L. Braunger, Rafael C. Hensel, Gabriel Gadl,
Mawin J.M. Jimenez, Varlei Rodrigues and Antonio Riul Jr

Abstract

Surface and interface functionalization are crucial steps to introduce new func-
tionalities in numerous applications, as faster dynamics occur on surfaces rather
than bulk. Within this context, the layer-by-layer (LbL) technique is a versatile
methodology to controllably form organized nanostructures from the spontaneous
adsorption of charged molecules. It enables the assembly of multilayered LbL films
on virtually any surface using non-covalent molecular interactions, allowing the
nanoengineering of interfaces and creation of multifunctional systems with distinct
building blocks (polymers, clays, metal nanoparticles, enzymes, organic macro-
molecules, etc.). Several applications require thin films on electrodes for sensing/
biosensing, and here we explore LbL films deposited on interdigitated electrodes
(IDEs) that were 3D-printed using the fusing deposition modeling (FDM) tech-
nique. IDEs covered with LbL films can be used to form multisensory systems
employed in the analysis of complex liquids transforming raw data into specific
patterns easily recognized by computational and statistical methods. We extend
the FDM 3D-printing methodology to simplify the manufacturing of electrodes
and microchannels, thus integrating an e-tongue system in a microfluidic device.
Moreover, the continuous flow within microchannels contributes to faster and more
accurate analysis, reducing the amount of sample, waste, and costs.

Keywords: LbL assembly, interdigitated electrodes, microchannel, 3D printing,
electrical measurements, e-tongue

1. Introduction

In 1966, Iler proposed the deposition of multilayered films through the consecu-
tive adsorption of charged inorganic colloids [1]. In 1997, Decher and coworkers
extended Iler’s method in an even more general approach using the spontaneous
physical adsorption of materials from aqueous solutions [2]. It enables the assembly
of layer-by-layer (LbL) nanostructured thin films on solid supports using a wide
variety of building blocks (DNA, enzymes, proteins, polymers, inorganic particles,
clays, colloids, etc.). The widespread use of the LbL technique in numerous applica-
tions has led to the development of conventional procedures that were organized in
five distinct categories [3, 4]: immersive, spin, spray, electromagnetic, and fluidic
assemblies. Figure 1 shows a simplified schematic diagram of the LbL immersive
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Figure 1.
Schematic representation of the LbL immersive assembly and the formation of the fivst cationic/anionic bilayer.

assembly and the consecutive bilayer formation. Briefly, a solid substrate is dipped
in an aqueous dispersion containing the material to be adsorbed. Subsequently,
the substrate is rinsed to remove loosely bound material, allowed to dry, and then
immersed in another polyelectrolyte solution of opposite charge. Then, multilay-
ered thin films are formed by spontaneously alternating the adsorption between
cationic and anionic layers.

There are a myriad of LbL applications in the literature [5], being electronic
tongues (e-tongue) a quite interesting example of nanostructures used in the
analysis of liquid samples through specific pattern recognition by computational
and statistical methods. In 2016, Alessio et al. applied a microfluidic e-tongue based
on LbL films to evaluate different coffee brands [6]. The results demonstrated the
device’s ability to distinguish selected gourmet, organic, and premium coffees from
unselected grains. In 2017, Daikuzono et al. also used LbL films in a microfluidic
e-tongue setup to detect gliadin (a gluten protein) in order to evaluate gluten-
containing foodstuff [7]. Authors were able to detect trace amounts of gliadin in
ethanol solutions (up to 0.005 mg kg™") using computational analysis (Interactive
Document Map, IDMAP), detecting also the contamination of gluten-free food-
stuff with gliadin, paving the way for the detection in real-life situations.

Salvo-Comino et al. have used LbL films fabricated by spin-coating process and
electrochemical characterization in milk analysis [8]. They have used LbL archi-
tectures based on chitosan (CHI), 1-butyl-3-methylimidazolium tetrafluoroborate
(IL), copper(II) tetrasulfonated phthalocyanines (CuPc®), and galactose oxidase
(GAO). Two identical LbL CHI+IL/CuPc® architectures were made, with the GAO
enzyme deposited on top of one of them. The formed biosensor enabled the distinc-
tion of milk samples having different lactose contents. Authors also compared
Principal Component Analysis (PCA) results with Partial Least Squares (PLS-1)
models, obtaining extra information from the milk samples.

LbL films have also been employed in environmental monitoring, aiming
the detection of water, air, or soil contamination. In 2017, Barros et al. used
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Square-Wave Anodic Stripping Voltammetry (SWASV) using indium tin oxide
(ITO) electrodes functionalized with LbL films for the detection of trace levels
of cadmium (Cd*"), lead (Pb**), and copper (Cu?*) [9]. The incorporation of
AuNPs in LbL structures composed by emeraldine salt polyaniline (PANi-ES) and
sodium montmorillonite clay mineral (Na"MMT) enhanced the electrocatalytic
response of the sensors to heavy metal ions, achieving a lower detection limit
(from mgL_1 to ng_l). Also in 2017 Andre et al. tested hybrid LbL films as gas
sensor to detect ammonia (NHj3) in hazardous pollutant monitoring [10]. LbL
films composed by polyaniline (PANi), graphene oxide (GO), and zinc oxide
(ZnO) were combined in a tetralayered structure (PANi/GO/PANi/ZnO) onto
gold interdigitated electrodes (IDEs). The best performance in NH; detection
using impedance spectroscopy was achieved with three tetralayers. Two years
later, Rodrigues et al. have used LbL films of graphene nanoplatelets and AuNPs
in the detection of methyl parathion [11], a highly toxic organophosphorus ester
insecticide according to the World Health Organization [12]. The electrochemical
results showed the successful detection of methyl parathion in real samples, such
as tap water, soil, and cabbage.

LbL films have also been applied for diagnosis in medical and pharmaceutical
areas. In 2018, de Lucena et al. tested composite LbL films on the electrochemical
detection of dopamine in the presence of natural interferents such as ascorbic acid
and uric acid [13]. The limit of detection (LOD) obtained was consistent with those
found in the literature for other LbL architectures, with a higher range of detection
(5-150 pmol L™). In 2019, Camilo et al. proposed the synthesis of AuNP conjugated
to anti-PSA (prostate-specific antigen) antibody to produce a label-free impedi-
metric immunosensor based on LbL architectures [14]. The film was assembled
onto gold electrodes previously modified with a thiol monolayer, followed by the
deposition of an LbL framework incorporating biological materials for specific PSA
detection. A LOD of 0.17 ng mL™" was achieved without demanding secondary
antibodies, reducing costs, and pointing out to a high potential in the actual detec-
tion of prostate cancer. In 2009, Silva et al. applied sensors based on LbL films in
the detection of cholesterol in egg yolks, with high potential for food analysis and
diet management [15]. Cholesterol oxidase (ChOx) was immobilized on the top of
the LbL films composed by conventional polyelectrolytes, gold nanoparticles, and
carbon nanotubes, with the sensor first tested to detect and evaluate the cholesterol
concentration in commercial solutions and later in food samples by monitoring
amperometric signals.

Tunable properties of the LbL films were reported by Fontinele et al. using
Norbixin (NBx), a carotenoid extracted from urucum [16]. They have fabricated
(NBx/PANi) LbL composite films onto ITO substrates, enabling an electrochemi-
cally stable charge transfer. That was possible as the presence of NBx in the film
architecture did not inhibit PANi conductive characteristics. Cortez et al. showed
highly organized LbL structures of lipid-like surfactants and polyelectrolytes,

a distinct feature of the normally obtained “fuzzy” formation from polycation-
polyanion multilayer assemblies [17]. LbL films fabricated with poly(allylamine)
hydrochloride (PAH) and sodium dodecyl phosphate (DP) displayed a well-
stratified layer formation and highly oriented lamellar structures, with X-ray
data revealing the presence of Bragg peaks up to fourth order, an interesting
configuration for applications requiring naturally ordered spacers in a nacre-like
structure.

Here, we will focus on multilayered thin films to form multifunctional coatings
and the application of the 3D-printing technique as an alternative methodology for
fast prototyping and design of sensors. The emerging 3D-printing technique also
enabled an easy integration with other research areas such as microfluidics.
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2. Alternative techniques and materials for sensor development

In this section we will describe some subjects and methodologies involved in the
development of multilayered nanostructures used in sensory analysis.

2.1 Alternative materials for electrodes
2.1.1 3D-printed interdigitated electrodes

IDEs are a category of planar parallel plate capacitor formed by two metallic
combs facing each other. It is a powerful tool for sensing and biosensing owing to
the high sensitivity of getting small signal variations close to the IDEs’ surface,
being widely explored in impedimetric e-tongues used in the analysis of complex
liquid systems. Traditional photolithography and microfabrication processes are
usually employed in the manufacture of IDEs, enabling the fabrication at the
micrometer range. However, it demands multistep processes, specialized facili-
ties, trained personnel, and the use of toxic and expensive reagents. However, in
the last decade ink-jet and 3D-printing technologies have emerged as alternative
methods for simpler fabrication of electrodes using nonconventional conductive
materials [18-20].

3D-printed electrodes are built up typically at the submillimeter range due to
limitations imposed by nozzles; nonetheless, the technique has attracted con-
siderable attention due to the fast prototyping, use of alternative materials, and
reduction steps in the fabrication of complex geometries within a few minutes. It
generally comes straight from the computer screen, with no need of photomasks
and intermediate microfabrication steps that usually take a couple of hours using
conventional techniques. The materials used as conductive tracks are also attrac-
tive because they can be readily deposited onto flexible substrates and integrated
with organic and soft electronics [18]. Within this milieu of fast and automated
prototyping, the Fused Deposition Modeling 3D printing (FDM) technique shows
great potential to fabricate a conductive electrode pattern in a one-step process
within minutes. FDM uses thermoplastic filaments to build up the construct, with
many commercial materials available to be exploited in the fabrication of devices
[21, 22]. To illustrate, conductive filaments enable the manufacture of electrodes,
while conventional filaments can be used to board the body of the device. It is pos-
sible to prototype the whole electrode in a single printing process if someone uses a
multifilament FDM printer, thus increasing the flexibility in the buildup of complex
structures with a reduced fabrication time [23]. Recently, a homemade dual-
extruder FDM printer was used to fabricate macro planar IDEs and sensor body in
e-tongue applications. Each sensing unit was printed within 8 minutes having good
reproducibility in the fabrication process of conventional e-tongue devices [24].

2.1.2 Transparent conductive electrodes

Transparent conductive electrodes are indispensable components for potential
applications in optoelectronic devices, such as solar cells, flexible displays, light
emitting diodes, and touch screens [25-28]. Materials with high transmittance and
adequate electrical conductivity are desired in such applications [29]; therefore, the
most commonly used material is indium tin oxide (ITO) due to its good optical and
electrical properties (e.g., transmittance~80% at visible wavelength and low sheet
resistance <40 Q/sq) [30]. However, ITO is brittle by nature limiting flexible appli-
cations [31] and presents~75% indium in its composition, which might hamper dis-
play and optoelectronic uses due to its scarcity and increasing cost [32]. Many new
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transparent conductive materials have been developed to circumvent this problem,
including hybrid/composites and multilayered thin films [33-36]. However, some
transparent electrodes have complicated structures or require complex processing,
demanding the search for new strategies to produce transparent conductive materi-
als at low-cost and with a compatible upscale production.

Many expectations were placed on graphene as a prominent material for the next
generation of electronics due to its unique properties derived from the honeycomb
configuration of carbon atoms placed in a one-atom thick sheet having sp® hybrid-
izations [37]. However, pristine graphene is a semimetallic material having a null
bandgap that limits its use in some devices. Graphene has been mostly obtained
from chemical vapor deposition (CVD), however, with the cost of a nontrivial
separation/transfer process of the produced graphene layers, as the CVD growth is
generally made on copper substrates. The separation process can seriously compro-
mise the quality of the graphene samples, and the chemical synthesis of reduced
graphene oxide (rGO) appears as a promising alternative. It enables a large scale
production, and rGO has properties resembling pristine graphene, with an adjust-
able bandgap from structural defects and the presence of oxygenated groups in its
structure [38]. The presence of oxygen at the basal plane allows the functionaliza-
tion of the material with polymers and biomolecules, expanding its use with other
techniques and enhancing potential applications [39, 40]. The control of dimen-
sionality, quantum confinement, and edge effects is an important factor defining
the electronic properties in graphene derivatives [41]. Within this context, the LbL
assembly is an elegant way to control both thickness and molecular architecture of
rGO structures at nanoscale, potentiating the use of graphene-based materials in
flexible electronics, sensors, biosensing, transparent electrodes, and energy storage
devices [42-44].

In the last decade, several studies were conducted to study the properties of rGO
nanoplatelets (two-dimensional material) as well as zero-dimensional graphene
quantum dots (GQDs) [45, 46]. However, there are still scarce studies on the
electrical properties and behavior of charge carriers in nanostructured LbL films.
Recently, we have shown that multilayered rGO films allowed a fine-tuning on both
optical and electrical properties (Figure 2). The formation of nanocomposites from
rGO chemically functionalized with sodium polystyrene sulfonate (PSS), named
here as GPSS and also as quantum dots (GPSS:QDs) or nanoplatelets (GPSS:NPLs),
with poly(diallyldimethylammonium chloride) (PDDA), enabled an intraplanar
2D conduction mechanism due to the confinement of charge carriers within the
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(a) IV measurements for different LbL films of rGO deposited onto gold interdigitated electrodes.
(b) Transmittance spectra of (GPAH:QDs/GPSS:QD)n LbL film.
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Figure 3.
Mobility of charge carriers and electrical conductivity of different LbL architectures formed mainly by rGO.

conductive layers formed by GPSS in the PDDA/GPSS LbL assembly. Figure 2a
shows current vs. voltage (I-V) curves from distinct rGO LbL architectures. A
strong dependence of the electrical properties with the size of the rGOs is clearly
seen [38, 47, 48]. The (GPAH:QDs/GPSS:QDs),, LbL film, being # the number of
deposited bilayers, displayed high transmittance (from 89-92% in the visible region
for n = 30), as shown in Figure 2b.

Notable differences were observed in the mobility of charge carriers depending
on the size of the nanoplatelets involved in the LbL film formation being, respec-
tively, 4.7 cm” V™' s for (PDDA/GPSS:QDs)so and 34.7 cm” V™' s™* for (PDDA/
GPSS:NPLs)sg [47]. Nevertheless, higher mobility values could be achieved explor-
ing synergistic size effects in the LbL assembly formed only by rGOs, either as
quantum dots (QDs) or nanoplatelets (NPLs). That was reached changing PDDA
in the LbL structures by rGO wrapped with poly(allylamine hydrochloride) (PAH),
named here as GPAH. The (GPAH:QDs/GPSS:QD) LbL film exhibited high mobility
values (p = 236 cm® V' s71) [48], with changes illustrated in Figure 3. The improve-
ment in the electrical characteristics was attributed to rGO size effects, with a 3D
driving mechanism assisted mainly by phonons when in QD form. The successful
achievement of multilayered rGO:QDs films presenting high transmittance and
noticeable mobility values paves the way for future applications in high perfor-
mance, low-cost optoelectronic devices.

2.2 Film growth monitored by electrical measurements

Electrolyte-insulator-semiconductor (EIS) electrochemical capacitors are
charged sensitive devices detecting charge variation at electrolyte-insulator inter-
faces [49]. They are widely applied in the monitoring of electrical features during
the LbL film growth [50, 51]. Briefly, the electrical behavior of (PAH/PSS) LbL
films on EIS devices is characterized by a zigzag-like capacitance behavior after
each adsorption step, attributed to the outermost charge layer alternation [52].
Furthermore, a similar behavior was also observed in C-V measurements preserv-
ing the capacitance constant after each adsorbed layer onto the EIS sensor [53].
However, EIS devices work in salt medium, and such environmental condition
certainly modifies the electrical properties in LbL structures. As a simple alterna-
tive, IDEs can be used to analyze the LbL films properties in air or in water, with
no need of salt addition. However, experimental methods were developed to avoid
the influence of aqueous medium on the electrical characterization of LbL films
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Figure 4.
Capacitance variation as a function of the number of adsorbed layers. Dark squave corresponds to the bare
IDE, ved circles to capacitance measurements after PAH adsorption, and blue triangles after CuPc® adsorption.

[47, 54]. Figure 4 presents the capacitance variation after the deposition of each
PAH or copper phthalocyanine (CuPc®) adsorbed layer, followed by spontane-

ous drying onto gold IDEs. A capacitance alternation according to the outermost
deposited layer (PAH or CuPc®) due to charge overcompensation was observed. For
measurements performed in air, the amplitude of the capacitance alternation did
not depend on the number of deposited layers, a consequence of the charge density
after each deposited PAH layer. In addition, Figure 4 presents a linear trend after
the 16th adsorbed layer of both polyelectrolytes, which was associated with the
replacement of an air layer on the top of the IDE by the LbL film, thus increasing
the dielectric constant near the IDEs surface. Accordingly, the observed linear-

ity was associated with the deposition of the same amount of material after each
adsorption step. Therefore, it allows for the evaluation of both appropriate material
and thickness selection for a desired application based on the electrical measure-
ments performed in the LbL film growth.

2.3 Incorporation of nanoparticles by physical methods

The selection of materials having desired functionalities can tune properties in
LbL assemblies, such as superhydrophobicity [55], ionic permeability [56], electri-
cal conductivity [57], etc. As an example, the incorporation of gold nanoparticles
into LbL films composed by PANi and Na"MMT enabled the electrochemical
detection of trace levels of cadmium, lead, and copper ions [9]. The inclusion of
gold nanoparticles increased also the discrimination between skimmed, semi-
skimmed, and full-fat milk samples [58]. Although the deposition of nanoparticles
between layers in LbL structures might increase both sensitivity and selectivity [9,
58], it is not possible to control an adequate dispersion of them during the spon-
taneous adsorption process. Consequently, it precludes a better comprehension of
the influence of nanoparticles on enhanced sensitivity and selectivity. An alterna-
tive is the use of physically prepared metal nanoparticles to assembly samples by
independently controlling size, concentration, and distribution of nanoparticles
free of surfactants at interfaces. To illustrate, palladium nanoparticles were
successfully implanted in poly (methyl methacrylate), effectively modifying
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(a) Scheme to illustrate in situ conductivity monitoring of nanoparticle deposition into LbL films onto
IDE. Note the scheme presents just a pair of digits to facilitate viewing. (b) Electrical conductivity variation of
PAH/PSS LbL films 200 nm thick onto gold IDEs during the deposition of Ag nanoparticles.

the electrical properties of the polymer in a specific region [59]. In this context,
we have incorporated 3 nm silver nanoparticles preformed in the gas phase into
(PAH/PSS) LbL films. The silver nanoparticles were formed in an atomic cluster
source, mass-selected using ionic optics, with in situ analysis of their size by

a time of flight mass spectrometer (TOF) [60]. Then, the mass-selected silver
nanoparticles were deposited in (PAH/PSS),, LbL films previously deposited onto
gold IDEs. Figure 5 illustrates the electrical changes in the LbL film during the
nanoparticles’ deposition. Initially, tiny variations on the electrical characteristics
that were associated with the insertion of charged nanoparticles in the LbL film
structure were observed. An increase in the nanoparticle’s concentration cre-

ated conductive pathways in the LbL films, thus increasing the conductivity four
orders of magnitude after reaching a percolation limit. Therefore, independent
control on nanoparticles’ deposition in a surfactant-free process allowed a better
comprehension of their influence in the physicochemical properties of hybrid LbL
nanostructures.

2.4 Multifunctional materials

Intrinsic self-healing materials have received great attention in the last decade due
to the recovery of mechanical properties after damage through reversible dynamic
covalent and non-covalent interactions [61]. Distinct building blocks and strategies
have been extensively investigated to enable a reliable, functional healing as some
polymers involved in the process are vulnerable to abrasion. Again, the LbL technique
is as a powerful tool in the buildup of multifunctional interfaces based on sponta-
neous non-covalent interactions of materials, tuning the interface characteristics
[62-64]. Such interactions introduce properties not exhibited by individual materi-
als, which can be easily exemplified with polyethylenimine (PEI) and poly(acrylic
acid) (PAA). The materials individually do not present self-regeneration; therefore,
when combined in (PEI/PAA) LbL architectures, the intrinsic self-healing capabil-
ity appears after~30 deposited bilayers, as the first deposited layers are strongly
compromised in interactions with the substrate [65, 66]. The healing ability can
also be controlled by changing the pH, salt concentration, and temperature during
the deposition process due to changes in the polymer configuration [67]. The film
properties can also be tuned by post-deposition treatments or by adding fillers to the
polyelectrolytes. Chen et al. showed that after the deposition process, one can freeze-
dry the PEI/PAA film in order to create microporous structures inside the interface,
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which were then loaded with drug solutions by wicking or adsorption method [68].
By adding water to the film, the porous structures were healed, and the drug was kept
inside the film that was later used to create a controlled drug delivery system.

2.5 Electronic tongue devices

Aiming the integration of the FDM 3D-printing technology in e-tongue devices,
microchannels were printed onto gold IDEs having 30 pairs of digits separated
40 pm away from each other, 3 mm in length and 40 pm in width. The electrodes
were previously manufactured by photolithography on transparency sheets, and
polylactic acid (PLA) was chosen to fabricate the microchannels due to its relative
transparency when printed in thin layers, facilitating the flow visualization inside
microchannels. The deposition of the IDEs on thin transparency sheets was planned
to promote a better sealing with the 3D-printed PLA microchannel (Figure 6a). A
functional integrated e-tongue device was then developed combining both photo-
lithography and 3D-printing technologies, with LbL films deposited onto the IDEs
to form distinct sensing units inside the 3D-printed microchannels (Figure 6b).
After long usage in repetitive experiments, the detachment of the IDEs inside the
microchannels was observed. Although the device was not as robust as conventional
ones with IDEs manufactured on glass slides, it can be easily used in fast analysis
[22] requiring disposable devices.

Traditional soil chemical investigation is an expensive and time-consuming
process, thus motivating the development of alternative approaches in precision
agriculture [69-71]. Recently, we have used an e-tongue system based on imped-
ance spectroscopy to recognize different soil samples enriched with macronutrients
[24, 72]. Initially, it was used a traditional PDMS microchannel sealed onto gold
IDEs fabricated on glass substrates by photolithography (Figure 7a). After that, it
was used an e-tongue system with 3D-printed IDEs using graphene-based polylac-
tic acid filaments (Figure 7b). The sensing units were fabricated using the same
materials to facilitate additional comparisons.

The e-tongue systems were tested checking their capability to distinguish soil
samples individually enriched with N, P, K, Ca, Mg, and S nutrients, delivered to
the soil via chemical fertilizers. The soil samples were simply diluted in water and
measured using electrical impedance spectroscopy, with raw data analyzed by
PCA. Figure 8 presents the PCA plot obtained from both devices. Although the
results are visually not identical, it is possible to note in both cases a clear distinc-
tion of all soil samples tested in PCA plots. A cluster between control and P soil

Figure 6.

(a) PLA microchannels while printing by FDM onto transparency sheets and (b) mixed device formed by
3D-printed microchannel and IDE previously manufactured by photolithography. In blue the deposition of the
CuPc® layer in an LbL film structure is evidenced (PDDA/CuPc®).
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Figure7.
Different devices used as sensing units for e-tongue system in soil analysis: (a) gold IDE inside a PDMS
microchannel and (b) graphene-based 3D-printed IDE.
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PCA for the 1 kHz capacitance results of the e-tongue systems on (a) microfluidic and (b) on 3D-printed
electrodes, both applied in soil samples diluted in water (control, N, B, K, Ca, Mg, and S).

samples using the 3D-printed electrodes was observed (Figure 8b), which does
not occur with the conventional device (Figure 8a) fabricated with gold IDEs and
PDMS microchannels. However, considering the contribution of the third main
Principal Component (PC3), all the samples could also be easily separated with the
3D-printed device [24].

3. Conclusions

The LbL technique is a striking research line in materials science based on
nanostructured films fabricated from distinct building blocks (polymers, organic
macromolecules, clays, and reduced graphene oxides). The molecular level thick-
ness control offered by the LbL assembly enables multilayered nanostructures
exhibiting interesting assignments in numerous applications. The use of physical
methods to controllably embed metallic nanoparticles into LbL films is an interest-
ing alternative approach to give a better understanding of modifications introduced
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in hybrid materials. Overall, the use of LbL films in sensing applications requires
previous electrode fabrication, and within this context we have compared gold IDEs
manufactured by photolithography with 3D-printed electrodes using a graphene-
based filament. The 3D-printing technique also enables the successful integration
of e-tongue devices into microfluidic systems, reducing processing steps and

costs. Devices fabricated by different methods show pros and cons, and the deci-
sion of which one to use depends on the application, budget, and time available.
Therefore, an e-tongue multisensory system was used to illustrate the application of
multilayered thin films in the analysis of soil samples enriched with plant macro-
nutrients, by comparing electrodes manufactured by both conventional methods
(photolithography) and an emergent technology (3D-printing). The 3D-printing
technology has proved to be an interesting approach in integrating different areas
such as microfluidics, sensing, and electrode manufacturing, with a reduction in
costs, processing steps, and manufacturing time, expanding at the same time novel
opportunities in sensorial analysis.
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