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“Life is and will ever remain an equation incapable of solution, but it contains certain
known factors.”
(Nikola Tesla)






Resumo

Esta tese tem como foco o uso de recentes inovagoes em manufatura aditiva (impressao
3D) na confecgao de células e sensores eletroquimicos. Como introdugao este trabalho faz
uma revisao completa sobre o tema, seguida de construcao, caracterizagoes e aplicagoes
de sensores e células impressas em 3D na eletroanalitica. A primeira delas é uma célula
eletroanalitica para medidas hidrodindmicas e estacionarias. A segunda se trata de sen-
sores impressos por 3D baseado em um termoplastico condutivo, dopado com materiais
carbonéceos (grafeno ou negro de fumo). A combinacao destas células e eletrodos impres-
sos em 3D contendo grafeno, foram aplicados na area forense na amostragem, identificagao
e quantificagdo do explosivo 2,4,6-trinitrotolueno, o conhecido TNT. O dispositivo foi
proposto para amostragens em locais suspeitos de crimes que envolvam manuseio deste
material. Um limite de detec¢ao (LOD) de 0,4 pwmolL=! em uma faixa linear de 1 —
870 pmol L=t foram reportados. Na area de bioanalitica, 3 moléculas foram analisadas
em metodologias propostas. A primeira utilizando ou amperometria de multiplos pulsos,
para analise simultanea de nitrito e acido urico, em saliva e urina atingindo resultados
de faixa linear de 0,5-250 pmol L' para ambos analitos e LODs de 0,02 e 0,03 gmol L1
para &cido trico e nitrito respectivamente, com precisao calculada de até RSD < 2,1 %
e indices de recuperagao de 70 - 120%. A modificacdo do sensor com a enzima glicose
oxidase (GOx) foi proposta, atingindo LOD de 15 umol L=!, precisdo intra-dia de 5% e
indices de recuperacao entre 90-105 % para glicose em plasma sanguineo. Todos os dis-
positivos apresentaram custo inferior a U$0,50 /unidade e alta precisao de fabricagao (RSD
= 4%). Por tltimo esta tese também mostra como uma caneta 3D pode ser utilizada na
construcao de sensores com termoplastico condutivo contendo negro de fumo como ma-
terial condutor. Em uma comparacao o eletrodo impresso por impressora 3D apresentou
melhores caracteristica analiticas em comparacao ao eletrodo 3 em 1 proposto usando
a caneta 3D, porém caracteristicas promissoras foram observadas como possibilidade de
analise em uma gota, baixo consumo de plastico condutivo na construcao e resultados
voltamétricos comparaveis a eletrodos SPE’s comerciais. Tudo isso com formato portatil

e totalmente adaptavel.



Palavras-chave: Impressao 3D; sensores eletroquimicos; forense; bioanalise, dcido polilatico(PLA).
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Abstract

Recent advances in the manufacturing of electroanalytical sensors, cells and devices
using 3D-printing is the focus of this work. This thesis introduces this theme/topic
with a wide and critical literature freview, followed by several proposed applications
at electroanalytical prototyping and sensing. The first of those is an electroanalytical
cell, for hydrodynamic and stationary measurements, and 3D-printed sensors based on a
conductive thermoplastic with carbonaceous materials (graphene or carbon black). The
electrodes were applied in the forensic field by quantification, detection and sampling
2,4,6-trinitrotoluene, well known as TNT. The proposed device is a flexible sampler-
sensor for suspect powders in crime scenes and presented proper analytical characteristics
reaching a LOD of 0.4 ymol L' in a linear interval of 1 — 870 y molL.=! for TNT. This thesis
also shows how a 3D pen can be used to fabricate electrochemical sensors, also proposed for
TNT detection,presenting higher LOD, but interesting characteristics such as low volume
in a drop of 100 L, low conductive plastic consumption and voltammetric results similar
to a commercial SPE. All this in portable shape cylindrical or three in one electrode. In
the field of bioanalytics, glucose was a target molecule for 3D-printed electrodes modified
with glucose oxidase, using chronoamperometry, reaching LOD of 15 umolL~!, inter-day
and intra-day precision lower than 5 %, and adequate recovery values (90-105 %) for the
analysis of blood plasma. A simultaneous method using amperometric detection of nitrite
and uric acid within a linear range from 0.5-250 pgmol L' for both analytes, LODs of 0.02
and 0.03 gmol L=t for uric acid and nitrite, respectively, and high precision (RSD < 2.1
% were obtained). This thesis also shows the first application of 3D-printed sensors and
biosensors for the analysis of real biological samples with analytical features comparable
to conventional modified electrodes.All the 3D-printed devices presented a unit cost lower
than U$0.50 and high precision of fabrication (RSD = 4%).

Keywords: 3D-printing; additive manufacturing; electrochemical sensors; bioanalysis;

forensics..
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CHAPTER

Introduction

Three-dimensional (3D)-printing technology used in analytical chemistry instrumen-
tation is playing an important role on the innovation at sensors manufacture and pro-
totyping, bringing the future of such area to a complete new level. This thesis aims to
discuss, propose and apply this new trend technology in the electroanalytical field. The
main proposed devices are: (1) Use of fused deposition modeling (FDM) 3D-printers for
manufacture of a cheap and versatile electrochemical cell using insulator filament and
sensors using conductive filaments; application of the 3D-printed sensor in (2) forensic
area for sampling and detection of explosives and (3) bio-analysis in biological fluids; (4)
use of 3D-pen as an alternative tool for sensors manufacturing. The thesis is divided into

six chapters as follows:

Chapter I introduces the motivations about why keeping track of explosives like TNT
is necessary for the forensic area, as well as the determination of glucose, nitrite and
uric acid levels in biological samples, such as blood, saliva, and urine are important
in a clinical perspective. By creating this background the use of additive manufacture
(AM) is introduced as a tool to help overcoming electroanalytical challenges. A literature
review on the use of 3D-printing in electroanalysis is presented as well with focus on the
contributions of AM technology of fused deposition modeling (FDM) with current state
of art. In the subsequent chapters (II to V) the proposed devices are detailed.

Chapter II shows how to use those machines at the manufacture of multi-use 3D-
printed electrochemical cells of hydrodynamic or standard batch cells. The performance of
this versatile cell is demonstrated for the amperometric detection of tert-butylhydroquinone,
dipyrone, dopamine and diclofenac by flow injection analysis (FIA) and batch injection
analysis (BIA) using different planar working electrodes. This chapter brings the proposi-
tion of a 3D-printed sensor graphene-containing polylactic acid electrode (G-PLA), which
presented promising electroanalytical performance as working electrodes (e.g. submicro-
molar detection limit for dopamine and TNT).

Chapter III introduces the discussion on the use of a 3D-printed device for the forensic

area. A planar shaped electrode is proposed for sampling and detection of an explosive at
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crime scenes. Traces of TN'T impregnated on different surfaces were abrasively sampled
using the 3D-printed device and readily assembled in a portable electrochemical cell for
rapid square-wave voltammetry scans in the presence of 0.1 mol L=! HCIl. The voltammet-
ric response when compared to the characteristic TN'T voltamogram will give a positive or
negative response for the explosive. Lead and copper determination by stripping voltam-
metry was also demonstrated on the same device, highlighting the possibility of detecting
gunshot residues with the sampling and sensor at the same device.

At Chapter IV, another application using (G-PLA) electrodes was developed for
bio(sensing) of biological fluids. An enzymatic glucose biosensor fabricated on the G-PLA
surface was developed and applied for glucose sensing in blood plasma using chronoamper-
ometry. Oxygenated groups from the polymeric PLA matrix provides suitable condition
to enzyme immobilization by cross-linking with glutaraldehyde. An amperometric sensor
for nitrite and uric acid in urine and saliva samples is also demonstrated in this section.

Chapter V discusses another approach of producing low cost 3D-printed devices using
a 3D-printing (or drawing) pen, a cheaper and portable instrumentation than 3D desktop
printers. Three different designs were proposed, and a three electrode system (TES)
was evaluated for TNT quantification in a single drop (100 pmol L71), advantage that is
discussed as well, and compared with traditional 3D-printed devices proposed at previews
chapters and discussed in this final result chapter. The structure of this thesis follows

Figure 1.

Motivation

Objectives

Introduction

3D-printed
cell and
sensor

Chapter 3
3D-printing pen vs
FDM 3d printer

at sensors
manufacture

Bioanalysis of
glucose, nitrite
and uric acid at

real samples

Figure 1 — The structure of this thesis.

In Chapter VI, the conclusions, advantages and disadvantages of this research are
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discussed. Chapters I-V are adaptions of published papers during the Ph.D. period and

can be accessed online.

1.1 Justification

In the last decade in Brazil the number of bank Automated Teller Machine (ATM)
explosions became a frequent reported news on local and national media, especially in
cities located far from metropolitan centers. According to Brazilian Bank Federation or
"Federagao Brasileira de Bancos' (FEBRABAN), since 2009, first time that this type of
crime was reported, up to 2012 there was more than 2500 exploded ATM’s in the union
soil (TRIGUEIRO, 2012). From 2014 to 2018 the confederation of workers of private
security (CONTRASP), released annually reports about the data of banks ATM’s and
trucks attacks. Per year the ATM’s recorded violations reached 1306, 1251, 1050, 952 and
758 reports from 2014 to 2108 sequentially (CONTRASP, 2018). These decrease index
represent more efficiency regarding the advances in monitoring technologies integrated
with police intelligence forces. Nevertheless, low cost and alternative methods can be
developed, once this type of crime still is a challenger situation for the banks and public
security, bringing losses that reaches millionaires values.

The most common explosive employed for such criminal activity is the TN'T, usually
obtained by smuggled or diverted cargo of mining camping companies. In a public secu-
rity point of view is important to keep track of those explosives, and innovations on new
methodologies, procedures and assays are emerging as an alternative of other more ex-
pansive methods such as High Performance Liquid Chromatography (HPLC). One of the
strategies is the use of an electrochemical sensor for TN'T due to its electroactivity behav-
ior, with a characteristic voltammetric peak profile. Simplicity, easy operation, low cost of
instrumentation and consumables are the main positive characteristic of electrochemical
devices. A classic example of electrochemical sensor is a pH meter, which after calibration,
the equipment delivers fast results on measurements of H30* in aqueous solutions with
impressive selectivity. An electrochemical response is briefly the electrical information of
a target molecule at the interface between a conductive surface and solution.

Other field that demand fast answers on routine, trial or emergency cases is the clin-
ical area. Our scenario regarding infra-structure of such instrumentation depends on
location once the country contemplates a large territory. Clinical methods are generally
widely described and normalized(OLIVEIRA; SOUTO, 2018), and assay and kits are well
described with established methods. Nevertheless those new materials and technologies
can contribute to portable or cheaper devices, specially on a pandemic situation where
some reagents or device are missing on the manufacturer shelf. One classic and success-
ful example of electrochemical device for a daily and important molecule target is the

glucosimeter. Portable, fast and specific, this method is based on the electric response
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information generated by a chain of reactions involving the glucose levels with the enzyme
Glucose Oxidase(GOx) and other reagents. This technology is able to deliver in instants,
results with no major intervention, helping the healthcare professionals make a faster and

better decisions.

1.2 Motivation

For an analytical point of view, electrochemical devices have some advantages as
mentioned before, and have the potential on overcoming both forensics and clinical
areas. Tailoring analytical instrumentation innovations, various methods for prototyp-
ing/manufacturing electrochemical cells with the use of milling machines(TORMIN et
al., 2012), flow analysis system with the use of acrylic and epoxy resin (MATSUMOTO
et al., 1988), expansive machines such as laser cutting for cells constructions , allied with
acrylic plates (KRONTHALER et al., 2012)or glassware have been reported.. The popu-
larity of 3D-printer industry and the utility of this tool for rapid prototyping were the first
characteristics that called the research group attention. Firstly for cells manufacturing,
and then the possibility of new materials for electrodes such as conductive thermoplastic
composites opened the possibility of integration of cells and sensors, and were the main
target of this research.

Invented and patented in 1986 by Charles Hull (HULL, 1986) it was first called as
stereolithography. By his definition, stereolithography is a system which through a cross
sectional pattern creation, thin stacks of layers are deposited on each other (layer-by-layer)
generating a three dimensional object. By curing thin layers of an UV-photosensitive resin
sequentially programmed, the technology emerged with the first 3D-printer: SLA-1 and
the first 3D-printing company (3D Systems) was funded.

The first 3D-printer is older than the creation of the World Wide Web (WWW) by the
computer scientist Tim Berners-Lee. Chronologically means that both innovations evolved
in a parallel path, and as well as internet, additive manufacture (AM) or 3D-printing is
advancing exponentially once new materials and technologies are available in modern so-
ciety. Nowadays, AM is massively used in many fields of industry and this exponential
growth expands for many applications. To analytical chemistry is not different, once
it can take advantage of the unique characteristics of the manufacture technique: mod-
elling freedom and fast prototyping process. Other interesting characteristic that brings
innovation to additive manufacture (AM) is the ability of local/on-demand solution, keep-
ing industry and resarchers alert regarding 3D-printing new materials/techniques. These
facts evidence a crescent demand on research at analytical instrumentation exploring this
relatively new technology. Using electroanalysis to overcome analytical problems can play
an important role in this scenario, attending with simple, cheap and reliable solutions. In

this context, this thesis proposes to ally electroanalysis with 3D-printable platforms for
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forensics and clinical applications.

Additionally, the cost of production and research development costs are tangible, de-
pending on the technique it can reach values of 200$ (custom build FDM) for unit acquisi-
tion, and the same amount for one-year consumption of raw materials. In the past decade
it is notable the vast quantity of reports on microfluidic devices (COCOVI-SOLBERG;
WORSFOLD; MIRO, 2018; DIXIT; KADIMISETTY; RUSLING, 2018) with built in
valves (ROGERS et al., 2015) or comparing different AM techniques (MACDONALD
et al., 2017); colorimetric based arranges using spectroscopic methods and smartphones
(ESCOBEDO et al., 2019), spectroelectrochemical cells (SANTOS et al., 2019), and elec-
troanalytical devices (BROWNE et al., 2018; CARDOSO et al., 2019; GUSMAO et al.,
2019; KATSELI; ECONOMOU; KOKKINOS, 2019; RICHTER et al., 2019). Fused de-
position modelling (FDM) has received higher attention in this thesis once FDM 3D-
printing technique is the most affordable and accessible to research laboratories. More-
over, commercially-available conductive filaments containing graphene or carbon black
enabled the fabrication of electrochemical sensors using FDM 3D-printing as reported
by different research groups and will be discussed with more details, as well as recent

advances in 1.3 of this first Chapter.

1.3 Objectives

The main objectives of this thesis is to investigate the usability of fused deposition
modeling (FDM) 3D-printers at the development of electroanalytical cells, for hydrody-
namic and stationary conditions, and to develop electrochemical sensors based on con-

ductive thermoplastics using commercially-available filaments. Specific objectives follow:

1. To investigate the performance of additive manufactured batch-injection analysis
cell towards detection of different analytes, using various planar working electrodes,

in a wall-jet position;

2. Develop a working electrode based on conductive thermoplastic commercially avail-

able (Black Magic) and investigate its applicability in electroanalytical chemistrys;

3. Investigate its applicability of 3D-printed sensor for direct sampling and electro-

analysis of TNT powder on simulated surfaces. ;

4. Use the 3D-printed sensor for (bio)analysis at complex samples, such as urine and

saliva, with target analytes nitrite and uric acid;

5. Develop a biosensor for glucose determination in blood plasma, modifying the 3D-

printed substrate modified with glucose oxidase;
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6. Introduce other approach of fabrication of 3D sensors, using a 3D pen, and compare

and discuss its performance and reliability when compared to 3D-printers.

1.4 3D-Printing

There are several different additive manufacture methods, with different prices and raw
materials, thus the most accessible one is the fused filament fabrication (FFF) or FDM,
and is an extruded based technique. It works with a thermoplastic as a raw material,
that when extruded through a hot nozzle (190 — 250° depending on the thermoplastic
constitution) is deposited layer by layer with xy being the coordinates, and z is the layer
step. The path, or coordinates that the machine executes in each level is the x and y-
axes, propelled by a step motor and belts, and the z-axis perform the height steps of the
process, until all layers are deposited and the model prototyped. FDM 3D-printers have
already presented usefulness on space exploration due to the portability and versatility,
which enables on-demand production of models and devices using a common raw material
in order to save storage space and solve logistical challenges (PRATER et al., 2019).
Figure 2, (a) and (b), shows a schematic operation of FDM, along with direct ink writing
(DIW) which are extrusion based techniques. In DIW, the process is similar to FDM,

despite the raw material is a paste ink extruded through by applying pressure in a piston.
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Figure 2 — Schematics representation of extrusion (a and b) and bulk (¢ and d) 3D-
printing methods: (a) fused deposition modeling (FDM); (b) direct ink writ-
ing (DIW); (c) digital light processing (DLP) and (d) selective laser melting
(SLM). Adapted from (ELDER et al., 2020).

Bulk methods such as digital light processing (DLP) and selective laser melting (SLM)
have a different xy deposition. Both methods use an energy wave source, where in DLP,
the UV light polymerizes a photocurable acrylate based resin, depositing it layer by layer
in a top down build plate. On the other hand, SLM printers use a high-energy laser beam
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that fuses a powder material, in a loose powder bed, and the steps go thought the z-axis.
There are many other 3D-printing techniques, however the techniques presented in Figure

2 were used, or revised in this thesis.

Regarding the low cost and fast model prototyping, semi-conductive thermoplastic
(carbon based) filaments are now available in the market or in custom formulations,
which come to be a great feature to provide a good arsenal of tools with the possibility

of multi-functional materials for electroanalytical instrumentation.

The 3D-printing technology has confirmed unique advantages in the fast prototyping
of multifaceted structures with applications in aerospace, electronics, food and medicine.
Analytical chemistry and electrochemistry have been recently benefited from the 3D-
printing technology. Freedom of design enabled by 3D-printing opens up many possibil-
ities for researchers to create novel materials and electrochemical sensing devices to be

produced in large-scale, under desired geometry and minimal waste generation.

The process of 3D-printing or additive manufacturing involves the creation of solid 3D
objects based on a controlled layer-by-layer deposition of a material. The first step of a
3D-printing process comprises the conception of a virtual image of the object, which is
commonly obtained through computer-aided design (CAD) software. Next, the 3D design
is converted to a STL file compatible with 3D-printer software, which converts the 3D
image into sequential 2D layers of the initial object, resulting in a G-code file. From this
point, the 3D-printer can create the 3D object by layer-by-layer material deposition. The
working principles of different 3D-printing methods were schematically illustrated and dis-
cussed by Ambrosi and Pumera in a review article devoted to cover the main 3D-printing
methods and some electrochemistry applications of 3D-printed materials (AMBROSI,
PUMERA, 2016). The authors grouped the 3D-printing methods in four categories: a)

photopolymerization, b) extrusion, c¢) powder-based and d) lamination.

The first group involves stereolithography (SLA) or digital light processing (DLP),
which is a very disseminated method, especially in the development of miniaturized an-
alytical systems and microfluidic devices (COCOVI-SOLBERG; WORSFOLD; MIRO,
2018). This method is based on resin formulations able to polymerize by UV light, which
is controlled by an optic arrangement for the layer-by-layer deposition until the formation
of the desired model. Nevertheless, to our knowledge, no applications were found at the
fabrication of electrochemical sensors using this technique. The second group involves
fused deposition modeling (FDM), which is the most affordable 3D-printing method and
consequently the most employed by researchers in the development of new electrodes for
sensing/biosensing and completely assembled electrochemical devices. The FDM is based
on the extrusion of a semi-molten thermoplastic filament using a moving heated nozzle
that deposits the polymeric material on a substrate, where it readily solidifies. Other lay-
ers are deposited over the first layer until the creation of the desired object. Hence, this

review highlights FDM 3D-printed electrodes and electrochemical devices due to the low-
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cost of 3D-printers and thermoplastic filaments. The third group covers the selective laser
melting (SLM) technique that makes use of metal powders, which requires special careful
handling, and expensive 3D-printers. Some examples of SLM 3D-printed electrochemical
sensors are also presented in this review despite the disadvantages of this technique herein
reported. Another powder-based 3D-printing method is the inkjet 3D-printing, which in-
volves a droplet-based deposition of ink onto a solid substrate, such as plastic or paper.
A wide range of powders can be processed depending on the selected binder in order to
attend special requirements regarding surface tension, density viscosity of the resulting
ink. For electrochemical applications, conductivity plays key role and thus conducting
agents need to be mixed with the polymeric binder (PANG et al., 2020). The 3D-printed
graphene aerogels have been reported and offer great promises for electrochemical sensing
(ZHU et al., 2015).

Regarding other review articles focusing on 3D-printing technologies for sensing, Zhuang
et al. presented a comprehensive review of the advances in (bio)sensing, fluidic and mi-
crofluidic devices using different types of cells and printing technologies, such as FDM,
SLA, and SLM (NI et al., 2017). This review presents examples of physical sensors,
biosensors, and chemical sensors, with a few examples of electrochemical sensors. The
authors emphasized the benefits of 3D-printing to replace time-consuming fabrication

steps and expensive instrumentation and protocols to fabricate sensors.

In the field of electrochemical sensors, Patel et al. reported a mini-review on the use
of conductive materials for 3D-printing of electrodes of different geometries (HAMZAH et
al., 2018). The authors highlight the potential applications of 3D-printing technology for
electroanalytical applications with some examples reported in the literature (around thirty
references). In the field of energy conversion and storage, Tian and collaborators reported
a detailed review on the development of energy storage devices using 3D-printing (TIAN
et al., 2017). The authors presented basic considerations on the 3D-printing process, how
batteries and electrochemical capacitors work and strategies to develop high-performance

electrochemical energy storage devices using 3D-printing.

A search in the Web of Science® database using as keywords 3D-printing and elec-
trochem™®, it can be observed a first paper published in 2012 and an exponential increase
in the next years, reaching 167 papers in 2019 in a total number of 533 papers with more
than 8,400 citations (information obtained on 02"¢ March 2020). These data indicate a
relevance to the use of 3D-printing for electrochemistry applications, which include elec-
trochemical sensing. In this context, this thesis presents a revision article dedicated to
recent contributions of 3D-printing technology to the development of electrochemical sen-
sors. Special attention is given to the FDM technique that has been the most employed
technique for this aim. Most investigations using FDM 3D-printed electrochemical sen-
sors have reported the need for surface treatment before electrochemical measurements,

thus a section is devoted to critically discuss the different protocols reported in the liter-
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ature to improve the electrochemical characteristics of 3D-printed electrodes. Examples
of immobilization of chemical catalysts and biomolecules to develop improved sensors
and biosensors are presented. Finally, prototypes of 3D-printed electroanalytical devices
(comprising the three-electrode system and electrochemical cell) are shown as examples
of potential applications of 3D-printing in the fabrication of complete electrochemical

sensing devices.

1.4.1 FDM 3D-printed sensors

The literature has demonstrated the use of commercially available desktop 3D-printers
to fabricate low-cost and functional objects (GNANASEKARAN et al., 2017). For elec-
trochemical and electroanalytical applications, this approach has been explored for the
3D-printing of electrodes, electrochemical cells, microfluidic systems, electrochemical mi-
croscopes, spectroelectrochemical cell and others.

The morphological and structural characteristics of the electrochemical devices or sen-
sors can be modulated according to the printing parameters. The material, composition,
and the pretreatment of the filaments are also important in the process of the preparation
of the electrodes. The customization and design of 3D materials can also be established
according to the 3D-printing technique. In FDM 3D-printers process is based on the
melting of polymeric filaments followed by deposition on a substrate. As a consequence,
this technique provides a low-cost and good precision in 3D-printing. FDM has been
widely reported for 3D-printing electrochemical devices based on polymer and conductive
composites. The extruded filament is layer-by-layer deposited and a printing platform
moves in different directions (x, y), while the stage moves on the z axes, which allows for
the creation of versatile three-dimensional objects with modulable shapes and dimensions
(DUL; FAMBRI; PEGORETTI, 2016; WANG et al., 2017).

The 3D-printing can be performed with different thermoplastic polymers, wherein
the polylactic acid- (PLA) and acrylonitrile-butadiene-styrene(ABS)-based filaments in
the conductive form are the most used for electrochemical devices. The PLA consists of
(bio)polyesters and it is biodegradable, and thus considered as an environmentally-friendly
safe material. This one can be produced in large-scale since it has an affordable price,
around 5 Euros per kg (RODPJGUEZ—PANES; CLAVER; CAMACHO, 2018). The PLA
filaments are widely used to fabricate materials using the FDM technique and present
a melting temperature of around 200°C (RAVI; DESHPANDE; HSU, 2016). The ABS
is mainly used in the industrial area and presents good mechanical properties, ease of
processing, reuse possibility (BRYDSON, 1999), and is produced worldwide (POLLI et
al., 2009). The range of ABS extrusion temperature is between 200-300° C depending
on the composition (MILENIUS, 1979). In order to evaluate the characteristics of both
materials, Rodriguez-Panes et al. (RODRfGUEZ—PANES; CLAVER; CAMACHO, 2018)
reported a comparative analysis between ABS and PLA pieces produced by the FDM
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technique. The ABS filament showed more ductile than PLA, but the latter is more rigid
and has more tensile strength. Thus, regarding the several parameters, such as infill, layer
height and orientation, the PLA presents greater variability than ABS and the PLA pieces
behave more rigidly. Properties of both materials are distinct and thus the preference by

one of them as polymeric matrix will depend on the desired characteristics of the material.

Conductive filaments based on PLA and ABS are obtained by the incorporation of con-
ductive materials into the polymer matrix. Composites are necessary to improve the elec-
trical properties of the 3D-printed devices and the percentage of the conductive materials
in the non-conductive thermoplastics (ABS and PLA) must be optimized to achieve ap-
propriate conductivity and effective 3D-printability. In general, conductive carbonaceous
materials are used for this purpose, mainly nanomaterials, such as carbon nanotubes,
carbon black and graphene. The choice of these is due to the high surface area, good
thermal and mechanical resistance, high chemical inertia, possibility of functionalization

and high electrical conductivity.

Commercial filaments containing carbon black particles (Bin Hamzah et al., 2018;
KATSELI; ECONOMOU; KOKKINOS, 2019; KATSELI; ECONOMOU; KOKKINOS,
2020; RICHTER et al., 2019) are used for this approach due to their high electrical
conductivity and low-cost since they can be obtained as a byproduct from the combus-
tion of petroleum products (DONNET et al., 2018). In addition to these characteristics,
this material is biocompatible and consequently can be an alternative in the develop-
ment of electrochemical sensors and biosensors (SILVA et al., 2017). Also, some works
have reported the use of graphite (FOSTER et al., 2020), carbon nanofibers and carbon
nanotubes (CNTs) (GNANASEKARAN et al., 2017; HONEYCHURCH; RYMANSAIB;
IRAVANI, 2018; RYMANSAIB et al., 2016). Among these, CNTs deserve special men-
tion. First reported by Iijima in 1991 (ITJIMA, 1991), the structure of CNTs is formed
by one or more rolled-up graphene sheets in a hemispherical arrangement of sp? carbon
atoms. High surface area, elasticity and high electrical conductivity are the hallmarks
of this material (WONG et al., 2017). Therefore, CNTs are an excellent alternative
for obtaining conductive filaments as it will be further discussed in the text. However,
conductive filaments containing CN'Ts are still not commercially-available and probably,
for this reason, no papers using such filaments are described for electrochemical sensors.
On the other hand, commercially-available graphene-based filaments are the most used
material for electrode construction by the FDM technique (CARDOSO et al., 2018; SAN-
TOS et al., 2019). Graphene, as CNTs, presents sp? hybridized carbon atoms, but in a
2D single sheet. Graphene-based materials present high surface area, excellent conduc-
tivity and high mechanical strength. Therefore, these materials have revealed interest-
ing electrochemical properties, enabling the electrochemical detection of several species
(RAYMUNDO-PEREIRA et al., 2018, ROCHA et al., 2018; SHAO et al., 2010).

Table 1 shows the different 3D-printed electrochemical sensors fabricated by FDM,
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highlighting the main contributions of each work. Carbon-based materials have been

generally employed as conductive materials, mostly using commercial-available conductive

filaments.



Table 1 — Different 3D-printed electrochemical sensors fabricated by FDM, highlighting the main contributions of each work. Carbon-based
materials have been generally employed as conductive materials, mostly using commercial-available conductive filaments.

Conductive filament *

3D-printer

Analyte/probe

Technique

Main target

Ref.

ABS/carbon black

PLA nanographite-loaded

Polystyrene/carbon
nanofiber/graphite

Polystyrene/carbon
nanofiber—graphite

Commercial graphene-

based (Black Magic®)

Commercial PLA/
graphene-based
(Black Magic®)

Commercial carbon black-
based (Proto-pasta®)

Commercial graphene-
based (Black Magic®)

Commercial PLA/
graphene-based
(Black Magic®)

Commercial PLA/
graphene-based

(Black Magic®)

Commercial PLA/
graphene-based
(Black Magic®)

Wanhao Duplicator 4

ZMorph®

Custom-built

Custom-built

TRIBLAB printer

TRIBLAB

ZMorph VX
Multi-Tool
3D-printer
RepRap3D

Prusa clone

Prusa clone

Designex3D Alpha

Ferrocene and serotonin

Pb2+ and Cd?*

Pb?*

7n2+

Picric acid and ascorbic acid

[Fe(CN)g)* /3"

Dopamine

Dopamine

Dopamine and catechol

TNT

Cu2+

CcvV

SWV

DPASV

CV and DPASV

CcvV

CcvV

CV and SWV

CV and DPV

SWYV and amperometry
coupled with BIA

SWV

Photoelectrochemistry/
Chronoamperometry

Evaluation of different printing
directions on the electrochemical
behavior of electroactive species

Different electrode designs; use of
solvents to produce the

nanograhite/PLA composite

Dual extrusion using
self-fabricated conductive filament

Fabrication of filaments

DMF activation of 3D-
printed-electrodes

DMF and electrochemical activation
of 3D-printed electrodes

Electrochemical treatment of 3D-printed

surface in NaOH and production
of a novel pseudo-reference

Electrochemical treatment of 3D-
printed surface in phosphate buffer

Proposed 3D-printed cell for BIA
using planar 3D-printed electrodes
(or other planar electrodes)
Single 3D-printed device for sampling
TNT residues and further detection
Low-cost approach to mass producing

electrode materials for supercapacitors

and photoelectrochemical sensor

(Bin Hamzah et al., 2018)

(FOSTER et al., 2017)

(RYMANSAIB et al., 2016)

(HONEYCHURCH; RYMANSAIB;

TRAVANTI, 2018)

(MANZANARES-PALENZUELA et al., 2018)

(BROWNE et al., 2018)

(RICHTER et al., 2019)

(SANTOS et al., 2019)

chapter 2

(CARDOSO et al., 2018)

chapter 3

(CARDOSO et al., 2020)

(FOO et al., 2018)
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Commercial graphene-
based (Black Magic®)

Commercial graphene-
based (Black Magic®)

Commercial (graphene-
based Black Magic®)

Commercial carbon black-
based (Proto-pasta®)

Commercial ABS carbon-
loaded 3DEdge®, PLA carbon-
loaded (Proto pasta®) and (Amolen®)

Commercial graphene-
based (Black Magic®)

Commercial graphene
-based (Black Magic®)

Commercial graphene-
based (Black Magic®)

Commercial graphene-
based (Black Magic®)

Commercial carbon black-
based (Proto-pasta®)

Commercial carbon black-
based (Proto-pasta®)

Prusa i3 MK3 printer

Prusa clone

TRILAB 3D

Creator Pro

Flashforge

Makergear M2
Dual printer

Prusa clone

RepRap3D

Custom-built

Prusa clone

Prusa clone

[Fe(CN)g)*/3- and

[Ru(NH3)g)2+/3+

H,0,

1-naphthol

Caffeine, Hg?* and
glucose biosensor

Caffeine and paracetamol

Ferrocene and Catechol

Nitrite, uric acid and glucose

Dopamine

Hg?*, Cd?**, Pb**

CdZ+7 Pb2+

Cu?*

CcvV

Chronoamperometry

and CV

CcvV

DPV, SWASV and
amperometric

DPV

LSV

MPA

DPV

ASV

ASV

ASV

3D-build pseudo-reference

Prussian blue electrodeposition after
electrochemical treatment of
3D-printed surface

Use of proteinase K for electrode
treatment for the development
of a biosensor

Fabrication of an analytical device
entirely by 3D-printing
using dual extrusion

Fabrication of an electrochemical
cell-on-a-chip concept
using a dual extrusion

Single-step fabrication of a fluidic flow
cell with electrochemical
detection with 2 electrodes 3D-
printed within the channel

Combination of mechanical
polishing and solvent immersion of
3D-printed surface for the analysis of
biological samples and glucose
biosensing

3D-printed surface immersed in
DMF for 30 min (different
procedures were compared) -
analysis of biological samples

Silver ink to promote WE contact.
Microparticles of Bi to improve
LOD’s against metal detections

30-fold current increase after
alkaline pre-treatment towards
metals detection

Metal detection in fuel bioethanol
using an electrochemically-treated
3D-printed electrode

(ROHAIZAD et al., 2019)

(KATIC et al., 2019)

(MANZANARES-PALENZUELA et al., 2019)

(KATSELI; ECONOMOU; KOKKINOS, 2019)

(KATSELI; ECONOMOU; KOKKINOS, 2020)

(O'NEIL et al., 2019)

chapter 4
(CARDOSO et al., )

(KALINKE et al., 2020)

(WALTERS et al., 2020)

(ROCHA et al., 2020a)

(JOAO et al., 2020)
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In this sense, a conductive polystyrene filament modified with carbon nanofibers and
graphite microparticles was proposed (RYMANSAIB et al., 2016). The electrochemical
performance of the polymer composites was investigated by cyclic voltammetry using the
printed electrodes made with different compositions in ferrocene methanol. The elec-
trodes prepared with 10 % (wt%) of carbon nanofibers and graphite presented satisfac-
tory conductivity with proper mechanical resistance and printing characteristics. This
composition was satisfactory to maintain the percolation thresholds and good electrical
conductivity. The method was successfully applied for the anodic stripping detection of
lead. The work also shows the capability to reuse the electrode after surface polishing. A
3D-printed electrode fabricated using a conductive filament containing nanographite was
proposed (FOSTER et al., 2020). The amount of nanographite within the filament was
evaluated and characterized by thermogravimetric, morphological and physicochemical
analyses. The authors found an effective percolation and high conductivity with 25 wt%
nanographite. Above this amount, the electrode showed a fragile and non-reproducible be-
havior, affected by the decrease of PLA amount. Raman analysis showed that the printing
step did not change the thermoplastic characteristics of the 3D-printed electrode. Also,
the nanographitized electrode presented a low functionalized surface, as observed by the
low amount of defects, which did not affect the electrochemical response of the obtained
electrode. The 3D-printed electrode was successfully applied for the simultaneous de-
termination of lead and cadmium by square-wave stripping voltammetry, presenting low
limit of detection (LOD) values (7.40 x 107 and 1.96 x 108 mol L', respectively).

Besides the filament material, the 3D-printing orientation of electrodes can also influ-
ence their electrochemical behavior (Bin Hamzah et al., 2018). 3D-printed ABS/carbon
black electrodes were fabricated by printing under horizontal and vertical directions (See
Figure 3). The evaluation of electrodes revealed that horizontal direction printing resulted
in a smooth surface (lateral side of the 3D-printed object) and a comparatively rougher
surface of 3D-printed ABS/carbon black electrodes (top surface of the same 3D-printed
object). The vertical direction 3D-printed electrode led to a reduced charge transfer resis-
tance and uncompensated solution resistance, enhancing the electrochemical performance
in the presence of ferrocene and serotonin. This was attributed to the conductive path-
ways orientation from electrical connection to solution interface, i.e. the internal structure

of the vertical direction printed electrodes.

1.4.2 Surface treatment and modification of FDM 3D-printed
electrodes
As previously stated, the use of commercial conductive filaments is attractive due

to low-cost, design versatility (shape and size) and the possibility of fast decentralized

production of conductive or semi-conductive substrates for different electrochemical ap-
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Print layers
A HPRS electrode

VP electrode

Infill toolpaths

External shell
layers

Print bed
HPSS electrode

Figure 3 — (A) Scheme of horizontal and vertical 3D-printed electrodes using carbon
black/ABS material; (B) Photographs of vertical printed (VP), horizontal
printed rough surface (HPRS) and horizontal printed smooth surface (HPSS)
electrodes. Reprinted with permission from (Bin Hamzah et al., 2018), Copy-
right (2018), Springer US.

plications. Some researchers (FOSTER et al., 2017) showed the possibility of using com-
mercial graphene/PLA filaments in the development of 3D-printed electrodes for many
applications, including capacitors, lithium-ion batteries and water splitting processes. Af-
terwards, using the same conductive material (graphene/PLA),3D-printed sensors were
proposed (MANZANARES-PALENZUELA et al., 2018; FOO et al., 2018), and as proofs-
of-concept, the electrochemical detection of copper and several redox species were carried
out, respectively. However, in both works, the electrode response was relatively poor (high
impedance values) if compared to other carbonaceous surfaces (glassy-carbon, carbon-
paste, etc.). This behavior was attributed to a high amount of insulating PLA and low
graphene content (8 % wt) in the used filaments (FOSTER et al., 2017; MANZANARES-
PALENZUELA et al., 2018). So, to overcome this disadvantage, two strategies that
are very common in literature at electrochemical devices were used: electrode activation

and /or modification.

Pumera research group introduced the DMF treatment in 2018 (BROWNE et al., 2018)
and the electrochemical activation as well (MANZANARES-PALENZUELA et al., 2018).
By adding 10 minutes step of solvent exposition immersing the electrodes into DMF, a
peak separation for [Fe(CN)g]*/3- of 527 mV was obtained for 3D-printed pin electrodes.
The electrochemical activation proposed step was carried out applying a constant poten-

tial optimized to 1.5 V during 150 s at 0,1 mol L~! phosphate buffer solution, reducing
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the peak-to-peak separation to 171 mV. The improved performance of the sensors after
activation in such reports were attributed to: to availability of graphene based structures
to act as a transducer by removing superficial plastic matrix (PLA) with the solvent,
and the different fictionalized carbon groups present at the electrode new surface. Those
activation data where confirmed when dos Santos compared different activation methods
since simple mechanical polishing, electrochemical procedures in phosphate buffer media,
or immersion in concentrated acid and alkaline solution (SANTOS et al., 2019).

More sophisticated strategies are presented in literature such as the use of a proteinase-
K enzyme as a removal agent of PLA during a 24 hour exposition, witch consequently ex-
pose the graphene sites and increase it ratio along the sensor ( MANZANARES-PALENZUELA
et al., 2019) as shown in Figure 4. Thermal annealing strategy using high temperatures on
a porous electrode pattern was presented aiming explosives detection, showing how 3D-
printed complex model structures can be prototyped, or even produced with 3D-printing
technology. Both activation procedures, showed satisfactorily results in terms of voltam-
metric performance of the electrodes, but the lengthy procedure for both to obtain the
final surface can be a bottleneck in case of any on-demand necessity. Table 2 compares
different methods of activation and/or modifications of different proposed 3D-printed

electrodes.

Graphene/PLA

A l I i 15 mm Potenti'al

/ "
[ .
veo o T =,

As-printed/electroinactive
FDM 3D printing

NE e | (i 8

oy
" 1-Naphthyl
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In 1 -Naphthol PotenW
ALP | pa—

B ' Electrochemacal L TN
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Biosensor Digested/electroactive

Current

Current

Figure 4 — Representation of the 3D-printed graphene/PLA electrodes fabrication, pro-
teinase K-mediated PLA digestion/activation and application for the 1-
naphthol oxidation enzyme-mediated.  Reprinted with permission from
(MANZANARES-PALENZUELA et al., 2019), 2019), Copyright (2019), The
Royal Society of Chemistry.



Table 2 — Different methods for surface activation/modification different proposed electrodes in order to increase the electron transfer rate.

Commercial Filament

Activation Observations

Available online

Reference

Black Magic®

Black Magic®

Black Magic®

Black Magic

Proto-pasta®
and Black Magic®

Black Magic®

Black Magic®

Black Magic®

Proto-pasta®

Proto-pasta®

Black Magic®

Electrifi Conductive ®

Black Magic®

Proto-pasta®

I sion in DMF Picric acid and ascorbic acid detection
fmersion with first activated 3D-printed electrode
10 min in DMF, and 250s
with 2V atPBS solution

Hollow circular pin electrodes with
AEpeak= 171 mV for [Fe(CN)g]*-3-

EC activation of +1.8V vs SCE;
900s;PBS 0.1 mol L
DMF and Acetone activation

Dopamine detection with 2 linear ranges
for dopamine and LOD of 0.24 ymol L1

24h hours proteinase L § e
K-mediated PLA hydrolysis Allpeak= 350 mV for [Fe(CN)q]
Propose a mechanism in alkaline media,
where the saponification of PLA groups occur

Strong alkaline solution
immersion compared to DMF

0.4 pmol L1 LOD for TNT detection,
from 1-870 by SWV

Mechanical polishing with
1200 grit sandpaper

_ 1-4-3
DMF, Acetone AEpeak= 296_111\/ for [Fe(CN)g)
for acetone immersed electrode
Nitro-aromatic explosives detection in a
solvent free activated electrode
with fine details desing

Porous hollow 3D pattern design
with thermal annealed activation

Mechanical and Electrochemical:
+1.4 V/ 200 s, -1.0 V/200 s in
NaOH 0.5 mol L1. Silver paint

at the reference electrode

Complete FDM cell and sensor apparatus
with Epeak reaching 150mV.
Dopamine detection

10 V applied during 60s 0.3 mol L ! _ . -
NaySO4 in in a U-shaped glass ccll AEpeak around 85mV using Ru(acac)s probe
30 min of alkaline media followed by EC activation
showed more promissor results; Dopamine sensor
with LOD of 3.5 pmol L}

Compare solvent method, with alkaline
media/electrochemical activation

10 V applied during 60s 0.3 mol L-!
NaySO4 in in a U-shaped glass cell.
Electroplated using 6V for 32 minutes
between 3D-printed electrode at a
U shaped cell, filled with 0.1 mol L~
Cu(NO3)?

Cu2+electroplating reaching Epeak for
[Ru(NHj3)g)?* of ~69 mV

10 min in DMF and 2V for 250s at PBS
solution. Overnight encubation of Au
nanoparticlesand/or horseradish peroxidase

25-100 pmol L' for HyO, direct eléctron
transfer detection

Mechanical and EC by +1.4 V// 200 s;
-1.0 V 200 s in NaOH 0.5 mol L~!

Cd-2+ and Pb2+ detection at biological samples
using in a complete AM cell.

Apr.

Oct.

Nov.

Jun.

Mar.

Apr.

Apr.

Sep.

Sep.

Dec.

Jan.

2018

2018

2018

2019

2019

2019

2019

2019

2019

. 2019

2019

. 2019

. 2019

2020

(MANZANARES-PALENZUELA et al., 2018)

(BROWNE et al., 2018)

(SANTOS et al., 2019)

(MANZANARES-PALENZUELA et al., 2019)

(WIRTH et al., 2019)

Chapter 4
(CARDOSO et al., )

(GUSMAO et al., 2019)

(NOVOTNY et al., 2019)

(RICHTER et al., 2019)

(VANECKOVA et al., 2020b)

(KALINKE et al., 2020)

(VANECKOVA et al., 2020a)

(Lopez Marzo; MAYORGA-MARTINEZ; PUMERA, 2020)

(ROCHA et al., 2020b)
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Aiming to shed light on the varied protocols reported for surface treatment of 3D-
printed graphene/PLA electrodes, different procedures, including mechanical polishing,
electrochemical and chemical treatments and combination of them, were compared using
dopamine as the model analyte (KALINKE et al., 2020) [42]. The best electrochemical
sensing properties for dopamine detection were obtained after immersion of the 3D-printed
electrodes in 1.0 mol L' NaOH for 30 min, which degrades excess of PLA exposing
graphene sites. The LOD values of 3.5, 2.2 and 1.7 mmol L' were obtained using cyclic
voltammetry, differential-pulse voltammetry and square- wave voltammetry, respectively.
Biological samples (synthetic urine and blood serum) were analyzed by differential pulse
voltammetry (DPV), as the dopamine peak was better separated from the ascorbic acid
and uric acid peaks using this technique, with recovery values ranging between 89 and 98%.
However, this investigation was carried out only for 3D-printed graphene-PLA electrodes.
A similar investigation is required for the evaluation of 3D-printed carbon black/PLA
electrodes. The work by Richter et al and Rocha et al proposed the electrochemical
treatment in alkaline medium (RICHTER et al., 2019; ROCHA et al., 2020a). They
affirm that this procedure involves the chemical/electrochemical treatment due to the
action of NaOH by consuming PLA whereas electrochemical activation probably provides
functional groups on the active conducting sites.

Tailoring the electrode surface using chemical modifiers or by the immobilization of
bio-molecules for specific recognition of species has been widely investigated in the de-
velopment of electrochemical sensors or biosensors since the pioneering work of Murray
(MURRAY, 1980). Considering 3D-printed electrodes, their surface can also be modi-
fied with electrocatalyst to produce electrochemical sensors with enhanced detectability,
sensitivity and selectivity (KATIC et al., 2019; ROCHA et al., 2020a). Similarly, elec-
trochemical biosensors can be developed by immobilizing different bio-molecules on the
surface of 3D-printed surfaces. This section highlights the works published in the liter-
ature showing how 3D-printed surfaces can be modified to develop novel and improved
electrochemical sensors and biosensors. Table 2 brings all implemented methods of acti-
vation or modification to improve performance or obtain more efficient sensor towards a

specific molecule, and its main characteristics.

1.4.3 Fabrication of all-in-one electrochemical devices using 3D-

printing

A great benefit of 3D-printing technology in modern analytical chemistry is the fea-
sibility of a single-step fabrication of miniaturized analytical systems in the desired ge-
ometry and for large-scale production in a reproducible manner. Considering the FDM
technique as the most accessible and affordable 3D-printing technique and the many

strategies pointed out in this review to fabricated 3D-printed electrochemical sensors, the
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development of integrated and miniaturized electroanalytical systems in a single-step for
the analysis of reduced sample volumes using portable instrumentation (e.g., point-of-care
tests, on-site environmental measurements and so on) is an increasing demand in many
research areas that can be addressed by the 3D-printing technology. This section shows
some preliminary examples already reported with this aim, all of them using the FDM

3D-printing technique.

One challenge to overcome concerns is the fabrication of reference electrodes with no
potential variations. In this context, a method for printing a graphene/PLA pseudo-
reference electrode was reported (ROHAIZAD et al., 2019). Printed-electrodes were sub-
mitted to a silver electrodeposition to obtain Ag/AgCl electrodes. In this regard, the
electrode was immersed in silver ions solution and a potential of —0.9 V (vs an external
Ag/AgCl reference electrode) was applied for 800 s. The performance of the proposed elec-
trode was compared with a commercial conventional reference electrode (Ag/AgCl/KCl
3.5 mol L) by open circuit using a multimeter and by cyclic voltammetry using two
electrochemical probes ([Fe(CN)g|*~/4~ and [Ru(NHj3)g]?*/3+). The obtained voltammo-
grams for each system have similar behaviors and current intensities, however with a shift
to more negative values of potential. Also, the proposed pseudo-reference electrode was

considered a simple and low-cost alternative to commercial reference electrodes.

Integrated electrochemical systems are attractive since they increase operational sim-
plicity. In this context, 3D-printing can be applied for the construction of the three con-
ventional measuring electrodes (working, counter and reference electrodes) in the same
device manufactured by a single step. This purpose was presented in the paper published
by (KATSELIL; ECONOMOU; KOKKINOS, 2019). For this, three conductive electrodes
(working, auxiliary and pseudo-reference) were printed from a carbon-loaded PLA fila-
ment. Additionally, an electrode holder was printed from non-conductive PLA filament,
developing a single integrated electrochemical system. The analytical performance of the
proposed 3D-printed sensor was similar or better than other electrodes and high repro-
ducibility of fabrication was verified (RSD < 10 %). This proposed electrode was applied
for three different applications: determination of Hg?* by square-wave anodic stripping
voltammetry, organic molecules (caffeine) by differential-pulse voltammetry and glucose
biosensing using amperometric determination by incorporation of glucose oxidase on the
working electrode. LOD values of 9.5 x 107 molLL-! for Hg?* ions, 9.3 x 107% mol L!
for caffeine, and a linear range from 2.0 x 1073 to 2.8 x 1072 mol L' for glucose were

obtained.

Other recent work (KATSELI; ECONOMOU; KOKKINOS, 2020) explored the dual
extruder 3D-printing for a lab-on-a-chip device construction, wherein the electrochemical
cell was printed with PLA filament. The representation of the proposed device is shown

in Figure 5. Different conductive filaments were studied (3D Edge carbon-ABS, carbon
black-PLA Proto-pasta and Amolen carbon-PLA), wherein carbon-ABS showed higher
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sensitivity and better background characteristics. The proposed device was successfully
used for the simultaneous determination of paracetamol and caffeine by differential-pulse
voltammetry. After the optimization of parameters, the device showed LOD values of 2.8
x 1076 and 2.0 x 1076 mol L' for paracetamol and caffeine, respectively. Electrodes also
presented an adequate manufacturing reproducibility. The analytes were determined in

pharmaceutical tablets and urine samples, showing recovery values between 96 and 103

%.
é dual extruder

cell-on-a-chip

e

=

non- conductive

/

conductive filament

Figure 5 — (A) Representation of the 3D-printing procedure for the fabrication of the
cell-on-a-chip device using a dual extruder 3D-printer; (B) Dimensions of
the 3D-printed cell-on-a-chip device (in cm); (C) Real photograph of the de-
vice. Reprinted with permission from (KATSELI; ECONOMOU; KOKKI-
NOS, 2020), Copyright 2020, Elsevier.

A completely fabricated 3D-printed electrode using carbon nanofiber, graphite and
polystyrene filament was reported (HONEYCHURCH; RYMANSAIB; TRAVANI, 2018).
The new proposed electrochemical device was applied for the determination of zinc ions
by differential-pulse anodic stripping voltammetry with low background currents even
without the presence of bismuth, mercury or other metallic films. The sensor showed a

LOD of 2.9 x 1078 molL.~! and an average recovery of 98 % for tap water sample fortified
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with 3.3 x 107%molL.~! of zinc. In addition, the fabrication of 3D-printed fluidic electro-
chemical cells with ABS and electrochemical sensing devices with graphene/PLA filament
were proposed (CARDOSO et al., 2018). Those results will be discussed furthermore in
chapter 2.

The fabrication of a complete electroanalytical system which consisted of 3D-printed
conductive electrodes (working, auxiliary and pseudo-reference electrodes) and the 3D-
printed non-conductive electrochemical cell (different 3D-printed parts to generate the
assembled electroanalytical system) was demonstrated (RICHTER et al., 2019). The
3D-printed electrochemical cell and the working electrode preparation procedures can be
seen in Figure 6. The electrodes were fabricated by FDM 3D-printing using a carbon
black/PLA filament. The performance of the working electrode was evaluated after pol-
ishing on sandpaper and simultaneous chemical/electrochemical activation in a 0.50 mol
L~! NaOH solution. This treatment led to PLA removal by saponification, exposing the
carbon black microparticles (Figure 6). The considerable improvement in the electro-
chemical behavior for dopamine determination was verified. The proposed device showed
excellent results with LOD of 1.0 x 107 mol L~! and good reproducibility (RSD = 0.4

%) between successive measurements.

WE Preparation

AM electrochemical platform

After polishing

After electrochemical
activation

Figure 6 — 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 (RICHTER et al., 2019), Copyright (2019), American Chem-
ical Society.

A spectroelectrochemical cell coupled to a Raman spectrometer and a potentiostat
for in situ mapping of the Prussian blue redox process was developed (SANTOS et al.,

2019). The spectroelectrochemical device was printed using non-conductive ABS filament
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and the working electrode using conductive graphene/PLA filament. The proposed cell
enabled the Raman mapping in real-time, and the investigation of the structural changes of
Prussian blue during electrochemical measurements. In this approach, the 3D-printed cell
proved to be a low-cost and easily adaptable system. Another example of the construction
of a coupled cell for electrochemical and spectroscopic measurement was recently reported,
in this case, an UV /Vis spectroelectrochemistry cell using FDM 3D-printed electrodes
(VANECKOVA et al., 2020c). These examples show that electrochemical devices can
be easily fabricated using the 3D-printing technology, allowing them to obtain the most
varied systems and shapes, according to the intended application.

The single-step fabrication of 3D-printed devices for flow analysis combined with elec-
trochemical detection using a dual extruder FDM 3D-printer was proposed (O’NEIL et
al., 2019). The device consisted of a hydrodynamic fluidic channel with inlet and out-
let, on which 2 electrodes are printed along the channel using a conductive filament
(graphene/PLA) as shown in Figure 7 the first electrode served as a working electrode
while the second one was used either as pseudo-reference or as a counter electrode, de-
pending on the experiment (Figure 7 (b) and (c)). Hydrodynamic voltammograms were
performed using ferrocene methanol as the redox probe under different flow rates (from
0.5 to 3.5 mL min~!) using the second electrode as the pseudo-reference electrode. It was
not mentioned by the authors how the flow rate and injections were controlled. Other
experiments for ferrocene methanol and catechol as model analytes were performed using
an Ag/AgCl wire introduced at the outlet tubing as a pseudo-reference electrode. For the
catechol detection in an artificial fluid buffer (to simulate a more complex medium), it
was necessary to modify the 3D-printed working electrode with gold by electrodeposition.
Certainly, the low responses obtained on unmodified 3D-printed surfaces were verified due
to the need for the surface treatment of such surfaces as previously discussed in this review
(such as mechanical polishing, chemical or electrochemical treatments). Hence, this work
reveals the potential of FDM 3D-printing to fabricate all-in-one flow electroanalytical

devices with great promises for on-site determinations.
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Figure 7 — Scheme of the proposed flow analysis device with (a) the representation of
the dual extruder 3D-printer; (b) Orthogonal view of all 3D-printed flow de-
vice containing 2 electrodes: Working electrode (WE) and quasi-reference or
counter electrode (QRCE); (c¢) perspective view of the device with embedded
electrodes. Reprinted with permission from (O’NEIL et al., 2019), Copyright
(2020), Elsevier.
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CHAPTER

3D-printing for electroanalysis: From
multiuse electrochemical cells to

SEensors

This Chapter contain an adaption of the published article entitled “3D-printing for
electroanalysis: From multiuse electrochemical cells to sensors” Rafael M. Cardoso, Dian-
derson M. H. Mendonga, Weberson P. Silva, Murilo N. T. Silva, Edson Nossol, Rodrigo
A. B. da Silva, Eduardo M. Richter, Rodrigo A. A. Munoz available online .
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2.1 Introduction

Analytical equipment normally are prototyped using classic and very known meth-

ods such as milling machines and injected molded parts. Concerning electroanalytical
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instrumentation, holders, cells, channels and other apparatus are normally commercially
obtained, or developed inside a research lab, and executed normally by a third part that
have the machinery. This many steps can delay and bring costs to a analytical equip-
ment prototyping process. Additive manufacture are a new player in this field, and big
industries or small companies are taking advantage of this easy and cheap new tool. This
chapter propose an electrochemical cell for BIA /FIA electroanalysis, and demonstrate the
possibility of a 3D-printed sensor using conductive thermoplastics commercial formula-

tion.

2.2 Experimental

2.2.1 Reagents and solutions

All solutions were prepared with deionized water (resistivity not lower than 18 M)
cm) obtained from a Milli-Q water purification system (Millipore, Bedford, MA, USA)
and analytical grade reagents. Catechol (95% w/w), dopamine (98% w/w) and tert-
butylhydroquinone (TBHQ, 98% w/w) were obtained from Acros (New Jersey, USA);
dipyrone (98% w/w), diclofenac (98% w/w) and hexaammineruthenium (III) chloride
(98% w/w) from Sigma Aldrich (Milwaukee, WI, USA); perchloric acid (70% w/w), phos-
phoric acid (85% w/w) and sulfuric acid (98% w/w) from Reagen (Rio de Janeiro, Brazil).

Perchloric acid solution (0.1 mol L) was used as supporting electrolyte for the deter-
mination of the phenolic compounds catechol, dopamine and TBHQ. Sodium phosphate
buffer (0.1 mol L='; pH 7.2) and sulfuric acid (0.1 mol L) were used as supporting
electrolytes for the determination of dipyrone and diclofenac, respectively. All stock solu-
tions were freshly prepared by dissolution in the respective electrolyte. Working standard

solutions were prepared before use by suitable dilution in electrolyte solution.

2.2.2 Instrumental

Electrochemical measurements were performed with a y-AUTOLAB type I1I potentio-
stat / galvanostat (Eco Chemie, Utrecht, Netherlands) interfaced to a microcomputer and
controlled by NOVA 1.12 software. The proposed 3D-printed cell with a three-electrode
configuration was used for all electrochemical measurements. All measurements were
performed at room temperature (25°C) and in the presence of dissolved oxygen.

A platinum wire and a lab-made Ag/AgCl/KCl,,;.(PEDROTTI; ANGNES; GUTZ,
1996) were used as auxiliary and reference electrodes, respectively. Five working electrodes
have been evaluated in the 3D-printed cell: gold thin film electrode obtained from compact
discs (gold CDtrode), graphite sheet electrode (GSE), boron-doped diamond (BDD), a
carbon screen-printed electrode (SPE) and the 3D-printed conductive substrate. The gold

CDtrode was obtained by cutting a small piece (1 cm x 5 cm) of a recordable compact
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disc (Mitsui, Japan) containing a highly pure gold thin film (» 100 nm) and removing the
polymer protection after exposure of the disc surface on concentrated nitric acid (65 %
m/m) for 3 min (ANGNES et al., 2000). 5-cm length of a CDTrode is necessary to make
the electric contact directly over the conducting gold surface. The GSE was obtained
by cutting a small piece (1 cm x 1 c¢cm) of a commercial graphite paper-based sheet
(Longteng Sealing, Shandong, China) followed by mechanical polishing (abrasive paper
and alumina suspension). A small piece (1 cm x 1 cm) of polycrystalline silicon wafer
containing a BDD film with 8000 ppm of doping level was purchased from Neocoat (La
Chaux-de-Fonds, Switzerland). Before electrochemical measurements, the BDD electrode
was cathodically pretreated by applying -0.1 A for 300 s in 0.5 mol L= sulfuric acid.
A SPE strip containing the three-electrode setup in which the working electrode was a
carbon electrode (4 mm diameter) was obtained from DropSens® (Oviedo, Spain). The
integrated auxiliary (printed carbon ink) and pseudo-reference (printed silver ink) of the
SPE strip were used, dispensing other external electrodes. Prior to use, each SPE was
activated by successive voltammetric cycling in the respective supporting electrolyte until

reaching stable background currents.

The 3D-printed sensor was produced using a conducting G-PLA filament purchased
from Black Magic 3D (New York, USA). 3D hollow square tubes (4.0 cm x 4.0 cm) with
wall thickness of 0.6 mm were printed with G-PLA filament using a 0.5 mm hotend nozzle
and 220°C of heated bed temperature (recommended by the fabricant). Finally, pieces of
planar substrates (10 cm x 20 cm) were cut and divided in smaller units (2 cm x 3 cm)

to be used as working electrodes.Figure 8 show a picture of the proposed sensor.

As no information on the weight proportion of graphene or chemicals was given by
the fabricant, Raman spectra of the G-PLA sensor were obtained using a LabRAM HR
Evolution - Horiba (A=532 nm). Moreover, scanning electron microscopy (SEM) per-
formed in a Vega 3 -Tescan equipment at 20 kV was carried out to confirm the presence

of graphene and determine its nature.

Electrochemical impedance spectroscopy (EIS) measurements were carried out in the
presence of 1 mmol L1 of hexaammineruthenium (I1I) chloride in a 0.1 mol L=! KClI solu-
tion using as working electrode the 3D-printed sensor and a bare glassy-carbon electrode
(GCE), in the frequency range between 0.1 and 50000 Hz with signal amplitude of 10 mV
and 10 data points per frequency decade. The diameter of the semicircle of Nyquist plot
is proportional to the charge transfer resistance (Rct value), which was obtained by the
electrochemical circle fit option of Nova software using the equivalent circuit consisting

of Ret, solution resistance (Rs), and Warburg impedance (W).

Infrared (IR) spectroscopy measurements were performed using a Perkin Elmer Spec-
trum 2 (Waltham, EUA) spectrometer on attenuate total reflectance (ATR) mode. Mea-

surements were obtained in the range between 4000-600 cm-1 with a resolution of 4 ecm™!.
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ae 3

Figure 8 — Image of the FDM 3D-printed electrodes where 1 is the printed hollow cube, 2
is the printed part with two faces removed (3 and 4), with 3 being the polished
electrode and 4 the unpolished; 5 is the 1200grit sandpaper used

2.2.3 Design and construction of the multiuse 3D-printed cell

The design of the electrochemical cell was obtained using Simplify 3D software and the
standard tessellation language file (STL file) was used by the 3D-printer (Core Al (GT-
Max3D®), Campinas, Brazil) to manufacture the cell (FDM technology). The printing
material was an ABS filament (3Dfila; 1.75 mm) and the 3D-printing parameters were set
to high resolution of 0.1 mm per layer, hotend nozzle temperature of 230 °C and heated
bed temperature of 110 °C, with no need of supports. The STL model file was designed
using Blender®software, and then sliced on Simplify3D®to generate the .GCODE file to

perform the printing.

The 3D-printed cell (transversal cut view) for applications in stationary conditions for
voltammetric measurements is presented in Figure 9.A.1 (highlighting the positioning of
external counter and reference electrodes) while the same 3D-printed cell with additional
accessories to perform measurements under flow conditions (FIA and BIA) is presented in

Figure 9.A.2 (this image shows the insertion of a SPE strip containing the three electrode
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system that dispenses external counter and reference electrodes presented in Figure 9.A.1).
Figure 9.B shows the image of all components of the 3D-printed cell: 1) Cell body, which
includes a small round hole that allows the contact of the working electrode (or the SPE
strip) with the internal solution, and the three screw nuts equidistant at the external
region of cell body; (2) Bottom cover containing three holes for the insertion of 3D-
printed screws (3) to enable the pressure control against the O-ring to assemble the
cell; there is a rectangular thin cavity to accommodate the steel plate or SPE strip; (4)
Top cover (to be firmly fitted on the cell) containing two orifices to introduce auxiliary
and reference electrodes, a hole for liquid manipulation (or introduction of a mechanic
stirrer) and another small hole to insert the micro-pipette adapter (presented in 5); (6)
rubber-made O-rings with 2 different internal diameters, 5.28 mm (for any plate working
electrode) and 7.65 mm (to cover the entire SPE strip), and (7) steel plate (for electric
contact of working electrodes by their backside). Note that A.1 and A.2 show the same
cell except to the micro-pipette adaptor (5) and pipette tip that is assembled for flow
experiments (A.2). The 3D-printing process, cell assembling using a BDD electrode as
example, and batch-injection of a model analyte and obtaining the current responses by
a portable potentiostat (microStat, Dropsens, Spain) monitored on a notebook screen is

available online (click here) in a video format.

A

Figure 9 — (A) Scheme of the 3D-printed cell (transversal cut view) used for batch (1)
and flow (2) electrochemical measurements; counter and reference electrodes
are represented in A.1 while the use of SPE in A.2 dispenses the use of external
counter and reference electrodes; (B) Components of the 3D-printed cell: (1)
cell body, (2) bottom cover, (3) screws, (4) top cover; (5) micro-pipette adap-
tor; (6) O-rings with 2 different internal diameter: 5.28 mm (for any working
electrode) and 7.65 mm (for the SPE strip); and (7) steel plate (for electric
contact of working electrodes by their backside). Note that A.1 and A.2 show
the same cell except to the micro-pipette adaptor (5) and pipette tip that is
assembled for flow experiments (A.2).

The planar working electrode (gold CDtrode, GSE, BDD or 3D-printed platform) is


https://youtu.be/IaPjMZrojpU

54 Chapter 2. 3D-printed Cells and sensors

positioned over a steel board. After that a rubber-made O-ring is placed over the working
electrode and then the upper part of the cell is assembled using 3D-printed screw nuts (to
prevent leaks and delimiters the working electrode area, A = 2.7 ¢m? using the smaller
O-ring, while the working electrode area of SPE is defined by the manufacturer, A =
0.126 cm?). The electric contact can be made directly through the topside or the backside
of the substrate (the only exception is for the gold CDtrode as it consists of a gold thin
film deposited on polycarbonate and thus the electric contact can only be assessed by the
topside). The applied pressure on the working electrode is defined by the screwing level.
When using commercial SPEs, the contact of three electrodes is made using a special
cable produced by the SPE manufacturer (DropSens, Oviedo). The region where the
three electrodes come in contact with the solution is limited by the larger O-ring (7.65
mm diameter). The total internal volume of the 3D-printed cell is around 80 mL, typical
volume used for flow analysis. For measurements under non-stirred solutions, the cell was
filled with 10 mL of electrolyte.

The 3D-printed cell to be operated under hydrodynamic conditions (FIA or BIA)
works in a wall-jet configuration with the micro-pipette tip closely placed to the working
electrode. As presented in Figure 9.A.2, an additional support containing a central hole
was fixed above the top cover of the cell (concentric with the working electrode placed
at the bottom of the cell) for introduction of the micro-pipette tip (syringe shape). Hy-
drodynamic conditions were explored using two systems: 1) BIA: The solutions were
directly injected onto working electrode surface by an electronic micro-pipette (Eppen-
dorf®Multipette stream) maintained at a fixed distance (2 mm between the working
electrode and the tip, Multipette Combitip®) and 80 mL of electrolyte was added to the
cell before injections and measurements. This system was applied for the detection of
TBHQ), dipyrone and dopamine on carbon SPE, gold CDtrode and GSE, respectively; 2)
FIA with carrier recycling: A polyethylene tube (i.d. = 1.0 mm) was fixed on the thinner
end of the Combitip®, the electrolyte solution was carried by a peristaltic pump (Gilson
Miniplus 3) under a flow rate of 3.0 mL min~! and the solutions were injected onto the
working electrode surface by an acrylic injector connected inline. This FIA system allows
the re-circulation of the carrier solution by fixing a tube inside the cell containing 80 mL
of the electrolyte solution. In this case, the FIA cell contains a large volume of solution
(electrolyte plus huge diluted residues) in its own reservoir, similarly to the BIA system.
This configuration presents a very low reagent consumption and waste generation, even
under high flow rates. Overall description of this system was previously reported by
Franco et al. (FRANCO et al., 2016). In this work, the FTA system with carrier recycling

was used for detection of diclofenac on BDD.
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2.3 Results and Discussion

As a proof of concept of the 3D-printed cell, electrochemical measurements of four
target analytes were performed using distinct plate-shaped working electrodes assembled
on the same cell for batch or flow conditions. The choice of electrodes and analytes
were based in similar works previously reported: TBHQ on carbon SPE (TORMIN et al.,
2012), dipyrone on gold CDtrode (MUNOZ; MATOS; ANGNES, 2001), dopamine on GSE
(OLIVEIRA; MUNOZ; ANGNES, 2010) and diclofenac on BDD electrode (GIMENES et
al.; 2011). Finally, results obtained with a 3D-printed sensor (using the G-PLA fila-
ment) are also shown. Disposable SPE combines all three electrodes (working, auxiliary
and pseudo-reference) on the same planar support, being attractive due to simplicity,
reproducibility, relative low cost and robustness (LI et al., 2012; METTERS; KADARA,;
BANKS, 2011). Gold CDtrodes (ANGNES et al., 2000) are a disposable and low cost
electrode source and has been proposed for several applications as described in a re-
cent review (HONEYCHURCH, 2017). GSE is another source of low-cost sensors not so
explored as SPEs or CDtrodes although this material presents attractive features for sen-
sor applications, such as low electrical resistance, good flexibility, favorable mechanical
performance, and thus infinite possibilities of electrode designs (OLIVEIRA; MUNOZ;
ANGNES, 2010). The BDD electrode presents special electroanalytical properties, such
as high stability of surface (low poisoning of electroactive species), wide potential window
and low capacitive currents, which make this sensing platform feasible to investigate elec-
trochemical oxidation processes occurred at high positive potentials (BROCENSCHI et
al., 2017; IRKHAM; WATANABE; EINAGA, 2017; OLIVEIRA et al., 2016). Conductive
surfaces can also be easily obtained by direct 3D-printing of graphene-based conductive
material (FOSTER et al., 2017). The 3D-printing conductive surfaces were adapted to
the 3D-printed cell forming a set with significant desirable characteristics, such as low
cost, good mechanical strength, countless possibilities of cell or sensor designs, as well as
use of conductive filaments of different compositions.

Figure 10 presents the cyclic voltammetric experiments using the 3D-printed cell under
non-stirred solutions (scheme of Figure 9.A.1) for each analyte on the respective working
electrode. These experiments were performed in absence and presence of 1.0 mmol L1
of each analyte using 10 mL of electrolyte solution inside the cell. The electrochemi-
cal oxidation of TBHQ follows a quasi-reversible behavior (AEp » 400 mV) on carbon
SPE (Figure 10.2A) as well as for dopamine (AEp ~ 300 mV) on GSE (Figure 10.2C).
However, high background currents on GSE can be observed and are probably due to
higher resistivity of the GSE in comparison with carbon SPE. Cyclic voltammograms
of dopamine on GSE were also performed using different scan rates (1-900 mVs~!), in
which was obtained a highly linear dependence (R? > 0.99) between current peak and the
square root of scan rate, characteristic of a diffusion controlled process, which is similar
to the results presented for paracetamol using similar electrodes (OLIVEIRA; MUNOZ;
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ANGNES, 2010).The cyclic voltammetry of dipyrone presented two irreversible anodic
peaks on gold CDtrode at around +0.4 and +0.6 V (Figure 11.3B) similar to a previ-
ous work (ANGNES et al., 2000), while the voltammetry of diclofenac revealed three
irreversible oxidation peaks on the BDD electrode at around +0.9, +1.3 and +1.7 V
(Figure 11.3D). These results indicate the successful use of the 3D-printed cell for elec-

trochemical measurements under unstirred solution using different working electrodes.
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Figure 10 — Cyclic voltammograms recorded in absence (blank electrolyte solution) and
presence of 1.0 mmol L= TBHQ on carbon SPE (A), 1.0 mmol L-! dipyrone
on gold CDtrode (B), 1.0 mmol L' dopamine on GSE (C) and 1.0 mmol
L~! diclofenac on BDD electrode (D). Supporting electrolytes: 0.1 mol Lt
HCIO, in A and C, 0.1 mol L=t phosphate buffer (pH 7.2) in B and 0.1 mol
L~ HySOy4 in D. Counter and reference electrodes: Pt and Ag/AgCl/KClgy,.,
respectively, in B, C, and D. Scan rate: 50 mV s~

The performance of the proposed 3D-printed cell was also evaluated using flow (“wall-
jet” configuration) conditions (scheme on Figure 9.A.2). The three electrode/analyte
systems presented in Figure 10 were investigated using the same printed cell for BIA with
amperometric detection (A-C). BIA parameters, flow rate, injection volume and stirring
rate were set to 153 pL s7! 100uL and 700 rpm. The used FIA parameters were optimized
to 50 pL of injection plug with3.0 mL min~! of flow. The applied potential for each target
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molecules were defined by the voltametric responses. Figure 11 (A — C) presents the
amperometric responses for triplicate injections of solutions containing each target analyte
(1 - 1000 pmol L1) in ascending and descending orders. All calibration curves showed
satisfactory linearity between analyte concentration and anodic peak current (R > 0.99)
in the investigated concentration range. Moreover, all experiments showed absence of
memory effects, as the slopes for ascending and descending orders presented very similar
values (the difference was lower than 2.3%). The high precision of the BIA system was
also observed in a repeatability study, performed by injections of solution containing 10
pmol L1 (n = 10) alternated to 100 pmol L' (n = 10) of each target analyte (results
not shown). In these investigations, the obtained RSD values for injections of lowest and
highest analyte concentrations did not exceed 5 % and 6 %, respectively.

Optionally, the amperometric detection of diclofenac on the BDD electrode was per-
formed using the 3D-printed cell operating under a FTA system with carrier recycling
(FRANCO et al., 2016). Under optimized conditions, solutions of diclofenac (5 — 50
pumol L=1) in increasing and decreasing concentrations were injected in triplicate. As pre-
sented (Figure 11.3D), high linearity (R > 0.99) and absence of carryover effects were also
observed in the investigated concentration range. The obtained RSD values for twenty
successive alternated injections of 12.5 ymol L=! and 20 gmol L-! were 7 % and 2 %),
respectively (amperogram not shown). Table 3 summarizes the analytical performance of
the “wall-jet” systems (BIA and FIA with carrier recycle) with amperometric detection
coupled to the 3D-printed cell.

Table 3 — Analytical performance (data obtained from Figure 11) of different sensors cou-
pled to the 3D-printed cell for the amperometric detection of TBHQ, dipyrone
(DIP), dopamine (DOP), and diclofenac (DIC) under hydrodynamic conditions
(BIA or FIA with carrier recycle).

Working Electrode Analyte (pA/ilr(ilI;? L) (,umﬁ?L‘l) l?;])) unI:oolli‘l I;E R

SPE TBHQ 0.164¢/0.165° 1 - 1000 2 /64 0.18 134 0.999
Gold CDtrode DIP 0.0662/0.066° 1 - 1000 4 /24 0.73 108 0.998
Graphite sheet DOP 0.1882/0.186° 1 - 1000 5/ 24 0.50 128  0.999
BDD DIC 0.0582/0.056° 5-50 7/ 3¢ 0.23 178 0.999

LR: Linear range; RSD: Relative standard deviation; LOD: Limit of detection;
AF: Analytical frequency. Slope in ascending® and descending?® orders,
RSD concentration of 10/100 pmol L~! 4/ and 13 and 20 gmol L~ ¢

The 3D-printed electrode (planar substrate) based on the conductive G-doped PLA
filament was assembled on the 3D-printed cell to perform electrochemical measurements
under quiet solution and hydrodynamic conditions using the BIA system. Figure 12
presents the electrochemical measurements performed using this novel sensor. The cyclic
voltammetry of the redox probe Ru(NHj)g *3 (Figure 12.4A) shows an electrochemical re-
versible process controlled by diffusion of the redox probe species as revealed by the linear

behavior of the peak current as function of the square root of scan rate (Figure 12.4B).
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Figure 11 — Amperometric responses (n = 3) obtained for solutions injected in increas-
ing and decreasing concentration order: (A) TBHQ, (B) dipyrone (DIP),
(C) dopamine (DOP), and (D) diclofenac (DIC). Concentration ranges: 1
— 1000 pmol L' (A, B, and C) and 5 — 50 umol L' (D). Applied poten-
tials: (A) +0.5 V (vs. pseudo Ag), (B) +0.6 V, (C) +0.9 V, (D) +1.2 V
(vs Ag/AgCl/KClgg.). Injection volume: 100 pL (A, B, and C) and 50 uL
(D); flow rate: 153 pL s7! (A, B, and C) and 50 pL s7! (3.0 mL min~!) (D).
Stirring rate (A, B, and C): 700 rpm. Supporting electrolytes and electrodes
are the same of Figure 10



2.3. Results and Discussion 59

This result is a preliminary evidence of the potential use of the 3D-printed sensor using
the PLA filament containing graphene. Figure 12.4C and 4D show the cyclic voltammetry
and square-wave voltammetry (SWV) scans for catechol, respectively. The peak-to-peak
separation observed in the cyclic voltammetry indicates a quasi-reversible system, which
typically occurs on a glassy-carbon electrode (CARDOSO et al., 2015). SWV scans from
5 t0 300 ul L1 of catechol shows the linear behavior and high detectability of this sensor
compared with a graphene oxide-modified electrode (ROCHA et al., 2018). Figure 12.4E
shows BIA with amperometric detection of dopamine on the 3D-printed electrode within
a linear range between 1 and 400 pumol L=, and a detection limit of 0.18 pmol L~ (3-fold
the standard deviation of baseline divided by the slope value). Comparing these analyt-
ical features with those obtained on glassy-carbon electrodes modified with unmodified
glassy-carbon and modified with reduced graphene oxide (rGO) (ROCHA et al., 2018)
or multiwalled carbon nanotubes (MWCNT) (CARDOSO et al., 2015; STEFANO et al.,
2017), the proposed 3D-printed sensor presented comparable performance for dopamine
detection. Table 4 compares analytical performance of the 3D-printed sensor for the de-
tection of catechol by SWV and dopamine by BIA with amperometric (AMP) detection
with previous works reported in the literature for the same purpose. The 3D-printed sen-
sor produced with G-PLA filament may not present superior performance in comparison
to GCE modified with MWCNT or rGO, but it presents better results than unmodified
GCE. Considering the low cost and availability of G-PLA filament for the 3D-printing
of several units of this sensor at once, the proposed 3D-printed sensor is a promising
source of electrodes that may replace GCE for a large variety of applications including

electroanalysis.

EIS measurements were obtained on the 3D-printed sensor produced with G-PLA and
on a bare GCE surface for comparison. Figure 13 shows the respective Nyquist plots in
the presence of 1 mmol L™ of hexaammineruthenium(III) chloride in 0.1 mol L=t KCl
and Figure 13 shows the cyclic voltammograms obtained in the same solution obtained
on both electrodes. The selection of this redox probe is due to it being an outer-sphere

electron transfer redox probe and consequently it is only dependent on the electronic
structure of the carbon surface (BROWNSON; KELLY; BANKS, 2015).

Impedance spectra revealed different profiles for each surface. The bare GCE surface
presented lower impedance and thus lower resistance to charge transfer in comparison
to the 3D-printed G-PLA sensor. The Rct value obtained on the 3D-printed sensor was
552 € while a negligible value was verified on the bare GCE (the absence of a semicircle
in the Nyquist plot did not enable the estimation of the Rct value). Additionally, the
heterogeneous electron transfer rate constant (ko) of both surfaces using the same redox
probe was calculated by the Nicholson method (BROWNSON; KELLY; BANKS, 2015;
NICHOLSON, 1965) and the values obtained for GCE and 3D-printed G-PLA sensor were
0.0184 and 0.00510 cm s~1, respectively, which is in agreement with the EIS data. These
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Figure 12 — Electrochemistry on conductive G-PLA electrode: (A) Cyclic voltammetry of
1 mmol L= Ru(NHj)g 3+ at different scan rates (v) and (B) respective plots of
i vs. v1/2in 0.1 mol L~! phosphate buffer pH 7; (C) Cyclic voltammograms of
1 mmol L1 of catechol and respective blank and (D) SWV scans for catechol
from 5 to 300 pmol L=t in 0.1 mol L~! HCIO, (frequency: 50 Hz, amplitude:
50 mV, step: 5 mV); and (E) BIA with amperometric detection (E = +1.2
V) of dopamine in a stirred 0.1 mol L=! HCIO4 solution: successive injections
from 1 to 400 gmol L1

Table 4 — Comparison of analytical characteristics between the the proposed 3D-printed-
PLA electrode at the detection of catechol (CAT) and dopamine (DOP).

Electrode Technique Analyte LR / pmol L' LOD / pumol L} Ref.
CPE-GNP SWV CAT 30 - 1000 0.031 (TASHKHOURIAN; DANESHI; NAMI-ANA, 2016)
PNC SWV CAT 007 /0.7-15 0.0001 (ZEN; CHEN, 1998))
ERGO-GCE DPV CAT 10 - 100 0.004 (ROCHA et al., 2018)
CRGO-GCE  DPV CAT 1- 100 0.001 (ROCHA et al., 2018)
GCE DPV CAT 10 - 100 0.17 (ROCHA et al., 2018)
G-PLA SWV CAT 5 - 300 0.04 This work
MWCNT BIA-AMP DOP 0.1 - 1000 0.030 (CARDOSO et al., 2015)
ERGO-GCE  BIA-AMP DOP 1- 1000 0.030 (ROCHA et al., 2018)
CRGO-GCE BIA-AMP DOP 1- 1000 0.055 (ROCHA et al., 2018)
GCE BIA-AMP DOP 1.0 — 1000 0.331 (ROCHA et al., 2018)
G-PLA BIA-AMP DOP 1-400 0.1 This work




2.3.

Results and Discussion

61

8000

6000

4000

-2" (Q)

2000

y

0 200 400 600 800 1000 1200
4 FA) L]
|

4000
Z©

6000

200 F
100 F
o o
£ i
Q
é -100 }
-200
2300 b

T T T T T T

-08 -06 -04 -02 0.0

E(V)

8000
— T T
02 04 0.6

Figure 13 — (A) EIS spectra and (B) cyclic voltammograms (scan rate of 50 mV s71)
obtained on the 3D-printed G-PLA electrode (black) and on bare GCE (red)
in the presence of 1 mmol L' Ru(NHj3){3 in 0.1 mol L~! KCI solution, in the
frequency range between 0.1 Hz and 50.000 Hz with signal amplitude of 10
mV with 10 data points per frequency decade. Current density values were
plotted in cyclic voltammograms for a better comparison.
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results indicate that the GCE surface should provide a faster electron transfer of the redox
molecule to the electrode surface in comparison with the 3D-printed sensor. Therefore, the
improved electroanalytical sensing properties of the 3D-printed electrode is likely due to
the surface effects of the 3D-printed G-PLA composite towards the electrochemistry of the
phenolic compounds evaluated in this work. To confirm this hypothesis, IR spectroscopy

measurements of the G-PLA printed surface (Figure 14 and Table 5) were obtained.

3
S/ >
s
(o
S
= | 0
7 ' S
e
- :
4000 3000 2000 1000

Wavenumber (cm™)

Figure 14 — Infrared spectrum (ATR mode) of 3D-printed G-PLA surface.

Table 5 — Attributions of the infrared spectrum (ATR mode) of 3D-printed G-PLA sur-

face.
Wavenumber (cm™!) Attribution

2998 — 2932 CHj3 antisymmetric and symmetric stretching
1746 C=O0 stretching
1446 CHj3 antisymmetric bending

1385 — 1352 CH deformation and symmetric bending
1179 C-O-C stretching
1079 C-O-C stretching
1039 C-0O-C stretching
866 Amorphous phase

752 Crystalline phase
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The IR spectrum presented antisymmetric (2998 cm~!) and symmetric (2932 cm™!)
CHj stretching vibrations related to the polymeric matrix. The presence of the bands at
1746 and 1179 ecm~!, corresponding to C=0 vibration and C-O-C stretching, respectively,
reveal the presence of oxygenated groups at the sensor interface due to the PLA matrix.
Intense bands between 1079 and 1039 cm~! also indicate the C-O-C stretching, related
to PLA structure (WANG; RHIM; HONG, 2016). Oxygenated functional groups, espe-
cially carboxylic group, identified at the 3D-printed conductive G-PLA surface may be
responsible for the facilitated electrochemistry of catecholamine molecules as previously
described in the literature (CREVILLEN et al., 2009) and may explain the improved
response to catechol and dopamine in comparison with bare GCE and the comparable
sensing performance with other nanocarbon-based electrodes, such as rGO and MWCNT,
as highlighted in Table 4

Next, the presence of graphene in the 3D-printed electrode was confirmed by Raman
spectroscopy and SEM. The spectrum for the electrode in Figure 15.A reveals the presence
of D (1356 cm™!), G (1586 cm~t), D’ (1623 cm~!) and 2D (2700 cm~!) bands. The observed
intense D band can be associated with the presence of defects, such as edges, heteroatoms,
vacancies, grain boundaries, and sp3 type hybridization. The D’ band is also associated
with defects and the I(D)/I(D’) intensity ratio can be used to probe the nature of the
defect (ECKMANN et al., 2012). For the 3D-printed G-PLA electrode the calculated
value of 3.22 indicates that boundary-like defects are present in majority in the carbon
material. The G band is attributed to the presence of sp? carbon and 2D signal is related
with two-dimensional order in the graphene plane. Therefore, Raman data indicates the
presence of graphene nanoribbons (GNRs) in the electrode (ECKMANN et al., 2012).
This result is confirmed by SEM image presented in Figure 15.B, showing the GNRs
dispersed along the PLA polymer matrix. The I(D)/I(D’) ratio of 3.22 is higher than
values presented for rGO-based sensor (from 1.73 to 1.38) (ROCHA et al., 2018) and
MWCNT-modified electrodes (from 2.52 to 1.38) (CARDOSO et al., 2015; STEFANO et
al., 2017), which indicates a higher degree of defects of the carbon material within the
3D-printed G-PLA electrode.

The total cost of the multiuse cell is around $ 6.00 and takes 6 h for 3D-printing
production, while 16 sensor strips (1 x 2 cm each one) are printed in 10 min at a cost of
$ 1.00 each strip (disposable electrodes). The FDM 3D-printing technology can provide
large-scale production and reproducible electrochemical cells and electrodes at a reduced
cost in comparison to other strategies reported in the literature (CHEN et al., 2016;
GROSS et al., 2014; WAHEED et al., 2016), especially considering the low-cost of a FDM
3D-printer (around $120.00) and that can be produced anywhere. Importantly, there are
many open sources FDM printers available and thus this technique reached an affordable
level, being used for household or laboratory prototyping applications. Therefore, the

design and construction of inexpensive lab-made devices, including the electrochemical



Chapter 2. 3D-printed Cells and sensors

G Top= 3:22 !

i J )

Intensity / a.u

1800

Wavenumber / cm’'

2D

Intensity / a.u.

— T - 1 - 1 T T T T~ T ~ T * T T 1
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

Wavenumber / cm-!

VEGA3 TESCAN

SEM HV: 20.0 kV

View field: 10.4 pm Det: SE
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cells and sensors presented in this work, can be accessed using homemade FDM 3D-
printers and the respective prototypes obtained through file sharing between laboratories

worldwide.

2.4 Conclusions

This work demonstrates how the 3D-printing technology can be used to produce elec-
trochemical cells and sensors for applications using quiet solutions or flow analysis (FTA
and BIA systems) for voltammetric or amperometric measurements. A simple protocol
to build a multiuse 3D-printed cell using ABS filament to operation under stationary or
hydrodynamic conditions using different electrodes was presented. Using a PLA filament
containing graphene, electrochemical sensors were 3D-printed, with attractive electroana-
lytical properties demonstrated for the analysis of phenolic compounds, such as dopamine
and catechol. The performance of the 3D-printed sensor was superior in comparison with
a bare GCE and comparable to modified electrodes with rGO or CNTs. Although the
electrochemical characterization of the 3D-printed G-PLA sensor showed lower electron
transfer kinetics than a bare GCE (based on k0 and IES data), the superior performance
of this novel sensor for dopamine and catechol may be explained by the oxygenated func-
tional groups presented at the G-PLA surface that play key role on the electrochemistry
of phenolic compounds. Such an oxygen-rich surface offers great promise for other appli-
cations, such as trace metal determination. Another important feature of such 3D-printed
sensors and cells is the total cost of production (lower than $4.00).

Considering that 3D-printers can be built using the 3D-printing technology, the expan-
sion of 3D-printers for several applications, including research and education laboratories
worldwide, can make possible the obtaining of electrodes and cells for education purposes
as well as for routine applications and on-site analyses. Future effort to address a simple
strategy to produce a single unit containing the three-electrode system or/and flow cells
containing such three-electrode systems in large-scale using the 3D-printing technology is

under investigation.
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CHAPTER 3

3D-printed device combining sampling
and detection of TNT

This Chapter contains an adaption of the recently published article entitled “3D-

printed flexible device combining sampling and detection of explosives” by Rafael M.
Cardoso, Silvia V. F. Castro, Murilo N. T. Silva, Ana P. Limaa, Mario H. P. Santana,
Edson Nossol, Rodrigo A. B. Silva, Eduardo M. Richter, Thiago R. L. C. Paixao, Rodrigo
A. A. Munoz available online
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3.1 Introduction

The aim of this chapter is evaluate the applicability of G-PLA as a tool at sampling

and detection the explosive more common in ATM’s explosions in Brazil.

3.1.1 2,4,6-Trinitrotoluene

The 2,4,6-Trinitrotoluene is a nitroaromatic compound widely used in many areas
such as military, mining and construction (building implosions). Unfortunately, due to
its explosive characteristic, this compound is also used to harm people, or used in criminal
activities. In a public security point of view, the detectability of this compound is very
important to prevent global terrorism, especially if the method can be field-deployable.
In Brazil, crimes like electronic bank terminals robberies by exploding it with TNT were
frequently reported by the media in the past decade.

The detection of TNT or other explosives using electroanalytical methodologies has
being explored due to the electroactivity of TNT. Different carbonaceous materials such
as graphite sheet (CASTRO et al., 2019), glassy carbon modified with gold nanoparticles
(SAGLAM et al., 2018), diamond electrodes (SANOIT et al., 2009) have been reported
as working electrodes, but for the first time we propose a detection and sampling of TNT

in simulated surfaces by a 3D-printed device.

3.2 Experimental

3.2.1 Reagents and solutions

All solutions were prepared with deionised water (resistivity not lower than 18 M cm)
obtained from a Milli-Q water purification system (Millipore, Bedford, MA, USA) and an-
alytical grade reagents. Hydrochloric acid (37% w/v) and nitrobenzene (98% w/w) were
purchased from Synth (Sdo Paulo, Brazil). Stock solutions (1000 mg L.=1) of lead and cop-
per were purchased from Quimlab (Jacarei, Brazil). TNT, cyclotrimethylenetrinitramine
(RDX), Hexahydro-1,3,5-trinitro-S-triazine (HMX) and entaerythritol tetranitrate (PETN)
were provided by the military police of Minas Gerais (Brazil) with purities higher than
96% (w/w).

A mixture of o- and p-nitrotoluene and 2,4-dinitrotoluene were obtained according
to the protocol described by Hermann et al. (HERMANN; GEBAUER; KONIECZNY,
). The products of the reaction were characterised by 'HNMR. The following reagents
were used for the synthesis: benzene and nitrobenzene (98% m/m) from Synth (Diadema,
Brazil), and toluene (99.5% m/m), sulfuric acid (95-97%, m/m), nitric acid (65%, m/m),
sodium bicarbonate (99.0%, m/m), sodium sulfate (99.0%, m/m), ethyl acetate (99.5%,

m/m), and n-hexane (95%, m/m) from Vetec (Sao Paulo, Brazil).
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3.2.2 Instrumentation

Electrochemical measurements were carried out using a u~-AUTOLAB type III po-
tentiostat/galvanostat (Metrohm Autolab B. V., Utrecht, Netherlands) interfaced to a
microcomputer and controlled by NOVA 1.12 software. A 3D-printed cell with a three-
electrode configuration was used for all electrochemical measurements. A platinum wire
and a laboratory-made Ag/AgCl/KCly,. electrode were used as auxiliary and micro-
reference electrodes, respectively.

Scanning electron microscopy (SEM) was performed with Vega 3-Tescan equipment at
20 kV to confirm the presence of graphene in the G-PLA printed material. Atomic force
microscopy (AFM) images were obtained with a Shimadzu scanning probe microscope
(SPM-9600) using the tapping mode to study the sample surface.

Fourier transformed infra red FT-IR spectra in attenuated total reflectance (ATR)
mode were obtained using Frontier MIR/FIR PerkinElmer equipment using an ATR ac-
cessory from Pike Technologies. The X-ray Diffraction (XRD) pattern was obtained
using ShimadzuXRD 6000 X-ray diffraction equipment with a Cu Ka radiation source
(A= 1.5406 A).

3.2.3 Fabrication of G-PLA electrodes

Using an open-source Graber i3 RepRap 3D-printer (“Graber i3 - RepRap”, [s.d.]),
hollow cubes (4 cm x 4 cm) with wall thickness of 0.72 mm were printed using a conduct-
ing graphene-doped PLA (G-PLA) filament purchased from Black Magic3D-(New York,
USA). All printing was performed using a 0.5 mm hotend nozzle and 220°C heated bed
temperature. 3D-printer parameters were set to 1 (0.6 mm, top) and 0 (bottom layer),
and 0% of infill. Before use, the four sides of the hollow cube were polished for 30 s
with abrasive paper (3 M 1200 Grit) with deionised water (for exposure of graphene).
Other abrasive paper (600, 800 and 1500 Grit) were evaluated, applying the same polish-
ing time. Then, pieces of planar substrate (2 x 3 cm) were cut and used as integrated
collector and sensor. For comparison, the performance of the printed G-PLA was also
evaluated without polishing. After use, the electrode could be cleaned by repeating the

surface polishing.

3.2.4 TNT sampling and detection

TNT powder (10 mg) was spread randomly on granite or metallic surfaces and then
spread by swiping with the own hands using gloves to impregnate TN'T on the surfaces.
The excess TNT powder was removed from the surfaces until no material was visible
to the naked eye. Next, a 3D-printed device (2 x 3 cm) was used to perform abrasive
sampling of the residual powder present on the different surfaces (granite, metal or gloves)

by swiping the flexible device over the surfaces (a single swipe only). Before sampling,
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the 3D-printed G-PLA electrodes were mechanically polished, as described previously, to
expose the graphene. After collection, the device was inserted into the 3D-printed cell (up
to 20 mL capacity) and 5 mL of supporting electrolyte was added to perform the SWV
measurements. SWV operating conditions were 6 mV (step), 40 mV (amplitude), and 40
Hz (frequency). A solution of HCI (0.1 mol L'!) was used as supporting electrolyte for

TNT detection. SWV measurements were performed in the presence of dissolved oxygen.

3.2.5 Safety note

TNT powder is insensitive to shock or friction, which reduces the risk of accidental
detonation. In this work, few milligrams of the explosive were safely handled to prepare

stock solutions in acetonitrile.

3.2.6 Lead and copper detection

Simultaneous determination of Pb%* and Cu?* was performed in 0.1 mol L't HCI
(supporting electrolyte) by square-wave anodic stripping voltammetry (SWASV) after
polishing of the 3D-printed electrode surface without any electrochemical or solvent pre-
treatment. SWYV operating conditions were 4 mV (step), 40 mV (amplitude), and 10
Hz (frequency); metal deposition occurred under stirring (250 rpm for 90 s) provided by
a magnetic bar under the application of a voltage of 0.3 V. SWV measurements were

performed in the presence of dissolved oxygen.

3.3 Results and Discussion

Previous works have demonstrated the presence of graphene nanoribbons in sensors
printed with G-PLA filament by using SEM and Raman spectroscopy (CARDOSO et
al., 2018). Palenzuela et al. reported the surface treatment of G-PLA by immersion in
dimethylformamide (DMF) for 10 min to expose the graphene nanoribbons and improve
the electrochemical performance of the material (MANZANARES-PALENZUELA et al.,
2018). Dos Santos et al. reported an electrochemical treatment based on oxidation at +1.8
V vs Saturated calomel electrode(SCE) followed by reduction through cyclic voltammetric
scanning between 0 and —1.8 V vs. SCE to improve the electrochemical response of the
G-PLA electrode; faster electron transfer was verified and attributed to a higher density
of defects and oxygenated groups (SANTOS et al., 2019). Herein, we propose a simpler,
faster and greener manner to expose the graphene nanoribbons based on mechanical
polishing for 30 s with 3M abrasive paper (1200 grit) wet with deionised water. Figure 16
shows SEM images (A) before and (B) after mechanical polishing of the surface, which

clearly show the appearance of the graphene nanoribbons at the material surface.
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Figure 16 — SEM images of G-PLA: (A) before and (B) after mechanical polishing.

The IR spectrum of the 3D-printed G-PLA polished electrode Figure 17 shows a series
of bands referring to stretching and deformation modes associated with the PLA matrix,
as follows: 2995 and 2948 ~!, corresponding to CHj stretching vibrations; C=0 vibration
at 1745 cm™; C—H deformations at 1446 , 1353 and 1270 ecm~!; and C—O-C stretching at
1176 , 1073 and 1036 cm~! (CARDOSO et al., 2018; CHIENG et al., 2014). The XRD
patterns for the 3D-printed G-PLA polished electrode are shown in Figure 17.B. The
diffractogram exhibits a broad peak from 10° to 25° attributed to the semi-crystalline
PLA. It also shows a peak at 26° related to the graphitic (002) plane and associated with
the structure of graphene (CHIENG et al., 2014; ZHAO et al., 2008).
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Figure 17 — (A) FT-IR spectra and (B) XRD patterns for the polished 3D-printed G-PLA.

In order to show the effect of mechanical polishing on the electrochemical response,

Figure 18 presents the cyclic voltammograms recorded in 1 mmol L~ catechol using the
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G-PLA before (black line) and after (red line) the treatment. The respective blanks are
also shown. The electrochemical profile obtained for the untreated G-PLA sensor shows
sluggish electron transfer due to the low number of graphene nanoribbons available. On
the other hand, the polished G-PLA sensor exhibits a similar response to that obtained
by an unmodified glassy-carbon electrode (ROCHA et al., 2018) (AE = 400 mV), which
indicates a faster electron transfer. Abrasive papers of different grits were evaluated
(600, 800, 1200 and 1500 grit). Figure 19 shows cyclic voltammograms for catechol on
3D-printed G-PLA electrodes after mechanical polishing using different papers for 30 s.
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Figure 18 — Cyclic voltammograms of catechol 1 mmol L1 (solid lines) and respective
blank (0.1 mol L=t HCI, dotted lines) on the 3D-printed G-PLA electrode
before (black) and after (blue) mechanical polishing of the surface.

Each experiment was performed using a different 3D-printed G-PLA surface. Slightly
higher current was verified for the 3D-printed G-PLA surface polished with 1200 grit,
while lower currents were verified when the surface was polished with 600 and 800 grit
papers. For this reason, 1200 and 1500 grit papers are recommended. Another point to be
taken into consideration is the current variation between different surfaces (inter-electrode
precision), which also contributes to the results observed in Figure 19. Hence, in this
study, we selected 1200 grit paper for the further experiments. Inter-electrode precision,
as well as other analytical characteristics of the proposed sensor, will be discussed further.

Next the 3D-printed G-PLA polished sensor was evaluated for TNT sensing. Figure 20
shows square-wave voltammograms for increasing concentrations of TNT (left) and the
respective analytical curves (right). Inset are shown 10 overlapping SWV measurements,
which were performed consecutively in the presence of 100 pmol L=! TNT. SWV parame-
ters and electrolyte were selected based on a previous investigation of TNT determination
by a graphene-based sensor (CASTRO et al., 2018). The analytical characteristics of the

proposed sensor are shown in Table 6.
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Figure 19 — Cyclic voltammograms on 3D-printed G-PLA electrode of blank solutions
(dotted lines) and 1 mmol L-! catechol after electrode surface polishing using
different grit polishers: 600(black), 800 (red), 1200(purple) and 1500(blue).
Electrolyte: 0.1 mol L=! HCI, scan rate 50 mV s7!, starting at 0.0 V.

Table 6 — Analytical characteristics of different G-PLA electrodes for TNT detection.

Slope Linear range LOD R ST+ RSDintra® RSDinter®
(1A V/pmol L) (umol L) (ol L) ) (%) (%)
G-PLA 0.0129 1.00 - 870 0.4 0.998 132 <1 8.9

@ ST: sample troughputb / ® RSD for n=10 / ¢ RSD for n=3

The 3D-printed sensor presented satisfactory performance for TNT sensing. Each
SWYV scanning voltammetric detection took less than 30 s and the estimated sample
throughput was calculated as 132 measurements per hour. A linear range from 1.00
to 870 pmol L' was obtained, with a detection limit estimated at 0.40 pumol L~!. High
precision and stable responses were obtained, as the RSD values (intra-electrode precision)
were lower than 1.0% (n = 10). Analysing the response obtained using three different
electrodes, the RSD value was 8.9% (inter-electrode precision for n = 3). These results
indicate that the polished 3D-printed G-PLA sensor is an excellent candidate for TNT
sensing. The analytical characteristics of the proposed sensor can be compared with
those of conventional carbon disc electrodes modified with a reduced graphene oxide-
multiwalled carbon nanotube electrode nanocomposite, which presented a LOD value of
0.019 pmol L' within a linear range of 0.500-1100 pmol L=t (CASTRO et al., 2018);
with hydrogenated graphene, resulting in LOD values of 1.8-2.2 ymol L' (SEAH et al.,
2014); or with PtPd concave nanocubes anchored on graphene nanoribbon reaching an
LOD of 0.0040 pmol L=! with linear range of 0.040-13.2 pumol L=t after accumulation of
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Figure 20 — (Left) Square-wave voltammograms of increasing concentration of TNT so-
lutions: a) 1; b) 2; ¢) 3; d) 4; e) 5; f) 10; g) 20; h) 29; i) 38 j) 47; k) 95; 1)
188; m) 279; n) 369; o) 457; p) 543; q) 628; r) 711; s) 792; t) 873 pmol L1
recorded on polished G-PLA electrodes and (Right) the respective analytical
curve. Inset (left): 10 successive measurements for 100 pmol L' of TNT.
Conditions: Step: 6 mV; Amplitude: 40 mV; Frequency: 40 Hz; Electrolyte:
0.1 mol L-! HCI.

TNT for 150 s before voltammetric measurement (ZHANG et al., 2015). All LOD values
were obtained according to IUPAC.

Due to the additional flexible properties of the 3D-printed platform, the sensor was
evaluated as a sampler of TNT residues found on different surfaces. Hence, the same 3D-
printed device could be used for sampling and fast sensing of explosives. Three different
3D-printed G-PLA electrodes were mechanically polished and used for sampling TNT
residues from metallic and granite surfaces and plastic gloves previously contaminated
with TNT. Before the three surfaces were sampled by the 3D-printed G-PLA sensors, no
TNT powder residue could be observed by the naked eye. Figure 21 presents the SWV
measurements obtained for the three 3D-printed devices after TNT sampling over the
different surfaces, which were assembled on the 3D-printed cell followed by electrolyte

addition and scanning.

The G-PLA sensor detected TNT residues on all surfaces, as the SWV measurements
presented the typical voltammetric profile of the explosive (similar to the profile shown
in Figure 20). The metallic surface simulates a typical electronic bank terminal, a gran-
ite countertop can be found in manipulation laboratories, and gloves can contain TNT
residues due to manipulation of the explosive. Therefore, a simple swipe by the 3D-printed
device was efficient in sampling TNT residues from the different surfaces. The high sur-
face roughness of the 3D-printed G-PLA device may contribute to the high efficiency in
TNT sampling. AFM measurements of the G-PLA surface revealed the high rugosity of
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Figure 21 — Square-wave voltammograms (1st cycle) of residual TNT detection after
swiping the 3D-printed sensor over (A) granite, (B) metallic and (C) glove
surfaces (black). Blue lines correspond to blank experiments performed before
TNT sampling. Conditions: Step 6 mV; Amplitude 40 mV; Frequency 40 Hz.
Electrolyte 0.1 mol L=t HCIL

the surface (Figure 22).

323 um

249 pm

Figure 22 — Atomic force microscopy measurements of the 3D-printed G-PLA surface in
5.0 x 5.0 pm dimension (rugosity value of 112 nm).
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For a comparison, the rugosity value obtained for a 5 pm x 5 pm area of the 3D-
printed surface was 112 nm, which is higher than the value obtained (90 nm) for a glassy-
carbon electrode modified with reduced graphene oxide dispersion (0.5 mg mL=!) by
dropcasting of a 20uL aliquot (ROCHA et al., 2018). The voltammetric response observed
Figure 21 is due to the TNT particles abrasively immobilised on the G-PLA surface.
Therefore, an external calibration curve or the standard addition method would not be the
most accurate way to quantify TNT, as the voltammetric responses of TNT in standard
solutions (Figure 21) is proportional to the diffusion-controlled transfer of TNT species
to the G-PLA surface. In the case of sampling and scanning, the voltammetric response
is related to the adsorbed TNT species on the G-PLA surface. The electroactivity of the
sensor relies on the graphene nanoribbons distributed throughout active sensor area of
the plastic matrix of the 3D-printed G-PLA. Once graphene nanoribbons are exposed on
the surface, the electron transfer responsible for the electrochemical response of TNT is
improved. The rough surface of the 3D-printed electrode is an additional feature of the
device for the collection of trace explosives by simple swiping of the 3D-printed platform
over different surfaces in crime scene scenarios. The concentration of TNT immobilised on
the G-PLA sensor detected by SWV was estimated using the Faraday equation (m = MM
*Q /96,485.3329 * n), in which Q corresponds to the charge (area of the respective SWV
recording), MM to the molecular weight, n to the number of electrons involved in the
reduction (for TNT, n = 6), and m is the mass. The estimated mass of TNT detected on
granite, metal and glove surfaces were 3.2, 20 and 15 ng, respectively, using the Faraday
equation, highlighting the possibility of detecting small amounts of explosive by directly
sampling with the proposed device. This novel approach enabled the determination of
TNT amount immobilised on the electrode surface by the simple calculation of charge
from the SWV recording. Other innovative features of using a 3D-printed material are
its flexibility, light weight and roughness, which contribute to its successful use as a
collector. Moreover, FDM printing is easily accessible due to the low cost of printers,
and the resulting 3D-printed G-PLA device is low-cost, disposable, biodegradable and
reproducible, which makes it very promising for the investigation of different crime scene

scenarios.

Figure 23 shows a study of potentially interfering species: the nitroaromatic explosive
2,4-dinitrotoluene, which is the main impurity present in commercial TNT; a mixture
of o- and p-nitrotoluene; and nitrobenzene (which may also be present as an impurity
in commercial TNT). All potentially interfering species undergo a similar electrochem-
ical reduction process (reduction of the nitro groups). The electrochemical reduction of
2,4-dinitrotoluene takes place at more negative potentials than the first electrochemical
reduction of TNT and therefore did not interfere with TNT detection. The same is true
for o- and p-nitrotoluene and nitrobenzene, which undergo electrochemical reduction at

—0.5 V. Other nitro-explosives, such as RDX and HMX, did not present any voltammetric
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Table 7 — Analytical characteristics for the detection of Pb(II) and Cu(II) on the 3D-
printed G-PLA sensor.

Slope Linear range LOD ST
Metals R
(WAL pg™t)  (pug L) (ng L71) (b7
Ph(II) 0.00037 60-300 0.987 36.2 20
Cu(II) 0.00153 10-60 0.995 8.8 20

a ST: sample throughput or analytical frequency.

response under these conditions on the polished G-PLA sensor; hence, it can be assumed
that they do not interfere with TN'T detection.
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Figure 23 — Square-wave voltammograms of a blank solution (black) and in the presence
of 100 pmol L=t TNT (red), 2,4-dinitrotoluene (green), o-and p-nitrotoluene
(dark blue) and nitrobenzene (light blue) recorded on polished G-PLA elec-
trodes. Other conditions were similar to Figure 21

Another possible application of the 3D-printed G-PLA sensor is metal detection using
anodic stripping voltammetry, which can be extended to the analysis of gunshot residues
on hands or gloves. Figure 24 shows SWASV recordings for increasing concentrations of
Cu(II) and Pb(II) obtained by a treated G-PLA sensor. Table 7 summarises the analytical
characteristics of the 3D-printed G-PLA sensor for the detection of Pb(II) and Cu(II).
This preliminary result indicates the feasibility of the 3D-printed G-PLA sensor for metal

determination, which needs further investigation for the analysis of gunshot residues.
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Figure 24 — Square-wave anodic stripping voltammograms of standard solutions of Pb(II)
(a: 60, b: 120, c: 180, d: 240, e: 300 pg L~!) and Cu(Il) (a: 10, b: 20, c: 30,
d: 40, e: 50 pg L7!) on G-PLA electrode. Step: 4 mV; Amplitude: 40 mV;
Frequency: 10 Hz; Deposition time: 90 s; Electrolyte: 0.1 mol L=1 HCL

3.4 Conclusions

We have demonstrated the versatile application of 3D-printed flexible devices for the
sampling and sensing of explosive residues. Improved electrochemical performance was
verified after mechanical polishing of the G-PLA surface for 30 s, which was able to expose
the graphene nanoribbons that act as an active surface carbon-based substrate. The sensor
was sensitive to TNT detection using standard solutions, as well as for sampling and
detection of small amounts of TNT powder residue found on different surfaces (granite,
metal and glove surfaces). The flexible G-PLA device enabled TNT sampling by simply
swiping the sensor on the different surfaces. The unique voltammetric profile of the 3D-
printed G-PLA sensor towards TNT sensing makes possible the identification of TNT
in the presence of other nitroaromatic species as well as other nitro-explosives. For the
first time, an FDM 3D-printed graphene-based sensor was demonstrated to identify and
estimate quantities of the explosive on simulated surfaces using the peak profiles and
total transfer charge of the analyte concerned. The same G-PLA sensor was sensitive
to Pb(II) and Cu(Il) using SWASV, which offers great promise for metal detection in
gunshot residues using a similar approach. Hence, 3D-printed G-PLA devices are a novel

platform for the sampling and sensing of different species of forensic interest.
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CHAPTER

Biosensing of glucose in blood plasma
and uric acid and nitrite in saliva and

urine

This Chapter contains an adaption of the recently published article entitled “ 3D-
Printed graphene/polylactic acid electrode for bioanalysis: Biosensing of glucose and
simultaneous determination of uric acid and nitrite in biological fluids” by Rafael M. Car-
doso, Pablo R. L. Silva, Ana P. Lima, Diego P. Rocha, Thiago C. Oliveira, Thiago M.
do Prado, Elson L. Fava, Orlando Fatibello-Filho, Eduardo M. Richter, Rodrigo A. A.

Murtioz available online.
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4.1 Introduction

Electroanalytical sensors are commonly reported in the medical and clinical area and
the aim of this chapter is to propose and discuss the use of 3D-printed electrode at am-

perometric detection of activated G-PLA, and modified bio-sensor for glucose monitoring.

4.1.1 Detection of NIT and UA

Inorganic nitrate in the organism are formed by Nitrate-Nitrite-Nitric Oxide pathway,
and is an important metabolite and its variations can indicate numerous diseases, such
as obesity (CAETANO et al., 2018). This component can act as a modulator of heart
diseases or metabolite dysfunction (BRYAN et al., 2005; MONTT et al., 2003; ROBERTS
et al., 2015). Its electroactivity is evidenced and there are several methods of detecting
nitrite using electrochemical sensors (CAETANO et al., 2018; HU et al., 2012; METTERS;
KADARA; BANKS, 2012).

Other important organism metabolite is the uric acid, which is the final product of
purine metabolism (GAO et al., 2019). Although uric acid plays an important role as
an anti-oxidant in human body, high levels of this component in our system can lead
to urates formation duo to the purine pathway. Thus, an imbalance of this compound
in our organism represents a pathological scenario (STOZHKO et al., 2018) thus new
methodologies to detect this analyte should be improved. The standard screening tests
for uric acid can be a non-enzymatic and an enzymatic method, and both are based
on spectrophotometric (UV region) methods after some sample treatment (GUO, 2016).
These steps can lead to time consumption methods, and electroanalytical methods to
directly detect uric acid is very recurrent in with the utilization of carbon electrodes
(LUO et al., 2012) or modified (MADHUVILAKKU et al., 2020; TASHKHOURIAN;
DANESHI; NAMI-ANA, 2016; ZEN; CHEN, 1997).

4.1.2 Glucose biosensing

Glucose sensing is widely important in applications from biological samples to the
food chain industry. In the medical area for instance, an early detection of high levels
of glucose can prevent the further complications in a diabetic patient. That necessity of
fast response brings up the convenience of having a point of care sensor. There are many
transducers for glucose detection, thus the electrochemical based methods are dominant
in the market (NEWMAN; TURNER, 2005) in which blood samples are the main target.

Between different types of electroanalytical glucose sensors, the ones using Glucose
oxidase (GOx) immobilized on an electrode surface are widely reported (DIAS et al.,
2016; FIORITO; BRETT; Cérdoba De Torresi, 2006; KATIC et al., 2019; LIU; JU,

2003). Further reports show GOx immobilized amperometric biosensors that work by
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monitoring the electrons during the oxidation process of the enzyme substrate (glucose),
in a reversible process through a mediator and converted to analytical data. Figure 25

shows an example of a glucose electrochemical sensor.

Eppp= 0.0V. Sensor
vs Ag/AgCl Interface Bulk solution
|
/ PB, i OH- 0, . Glucose
i
1
1
1
i
i y
PB,y — E H,0, £ Gluconic acid
!
L, .-'J Enzymatic
T membrane
PB modified
electrode

Figure 25 — Shows an example of a glucose electrochemical sensor using the classic Prus-
sian Blue (PB) as mediator. Adapted with authorization from the literature

(RICCI; PALLESCHI, 2005).

In this context, this chapter describes the use of 3D-printed G-PLA electrodes for
bioanalytical applications. First, the simultaneous determination of uric acid and nitrite
using multiple-pulse amperometric detection is demonstrated and applied for the analysis
of saliva and urine. Second, a glucose biosensor was fabricated on the 3D-printed G-PLA
platform immobilizing the GOx enzyme with the aid of glutaraldehyde on the G-PLA
surface. The enzymatic biosensor was applied for the amperometric determination of

glucose in blood plasma using chronoamperometry.

4.2 Experimental

4.2.1 Chemicals and samples

Uric acid (99% m/m), sodium nitrite (99% m/m), ferrocenecarboxylic acid ( 97%
m/m) (FCA), and glucose oxidase from Aspergillus niger type VII (GOx) with declared
activity of 100,000 units g-1 were obtained from Sigma Aldrich (St. Louis, USA). Potas-
sium hexacyanoferrate(Il) trihydrate, potassium chloride, acetic acid (99.7% m/v) from
Synth (Diadema, Brazil), phosphoric acid (85% m/v) from QM (Cotia, Brazil), boric acid
(99.8% m/m) and sodium hydroxide (98% m/m) were obtained from Panreac (Barcelona,

Spain). Acetic, phosphoric and boric acids were used for preparation of the Britton-
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Robinson (BR) buffer solution at the final concentration of 0.1 mol L=! with pH values
adjusted with sodium hydroxide.

Deionized water with a resistivity not lower than 18.2 M cm obtained from a Milli Q
water purification system (Millipore, Bedford, MA, USA) was used in the preparation of
all solutions. A 0.1 mol L' phosphate buffer solution (pH 7.0) was used as supporting
electrolyte for amperometric detection of glucose. The stock solutions of UA and NIT
were freshly prepared just before the experiments by dilution in 0.1 mol L=t BR buffer
(pH 2.0), which was selected as supporting electrolyte for voltammetric determination of
UA and NIT based on a previous report (CAETANO et al., 2018).

The glucose biosensor was applied for the glucose analysis in blood plasma from bovine
(Sigma-Aldrich, St. Louis, USA). UA and NIT were determined in saliva and urine
collected from healthy volunteers following recommended procedures described in the

literature (CAETANO et al., 2018).

4.2.2 Electrochemical instrumentation and measurements

The electrochemical measurements were all performed using a p-Autolab Type III
(Metrohm Autolab, Utrecht, Netherlands). The MPA technique was controlled by GPES
4.8 software, chronoamperometry by NOVA 2.1.2 software, and cyclic voltammetry and
by NOVA 1.11 software, which also were used for data acquisition and treatment.

A 10-mL cell for chronoamperometric and cyclic voltammetric experiments and a 70-
mL BIA cell for amperometric experiments were constructed by FDM 3D-printing using
ABS filament as described in the literature (CARDOSO et al., 2018). The 3D-printed
working electrode is placed at the bottom of both printed cells on a rubber O-ring which
prevents leaks and defines the geometric area of the electrode (ID = 5.28 mm; area = 0.22
cm?). A platinum wire was used as counter electrode and a miniaturized Ag/AgCl/KClg,;.
as reference electrode (PEDROTTI; ANGNES; GUTZ, 1996). In both printed cells, the
counter and reference electrodes were placed in holes on the cell cover. An Eppendorf
electronic micropipette (Multipette® E3) was used for reproducible-volume injections in
the BIA system. The tip of the electronic micropipette was reproducible positioned in a
hole on the BIA cell cover (2 mm distant from the working electrode). This electronic
micropipette controls precisely the injection volume (from 10 to 1000uL) and injection
rate (from 16.5 to 370 uL s71). All electrochemical measurements were performed in the

presence of dissolved oxygen and at room temperature (25+2 °C).

4.2.3 Fabrication and treatment of 3D-printed G-PLA electrodes

The 3D-working electrodes were printed using an open source Graber i3 RepRap 3D-
printer (“Graber i3 - RepRap,” n.d.) and a graphene/PLA filament purchased from
Black Magic 3D-(New York, USA) (CARDOSO et al., 2018) with a direct drive extruder
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equipped with a 0.8 mm nozzle, a 40 mm x 40 mm x 40 mm square hollow cube with 0.80
mm wall thickness was printed. Then, after polishing with sandpaper, pieces of 20 mm
x 20 mm were cut from the hollow cube sides (width = 0.80 mm) and set to be the final
electrochemical working electrode (disposable surfaces). The printed sensors were treated
by polishing with sandpaper (1200 grit) wet with deionized water for 30 s (CARDOSO et
al., 2020). Then, the same polished surface was immersed in DMF for 10 min as proposed
by (MANZANARES-PALENZUELA et al., 2018). For control, the unpolished surface

was also treated with DMF for 10 min by immersion.

4.2.3.1 Fabrication of the glucose biosensor using 3D-printed G-PLA elec-

trodes

The glucose biosensor was constructed by drop casting on the treated 3D-printed elec-
trode, over a delimited area of 0.22 ¢cm? by a vinyl adhesive. Firstly, 20 uL of 300 U
mL~t GOx solution (prepared with phosphate buffer solution pH 7.0) was dropped over
the transducer surface. Then, after 2 h, 20 uL of 0.25% v/v glutaraldehyde was added
over the GOx layer. After 20 min, the electrode was washed with deionized water and

was ready to use.

4.2.3.2 Characterization of G-PLA electrode

The scanning electron microscopic (SEM) images of the G-PLA surfaces were acquired
using a Vega 3 LMU (TESCAN, Brno-Kohoutovice, Czech Republic) operated at 20 kV.

4.3 Results and Discussion

4.3.1 Amperometric biosensing of glucose

As a proof-of-concept, the development of a glucose biosensor over the 3D-printed
G-PLA surface was investigated for the analysis of biological fluid samples. The eval-
uation of GOx immobilization over the 3D-printed electrode was performed by cyclic
voltammetric experiments, with and without glucose in solution, as shown in Figure 26
, in 0.1 mol L~! phosphate buffer solution pH 7.0, in the presence of the electrochemical
probe, FCA.

The behavior of the device in the presence of glucose presents typical electrochemical
response of a second-generation biosensor, which is represented in in two-steps in Figure 27
. In the first step, flavin adenine dinucleotide (FAD) (active centre of the enzyme) acting
as an electron mediator for glucose oxidation to glucolactone and reduced flavin adenine
dinucleotide (FADH2). For this, FAD was converted FADH2, catalysing glucose oxidation.
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Figure 26 — Cyclic voltamogramms for solutions containing 1 mmol L' FCA in absence
(red dashed line) and in the presence of 5 mmol L~ glucose (black solid line).
Supporting electrolyte: 0.1 mol L=! phosphate buffer pH 7.0. Scan rate 50
mV s7L.

Then, in the second step, the FADH2 was reverted again to FAD, and the electron involved
in this oxidation was transferred to FCA, reducing Fe(III) to Fe(II)

The effect of pH on the electrode response was evaluated for different pH values (5.0,
6.0, 7.0 and 8.0) of a 0.1 mol L' phosphate solution. As can be seen in Figure 28 the
highest current response of the 3D-printed biosensor in presence of glucose was obtained
at pH 7.0, which was chosen in the further studies. Another important parameter studied
was the enzyme concentration of the dispersion used in the electrode modification. The
exposure of active sites is fundamental for the substrate catalysis. However, the excess
of enzyme causes the presence of non-specific functional groups residues on electrode
surface, resulting in steric impediment for the specific interactions with the substrate. On
the other hand, the deficiency of enzyme on electrode surface limits the mediator action,
decreasing the anodic current and the biosensor sensitivity. Figure 29 shows the results
for different enzyme concentrations (2, 6, 10, 14 and 20 units per electrode), which shows
the highest current obtained at 6 units per electrode. These results can be explained
by the availability of oxygenated functional groups of the 3D-printed conductive G-PLA
to cross-link with glutaraldehyde and GOx. (CARDOSO et al., 2018) demonstrated
the predominance of carboxylic groups on G-PLA, which can be attributed to specific
interactions with the cross-linking agent with high efficiency and, without the need for
large amount of GOx. The glutaraldehyde, in turn establishes bonds with non-specific
amino acids residues from the enzyme, increasing the exposure of FAD of active site for

catalysis of substrate. The applied potential for the oxidation of FCA was also evaluated.
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Figure 27 — Representation of the GOx biosensor in two steps to convert glucose into
glucolactone mediated by FCA
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Higher response was verified at +0.4 V (Figure 30) which was selected in order to provide

the highest analytical response of the biosensor.

Figure 28, 29 and 30 show studies of pH, enzyme concentration and applied potential

aiming to select the conditions which resulted in higher glucose responses.
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Figure 28 — Amperometric biosensor response as function of pH in 0.1 mol L' phosphate
buffer, for 5 mmol L= glucose in presence of 1 mmol L=t FCA.
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Figure 29 — Amperometric biosensor response for different enzyme concentration values
(1.0, 3.0, 5.0, 7.0 and 10.0 mg m L!) used in electrode modification. Measures
performed in 0.1 mol L=! phosphate buffer pH 7.0, for 5 mmol L=! glucose in
presence of 1 mmol L=1 FCA.

The optimized biosensor was evaluated in the presence of increasing concentrations of

glucose using chronoamperometric detection. Figure 31.A shows amperograms obtained
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Figure 30 — Effect of different applied potential values (0.2, 0.3, 0.4, 0.5 and 0.6 V) on the
amperometric biosensor response. Measurements performed in 0.1 mol Lt
phosphate buffer pH 7.0, for 5 mmol L=! glucose in the presence of 1 mmol

L' FCA.

at +0.4 V for increased concentrations of glucose and Figure 31.B shows the respective

calibration curve presenting a linear relationship between glucose concentration and the
limit current sampled at 60 s, represented by the equation, I(uA)= 0.80(x0.04) (uA) +
641(x1) (¢A mmol L71) [glucose](mmol L71), R? = 0.998, with a limit of detection (LOD)
of 15 pumol L~!. The LOD was calculated by the 3S/slope, and S correspond to the

standard deviation of 10 amperometric measurements performed in blank solution (FCA

in supporting electrolyte, without glucose).
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Figure 31 — (A) Amperometric curves obtained in the presence of: a) 0; b) 0.5; ¢) 1.0; d)
1.8; e) 2.8; f) 4.6 and g) 6.3 mmol L~! glucose. (B) Linear regression obtained
from glucose concentration versus limit current. Supporting electrolyte: 0.1

mol L=! phosphate buffer (pH 7.0) with 1 mmol L=! FCA. Error bars obtained
from the standard deviation of 5 replicates for each glucose concentration.

The analytical performance for glucose detection was used as proof of concept for
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the use of G-PLA as transducer for biosensor construction. Based on the comparison
between the analytical parameters of this device and previewed published works, Table 8,
it is possible infer that the 3D-printed G-PLA is a suitable material for the construction of
sensing platforms based in biological materials. Although there are biosensors with better
performance as can be seen in Table 8, the device constructed here has linear response and
LOD applicable for the detection of glucose at levels commonly found in blood samples (i.e.
from 4.0 mmol L™ to 6.0 mmol L=1) (WANG, 2008). In addition Table 8 compares the
analytical characteristics of the 3D-printed G-PLA biosensor with glucose-oxidase (GOx)-

based biosensors developed using other electrodic platforms reported in the literature.

Table 8 — Analytical characteristics of GOx based biosensors, including the proposed
3D-printed G-PLA biosensor.

Linear range LOD

Transducer Eletrochemical technique (mmol L) (mmol L) Ref.
Au NEEs CcvV 2.00 - 50.0 0.036 (CHEN et al., 2011)

SPCE Amperometry 2.80 - 27.5 2.3 (HABTAMU; UGO, 2015)
GCE Amperometry 2.00 - 16.0 2.0 (HUANG et al., 2018)

Au electrode Amperometry 0.0020 — 6.66 0.0002 (LIN; WU; CHANG, 2019)

Au electrode Amperometry 0.0020 - 3.00 7x10-5 (LIU, 1997)

Au electrode cvV 0.010 — 1.55 0.0022 (ZHANG et al., 2018))

3D-printed G-PLA electrode Amperometry 0.50 - 6.30 0.015 This work

Au NEEs: gold nanoelectrodes ensembles; CV: cyclic voltammetry; SPCE: screen-printed carbon electrode; GCE: glassy carbon electrode.

The proposed 3D-printed G-PLA biosensor was applied for glucose determination in
plasma from bovine before and after spiking with known amounts of glucose. The results
are shown in Table 9 and acceptable recovery values were obtained (94-104%). The sensor

was stable for 15 repetitive measurements.

Table 9 — Concentration of glucose in blood plasma sample obtained by the 3D-printed
G-PLA biosensor before (1) and after (2-5) spiking with known concentration
of glucose, and recovery values (n=3)

Experiments Spiked Found Recovery
(mmol L!) (mmol L) (%)
L* ~ 2.90 + 0.07 .
2 6.3 8.82 + 0.09 94
3 6.7 9.27 + 0.09 95
4 7.2 7.79 + 0.06 96
5 7.6 10.78 + 0.05 104

*Pure blood plasma sample (not spiked).

Considering the presence of Na*™, K* and urea in blood plasma, their effects as potential
interfering on biosensor response were tested. The variation of analytical signal for glucose
detection presented a non-significative value of 0.3% in presence of both substances with
concentrations 10 and 100 times greater than the target analyte. The precision of the
biosensor was demonstrated by relative standard deviation (RSD) values of 5.0 mmol L~}
glucose detection, through experiments performed intra-day (n=>5) and inter-day (n=10),

with values of 3.7% and 4.2% being obtained, respectively.
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The use of 3D-printed G-PLA as transducer presented attractive features, due to its
good conductivity and the presence of oxygenated groups in the polymeric structure,
which allowed the material modification via cross-link with a low amount of enzyme,
resulting in high selectivity and stability for glucose detection as a proof-of-concept. Such
results show great potential for the development of new biosensors using a 3D-printed
G-PLA platform.

4.3.2 Voltammetric studies of UA and NIT

NIT and UA are relevant species in biological fluids, such as saliva and urine, and
for this reason, they were selected as a proof-of-concept. The cyclic voltammetry of UA
and NIT on the 3D-printed sensor reveals well-defined waves for NIT and UA (see Fig-
ure 32.6A and B, black lines). This result was expected based on recent papers that
proposed the surface treatment of G-PLA 3D-printed sensors before electrochemical sens-
ing either by mechanical polishing (CARDOSO et al., 2019) or by solvent immersion
for 10 min (MANZANARES-PALENZUELA et al., 2018) to remove excess of PLA ma-
trix. Therefore, the surfaces were treated by mechanical polishing for 30 s as new cyclic
voltammograms were registered and presented in Figure 32(green lines). Moreover, the
same polished G-PLA surfaces were submitted to immersion in DMF for 10 min (solvent

treatment) and new cyclic voltammograms were recorded (Figure 32, blue lines).
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Figure 32 — Cyclic voltammograms for 1.0 mmol L=t UA (A) and NIT (B) in 0.1 mol
L-! BR buffer pH 2 recorded on the 3D-printed G-PLA electrode (black),
after mechanical polishing (green) and solvent-treated after polishing (blue).
Dashed lines correspond to the respective blanks. Scan rate: 50 mV s=1; step
potential: 5 mV.

Figure 32 shows a well-defined peak for NIT at +1.1 V after both mechanical and
solvent treatment. Both surface treatments improved the electrochemical properties of
the sensor as the electrochemical oxidation of NIT was anticipated in comparison with

untreated surface and after mechanical polishing. Figure 32.B shows well-defined peaks
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for UA at +0.7 V on both treated G-PLA surfaces, with a higher (twice magnitude)
current for the surface treated by mechanical polishing followed by solvent immersion.
These results showed the positive effects of surface treatment of the 3D-printed sensor
for the determination of both species. Therefore, the procedure involving mechanical
polishing followed by solvent immersion was selected in further experiments. Aiming to
understand the morphological changes of the surface after both treatments, Figure 33
presents the SEM images obtained for untreated and treated surfaces.

Figure 33 puts in evidence different levels of graphene nanoribbons exposure, which
was previously confirmed using Raman spectroscopy (CARDOSO et al., 2018). The
PLA matrix of untreated surface (Figure 33.A) overlaps the carbon structures preventing
the sensor to actuate as expected, leading to low electron transfer and high resistivity.
Once the treatment is performed with sandpaper (Figure 33.B) or solvent exposure after
polishing (Figure 33.C), the graphene nanoribbons become more available to electron
transfers, which increases the electrochemical performance of the 3D-printed electrode.

The normal concentration range of UA in blood is between 0.12 and 0.38 mmol L-!
while in urine this value should be lower than 4.50 mmol L~! per day, otherwise excess of
UA in urine may cause kidney stones (a disease called gout) (BALLESTA-CLAVER et
al.,; 2011; ROSSINTI et al., 2018). NIT concentration may change with the consumption
of food rich in nitrate and nitrites (JAMES et al., 2015), but values higher than 1 mmol
L~! in urine may indicate urinary infection (SHIMONT et al., 2017). Considering normal
concentration values of UA and NIT, the simultaneous determination of both species by
MPA is proposed.

4.3.3 Amperometric determination of UA and NIT

The amperometric determination of UA and NIT was evaluated under flow conditions.
For that, BIA was selected due to some advantages regarding cost, portability, speed and
precision and the multiple-pulse amperometry (MPA) technique was selected as this tech-
nique enables the simultaneous of two or more analytes using a single working electrode
(da Silva et al., 2011; FREITAS et al., 2016; GIMENES et al., 2013). First, the elec-
trochemical behaviour of both target compounds was investigated under hydrodynamic
conditions of the BIA-MPA system. Different potential pulses (from +0.4 to +1.3 V) were
selected and continuously applied to the 3D-printed G-PLA working electrode positioned
within the BIA cell in wall-jet configuration (BRETT; BRETT; MITOSERIU, 1995) and
the current was monitored at each potential pulse. The hydrodynamic voltammograms
shown in Figure 34.A (plots of average currents as a function of the applied potential
pulse) were obtained separately for injection of solutions containing 10 pumol L-1 of UA
or NIT.

As can be seen in Figure 34.A, the electrochemical oxidation of UA starts at approx-
imately +0.55 V and NIT at around +0.85 V. These results allow us to conclude that
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2 pm

Figure 33 — SEM images of G-PLA surfaces: (A) untreated, (B) polished and (C) solvent
treated after polishing.



94 Chapter 4. 3D-printed sensor for bioanalysis

12
6
‘A 10_B UA +NIT
5_ 7 8_ UA
] e 6
4 \ 4] NIT
< : <2 U e L
=3 \ 3 +1.0 V (50 ms)
- i -3
24 o 2]
] 1.
14
| ® ] 01
— —m :
0 B—E—N—m—= ; +0.7 V (50 ms)

04 06 08 1.0 1.2 2 3 4 5 6 71 8
E/V Time / min

Figure 34 — (A) Hydrodynamic voltammograms obtained by plotting peak current val-
ues as a function of the corresponding applied potential pulses (70 ms each
pulse). The solutions contained 10 ymol L=t of UA (e) and NIT (m). (B) Am-
perometric responses (n=>5) of solutions containing only UA (20 pmol L71),
only NIT (20 pmol L=!) and UA + NIT (20 gmol L1 each). Supporting
electrolyte: BR buffer pH 2; dispensing rate: 280 ul s™'; injection volume:
100 L.

potentials between +0.6 and +0.8 V are able to oxidize only UA without interference of
NIT. At higher potentials than 4+0.8 V, both analytes are oxidized. Figure 34.B shows
the amperograms obtained by BIA-MPA at potential levels of 0.7 V and +1.0 V (alter-
nately applied to each 50 ms) for the injection (n = 5) of solutions containing only UA (20
pmol L=1), only NIT (20 pmol L-1), and both UA and NIT (20 pmol L= of each). These
results demonstrate that in samples containing both UA and NIT, UA can be selectively
detected at +0.7 V. However, the current from the oxidation of NIT cannot be directly
accessed at +1.0 V (due to UA interference). This interference can be easily overcome
using a correction factor (CF), as previously described (Da Silva et al., 2011; FREITAS
et al., 2016; PEREIRA et al., 2013). The CF is necessary in order to obtain the exact
oxidation current value of NIT at the potential of +1.0 V, because the UA oxidation
currents are not the same at the two potential pulses (+0.7 V and +1.0 V). The CF was
obtained by injecting a standard solution containing only UA in the BIA-MPA system
and the following Equation 1:

iU A+1.
CFUA _ UA+1.0V (1)

LUA+0.7V

In this way, when a solution containing UA and NIT is injected in the BIA-MPA
system, the access to the oxidation current originated only from NIT (without interference

of UA) can be obtained using Equation 2:

Inir =iv1.0v — (CFlisorv) (2)
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In the next step, operational parameters of the BIA system (injected volume and
dispensing rate) were optimized using the univariate method . Figure 35 shows the current
variation (n=3) of UA monitored at the two potential pulses (+0.7 and +1.0 V red and
green line respectively) as function the injected volume (A) and dispensing rate (B) in
the BIA system using the 3D-printed G-PLA electrode. The variation of the CF value
(ipa at +1.0 V / iya at +0.7 V) is also plotted (blue lines).
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Figure 35 — Study of the injected volume (A) and dispensing rate (B) in the BIA system
using the 3D-printed G-PLA electrode. Injections of 10, 30, 50, 75, 100 and
200 pL, dispensing rate 16.5, 33.2, 48.7, 78.1, 164, 213, 280 and 370 pulL s7!
of standard solution of 20 pmol L' UA. Potential pulse: +0.70 V (m) and
+1.0 V (o) for 50 ms. Correction factor (CF): iUA at +1.0 V / iUA at +0.7
V (o). Supporting electrolyte: 0.1 mol L=t BR buffer solution (pH 2); in (A)
dispensing rate: 280 pL s7!; in (B) injection volume: 100 pL.

The oxidation currents of UA at +0.7 V and +1.0 V increased until 100 pL and
reached a plateau after this volume (CF values were constant within this range of volumes,
Figure 35.A), while the oxidation currents of UA at 40.7 V and +1.1 V increased gradually
with the increase in the dispensing rate (CF values constant after 50 uL s71, Figure 35.B).
The dispensing rate of 280 pL s and the injection volume of 100 uL. were selected in
subsequent studies, keeping a stable CF (1.30 + 0.02) value.

Once BIA-MPA parameters were selected, analytical curves for UA were obtained
to evaluate the linear of the proposed amperometric method and also to verify if the
CF values are constant within the varied concentration range. If the CF values vary
significantly, NIT determination is compromised as it depends on the subtraction from
UA signal multiplied by CF (see Equation 2). Figure 36.A shows the amperometric
recording obtained at 4+0.7 and +1.0 V for increasing concentrations of UA (0.5 to 500
pmol L~1) and Figure 36.B shows the corresponding analytical curves obtained at both
potentials and the resulting CF value calculated for each concentration

Linear behavior between the current recorded at +0.7 V and the UA concentration
from 0.5 up to 350 pmol L' (r = 0.997) is observed, while for the potential of +1.0
V, linearity is observed up to 500 pmol L=t (r = 0.999). The CF value showed larger
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Figure 36 — Amperometric responses obtained after triplicate injections of solutions con-
taining increasing concentrations of UA (0.5 to 500 pmol L-1) for study the
correction factor. (B) Analytical curves obtained at () +0.7 V (0.5 - 350
moll-1) and at () +1.0 V (0.5 — 500 molL-1); the calculated correction factor
for each concentration is plotted as blue (). Other conditions see Figure 34.

variation below 5 pmol L=! while little variation was observed between 5 and 250 pmol
L' (CF = 1.50 + 0.08). Hence, this CF value can be applied for the determination
of NIT in the presence of UA from 5 to 250 pmol L' using the proposed BIA-MPA
method. It is worth mentioning that the CF must be determined for each calibration
procedure (with injections of a solution containing only UA), because of small variations
occurring between analyses conducted in different days. The success in NI'T quantification
depends, however, not only on the CF value to be applied in Equation 2, but also on the
linear relationship between the concentration of this species and the oxidation current
recorded at +1.0 V potential. Thus, the linear range study was investigated with solution
injections of increasing concentrations of NIT. Figure 37.A show the currents obtained
for injections of solutions of NIT (from 0.5 to 500 pmol L~!) and Figure 37.B shows
the linear behavior between the current recorded at +1.0 V and NIT concentration (r =
0.997). Thus, different from that observed for UA, NIT can be quantified over the entire
concentration range studied (considering that the CF was obtained in a UA concentration

range between 5 and 350 pmol L1).
Stability of the BIA-MPA method was studied by performing alternating measure-

ments (n = 24) of solutions containing both UA + NIT (in equimolar ratio) of 10 pmol
L=t or 25 pmol L=t In this study, the RSD values (n = 24) were 3.5% (10 pmol L~1) and
2.1% (25 pmol L71) for UA (at +0.7 V). For NIT (after using the CF) the values of RSD
of 2.0% (10 gumol L~1) and 1.1% (25 pmol L1) were found. The resulting amperograms
are shown in Figure 38 These results show that the proposed method is highly precise

and free from carryover effects.

After verifying the proposed BIA-MPA method enables the precise determination of

UA and NIT using a CF value, analytical curves for the simultaneous determination of
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Figure 37 — (A) Amperometric responses obtained after triplicate injections of solutions
containing increasing concentrations of NIT (0.5 to 500 pmol L=t). (B) An-
alytical curve obtained at +1.0 V. Other conditions: see Figure 34.
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Figure 38 — Amperograms obtained from alternating injections (n=12) of standard solu-
tions containing 10 + 10 gmol L' and 25 + 25 pmol L' of UA and NIT.
Supporting electrolyte: 0.1 mol L~! BR buffer solution (pH 2); dispensing
rate: 280 pL s7!; injection volume: 100 pL.
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both analytes were obtained. Figure 39 presents the amperograms obtained at +0.7 V
and +1.0 V for triplicate injections of solutions containing UA (a: used to obtain the CF
value) followed by the triplicate injection of ten standard solutions containing increasing
concentrations of both target UA and NIT (1-10: 0.5 — 250 pmol L=1) and again a triplicate
injection of UA (used to calculate the CF value). Both analytical curves show highly
linear behavior within a wide concentration range of both analytes showing that MPA
method there’s no interference between both species and the simultaneous determination
is feasible. Table 10 shows the analytical responses obtained by MPA-BIA.
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Figure 39 — Amperometric responses obtained at (A) +0.7 V and (B) +1.0 V after trip-
licate injections of solutions containing only UA used to obtain the CF value,
followed by the triplicate injection of ten standard solutions containing simul-
taneously increasing concentrations of UA and NIT (black line = iy 4) and
(red line = ipasnrry (a-j: 0.5 — 250 pmol L71), and a triplicate injection of
UA. (C) and (D) show the corresponding calibration curves for NIT and UA.
Experimental conditions: see Figure 34.

The BIA-MPA presented satisfactory limit of detection values, precision, and linear
ranges. Another important feature is sample throughput, which is a well-known advantage
of flow methods such as BIA reaching values around 360 h='. The analysis of a real sample
would require the standard analytical method so the analysis of one sample considering
4 additions of standard solutions would take 10 min (considering the injection time and
supporting electrolyte replacement) resulting in a sample throughput of around 6 h-1.
The BIA method employs an electronic micropipette that injects quickly sample plugs
(triplicate at a row by just pressing a button) and supporting electrolyte just needs to be
replaced after 250 injections (the cell stands 25 mL of injected solutions plus 50 mL of
supporting electrolyte).
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Table 10 — Analytical parameters obtained by BIA-MPA.

Parameters BIA-MPA
UA NIT
Linear range (pmol L1) 0.5-250 0.5-250
Slope (pA L pmolL~1) 0.1332 0.0922
LOD (pmol L71) 0.02 0.03
R 0.9991 0.9986
RSD* (%) 2.1 1.1

*For concentration of 25 pmolL~"
of UA and NIT (n = 12) in BIA-MPA.

The proposed BIA-MPA method using the 3D-printed G-PLA sensor was applied for
the simultaneous determination of UA and NIT in two biological samples, human urine
and saliva. To evaluate if the sample matrix affects the accuracy of the method, recovery
tests were performed by analysing the sample samples after spiking them with a known
amount of UA and NIT. Samples were analysed by using a external calibration curve and
by the standard addition method. Table 11 presents the obtained concentration values in
pure and spiked samples as well as the calculated recovery values obtained by both meth-
ods. The proposed method using the 3D-printed sensor detected a measurable amount
of NIT and UA in the urine sample while the concentration of both species in the saliva
sample were below the respective LOD values. Recovery levels of the analytes in urine
and saliva (spiked with 5 and 10 pmol L=1) presented values between 70 and 172% using
the external calibration curve. Using the standard addition method, the recovery values
were between 70 and 120%. Acceptable values for the analysis of biological fluids should
be between 80 and 120% (SIMON; BOOTH, 2004) and the values obtained using the
standard addition method were within this acceptable range. Some recovery values using
the external calibration curves were above this range (<12%), which indicates a possible
sample matrix effect. To evaluate if if the sample matrix interferes in the determination of
UA and NIT, the slope values of analytical curves obtained using standard solutions were
compared with the ones obtained in the presence of saliva or urine samples. The results
were statistically different, what explain the satisfactory results obtained by the standard
addition method for the simultaneous determination of UA and NIT in biological samples
using BIA-MPA and 3D-printed electrodes.

The normal concentration range of UA in urine is lower than 4.50 mmol L~! per day,
hence the amount found in the sample (4.6 + 0.1 mmol L) is alarming (BALLESTA-
CLAVER et al., 2011; ROSSINI et al., 2018). On the other hand, NIT concentration
higher than 1 mmol L' in urine may indicate urinary infection (SHIMONTI et al., 2017)
and the value found in the sample (5.0 + 0.8 mmol L) is much higher than this value.
Urine containing a high amount of NIT indicates urinary tract infections and bacteriuria as
excess of NIT may be a result of bacterial nitrate reductase activity (TSIKAS; SCHWARZ;
STICHTENOTH, ).
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Table 11 — Concentrations of UA and NIT obtained by BIA-MPA method, recovery val-
ues for the spiked biological samples and respective standard deviation values
(n=3) using the standard addition method

Standard addition method

Found Spiked Recovery Rec.
(mmol L) (mmol L) (mmol L!) (%)
5.5+ 0.3 5 10 £ 0.3 109
UA 5.5+ 0.3 10 17+ 1.7 115
5+0.3 5 6 +09 120
- 10 12+ 1.1 120
7.7+ 2 5 11 £1.5 90
77+ 2 10 14+19 70
NI - 5 5+ 1.0 100
- 10 11 +£1.2 110

4.4 Conclusions

We have shown the use of 3D-printing technology for rapid prototyping of electro-
chemical (bio)sensors for the analysis of biological fluids. We have demonstrated that the
oxygenated group from carboxylic acid present at 3D-printed G-PLA provides suitable
condition to enzyme immobilization by crosslinking with glutaraldehyde for a biosensor
construction to glucose determination in plasma. The combined treatment by mechani-
cal polishing followed by solvent immersion improves the electrochemical performance of
3D-printed G-PLA sensor for the detection of UA and NIT. SEM images showed that
both treatments make the graphene nanoribbons more available from the PLA matrix and
certainly contributes to the improved sensing properties of the 3D-printed sensor. The
simultaneous determination of UA and NIT is demonstrated using BIA-MPA applied in
biological fluids. The 3D-printed G-PLA sensor was successfully applied in urine and
saliva using BIA-MPA with adequate recovery values for the analysis of spiked samples.
This is the first demonstration of a 3D-printed device applied for sensing and biosens-
ing in biological fluids. Therefore, this work shows great promises for the application of
FDM 3D-printing technology to develop (bio)sensors for the analysis of biological sam-
ples, including perspectives for the development of wearable biosensors considering that
3D-printed G-PLA sensors are flexible, biodegradable and biocompatible. Moreover, this
technology can be used to produce (bio)sensors in large-scale and different sizes, reducing

costs of production, especially important for countries in the developing world.
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CHAPTER 5

3D-printing pen vs desktop 3D-printers:
fabrication of conductive PLA for TNT
detection

This Chapter contains an adaption of the published paper entitled "3D-printing pen
versus desktop 3D-printers: Fabrication of carbon black/polylactic acid electrodes for
single drop detection of 2,4, 6— trinitrotoluene by Rafael M. Cardoso , Diego P. Rocha ,
Raquel G. Rocha , Jéssica S. Stefano , Rodrigo A.B. Silva , Eduardo M. Richter, Rodrigo
A.A. Munoz available Online
Graphical Abstract
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5.1 Introduction

This chapter demonstrates that a 3D-Pen can be used to manufacture electrochemical
sensors by introducing conductive filaments (PLA with graphene or carbon black) over
any desirable format and substrate. Commercially-available as a toy for children, the 3D-
Pen can be considered a handheld FDM 3D-printer. Many designs, conductive filaments
and substrates can be combined with a 3D-Pen to draw electrochemical sensors (e.g. med-
ical point-of-care platforms) as well as other electrochemical devices for water splitting or
energy storage (e.g. batteries or supercapacitors if filaments with superior conductivity
are employed). It is noteworthy to mention the possible applications of 3D-Pen for teach-
ing purpose using low consumables and materials. A communication entitled “Drawing
electrochemical sensors using a 3D-printing pen” published in the Journal of the Brazilian
Chemical Society demonstrates this idea (CARDOSO et al., 2020). Moreover, a video
in Youtube illustrate the fabrication process (JBCS-YOUTUBE-CHANNEL, 2020). This
Chapter compares the electrodes obtained by using the 3D-Pen with FDM 3D-printer.

5.2 Experimental section

5.2.1 Reagents and solutions

All solutions were prepared with deionized water (resistivity not lower than 18.2 M()
cm) obtained from a Milli-Q water purification system (Millipore, Bedford, MA, USA). All
reagents were analytical grade and used with no further purification. TN'T was obtained
from the military police of Minas Gerais state (Brazil) with purity higher than 96%
(w/w). Dopamine (> 99%) was purchased from Acros (New Jersey, USA) and perchloric
acid (70%) from Reagan (Rio de Janeiro, Brazil). Potassium ferrocyanide (K4[Fe(CN)g])
and potassium ferricyanide (K3[Fe(CN)g]) were purchased from CAAL (Sao Paulo, Brazil)
and Proquimios (Rio de Janeiro, Brazil), respectively. TNT stock solution was prepared

in HPLC-grade acetonitrile and further diluted in aqueous supporting electrolyte.

5.2.2 Instrumentation

Electrochemical measurements were performed using a u-AUTOLAB type III poten-
tiostat/galvanostat (Metrohm Autolab B. V., Utrecht, Netherlands) interfaced to a mi-
crocomputer and controlled by NOVA 1.12 software. A platinum wire and a laboratory-
made Ag|AgCl/KClg,. electrode (PEDROTTI; ANGNES; GUTZ, 1996) were used as
auxiliary and micro-reference electrodes, respectively, in the experiments using the single
3D-printed working-electrode device or for the electrochemical activation process

The 3D-Pen was purchased from Sanmersen (Shenzhen, China). Two desktop 3D-
printers, an FDM RepRap custom build Prusa clone and an Anycubic Photon digital
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UV light processing (DLP) purchased from ANYCUBIC Co., Ltd. (Shenzhen, China),
were used in this work to prototype the substrates that worked as templates to guide the
application of the molten thermoplastic by 3D-Pen for the fabrication of the electrodes
in two designs, resulting in four different devices. ABS filament of 1.75 mm width was
purchased from GTMAX 3D (Sao Paulo, Brazil) to feed the FDM 3D-printer, and a
translucent green resin from ANYCUBIC Co (Shenzhen, China) was used in the DLP 3D-
printer. A conductive carbon black/PLA thermoplastic filament (Proto-Pasta®) obtained
from ProtoPlant Inc. (Vancouver, Canada), with a resistivity of 30 2 cm (FLOWERS et
al., 2017), was used to prototype the conductive parts (electrodes) by the 3D-Pen or using
the desktop FDM 3D-printer. A commercially-available screen-printed carbon electrode
(SPE-d110) from Dropsens (Oviedo, Spain), in which the working electrode was made of a
carbon ink, was used for comparison (nominal diameter of 4 mm of the working electrode

according to the manufacturer).

5.2.3 Fabrication of the electrodes using the 3D-Pen

Two main designs to fabricate the electrodes were evaluated. The first one and sim-
pler consisted in a single working electrode design (same design of a glassy-carbon disc
electrode) and the second one, a three-electrode system on a planar substrate (similar to
a commercial screen-printed electrode). The customized substrates of both designs were
fabricated using two types of 3D-printers using different materials, fused deposition mod-
elling (FDM) with ABS and digital UV light processing (DLP) with UV curable acrylic
resin, resulting in four different electrochemical devices. Precise 3D-printed pieces (sub-
strates) were fabricated to work as templates for the 3D-Pen extrusion of the conductive
carbon black/PLA filament in a precise manner (independent of the user) and with mini-
mum amount of filament. The process of electrode manufacturing using the 3D-Pen takes
less than one minute as the molten filament quickly solidifies at room temperature.

Briefly, a 3D-Pen consists of a geared motor mounted for pushing filament along a
filament guide tube towards a heated nozzle (190°C). When the thermoplastic reaches
the high temperature at the nozzle, the filament fuses and can be manually extruded.
Figure 40 represents the 3D-Pen simplified mechanism for the construction of a three-
electrode system on a planar 3D-printed substrate.

The models of all substrates were designed using Blender software 2.81a. For FDM
slicing, Symplify3D® was used to generate the gcode files. The STL file used by both
DLP and FDM 3D-printers was generated by ChituboxTM (Shenzhen, China). Both final
working electrodes presented a nominal diameter of 3.8 mm and were named as WE-FDM
and WE-DLP. Schemes of both electrode designs (WE-FDM and WE-DLP) are presented
in Figure 41 (1 and 2, respectively). At the top side of the electrodes, the conductive
filament is deposited by the 3D-Pen covering completely the empty hole and the exposed

copper wires. Figure 41.3 and 4 show the three-electrode-system (TES) devices, consisting
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Figure 40 — Simplified representation of internal parts of the 3D-Pen and a scheme of
the customized 3D-printed substrate of the three-electrode device (TES): (1)
Conductive thermoplastic filament; (2) geared mechanism (5 V) motor; (3)
filament guide tube; (4) command buttons; (5) heated nozzle (190 °C); and
(6) illustrative cut of the FDM 3D-printed device showing wires and template
holes to be filled by the filament
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of a single strip with the three electrodes (working, reference and auxiliary). The shape
is similar to a commercial screen-printed electrode. The substrate fabricated by FDM
(TES-FDM) presented a working electrode diameter of 3.8 mm (Figure 41.3) while the
one fabricated by TES-DLP had a diameter of 3.0 mm (Figure 41.4). All substrates were
designed with axial holes to insert copper wires for the electrical contact of each electrode.
Copper wires (4x26 American wire gauge, AWG) were acquired from local hardware store.
The schemes shown in Figure 41.3 and Figure 41.4 also show the holes which are filled by
the conductive filament using the 3D-Pen in such a way the copper wires are completely

covered.

Top View

A

1- WE-FDM

2 - WE-DLP

oo
3 -TES-FDM Transversal view

Top View

4 - TES-DLP

-

-

Top view

Transversal view

Figure 41 — Schematic orthogonal view of the electrochemical devices fabricated using
a 3D-Pen and customized 3D-printing structures: (1 and 2) Side and top
views of cylindrical working electrodes with the body 3D-printed by FDM
(WE-FDM) or DLP (WE-DLP). with the holes partially filled by the con-
ductive filament using the 3D-Pen; (3 and 4) Top and transversal views of
the three-electrode-systems (TES) on planar substrates 3D-printed by FDM
(TES-FDM) or DLP (TES-DLP). Holes in the substrates (electrodes loca-
tion) are illustrated with partial filled of the conductive filament to facilitate
identification of these regions.

The axial channels were made to fit the insulated copper wire while at one edge the
insulation was removed to expose the copper wire as shown in detail in Figure 41 (all
schemes). Over the holes containing the exposed copper wire, the conductive thermo-
plastic was inserted using the 3D-Pen to fill completely each hole, avoiding exposure of
copper wires and any possible solution infiltration. The 3D-Pen conductive thermoplastic

deposition was carried out at 190°C. After deposition, the conductive thermoplastic fused
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and became solid in less than 5 s at room temperature (~25°C). After 5 min, the spare
plastic over the planar surface was removed using an electric mini drill equipped with
a sandpaper (gr80 for rotary tool) attached to a rubber wheel, and then the electrode
was subjected to polishing on a 1200 grit sandpaper (for fine polishing) with deionized
water. Real images of the four devices (TES-DLP, TES-FDM, WE-DLP, and WE-FDM)
are shown in Figure 42. Zoom images of the TES-DLP device, which was used for TNT
detection in a single drop of 100 uL, are presented in Figure 43. The protocol to produce
the TES-FDM is available online at Youtube(JBCS-YOUTUBE-CHANNEL, 2020).

Figure 42 — Picture of the proposed devices. From left to right: TES-DLP, TES-FDM,
WE-DLP, and WE-FDM.

Next, the working electrode in both designs (WE and TES) was electrochemically
activated according to a recent protocol described in the literature for 3D-printed carbon
black/PLA electrodes (RICHTER et al., 2019; ROCHA et al., 2020a). Briefly, the working
electrode was treated in 0.5 mol L=t NaOH by the application of +1.4 V for 200 s followed
by -1.0 V for 200 s using Ag|AgCl|KCl*? as reference electrode and a Pt wire as counter
electrode. For both systems with 3 electrodes (TES-FDM and TES-DLP), all printed

surfaces were simultaneously activated by connecting connected them as working electrode
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during the activation step.

Figure 43 — Images of the TES-DLP device: complete view (A); zoom pictures with a
Digital USB 1000X microscope over the three electrodes before (B) and after
(C) silver electrodeposition. A ruler was placed in (C) indicating 1 cm scale.

5.2.4 Fabrication of the electrodes using a desktop FDM 3D-

printer

The fabrication of carbon black/PLA electrodes using the FDM 3D-printer (instru-
ment described in section 2.2) was based on previous works (CARDOSO et al., 2018) and
chapters 2 to 4. Briefly, a rectangle hollow box shape (40 length x 40 width x 20 mm
height) was 3D-printed using the conductive carbon black/PLA filament. 3D-printing pa-
rameters involved with vase mode on, one perimeter, zero infill, zero top and bottom layer
and a single perimeter. The faces of the rectangle box formed by layer-by-layer deposition
(layer height of 100 um) of the filament in a vertical printing orientation were used as
electrodes according to the previous optimization (CARDOSO et al., 2018; CARDOSO
et al., 2020).

Each rectangular face was polished on a 1200 grit sandpaper wet with deionized water
for 15 s (see Figure 8), then the faces were separated by cutting using a scissors (pieces
of 20 mm x 40 mm). The 3D-printer was equipped with a 1 mm nozzle, heated at 205 °C
with cooling turned on before first layer and bed temperature at 65 °C. The printing speed

was set to 20 mm/s. The 20 x 40 mm rectangular pieces served as individual working
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electrodes. One of them was assembled in a 3D-printed electrochemical cell (printed using
ABS) and the same electrochemical treatment applied for the electrodes fabricated using

the 3D-Pen of the preview subsection was applied for these 3D-printed electrodes.

5.3 Electrochemical measurements

All electrochemical measurements were performed in the presence of dissolved oxygen
and at room temperature. Dopamine standard solution was prepared in aqueous solutions
of 0.1 mol L' HC1O, and the redox probe [Fe(CN)g]>~/4~ in 0.1 mol L' KCI. TNT stock
solutions prepared in acetonitrile was diluted in 0.1 mol L=t HCI as supporting electrolyte

prior voltammetric measurements (the final concentration of acetonitrile was below 1%

v/v).

5.4 Microscopic and spectroscopic characterizations

Raman spectra of the electrodes were obtained using a LabRAM HR Evolution —
Horiba (A = 532 nm). Moreover, scanning electron microscopy (SEM) measurements
were performed in a Vega 3 -Tescan equipment (TESCAN, Brno-Kohoutovice, Czech
Republic) operated at 20 kV. Atomic force microscopy (AFM) images were obtained using
a Shimadzu scanning probe microscope (SPM-9600) using the tapping mode to study the

electrode surfaces.

5.4.1 Safety note

TNT powder is insensitive to shock or friction, which reduces the risk of accidental
detonation. In this work, few milligrams of the explosive were safely handled to prepare

stock solutions in acetonitrile.

5.5 Results and discussion

5.5.1 Morphological analysis of carbon black/PLA electrodes:
3D-printing pen versus desktop 3D-printer

AFM measurements were obtained for the electrodes fabricated by the 3D-Pen Fig-
ure 44 to show the corresponding topological profile of surfaces. The images were ob-
tained for the four designs, WE-FDM (A), WE-DLP (B), TES-FDM (C) and TES-DLP
(D), after the electrochemical surface treatment applied for measurements, and compared
with the one obtained for a commercial carbon screen-printed electrode (SPE) (E). The

electrochemical performance of carbon SPE will be compared with the carbon black/PLA
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electrodes fabricated using the 3D-Pen in the next section. The AFM images of electrodes
fabricated using the 3D-Pen present an average roughness of 0.28 £ 0.07 pum, which is
similar to the roughness surface of a carbon SPE (0.32 + 0.09 pm, for n=3). For the next
surface characterizations and comparison with carbon black/PLA electrodes fabricated
using a desktop FDM 3D-printer, the WE-DLP device was selected to represent the car-
bon black/PLA electrodes fabricated by the 3D-Pen (as the only difference among the

four electrodes is the design).

Figure 44 — AFM images for WE-FDM (A), WE-DLP (B), TES-FDM (C) and TES-DLP
(D) (after electrochemical surface treatment) SPCE (E).

Previous papers have reported the use of desktop FDM 3D-printers to fabricate car-

bon black/PLA electrodes for the determination of dopamine and metals after surface
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treatment to remove excess of PLA and expose the carbon black sites (JOAO et al., 2020;
RICHTER et al., 2019; ROCHA et al., 2020a). In order to verify if the different meth-
ods of fabrication of these electrodes affect their surface characteristics, morphological
analysis using Raman spectroscopy and SEM was performed. Figure 45 shows the SEM
images obtained for the carbon black/PLA electrodes fabricated by 3D-Pen and desktop
3D-printers, before and after electrochemical surface treatment.See Figure 46 for SEM

images with less zoom.

The SEM images show some grooves in all surfaces obtained by both procedures (an-
alyzing images on left). The procedure using the 3D-Pen required an additional polishing
step to remove the excess of filament using a harder sandpaper (gr80), which probably is
responsible for the generations of harder grooves seen in Figure 45.A and B. These im-
ages corroborate with the AFM topological profiles presented in Figure 44. On the other
hand, the electrodes produced by the desktop 3D-printers presented thinner grooves (Fig-
ure 45.C and D). Figure 46 (A and C) shows additional SEM images in lower amplification
of the electrodes fabricated by both procedures (B and D in (Figure 45 corresponds to B

and D of Figure 46 for a better comparison).

These new images show larger fractures that can be found on the electrode surface
fabricated by both procedures. Interestingly, the image of the FDM 3D-printed electrode
presents parallel lines (grooves) interspaced in 100 pm, which is the exact value of layer
thickness of the layer-by-layer 3D-printing deposition (vertical orientation print). Hence,
these lines (grooves) are probably indicative of the layer-by-layer deposition and one of
these grooves is highlighted in Figure 46 (lower part of the image). Comparing with
the electrodes fabricated using the 3D-Pen, larger fractures are randomly observed in the
image of (Figure 46 and the more amplified image (Figure 45 shows the grooves generated

by the mechanical polishing (hard sandpaper gr80) as previously discussed.

When analyzing the effect of electrochemical surface treatment, it is more evident
the degradation of the polymeric surface in the images on left in Figure 45.A and B for
the electrodes fabricated using the 3D-Pen, where the grooves were more obvious after
the treatment (Figure 45.B). Considering the electrodes produced by the desktop FDM
3D-printers, the images on right show more evidently the effect of surface treatment on
the degradation of the PLA surface (Figure 45.C and D). The degradation of PLA by the
electrochemical treatment using NaOH was previously demonstrated (RICHTER et al.,
2019; ROCHA et al., 2020a).

Figure 47 shows the Raman spectroscopic measurements of the same surfaces presented
in Figure 42. The spectra revealed the presence of D (1356 cm™!) and G (1600 cm~!) bands
commonly found at carbon black particles (BOKOBZA; BRUNEEL; COUZI, 2015). The
D band can be associated with the presence of defects and sp? type hybridization, while
the G band is attributed to the presence of sp? carbon. The I(p)/I() intensity ratio can

be used to investigate the density of defects on the carbon structure. The electrochemical
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Figure 45 — SEM images (lower amplification on left and higher amplification on right)
of the carbon black/PLA electrodes fabricated by 3D-Pen (A and B) and
desktop 3D-printers (C and D), before (A and C) and after electrochemical
surface treatment (B and D).
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Figure 46 — SEM images (lower amplification on left and higher amplification on right)
of the fabricated electrodes using the 3D-Pen (A and B) and using the desk-
top 3D-printer (C and D). These surfaces were electrochemically treated as
described in the experimental section.
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treatment of both electrode surfaces (fabricated using the 3D-Pen and the desktop 3D-
printer) did not show significant differences of I(p)/I(sy ratios in comparison with the
values obtained for the untreated surfaces (3D-Pen: from 1.60 to 1.66; desktop 3D-printed:
from 2.18 to 1.99, respectively, before and after treatment). However, there is a difference
between the I(py/I(¢) ratios of the electrodes fabricated by the desktop 3D-printer, which
were slightly higher than the values obtained for the electrodes produced by the 3D-
Pen. The higher I(p)/I(¢) ratio indicates higher presence of structural defects that may
indicate improved electrochemical activity of such surfaces. Hence, the Raman spectra
data suggest that the electrodes fabricated using a desktop FDM 3D-printer may present
superior electrochemical performance. The next section compares the electrochemical
properties of the carbon black/PLA electrodes fabricated by the 3D-Pen with electrodes
fabricated using desktop 3D-printers.
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Figure 47 — Raman spectra for the 3D-Pen fabricated (WE-DLP) electrode before (blue)
and after (pink) NaOH treatment and for the desktop FDM 3D-printed elec-
trode before (black) and after (red) NaOH treatment.
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5.5.2 Electrochemical characterization of carbon black/polylactic

acid electrodes fabricated using 3D-Pen

Figure 51 shows the cyclic voltammograms for dopamine before and after the elec-
trochemical activation of the working electrode presented in a TES-FDM device (using
a carbon black/PLA pseudo-reference electrode). Dopamine is a model analyte used in
previous works to evaluate the electrochemical performance of 3D-printed carbon elec-
trodes (KALINKE et al., 2020). The amperometric profile observed during the activation

process is shown in Figure 49.

18 |
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Figure 48 — Cyclic voltammograms recordings (vs carbon black/PLA pseudo-reference)
in the presence of 1 mmol L~! of dopamine before (black line) and after (red
line) electrochemical activation of the TES-FDM; dashed lines are aqueous
blank solutions (0.1 mol L=t HCIOy,).

This profile observed in Figure 49 was mandatory to consider the construction process
a success, leading to substantial decrease in AE (from 1200 to 400 mV) and improvement
of the voltammetric wave-shape. The chemical/electrochemical treatment of the carbon
black/PLA surface in NaOH medium is responsible to make the carbon black conductive

sites more available by removing excess of PLA. The electrochemical processes are likely
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Figure 49 — Amperogram profile obtained during the electrochemical activation (+1.4 V
for 200 s followed by -1.0 V for 200 s in 0.5 mol L' NaOH). All the three
electrodes of the TES-FDM device were connected as single working electrode
vs Ag|AgCl|KClsat) to perform the electrochemical activation.

to occur through these conductive sites and for this reason a higher electron transfer was
observed after surface treatment (JOAO et al., 2020; RICHTER et al., 2019; ROCHA et
al., 2020a).

Considering the planar devices with three electrodes, the stability of the pseudo-
reference electrode is crucial for repetitive electrochemical analytical measurements. The
pseudo reference electrode in the TES devices was initially the native carbon black ther-
moplastic (carbon black/PLA pseudo-reference) as shown in Figure 49; however, potential
variations on the electrochemical response depending on the target molecule due to inter-
ference in the pseudo-reference electrode have been previously demonstrated (RICHTER
et al., 2019). To solve this inconvenience, the carbon black/PLA pseudo-reference elec-
trode was modified by electrodeposition of silver from a commercial silver-plating solu-
tion, followed by a drop-casting of a concentrated liquid chlorine bleach. This proce-
dure were performed according to a protocol described in the literature to generate the
pseudo Ag|AgCl electrode (ROHAIZAD et al., 2019). To evaluate the stability of the
Ag|AgCl pseudo-reference electrode, Figure 50 shows cyclic voltammograms (50 cycles)
for [Fe(CN)g)3~/4-.

The voltammograms show the increase in anodic and cathodic currents of the redox
probe in the first cycles which may indicate leaching of the Ag/AgCl pseudo reference
electrode. After 50 cycles, the signal of the redox probe remained constant as also ob-

served in the report that proposed such a procedure (JOAO et al., 2020). Hence, it is
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Figure 50 — Cyclic voltammetric recordings (from 1st to 50th cycles) of a stability ex-
periment consisting of 50 continuous cycles in the presence of 1 mmol L!
of the redox pair [Fe(CN)g]>~/4~ obtained on the TES-DLP device using the
Ag|AgCl pseudo-reference electrode. Electrolyte: aqueous solution of 0.1 mol
L1 KCI; scan rate: 50 mV s~1.

necessary to perform these voltammetric cycles to obtain a stable Ag/AgCl pseudo ref-
erence electrode. The silver pseudo-reference electrode reached RSD values of 4 % (both
anodic and cathodic peak currents) within the 50 cycles.

To demonstrate the reproducibility of fabrication of the different devices using thermo-
plastic conductive electrodes by 3D-Pen, Figure 47 shows five overlapping cyclic voltam-
mograms for [Fe(CN)g]3-/4~ obtained with five different devices, including the proposed
WE-FDM, WE-DLP, TES-FDM, and TES-DLP systems and the commercially-available
SPE-d110 (images of each device are presented as inset of Figure 42). Table 12 lists some
electrochemical parameters obtained from data of Figure 43 Current values were divided
by the respective geometric areas for a better comparison among the devices. Surface
roughness obtained by AFM images (Figure 44) of the fabricated electrodes presented an
average roughness of 0.28 + 0.07 um, which is statistically similar to the value found for
the SPE (0.32 + 0.09 pm). Hence, considering the surface roughness did not change in
all electrodes, the estimation of current density values (uA c¢cm=2) was only valid for a
comparison of the net current among the electrodes under a normalized electrode area.

When we compare the simpler designs consisting of a single working electrode (WE-FDM
and WE-DLP), it is possible to note that the anodic peak potential of both designs pre-

sented similar behavior, with an oxidation peak at approximately 350 mV. Lower RSD
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Figure 51 — Overlapping cyclic voltammograms of 1 mmol L~ [Fe(CN)g]*~/4- in aqueous
0.5 mol L=t KCl obtained with: (A) WE-FDM; (B) WE-DLP; (C) TES-FDM;
(D) TES-DLP; (E) SPE. Five responses correspond to the measures obtained
in five different devices. Inset: real images of the devices.
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Table 12 — Values (average + SD) of peak-to-peak potential separation (AE), oxidation
peak potential (Epa), current density (jpa), geometric measured area (A) and
the respective relative standard deviation (RSD) values obtained from 5 units
of each proposed device and compared with 5 units of commercial screen-
printed electrodes (SPE).

Inter-device RSD

Sensor type AEp Epa jpa Geometric area .
(n=5)  (mV) (mV) pAcm (cm2) (Ep/ EIZ%)/)Jpa/ A)
WE-FDM  224+40 340+26 120+19 0.118+0.002 18/8/16/2
WE-DLP 189+13 358+21  126+16 0.111+0.002 7/6/13/2
TES-FDM  134+24 193+£10 137+31 0.091+0.007 18/5/23/7
TES-DLP 18617 233+10  166+7 0.065+0.002 9/4/4/3
SPE-d110 179+14 17914  160+12 0.13* 8/8/7/*

*area calculated according to manufacture documentation (inner diameter of 4 mm).

values of all parameters were verified for WE-DLP although the average geometric area
presented similar values and standard deviation. Similarly, lower RSD values were verified
using TES-DLP in comparison with TES-FDM. For these devices, the standard devia-
tion of the geometric areas was lower for TES-DLP (3%) than TES-FDM (7%). Higher
variation of the devices using theFDM 3D-printed substrates may be attributed to a de-
formability of the thermoplastic body (ABS) during the heated deposition step using the
3D-Pen. The temperature of the pen nozzle in the conductive thermoplastic deposition
may cause small deformation on the area of the FDM 3D-printed substrate (body) during
deposition, which did not occur when using the DLP 3D-printed substrates.

The cyclic voltammogram of the redox probe [Fe(CN)g]>~/4~ on a carbon black/PLA
electrode fabricated by a desktop FDM 3D-printer was reported in the literature and a
peak-to-peak separation of 151 mV was found (RICHTER et al., 2019). This value is
within the range of values found for the electrodes fabricated using the 3D-Pen as shown
in Table 12, especially considering the TES-FDM and TES-DLP devices. Hence, we can
affirm the electrochemical activity of the electrodes fabricated either using a desktop FDM

3D-printer or a 3D-Pen towards the well-known redox probe [Fe(CN)g]>~/4~ is similar.

Although the SEM images show major surface differences of the electrodes originating
from the different procedures and the slight difference in the I(p)/I() ratios (data from
Raman spectra) (surface characterization discussed in the previous section), the electro-
chemistry of the electrodes fabricated either using the 3D-Pen or the desktop 3D-printer
is not significantly affected as shown in the voltammetric studies using the redox probe
[Fe(CN)g]3-/4-.

The voltammetric profile for the redox probe obtained on the TES-DLP device was
similar to the one obtained using the SPE (carbon working electrode). However, lower
RSD values of current density and oxidation peak potential (as shown in Table 12) were
obtained for the TES-DLP device, which indicates higher reproducibility than the com-
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mercial SPE. This is a great advantage considering that part of the procedure involves
the manipulation of a 3D-Pen. Due to its superior performance, TES-DLP was selected

for TNT determination in single-drop solution.

5.5.3 TNT determination in a single drop on a planar three-

electrode system (3D-Pen made)

In order to check the portability of proposed sensing device, the detection of TNT was
carried out via square-wave voltammetry upon TES-DLP. The onsite detection of explo-
sive residues is highly demanded (BOKOBZA; BRUNEEL; COUZI, 2015; ROHAIZAD
et al., 2019; CASTRO et al., 2018). This device was selected among all others developed
in this work due to the lower RSDs achieved during the intra-electrode studies and the
presence of reference and auxiliary electrodes on the same device preventing any possi-
ble potential shift. The analysis was performed using a single-drop (100 uL) containing
the analyte. This procedure reduces amount of solutions, samples and electrolyte, pre-
senting quite favorable characteristics to green analytical chemistry. The voltammetric
scans (n=3 for each concentration of TNT) are displayed in Figure 52 while inset is the
respective analytical curve using average values (error bars are included for each point).

The SWV parameters as well as the background electrolyte were chosen based on a
previous published work (CARDOSO et al., 2019). There was practically no variation in
the electrochemical response in each triplicate for the increasing concentrations, showing
that the proposed sensor is stable and presents satisfactory performance for TNT sensing.
The proposed sensor provided a linear range of 5 to 500 pumol L1, a detection limit of
1.5 pmol L1, and RSD of 3.2% (n=10 for 100 gumol L'!). The analytical features of
the proposed sensor may not provide the best detectability in comparison with previous
works that used graphene-based modified electrodes (CASTRO et al., 2018; TAN; CHUA;
PUMERA, 2013; ZHANG et al., 2018) however, this is a low-cost device for TNT sensing
in a droplet not previously described. Thus, these results show that the TES-DLP device
is a low-cost and portable alternative platform to perform TNT detection with an extra
advantage of reuse by polishing and renewing the surface (not possible if the electrode
surface is chemically-modified). Experiments using the same electrode submitted to pol-
ishing and electrochemical activation were performed resulting in RSD values lower than
10% (n=3). Table 13 summarizes a literature overview for the electroanalytical sensing of
TNT on a range of electrochemical platforms employing disposable and semi-disposable
electrodes.

Disposable and semi-disposable electrodes have been widely used in the detection and
determination of TNT (BHALLA; ZHAO; ZAZUBOVICH, 2011; CARDOSO et al., 2020;
CASTRO et al., 2019; CAYGILL et al., 2013a; PESAVENTO et al., 2013; SINGH et al.,
2016; WANG et al., 1998; WANG; THONGNGAMDEE; KUMAR, 2004; ZHANG et al.,
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Figure 52 — Baseline-corrected square-wave voltammograms of triplicate scans of single-
drops (100 pL) of crescent concentrations of TNT (from 5 to 500 gmol L-1).
The inset corresponds to the respective analytical curve (R?>0.99) obtained
using the area of the first peak at around -0.35 V vs Ag|AgCl pseudo reference.
Electrochemical parameters: step potential of 4 mV, amplitude of 4 mV,
frequency of 30 Hz, and 0.1 mol L~! HCI as background electrolyte in 1%
(v/v) acetonitrile.

Table 13 — Literature overview for electrochemical sensors of TNT produced on a range
of electrochemical platforms employing disposable and semi-disposable elec-

trodes.
Detection Linear range LOD
Electrode! technique (pmol L) (pmol L) Ref.
PS 1I/Au-SPE Photo-electrochemical 1 to 500 0.378 (BHALLA; ZHAO; ZAZUBOVICH, 2011)
SPCE (Y% 1 to 200 0.4 (CAYGILL et al., 2013a)
CoPc/SPCE CV 0 to 200 1 and 0.3* (CAYGILL et al., 2013b)
Glyc-AgNPs/SPE DPV 1x10-4 to 1x105 NM** (SINGH et al., 2016)
PP{-SPCE SWV 8.8 to 70.44%** 447 (WANG; THONGNGAMDEE; KUMAR, 2004)
SPCE SWV 4.40 to 44.03%** 0.88%** (WANG et al., 1998)
Pep-SPEs Impedance NM** 0.709 (ZHANG et al., 2015)
G-PLA SWV 1 to 870 0.40 (CARDOSO et al., 2020); chapter 3
MIP-SPE DPV up to 20 0.5 (PESAVENTO et al., 2013)
GS SWV 1 to 1300 0.06 (CASTRO et al., 2019)
TES-DLP SWV 5 to 500 1.5 This work

*1 mol L~ for the oxidative peak O1 and 0.3 pmol L1 for the reductive peak R2.
**NM- not mentioned.
***Converted values considering the molar mass of TNT as 227.13 g mol~!.
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2015). It is possible to observe that screen-printed electrodes have been proposed and,
in some cases, provided better electrochemical performance towards TNT sensing than
the proposed protocol. Various of these works have utilized SPEs as substrates in the
preparation of chemically modified electrodes (CAYGILL et al., 2013b; PESAVENTO et
al., 2013; SINGH et al., 2016; WANG; THONGNGAMDEE; KUMAR, 2004) and biosen-
sors (BHALLA; ZHAO; ZAZUBOVICH, 2011; ZHANG et al., 2015). Thus, although
these sensors often present analytical performance superior, it must be emphasized that
the electrode modification process provides some drawbacks, such as an increase in the
steps of an analytical procedure (time-consuming) and in cost per analysis, moreover, in
several cases leads to losses in reproducibility. Additionally, in the manufacture of the
biosensors, molecules highly influenced by pH and temperature of the medium have been
used and despite the increase in selectivity and detectability, depending on reaction con-
ditions, losses in analytical performance may occur (BHALLA; ZHAO; ZAZUBOVICH,
2011; ZHANG et al., 2015). (Table 13) employed a 3D-printed graphene/PLA-based elec-
trode for the TNT determination (CARDOSO et al., 2020), and it is possible to note that
the analytical characteristics achieved are quite similar to those acquired in this work;
however, a previous treatment step was applied by using a toxic organic solvent dimethyl-
formamide (DMF) and larger solution volume for analysis, which is not in accordance
with the principles of green chemistry. On the other hand, we developed a protocol that
uses a basic aqueous solution for the treatment of the electrode surface and, in addition,
it is worth mentioning that the TNT determination was performed in a single drop, being
a complete environmentally-friendly protocol, since it does not use toxic organic solvents

and provides a low consumption of reagents and sample.

Taking into consideration the time and cost of electrode fabrication and materials, the
combination of additive manufacturing techniques (FDM and DLP) with 3D-Pen appears
as an interesting alternative for the construction of integrated 3-in-1 electrochemical de-
vices. Devices obtained with the conductive thermoplastic, wires and the FDM printed
substrate reached values lower than $0.50 (WE-FDM= $0.13 and TES-FDM = $0.38).
Resin-based DLP 3D-printers presented almost the same production cost (WE-DLP=
$0.19 and TES-DLP= $0.45).

Hence, the 3D-Pen can be used to manufacture electrodes over different substrates
with a reduced cost and easy manufacturing operation and for this reason is promising
in the fabrication of electrochemical sensors. These electrodes could be reused after
a simple mechanical polishing at least three times, which was also reported for screen-
printed electrodes (CUMBA et al., 2016; LEE; ARRIGAN; SILVESTER, 2016). However,
commercial acquisition cost per unit of screen-printed electrodes is much higher than these
values above-mentioned,. Additionally, typical technical problems not described in 3D-
printing using new filaments, such as nozzle clogging, is much easily overcome using the

3D-printing pen as it is a hand-held device rapidly opened for cleaning. This statement is
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crucial in the evaluation of the printability of novel conductive filaments and the 3D-Pen
can be used quickly for such investigations. Moreover, other low-cost substrates could be

applied in combination with a 3D-Pen to fabricate thermoplastic electrodes.

5.6 Conclusions

All proposed sensors manufactured using the 3D-Pen combined with customized FDM
or DLP 3D-printed substrates achieved satisfactory performance compared with a commercially-
available carbon SPE and desktop FDM 3D-printed electrodes. To demonstrated the po-
tential of a 3D-Pen working with conductive filaments in the fabrication of electrochemical
thermoplastic electrodes, we proposed two designs, a single working electrode and a three-
electrode system on a planar substrate. Both devices presented low cost of fabrication
(from $0.13 to $0.45) and were watertight leading to a long-term stability. Regarding
inter-electrode precision, the TES-DLP presented excellent performance (RSD=4%), bet-
ter than a commercial carbon SPE, even considering that the proposed procedure involves
the handling of a 3D-Pen. High reproducibility of fabrication was possible due to the use
3D-printed templates. Considering the geometric areas of the working electrodes, the fab-
rication protocol is also very reproducible (RSD<7%). Electrochemical characterization
showed similar properties to a screen—printed carbon electrode and desktop 3D-printed
electrode. Raman spectroscopy and SEM images showed similar morphological character-
istics of the electrodes fabricated by both procedures. The same techniques revealed PLA
degradation after electrochemical treatment using NaOH of carbon black/PLA electrodes
fabricated by both procedures (3D-Pen and desktop 3D-printer), which confirms PLA
consumption as the main reason for the great improvement of electrochemical perfor-
mance rather than increase in structural defects. The TES-DLP device was successfully
applied for sensing TNT in a single drop, with sensing properties comparable to other
electrochemical sensors except to electrodes that present surface chemical modification;
however, such protocols are time-consuming and do not allow surface renewal after simple
mechanical polishing as the proposed electrodes fabricated using the 3D-Pen. This work
shows some possibilities of using a 3D-Pen to manufacture thermoplastic electrochemi-
cal sensors, however, many other designs can be explored as well as different low-cost

substrates, such as recycled polymers or paper.
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CHAPTER

Conclusion

This chapter contains all the conclusions obtained from this research, with limitations,
perspectives and future investigations. In general the proposed sensors and cells developed
using additive manufacture overcame expectations regarding electrodes prototyping and
platform production. The low cost, easy operation and aparatus build on-demand are the
highlights of the obtained results.

The 3D-printed electrodes have the advantage of very low cost, specially if built with
a 3D-pen using Proto-Pasta filament. The price of acquisition of Black-Magic (G-PLA
electrodes) filament is 10 times superior in US dollars when compared with the filament
with carbon-black ($1 vs $0.1 per gram respectively)

The proposed electrodes based on FDM printers or 3D-pen have a limitation to organic
solvents, for example, in alcoholic concentration up to 30%(v/v) the electrode will start
to degrade. In other solvents such as acetonitrile, DMF or acetone no more than 5% (v/v)

in aqueous solution is tolerated by the electrode.

6.1 Addressal of objectives

As previously mentioned, the purpose of this thesis is to demonstrate the potential of
additive prototyping and manufacture of electroanalytical devices. The following objec-

tives were addressed in this thesis:

1. All planar working electrodes commercially-available or custom-built with planar
characteristics can be attached to the proposed multiuse (BIA, FIA, or batch) cell,
as cited in Chapter III. As perspective, this cell was already improved and will be

demonstrated in the next publications.

2. Another addressed objective is the promising results obtained with 3D-printed elec-
trode, in the format of a strip, semi-flexible and inexpensive (0.3% each).The elec-

trode was subjected to a mechanical polishing, as a pre-treatment step, to renew
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the electrode surface. The sensor showed applicability for catecholamines as a proof

of concept, as well as for the redox probe hexaminruthenium(III).

The proposed strip sensor was evaluated to actuate as on demand explosive sampler
and analyser. The graphene based thermoplastic electrode was able to reach high
detectability of TNT residues by SWV and can be applied as a sampler in case of in
field investigations in order to track the explosive production or include evidences

for a crime investigation.

. In clinical area, the G-PLA electrode was successfully applied at simultaneous quan-

tification of NIT and UA in different biological samples. Urine and saliva were sub-
jected to a simple dilution and then analyzed by pulsed amperometry, in a batch

injection analysis system.

. A biosensor was developed using the G-PLA electrode as substrate for an enzyme

based device. Oxygenated groups from the electrode polymeric matrix provides

suitable condition to enzyme immobilization by cross-linking with glutaraldehyde.

. A 3D-printing pen was successfully used as a tool for sensors manufacture, where de-

spite the fact that appears to be running in opposite direction of automated process,
it can be a future solution for conductive thermoplastics, where the printability will
not be an issue when working with higher carbonaceous ratio in proposed custom

formulations of filaments.
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