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ABSTRACT 

Mendes, L. F., Development of portable electrochemical devices on polymer 

materials using CO2 laser for analytical applications, 2023, 203 p. Ph.D. Thesis - 

Graduate Program - Chemistry, Institute of Chemistry, University of São Paulo (USP), 

São Paulo, Brazil. 

 

This work is divided into two parts. First, I studied the use of two different non-

conductive polymeric platforms to develop portable electrochemical devices using the 

laser-scribing technique as a scalable, low-cost, easy method to fabricate portable 

devices. Phenolic paper, a low-cost, rigid board that can easily be bought or recycled 

from used systems, as another alternative material for fabricating laser-scribed 

electrochemical divices, provided a conductive carbon-based material containing a 

porous structure with graphene-like domains. Furthermore, an electrochemical 

treatment on the fabricated material provided excellent conductivity and low charge-

transfer resistance. Thus, great potential for on-site analytical applications was 

observed when using these devices, achieving better performances than conventional 

carbon electrodes. Polyimide is another polymeric material widely used to obtain 

electrochemical devices using laser-scribing.  In this work, a low-cost polyimide 

source, Kapton tape, was also used to fabricate a flexible device.  This device was 

applied using static conditions and a paper-based platform to obtain a microfluid 

system using hydrodynamic conditions. A low-cost, flexible, and versatile 

electrochemical platform was obtained, where the analytical performance of the 

system was evaluated in both static and hydrodynamic modes, presenting great 

potential for analytical applications when compared to conventional platforms. In the 

second part of this work, an initial study with microneedles to learn about wearable 

sensors was carried out in my research internship abroad. A hollow microneedle array-

based electrochemical sensor was studied, aiming at minimally invasive monitoring of 

propofol drug. Although more studies are necessary, the new microneedle array 

sensing platform holds excellent potential for continuously monitoring the anesthetic 

propofol drug during surgical procedures.  

 

Keywords: Laser-scribing technique, electrochemical sensor, portable devices, low-

cost material, polymeric platforms, wearable sensors. 

  



 
 

RESUMO 

Mendes, L. F., Desenvolvimento de dispositivos eletroquímicos portáteis em 

materiais poliméricos usando laser de CO2 visando a aplicações analíticas, 

2023, 203 p. Tese de Doutorado - Programa de Pós-graduação em Química, Instituto 

de Química, Universidade de São Paulo (USP), São Paulo, Brasil. 

 

Este trabalho está dividido em duas partes. Primeiro, estudamos o uso de duas 

plataformas poliméricas não condutoras diferentes para o desenvolvimento de 

dispositivos eletroquímicos portáteis usando a técnica de gravação a laser como um 

método escalável, de baixo custo e fácil para fabricação dos dispositivos portáteis. 

Uma placa rígida de fenolite de baixo custo que pode ser facilmente comprada ou 

reciclada de sistemas usados, foi usada como outro material alternativo para a 

fabricação de dispositivos eletroquímicos usando a técnica de gravação a laser, 

fornecendo um material condutor à base de carbono contendo uma estrutura porosa 

com domínios semelhantes ao grafeno. Além disso, um tratamento eletroquímico no 

material fabricado proporcionou excelente condutividade e baixa resistência à 

transferência de carga. Assim, ao usar esses dispositivos, observou-se um grande 

potencial para aplicações analíticas in loco, obtendo desempenhos melhores do que 

os eletrodos de carbono convencionais. A poliimida é outro material polimérico 

amplamente utilizado atualmente para a obtenção de dispositivos eletroquímicos pelo 

método de gravação a laser. Neste trabalho, uma fonte de poliimida de baixo custo, 

fita Kapton, também foi utilizada para fabricar um dispositivo flexível. Este dispositivo 

foi aplicado usando condições estáticas e combinado com uma plataforma baseada 

em papel para obter um sistema microfluídico usando condições hidrodinâmicas. 

Obteve-se uma plataforma eletroquímica flexível, versátil e de baixo custo, onde o 

desempenho analítico do sistema foi avaliado nos modos estático e hidrodinâmico, 

apresentando grande potencial para aplicações analíticas quando comparado a 

plataformas convencionais. Na segunda parte deste trabalho, em meu estágio de 

pesquisa no exterior, foi realizado um estudo inicial com microagulhas para aprender 

sobre sensores vestíveis. Um sensor eletroquímico baseado em arranjo de 

microagulhas ocas foi estudado, visando o monitoramento minimamente invasivo da 

droga propofol. Embora mais estudos ainda sejam necessários, a nova plataforma de 

detecção, uma matriz de microagulhas, possui excelente potencial para monitorar 

continuamente o anestésico propofol durante procedimentos cirúrgicos.  

 

Palavras-chave: Técnica de gravação a laser, sensor eletroquímico, dispositivos 

portáteis, material de baixo custo, plataformas poliméricas, sensores vestíveis.  
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1.1. Portable analytical platforms 

 

The search for fast diagnoses 1, real-time food safety monitoring 2, quick 

inspections of crime scenes 3, and environmental supervision 4, among others, has 

attracted attention to the fabrication of portable analytical platforms since most of the 

used analysis techniques are time-consuming and requires laboratories with very 

qualified technicians 5. Therefore, different ways to fabricate these portable analytical 

platforms have been studied using various techniques and materials. And the search 

for miniaturization and simplification in the fabrication process has been intensified to 

provide accessible devices with lower cost and establish the possibility of coupling 

more sensors on the same platform 6–9.  

In this direction, a significant number of platforms have been explored, such as 

silicon, glass, ceramics, dimetil polissiloxano (PDMS), Polyimide, and 

polimetilmetacrilato (PMMA), among others, including paper 10, which has aroused 

great interest and gained strength in the last years 11. The paper has been a tool used 

since 79 AD, where there are reports of a colorimetric test for ferrous sulfate performed 

with papyrus 12. In the 1950s, paper was widely used for electrophoresis, for example, 

in separating proteins 13, and in 1957 J. Kohn described the first application of the 

paper as a colorimetric test for detecting glucose in urine 14. In contrast, the first 

commercial pregnancy test was made available only in 1988 15, and in 2007, Prof. 

Whitesides presented devices based on paper using photoresist as a patterning 

technique 16. Since then, the use of this type of platform for the fabrication of 

colorimetric sensors has increased, not only due to its excellent properties, such as 

high porosity and flexibility, in addition to the low cost, but also due to the advancement 
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in micro and nanotechnology, which provided the fabrication of new types of devices 

17. 

Paper is composed of cellulosic fibers, which give it several essential 

properties, including microfluidics due to capillarity providing easy transport of the 

analyte through the paper’s fibers without the need for analytical instrumentation to 

carry it out as, for example, peristaltic pumps. Hydrophilicity and compatibility with 

biological samples are essential properties observed on paper platforms besides the 

high porosity and flexibility already mentioned. Another great point is the low cost of 

this material due to its abundance, which characterizes it as a good platform for 

developing simple and portable analytical devices 18–22. 

Both colorimetric and electrochemical analyzes can be performed on these 

platforms, depending on the preparation and application of the devices 10,11,16,23–25. For 

fabrication, different types of paper have been used, such as filter paper, 

chromatography paper, and cardboard, among others 7,19,26. Furthermore, a 

hydrophobic barrier is usually created to delimit the reaction area for electrochemical 

and colorimetric paper-based analysis. This barrier can be produced using polymers, 

such as polydimethylsiloxane, polystyrene, polyurethane19, permanent marker27, wax 

printing 19,28, and even school glue 29. Physical barriers are also reported in the 

literature by cutting the paper where the microstructures formed create the physical 

boundaries 30. This procedure can be realized using a laser cutting machine or a cutter 

plotter with X-Y axis control 30, handheld blades, and hole punches 31. 

Associated with electrochemical detection techniques, the obtention of 

miniaturized, portable, and disposable paper-based devices is more accessible due to 

being more sensitive techniques and reaching lower detection limits than the 

colorimetric methods 32. These advantages lead to the facility to use the devices for 



27 
 

point-of-care (POC) analysis, which has been widely investigated 17,32,33 since portable 

devices have gained significant attention, especially in the clinical analysis due to the 

possibility of real-time monitoring of patients undergoing treatment. These are the so-

called wearable sensors, in addition to health conditions for preventing and controlling 

diseases without the need for sophisticated apparatus, trained technicians or 

sophisticated laboratory facilities 17,22,34. 

In 2009, Dungchai and collaborators 35 reported the first paper-based 

electrochemical device containing three electrodes system and three separate test 

zones. In this case, the fabricated device was tested for clinical application to 

determine ascorbic acid, uric acid, and glucose in serum and human urine. The 

electrodes were modified using enzymes, and the respective detection limits reached 

were 0.21, 0.36, and 1.38 mmol L-1, for glucose, lactate, and uric acid, respectively. 

Since then, several electrochemical paper-based devices have been fabricated 

following the same direction, aiming for better responses and limits of detection. 

Moreover, these devices have been studied to be used in the detection of other 

analytes of interest, such as cholesterol 36, cortisol 37, metabolites 38, and even cancer 

biomarkers 39, aiming at expanding analytical applications. 

Besides the different methods and techniques proposed to isolate the reaction 

zones, a diversity of techniques has been presented for the fabrication of the 

conductive tracks, so-called electrodes, in the electrochemical paper-based devices 

(ePDAs), building upon the initially used screen-printing approach and followed by 

stencil-printing, inkjet-printing, photolithograph, drop-casting, pencil drawing, filtration, 

pyrolysis, and laser-scribing method 8. A timeline of the different approaches applied 

to the ePDAs fabrication from 2009 to 2019 is presented in Figure 1. 
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Figure 1 – Timeline with the main techniques used to fabricate electrochemical paper-
based devices (ePADs) reported from 2009 to 2019. a) screen-printing technology, b) 
stencil-printing approach, c) Inkjet printing, d) Photolithography, e) Drop casting, f) 
Pencil lead, g) Pencil drawing, h) Filtration, i) Microwire incorporation, j) Paper 
pyrolysis, k) Direct laser scribing on paper8. 

 

 

The latter approach, laser-scribing, represents one of the essential methods 

because it is a scalable, manageable, and low-cost method to fabricate carbon-based 

electrodes. Furthermore, it can be applied not only on paper platforms but also on 

polymeric materials. Although the paper has some advantages and is widely used in 

fabricating portable analytical devices,  polymeric materials can guarantee flexibility to 

the devices, which is essential when talking about “wearable sensors” type, besides 

the robustness and physical stability compared with paper 17. 
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1.2.  Laser-scribing technique 

 

Laser-scribing represents one of the most required fabrication methods for 

portable electrochemical devices. It is a scalable, manageable, and low-cost method 

to fabricate carbon-based electrodes that can be applied to various platforms. The 

technique only requires a print-shop-grade CO2 laser engraver to carbonize the 

material’s surface, rendering a conductive carbon track 40. 

The main point is to provide better sensitivity, selectivity of portable analytical 

devices, and several groups have modified the electrodes' surface with different 

materials. Among them are functional carbon nanomaterials such as graphene or 

carbon nanotubes 41, which have interesting properties due to their type of 

hybridization, and one of the most exciting materials used by researchers of different 

areas is the Graphene Oxide (GO). Thus, distinct ways to fabricate the material and 

its derivative have been studied and utilized 42. Most of these techniques are limited 

by availability, cost, variability in the composition, and the chemistry used to immobilize 

the final obtained material. Furthermore, a laser-based method has also been used, 

where direct laser scribing is applied on hydrated GO to obtain the reduced one (rGO). 

This technique provides a simple method to reach a 3D graphene pattern 43. In 2014 

researchers dispersed GO upon a polyimide (PI) surface and applied the laser-scribing 

technique to the material. However, the CO2 infrared laser occasionally reached the 

PI surface, where a black carbonized material was obtained, as observed in Figure 2 

44,45. 

The carbonized trail observed was studied and characterized, and a porous 

graphene-like material was noticed. Unlike the other techniques involving time 

consumption and reagent use, a new, simple, low-cost route was found to fabricate 
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the material.  Therefore, a graphene-like platform could be obtained directly from 

laser-scribing polymers. The most common terms found in the literature to refer to the 

materials produced by this technique are Laser-Scribed Graphene (LSG), Laser-

Induced Graphene (LIG), and Laser-Derived Graphene (LDG) to describe graphene-

based materials fabricated from laser scribing, regardless of the type of laser or the 

precursor material used 46–48. For clarity, throughout the text, we will use LSG to refer 

to carbon materials obtained by the laser-scribing technique.  

 

Figure 2 – a) Schematic figure of the laser-scribing process on PI substrate using CO2 
laser machine. b) SEM images of the LSG pattern obtained from the process (scale 
bar, 1 mm) and c) an ampliation of the image of the LIG film circled in b) (scale bar, 
10 µm). d) Cross-sectional SEM image of the LSG material obtained (scale bar, 20 
µm). With permission 44. 

 

 

 

In this area, the first fabricated device was applied as a supercapacitor in 

energy storage 44. Then, different applications have emerged, such as microfluidic 

devices 49,50, electrocatalysts 51 and portable analytical sensors 52–55.  
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Among the sensors fabricated using this technique, it is possible to observe the 

physical ones based on capacitance53 and resistance measurements 54–56, and the 

electrochemical ones 57,58. And as already mentioned above, herein we will focus on 

the electrochemical-based sensors. 

One of the first electrochemical devices based on laser-scribed graphene was 

reported in 2016 for the simultaneous determination of ascorbic acid, dopamine, and 

uric acid 52. On this occasion, Pranati Nayak and collaborators fabricated the 

electrodes using direct laser writing on polyimide under ambient conditions. The 

parameters used in the laser machine were optimized, and a conductive porous 

material was obtained with a thickness of 33 µm.  Posteriorly, PDMS was used to 

delimitate the reaction area, and the working electrode was modified with Pt 

nanoparticles by electrodeposition. The devices showed very high flexibility and 

potential to be applied as electrochemical sensors, besides an electrocatalytic activity 

observed due to the modification using Pt nanoparticles, which provided better results 

than in previously reported graphene-based electrodes 52.  

In terms of electrochemical sensors fabrication, the laser-scribing technique 

presents some advantages when compared with others, such as low-cost, mask-free, 

template-free patterning method, besides the simple and green synthesis of the 

electrode material directly on the platform and the obtention of a porous, conductor 

and mechanically stable material with a large surface area40.  Due to the 

characteristics of the method, it has been attracting more attention, and the studies 

have increased in this direction. 
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1.2.1. LSG precursors platforms 

 

Although the first device had been fabricated using polyimide as a precursor for 

the obtained material, other polymeric platforms were studied, such as polyetherimide 

(PEI) 44 and PDMS 59. Moreover, cloth, paper, food 60, and wood 61  were also explored 

as other LSG precursors. Among these materials, a multiple laser step could be used 

to achieve the objective, and materials based on cellulose are usually pretreated with 

a flame retardant to avoid the decomposition of the material and to provide the 

obtention of LSG 45. 

For the fabrication of the electrochemical sensor, in 2017, a single‐step 

reagentless laser-scribing method was employed for the very first time in a paperboard 

platform 26. The CO2 laser machine parameters were optimized and applied to 

carbonize the material surface using single-step laser-scribing without pretreatments, 

as is demonstrated in the scheme presented in Figure 3. Besides the fabrication of the 

electrodes, the devices were cut and separated one by one using the laser machine, 

applying a higher power. The simple and low-cost electrochemical paper-based device 

was applied to detect ascorbic acid and caffeic acid as a proof-of-concept for its 

application potential 26. 
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Figure 3 – a) Schematic presentation of the fabrication process of the LSG ePAD and 
the b) dimensions of the device. c) The comparison of the LS-ePAD dimension with 
the hand size. d) SEM image of the obtained carbon-based material. With permission 
26. 

 

 

 

 

Polyimide, paper, and PDMS have been used as a platform to fabricate 

electrochemical sensors. The polyimide was the precursor material, and the laser-

scribed tracks were easily transferred to a PDMS film. The transference was made by 

pouring the PDMS onto the carbonized polyimide, and after, it was thermally cured to 

accomplish the procedure. At the end of the process, the working electrode was 

modified with electrodeposited Pt-Au nanoparticles. A highly flexible electrochemical 
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device was obtained, presenting a high selectivity to other molecules, such as ascorbic 

and uric acid 62. 

Another precursor material to obtain LSG applied as an electrochemical sensor 

was phenolic resin 63. In 2018 this platform was used for this purpose and presented 

the advantages of good solubility in different solvents and the facility to form films. 

These allow its doping with other materials to obtain LSG with distinct and particular 

properties, besides being also a low-cost material. With this material, Zhuchan Zhang 

and collaborators fabricated electrochemical devices using an inexpensive 405 nm 

laser under ambient conditions. After the laser-scribing, the working electrodes were 

modified using glutaraldehyde and applied as electrochemical glucose sensors 63.  

In this direction, lignin was also used as a platform to fabricate electrochemical 

devices based on the laser-scribing method 64. This is another platform with the 

potential to fabricate doped laser-scribed graphene. In this work, a polymeric film using 

lignin, poly(vinyl alcohol) (PVA), and urea was achieved, and the CO2 laser machine 

was used to carbonize the tracks. Then, nitrogen-doped laser-scribed graphene was 

observed and modified using a nanomaterial based on Ti and Prussian Blue, besides 

the functionalization with specific enzymes to detect glucose, lactate, and alcohol, 

showing a great potential to be applied in personalized electrochemical sensors for 

health care64.  

Eventually, in other works, doped laser-scribed graphene was fabricated using 

polyimide platforms with a controlled atmosphere during the laser-scribing process. 

One example is the nitrogen-doped porous graphene obtained during the LIG 

fabrication in N2 controlled atmosphere 65. In this work, Zhengfen Wan and 

collaborators obtained a self-N-doped only using polyimide as a precursor polymer for 

the laser-scribed graphene and specific laser-scribing parameters, such as high 
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velocity and laser power 65. The devices were applied as an electrochemical biosensor 

for mRNA detection since the final N-doped material enhanced interaction with nucleic 

acids. In another work, Zhang and coworkers developed a 3D graphene doped with 

high nitrogen concentration using a single-step laser scribing on a urea-containing 

polyimide substrate 66. The device was fabricated aiming for applications as Na-ion 

battery anodes.  

The direct fabrication of carbon-based materials modified with metals using the 

laser-scribing technique as a single step has also been scarcely reported. Yong-il Ko 

and coworkers used a spin-coated film based on a mixture of Cu particles, polyimide, 

and N-methyl-2-pyrrolidone under a quartz surface as the substrate for laser-scribing 

67. The obtained carbon nanomaterial presented a high sensitivity for NO2 gas sensing 

using electrical resistance measurements. In addition, Er-Chieh Cho et al. developed 

Ag-decorated graphene using a laser-scribing technique under a polyimide surface 

previously chemically treated with ions Ag+ 68. This material was applied as a flexible 

temperature sensor. In another example, Arantes and collaborators 69  used CO2 laser 

reduction of a precursor solution (HAuCl4) over kraft paper to directly produce Au 

structures embedded in the carbonized paper matrix generated by the laser-scribing 

technique. The laser-scribing gold-modified electrodes were applied for hypochlorite 

(NaClO) detection using the batch-injection analysis (BIA) technique reaching low 

detection limits.     

A different precursor reported for laser-scribing electrode’s obtention is the 3D 

printed platforms. Since the thermoplastic material usually used in the 3D printer is 

partially insulant, a sub-minute laser-scribing treatment was applied after printing. For 

example, Rocha and coworkers developed a disposable electrochemical sensor using 

a carbon-black/PLA-based 3D-printed electrode 70. This device was used to determine 
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Cd2+, Pb2+, and Cu2+ simultaneously. Veloso and collaborators also applied the laser-

scribing technique to a carbon-black/PLA-based 3D-printed electrode using a similar 

approach. They used an electrochemical treatment over the device in an alkaline 

solution (NaOH) to promote the growth of Na2O nanoflowers 71. These nanoflowers 

enhanced the electrochemical response, and the devices were applied for the non-

enzymatic quantification of tyrosine in human urine samples. 

Thus, another advantage of laser-scribing use would be the controlled, direct, 

and in-situ synthesis of conductive carbon domains with adequate electrochemical 

reactivity, besides the possibility of obtaining a doped carbon-based material. 

 

1.2.2. Laser sources and other parameters used for LSG fabrication  

 

In addition, besides the different platforms used to develop these 

electrochemical LSG-based devices, it is possible to notice other variables in the 

fabrication method. LASER is an acronym for Light Amplification by Stimulated 

Emission of Radiation 72. As discussed, the laser-scribing technique consists of the 

controlled carbonization of precursor materials, such as carbon, polymers, and 

biopolymers, which generally have insulating characteristics, into conductive materials 

(graphitic materials) 73–75.   

The most commonly used lasers for the fabrication of LSG are CO2 (infrared 

region (IR)), visible, and ultraviolet 72,76. The mechanism involved in forming carbon 

materials or reducing GO depends on the type of laser used in the procedure. The 

definition of a mechanism as photochemical or photothermal is related to the laser 

wavelength and pulse duration. A photochemical process occurs using lasers with 
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short wavelengths and ultra-short pulse widths. The photothermal process is 

characterized by long wavelengths and pulses (in the order of µs) 44. 

IR lasers can reach a smaller spatial resolution, with laser spots of tens and 

hundreds of micrometers, compared to visible and ultraviolet ones, with few 

micrometers 77. This is responsible for the fabrication of smaller electrochemical 

devices. Moreover, the locally reported temperature during the laser-scribing process 

can reach up to 2500 ºC depending on the laser type used, which leads to gas 

generation and, consequently, the formation of a porous carbon-based structure44. 

Santos and collaborators have compared LSG fabricated using UV and IR laser 

sources78. Both devices were applied for quantifying dopamine and presented similar 

electrochemical responses except for the lower sensitivity observed on the LSG 

obtained using a UV laser. The porous structure formed was micron-sized for the 

fabrication using an IR laser and nano-sized using a UV laser. 

In addition to the laser source, other parameters also play a vital role during the 

LSG obtention, such as scanning speed, laser power, and focal distance79. It has been 

reported that a variation in the laser power, for example, can directly alter the ratio of 

each element observed on the obtained LSG material 65. Furthermore, Chen and 

coworkers noticed an effect on the conductivity and wettability of fluorine-doped laser-

induced graphene by varying the focal distance 80. And it was observed that the 

scanning speed could also influence the structure of the obtained LSG due to the 

change in the gas evolution. Andrea Lamberti and collaborators observed an order 

porous LSG with a high hydrophobic behavior using a scan speed of 160 mm s-1 and 

a repetition frequency of 20 kHz 81. 
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1.2.3. LSG electrochemical sensors application 

 

As observed, devices fabricated using the laser-scribing technique were 

successfully employed for different analytical applications as a proof-of-concept, 

spatially as electrochemical sensors. A diversity of electrochemical techniques is used 

in this case, such as differential pulse voltammetry (DPV), square wave voltammetry 

(SWV), amperometry, potentiometry, and electrochemical impedance spectroscopy 

(EIS). Tutku Beduk and coworkers developed an LSG-based electrochemical device 

for environmental monitoring 82. A Bisphenol A (BPA) sensor was fabricated using 

polyimide as an LSG precursor platform. A CO2 laser was used to carbonize the 

material's surface to obtain a laser-scribed three-electrode system containing a 

working, a reference, and a counter electrode. Then, the reaction area was isolated 

from the electrical contact area using PDMS. After the development of the 

electrochemical device, the working electrode was modified using Molecular Imprinted 

Polymer (MIP) by the electropolymerization of pyrrole monomer. The 

electropolymerization was performed in the presence and absence of BPA to obtain 

the control devices. An acetic acid/methanol (3:7) solution was used to remove the 

BPA from the MIP-specific cavities. Lastly, the electrochemical sensor was used to 

detect BPA in tap, mineral water, and plastic samples using the DPV technique. The 

authors observed that the devices presented good reproducibility, besides the 

capability to be reused up to 4 times. Furthermore, the method represented a simple 

and easy way to develop the electrodes with great biorecognition 82. 

In another work, Raquel R. A. Soares and collaborators developed a safety 

control sensor using the laser-scribing method 83. They reported using a three 

electrodes system where only the working electrode was fabricated employing the 
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carbonization of polyimide, and counter and reference electrodes were part of the 

electrochemical analyzer instrument used in the measurements. The working 

electrode was obtained using a CO2-cutting laser machine in ambient conditions, and 

the reaction area was isolated from the electric contact by a fast-drying lacquer. Then, 

the LSG working electrode was modified with a polyclonal antibody anti-Salmonella to 

detect and monitor Salmonella enterica in chicken broth. After the modification of the 

device, it was applied in real food samples using electrochemical impedance 

spectroscopy technique for Salmonella detection. The sensor presented a good LOD 

((13 ± 7) CFU mL−1) in a complex sample matrix compared to those fabricated using 

carbon-based transducers. Moreover, without pretreatment, the time needed to 

perform the analyses is relatively low when literature shows the time demanded from 

other carbon-based electrodes used for Salmonella detection 83. 

 Another important application for this type of device is in point-of-care analyses 

for clinical diagnoses due to its low-cost, disposability, and flexibility. Sharat Chandra 

Barman and coworkers developed a highly selective electrochemical device to detect 

Immunoglobulin (IgG), an important biomarker for some diseases 84. The devices were 

fabricated using polyimide as an LSG platform, where a three electrodes system was 

developed by the laser-scribing method in a CO2 laser machine. The reaction area of 

the electrodes was delimitated using a passivation layer. Then, the electrodes were 

modified using polyallylamine (PAAMI) to introduce the chemical groups -NH2 on the 

surface, which would provide the antibody immobilization. Pt nanoparticles were 

electrodeposited on the working and counter electrode simultaneously. Finally, the 

working electrode was functionalized by dropping casting technique with the IgG 

antibody solution. The DPV technique was used to detect IgG, and the sensor platform 

presented a low LOD (0.006 ng mL−1) in human serum samples when confronted with 
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other carbon-based devices, besides its simplicity, good reproducibility, and high 

selectivity 84. 

In another work, Lima and collaborators fabricated an LSG device to detect 

xylazine, a drug of abuse, in urine and beverage samples as a POC sensor 85. This 

veterinary drug is usually used to facilitate crimes (robbery and rape cases). The 

device was developed using a polymeric polyetherimide (PEI) platform and CO2 laser. 

A sensitive device was obtained for xylazine detection, where a highly porous material 

was observed enhancing the electroactive area. After the carbonized surface was 

fabricated, an anodic treatment was applied to the working electrodes (2 V for 120 s 

in 0.1 mol L−1 NaOH), which improved the electrochemical performance. The sensor 

platform was applied on commercial beverage and synthetic urine samples for 

xylazine detection using SWV electrochemical technique and showed recoveries of 

96.0 and 114.8%, respectively, representing a good response. Besides the sensitive 

electrochemical detection, the devices presented a low-cost (US$0.12) and good 

reproducibility (RSD 2.56%), essential in POC analysis. 

Furthermore, the fabrication of LSG-based sensors was also reported in the 

literature aiming at wearable sensors application. Wang et al. developed an LSG 

flexible sensor for simultaneous glucose and pH detection 86. The electrodes were 

fabricated using polyimide as a precursor, where a platinum hydroxyethyl cellulose-

based hydrogel was deposited over the polyimide surface using the blade coating 

method. After the precursor material preparation, an one-step direct laser-scribing was 

applied to the surface using a CO2 laser to generate the electrodes system. The non-

carbonized hydrogel was removed from washing using ultrapure water.  One of the 

sided electrodes was modified using Ag/AgCl paste to become the reference 

electrode, PANI (polyaniline) was electrodeposited on the first working electrode to 
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obtain a sensible pH sensor, and using the drop-casting technique GOx was 

immobilized on the second working electrode, using Nafion as a permselective 

membrane to obtain a glucose selective electrode. After being prepared, the dual 

electrochemical sensor was applied to analyze glucose and the pH in the human sweat 

during physical exercise. The results showed a low LOD of 0.23 μmol L-1 for glucose 

quantification using the amperometry technique and a highly sensitive (72.4 mV/pH) 

in the linear range of pH 4–8 for the pH determination using potentiometry. 

Furthermore, the device presented good reproducibility, biocompatibility, stability, and 

flexibility, also the interference effect test presented a good response. Thus, a flexible 

printed circuit board was coupled to the device to make the entire wearable platform a 

miniaturized system. 

 Vivald and coworkers also developed a wearable sensor using an LSG device 

87. The device was fabricated using polyimide as a precursor and a CO2 laser to detect 

different molecules in human sweat collected through a paper sampler coupled to the 

device. Characterization of the fabricated carbon-based materials showed a better 

electrochemical response for the reported analyses when using porous LSG structure. 

After the fabrication of the device, a sheet of adhesive medical polyurethane (PU) was 

put over the sensor leaving only the electrical contact exposed. With the bare 

electrode, both uric acid and tyrosine were detected using electrochemical oxidation, 

and a modification on the working electrode surface was applied using indoaniline 

derivative [4-((4-aminophenyl)imino)-2,6-dimethoxycyclohexa-2,5-dien-1-one] to 

provide selective pH measurements. The multifunctional sensor was tested on-body 

during exercise and presented great responses. Moreover, cytotoxicity analyses were 

performed, showing good biocompatibility and the viability of applying the LSG 
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wearable sensor on the skin, besides the numerous advantages of using the laser-

scribing technique for fully laser-manufactured devices. 

One of the advantages of the laser-scribing approach would be the controlled, 

direct, and in-situ synthesis of conductive carbon domains with adequate 

electrochemical reactivity. More developments in this area would simplify and speed 

up the fabrication and applicability of laser-scribing electrochemical-based devices, 

providing the community with new technology.  

 

1.3. Wearable sensors 

  

Recently, this other portable analytical device called wearable sensors, 

consisting of sensors coupled on-body directly, has attracted considerable interest in 

the real-time monitoring of patients undergoing treatment, health risk, performance, 

and nutrition markers 88. Compared to analyses carried out in the laboratory, these 

devices can be used to monitor health conditions besides control diseases, without 

needing sophisticated apparatus, trained technicians, or sophisticated laboratory 

facilities 89. In this perspective, the electrochemical detection methods also have been 

widely applied in this case due to the facility of devices miniaturization, fast response, 

and the possibility to attain lower limits of detection. This is essential for the 

measurement of important biomarkers since it usually exists in low concentrations in 

non-invasive body fluids (sweat, saliva, tears,etc.) 88–90. 

Wearable sensors are divided into minimally invasive and non-invasive ones, 

depending on which body fluid is used for monitoring the molecule of interest 91. For 

example, different wearable sensors for monitoring the markers contained in sweat 
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using a non-invasive way have been reported, including temporary tattoos, epidermal 

patches, clothes-based sensors, and various accessories. Among analytes present in 

the sweat are glucose, lactate, alcohol, uric acid, tyrosine, sodium, potassium, 

chloride, and cortisol, where the concentration could be directly correlated to those 

observed in the blood 91.   

Another body fluid for non-invasive measurements using wearable sensors is 

saliva. Mouthguards, implantable teeth, dental adhesives, and devices outside the 

mouth have been developed in this case. Nonetheless, the use of this body fluid can 

be challenging for long-term measurements due to the interference caused by food 

ingestion, the difficulty of maintaining the sensor over an extended period inside the 

mouth, the biocompatibility of the device, and the sensor surface fouling induced by 

the number of macromolecules present in saliva 88. Tears, on the other hand, are a 

less complex fluid that contains a lower number of proteins limiting analyses to fewer 

molecules when compared to the other body fluids. For this reason, this approach has 

been interesting for analytes with a low molecular weight where devices such as 

contact lenses, fluidic channels for insertion in the tear canal, and a fluidic sensor 

coupled in an eyeglass have been used for the detection 88. 

Lastly, interstitial fluid (ISF) is one of the most attractive mediums to perform 

analysis in the biomedical field due to its similarity with blood composition 92. Thereby, 

to have access to this fluid, usually, two methods are applied: Reverse iontophoresis 

(RI) or epidermal microneedles devices 88. The first one consists of the application of 

an electrical current on the skin using two electrodes, which causes the ions migration 

from the inside to the outside skin leading either to the migration of small non-charged 

molecules, such as glucose 93. However, this method can imply a dilution of the 
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analyte’s real concentration due to paracellular diffusion, besides the possibility of 

contamination with skin sweat 91. 

The second method, epidermal microneedles, although considered a minimally 

invasive method, allows the combination of different microneedle sensors in a single 

array leading to multiple analyses. Moreover, the microneedles enable access to the 

outer skin layer, and consequently the ISF, with no pain for the biomarkers monitoring 

94. 

 

1.3.1. Microneedles  

Microneedles are used for sensor applications, cosmetics, and therapeutic 

purposes, such as drug delivery. However, herein, we will focus on microneedle 

electrochemical sensors. These devices can be fabricated using different materials, 

such as polymers, silicon, metal, ceramics, hydrogels, and glass, the variety of 

configurations depends on the application 95. For transdermal detection, the most used 

microneedles are both hollow and solid microneedles, although there are also other 

classes, including dissolvable, coated, and porous microneedles 96. 

Solid and hollow microneedles can be fabricated using a mix of microfabrication 

processes (photolithography, deep reactive ion etching, wet etching, and plasma-

enhanced chemical vapor deposition) 96–98, drawing photolithography 99, micromolding 

100 or 3D printing 101 techniques. Microfabrication processes, micro-molding, and 

photolithography, for example, provide high repeatability and high resolution to 

produce microneedles using different materials. However, it consists of high-cost and 

time-consuming techniques. On the other hand, in the 3D printing technique, the 

software can be used to design the object, divide it into a bunch of digital slices, and 



45 
 

to be printed in the 3D printer. In this case, the most used materials are hydrogel, 

plastic, metal powder, and resin, leading to a low-cost technique, although its 

resolution is still an issue to be improved 96. 

A solid electrochemical microneedle example is represented in Figure 4A. 

Usually, the microneedles are modified pos-fabrication for electrochemical 

applications if the precursor material is not conducive 102. Noble metals are metalized 

over the microneedle surface using e-beam evaporation and sputtering techniques. 

Furthermore, a biorecognition modification layer is also used to improve specific 

interaction between the electrode surface and the analyte 96. The solid microneedles 

are easy to use and produce. In addition, they can be reused 103.  However, 

biorecognition layer modification is more exposed in this microneedle kind which can 

lead to the leaching of the recognition biomaterial. 

Hollow microneedles can also be fabricated using the same techniques used to 

produce the solid ones, as listed previously. Those needles are hollow and can be 

filled using different materials, such as metal wires, nanostructured materials, and 

carbon paste 102. An example of hollow microneedles is represented in Figure 4B 

before and after being packed with a conductivity material for being applied as an 

electrochemical sensor. This example presents a hollow microneedle for apomorphine 

monitoring, a therapeutic drug used in Parkinson’s management 104. In this case, the 

hollow microneedles were packed with carbon paste to obtain a three-electrode 

system, where the working electrode was modified with rhodium nanoparticles and 

Nafion. The electrochemical oxidation of the apomorphine drug generates the signal 

response according to the drug concentration in the medium, which was also tested in 

a skin mimic environment. Hollow microneedles are not as simple as solid ones due 
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to the connections needed between transducer materials inside the hollows and the 

electrical connections in the back of them 96. However, they can better store the 

materials after modification and allow packing inside microneedles materials such as 

carbon paste base, which are difficult to use in solid microneedles due to leaching. 

 

Figure 4 - A) Schematic representation of the skin layers, a solid microneedle device 
in the dermal interstitial, and a simple representation of data collected and transmitted 
to a phone. Adapted from 105. B) Schematic representation of a hollow microneedle 
filled with a conductor material (carbon paste) to provide an electrochemical sensor 
for apomorphine drug monitoring. The microneedle is also represented before and 
after being packed with the conductive material, adapted from 104. 

 

 

1.3.2. Health risk markers monitoring 

First, wearable sensors' development focused on monitoring simple markers, 

such as metabolites and electrolytes. However, monitoring more complex biomarkers 
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(hormones and proteins) using these platforms has emerged recently due to the 

possibility of controlling essential diseases and their earlier diagnoses 106. The 

pioneers in this category are the wearable sensors for monitoring glucose levels in the 

body fluids of Diabetics patients 107. Nevertheless, the interest in developing wearable 

sensors for non-invasive glucose measurements is still extensive and necessary in 

this area 108. Muamer Dervisevic and coworkers developed a high-density silicon 

microneedle for glucose monitoring due to the material's biocompatibility, high rigidity, 

and mechanical strength 108. It improves skin penetration with no breaking needles 

and accumulation of the material inside the skin, which prevents unwanted immune 

responses or health problems. The solid microneedles were coated with a thin layer 

of gold and modified using ferrocene-cored poly(amidoamine) dendrimers [Fc-

PAMAM], which is a redox mediator and the glucose oxidase as a bioreceptor; when 

tested in mice, the device presented a great response corresponding to glucose blood 

concentration measured using a glucometer 108. 

In addition, there are other exciting diseases markers, such as cholesterol 109, 

cortisol for chronic stress monitoring as a biomarker of depression 110, dopamine 

monitoring as a Parkinson’s disease marker 111, nitrotyrosine monitoring as a 

biomarker for neurodegenerative diseases 112, essential proteins biomarkers for early 

diagnosis of aggressive diseases such as cancer 113, among others.  

As of today, only a handful of studies have shown the application of wearable 

sensors in detecting molecules that do not correspond only to simple metabolites and 

electrolytes. Yang and coworkers, for example, developed in 2019 a wearable 

electrochemical sensor for detecting and quantifying low concentrations of uric acid 

and tyrosine in sweat 114. These biomarkers are associated with gout disease and 

metabolic disorders, respectively. A microfluidic and flexible device was fabricated 
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using the laser-scribing technique to carbonize a polyimide sheet to obtain the 

conductive tracks for electrochemical detection. In addition, double-sided adhesives 

were used to manufacture the microfluidic channels, which are essential for the 

constant measurements of the analytes. The device presented great potential for 

application in the personalized monitoring of uric acid and tyrosine on sweat 114. 

In another work, Goud and collaborators developed a wearable sensor to detect 

Levodopa (L-Dopa) for effective Parkinson’s disease management 115. In this case, a 

microneedle sensor was used to fabricate a minimally invasive system for continuous 

electrochemical detection. The measurements were performed in interstitial fluid, and 

the hollow microneedle was fabricated using polymer material and a microfabrication 

system. The devices demonstrated an excellent performance for the wearable sensor 

application in quantifying Levodopa, a drug used in Parkinson’s disease, to optimize 

the personalized required dose of the drug in the medical treatments 115.  

In addition, a wearable microneedle sensor was also proposed by Samuel M. 

Mugo and coworkers for simultaneous pH and cortisol detection in sweat aiming at 

stress monitoring 116. This device was obtained using conductive microneedle 

polydimethylsiloxane (PDMS) flexible substrate modified by printing layer by layer 

(LbL). The pH detection chamber was modified using polyaniline (PANi), whereas the 

cortisol detection chamber was modified using molecularly imprinted polymer (MIP). 

The final wearable sensor was tested for in-situ and ex-situ monitoring of real human 

sweat samples for accurate simultaneous detection of pH and cortisol 116. 
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1.3.3. Therapeutic drugs monitoring 

 

Besides biomarkers monitoring, wearable sensors have been developed for 

therapeutic drug monitoring in body fluids. This provides benefits such as patient-

specific dose optimization and monitoring the dynamic changes of the drug inside a 

patient’s body. The drug distribution on body fluids depends on its pharmacokinetics, 

which will lead to the choice of the fluid to be analyzed, and, consequently, the kind of 

device to be used 91. Nonetheless, the Interstitial fluid  (ISF) has attracted attention 

and demonstrated a good correlation with blood for small drug molecule concentration 

117. However, limited therapeutic drugs have been studied and reported in ISF 91. For 

example, Rupesh Kumar Mishra and collaborators developed a hollow microneedle 

sensor array for fentanyl and organophosphate (OP) nerve agent detection in ISF 118. 

Fentanyl is used as an analgesic and, together with other drugs for anesthesia, 

besides being an opioid even more potent than morphine. Due to the similarity of the 

effects, it is difficult to distinguish opioid overdose and nerve agent poisoning, which 

leads to the importance of fentanyl and OP detection on a single patch platform. In this 

work, carbon paste was used as a transducer for a non-enzymatic platform, and a 

study was performed in a skin-mimicking phantom gel, demonstrating the device's 

suitability for on-body dual sensing.  

Goud and coworkers developed a hollow microneedles device for apomorphine 

monitoring in ISF, a therapeutic drug used in Parkinson’s disease control 104. The 

microneedles were packed with carbon paste to obtain a three-electrode system, 

where the working electrode was modified with rhodium nanoparticles and Nafion, and 

the reference electrode Ag/AgCl based. The electrochemical signal was generated by 

the electrochemical oxidation of the apomorphine, where the signal is proportional to 
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the drug concentration in the medium. The device presented a good linear correlation 

and LOD. It was tested in phantom gel as a skin mimic environment, showing attractive 

analytical performance in this medium, consequently, a powerful candidate for being 

used in the skin.  

Although different types of wearable sensors have been developed using a 

diversity of techniques for monitoring health risk markers, therapeutic drugs, and 

others, detecting analytes present in the boby in extremely low concentrations is still 

a challenge. Furthermore, the development of multiple-tasking platforms is needed to 

combine sensing, processing, communication in the same place. And using these 

devices for daily application requirements leads to a mass production need where 

disposable and low-cost chemical sensors are ideal in this case 119. 
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CHAPTER 2 

 

In this chapter, we proposed fabricating a portable electrochemical device on 

non-conductive phenolic paper using this substrate as an alternative polymer platform. 

The devices were obtained using the CO2 laser-scribing technique as a simple, low-

cost, and easy method to fabricate portable devices. A conductive carbon-based 

material was observed after the polymer carbonization, and the tracks were 

characterized using Raman spectroscopy, XPS, XRD, SEM, and EIS techniques. A 

porous structure with graphene-like domains was noticed, presenting a predominance 

of carbon double bonding (sp2) after the photo-thermal process induced by the CO2 

laser radiation, which, combined with an electrochemical treatment, provided an 

excellent conductivity and low charge-transfer resistance to the obtained material. The 

devices were fabricated containing a three-electrode system for electrochemical 

applications and also presented physical stability, besides the great reproducibility and 

repeatability. They also showed great potential for on-site analytical applications 

achieving better performances than conventional carbon electrodes. 

This work has been published in journal Carbon (Volume 159, Pages 110-118, 

2020, DOI: 10.1016/j.carbon.2019.12.016) and counted with the help of Professor Dr. 

Abner de Siervo, who has contributed to the XPS data analysis and Professor Dr. 

William Reis de Araujo who has helped in experimental suggestions and discussions. 
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2.1. Introduction 

 

As mentioned above, the laser-scribing technique has been emerging as a low-

cost, scalable, and interesting fabrication method of a conductive carbon-based 

material (LSG) for electrochemical devices 48,120. This leads to the search for different 

and alternative precursor platforms, including paper and mainly polymeric ones, which 

have in common flame retardancy, high-temperature resistance, or thermoplastic 

materials, to guarantee the LSG formation 121.  The use of distinct platforms can 

guarantee different properties for the obtained device and carbonized material, 

depending on the application. 

One of the materials mentioned in the literature for LSG obtention is the 

phenolic resin, a heat-resistant polymer that is  either thermosets or thermoplastic 63. 

This material has been widely used to fabricate carbon composites and activated-

carbon materials for different 122,123 applications. However, the fabrication process 

evolves severe conditions such as a controlled atmosphere and very high temperature 

122. Zhang and collaborators have explored an alternative method by carbonizing the 

material and applying the laser-scribing technique. They have used phenolic resin to 

fabricate new electrochemical devices on various revested substrates 63. Unlike 

polyimide, a common polymer used for LSG obtention, the phenolic resin can be easily 

synthesized with distinct properties, using phenols and formaldehyde, besides the low 

cost 124. This work showed that the carbon-based material obtained from the 

carbonization of phenolic resins generated a porous structure with low resistance and 

great applicability as an electrochemical sensor as well 63. 

In this chapter, we propose using another alternative material, phenolic paper 

(Figure 5), in the LSG fabrication. This material consists of a tough board made of 
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wood fiber and phenolic resin applying heat and pressure 125. It is usually used as a 

platform to print circuit boards due to its properties, such as good electrical insulation, 

dimensional stability with temperature variation, and good mechanical strength, 

besides the facility to manufacture and the low cost. It can also be applied in 

automotive, industrial control, medical, and others 126. 

 

Figure 5 – In brown, the phenolic paper is represented as a platform for a circuit board. 
 

 

 

Considering the low cost and the format of the tough board, which can easily 

be bought or recycled from used systems, we proposed the fabrication of a new 

electrochemical sensor. We developed the electrochemical device using a single-step 

CO2 laser-scribing method on a phenolic paper platform as a simple and scalable way 

to fabricate carbon-based electrochemical sensors. This leads to the possibility of an 

electrochemical sensor obtention directly coupled with an electrical circuit board, such 

as a miniaturized potentiostat system. Moreover, as already discussed, although 

paper platforms are another interesting material for the fabrication of portable 

electrochemical sensors, the use of paper-based devices exhibits some drawbacks, 
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such as physical and mechanical resistance and stability, besides the wettability of the 

substrate, which could compromise the handling and performance for in-field analysis 

17. Thus, phenolic paper, as a polymeric material, could be an alternative substrate for 

developing these devices. 

Herein, estradiol or the so-called β-Estradiol hormone (E2) was used to 

evaluate the fabricated devices' electrochemical performance. This steroid is known 

as the main female sex hormone, and although it is present at higher levels in women, 

it plays also an important role in males. The excess of this compound in human bodies 

can cause serious damage, such as congenital malformation in children, male fertility 

problems, breast and prostate cancer, or sexual disorders, and the development of 

abnormal thyroid function in animals 127.  

The main source of this hormone in the environment is generated by human 

activities, and this pollutant can be found in higher concentrations in aquatic mediums 

128,129. Therefore, new detection methods without sample pretreatment necessity for 

simple and fast E2 quantification have been investigated 130,131, and in this regard, 

electrochemical methods have attracted attention 132. The E2 chemical structure is 

presented in Figure 6, and its electrochemical oxidation is usually observed in carbon-

based sensors, which is ideal for evaluating the electrochemical performance of the 

laser-scribing carbon-based fabricated sensor in river water samples. 

 

Figure 6 – β-Estradiol molecule chemical structure. 
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2.2. Materials and methods 

2.2.1. Reagents and materials 

 

The phenolic paper (printed circuit boards) were obtained from Pertech in Brazil 

(São Bernardo do Campo, Brazil). Before being used, these boards were cleaned with 

water and detergent, rinsed with deionized water, and dried at room temperature 

(25°C). All reagents used were analytical grade without the need for any prior 

purification. The solutions were prepared by dissolving the reagents in appropriate 

electrolytes and deionized water (Direct-Q® 5 Ultrapure Water Systems, Millipore, MA, 

USA). The potassium ferricyanide (K3[Fe(CN)6]), potassium chloride (KCl), acetic acid, 

boric acid, acetonitrile, and sodium hydroxide (NaOH) were obtained from Merck 

(Darmstadt, Germany). Phosphoric acid, hexaammineruthenium(III) chloride 

([Ru(NH3)6Cl3]), and β-Estradiol (98%) were obtained from Sigma-Aldrich (St. Louis, 

MO, USA). In addition, the silver ink was purchased from Joint Metal Comercio LTDA 

(Diadema-SP, Brazil). The Britton-Robinson buffer solution was prepared by mixing 

0.1 mol L-1 acetic acid, boric acid, and phosphoric acid each, where a concentrated 

NaOH solution was used to adjust the pH values from 2.0 to 12.0. 

 

2.2.2. Devices fabrication 

 

2.2.2.1. Fabrication 
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Initially, the devices based on phenolic paper platforms were fabricated using 

the laser-scribing method to obtain a three electrodes system on the substrate, as 

shown in Figure 7. 

 

Figure 7 – Representation of the device’s fabrication process and the dimensions of 
the electrodes (working (WE), counter (CE), and reference electrodes (RE)). 

 

 

A CO2 cutting laser machine from Work Special Laser (wavelength of 10.6 pm 

and a pulse duration of approximately 14 μs) was used for the fabrication process. The 

laser parameters were optimized: 7.5–10%, speed 4.0–12.0 mm s −1, and Z distance 

(focal distance) 8.0–14.0 mm under ambient conditions. The optimal conditions were 

8.8% (~2.1 W), 8.5 mm s−1, and 12.0 mm. The three electrodes system was drawn 

using the equipment's software, and the electrodes' dimensions are shown in Figure 

7.  

Subsequently, silver ink was applied over the electrode contacts and the 

reference electrode to ensure the electrical connection and form a pseudo silver 
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reference electrode, providing electrochemical stability. Finally, Silicone glue (Tek 

Bond- transparent silicone sticker) was used to delimit the electrochemical reaction 

area, protecting the electrical contacts from contacting the electrolyte, where only 500 

mL of solution is needed for the electrochemical measurement. 

The optimization of the laser conditions for the electrode fabrication was 

evaluated using electrochemical characterization by obtaining electrodes under 

different conditions of power, speed, and Z distance. Electrochemical measurements 

were performed in 1.0 mmol L-1 hexaammineruthenium(III) chloride and 1 mol L -1 KCl, 

using the cyclic voltammetry technique from 0.0 to -0.4 V and scan rate of 20 mV s-1. 

For this purpose, an Autolab potentiostat PGSTAT128N (Eco Chemie, Utrecht, The 

Netherlands) was used coupled with the NOVA 1.11 software. 

 

2.2.2.2. Electrochemical treatment 

 

An electrochemical treatment was applied to ensure better electrochemical 

performance of the devices. The treatment conditions were optimized using positive 

and negative potential ranges in 1.0 mol L-1 KCl electrolyte solution, also varying the 

period. First, the potential range was studied using cyclic voltammetry, applying ten 

cycles at 20 mV s-1 and different potential ranges (from -0.4V to 0.8V, or 0.0 to 0.8 V, 

or 0 to -0.4 V). After a potential range was chosen, and using the chronoamperometry 

technique, different potentials (0V, -0.4, -1.0, -1.5V) were applied during 30 s in 1.0 

mol L-1 KCl. Finally, the electrochemical treatment time was optimized using 0V and 

varying the time to 30, 60, 90, and 120 s.   

Cyclic voltammograms were obtained in 1 mmol L-1 potassium ferrocyanide as 

a redox probe and 1.0 mol L-1 KCl as electrolyte solution with voltage potential ranging 
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from 0.7 to -0.2 V, and a scan rate of 20 mV s-1, to evaluate the quality of the 

electrochemical treatments applied on the devices. Then the defined conditions were 

the application of -1.0 V for 60 s in 1.0 mol L-1 KCl solution. Furthermore, the treatment 

quality was followed over the days to observe the duration. 

 

2.2.3. Physical, chemical, and electrochemical characterizations of the 

material 

 

The material was characterized before and after carbonization, with and without 

electrochemical treatment, using physical, chemical, and electrochemical techniques. 

All the electrochemical measurements were obtained using a potentiostat and the 

NOVA 1.11 software. For electrochemical characterization, only the conductive 

surfaces were characterized using cyclic voltammetry in 1 mmol L-1 potassium 

ferrocyanide and 1mol L-1 KCl from 0.7 to -0.2 V, varying the scan rate from 2 to 500 

mV s-1. The EIS plots were recorded in a mixture of 1 mmol L-1 potassium 

ferricyanide/ferrocyanide with frequencies between 105 and 10-1 s-1 for a sinusoidal 

signal applied using a typical open circuit potential (OCP) of 0.22 V and 10 mV 

amplitude at ambient temperature. 

The morphology of the samples was characterized using TEM (Jeol JEM 2100 

equipment) and SEM images (Jeol J6360 LV in secondary electron mode (ETD 

detector)). The sample preparation for TEM characterization was carried out by 

scraping off the laser-scribed material and dispersing it in chloroform solution to be 

transferred onto a C-flat TEM grid. Top-of-view and cross-section images were 

obtained using the SEM, and the film dimensions were measured using ImageJ 

software. The interlayer distance was obtained from the X-ray diffraction (XRD) 
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patterns (using a diffractometer Shimadzu XRD7000 Diffractometer with Cu Kα 

radiation of 1.54 Å. Parameters: voltage of 40 kV, current of 30 mA, scan speed of 

1.00 deg/min and a 2 theta range of 5º - 90º) by Bragg's law: 

 

2𝑑 sin 𝜃 = 𝑛𝜆 

 

Where 𝑑 is the interlayer distance, θ is the scattering angle, 𝜆 is the incident 

wavelength, and 𝑛 is the number of 𝜆. Moreover, the TEM images also estimated the 

interlayer distance to compare values. 

 Raman spectra were obtained using a (Horiba Scientific T64000, spectrometer 

equipped with an objective lens with 100 x magnifications. Parameters: green laser 

with a wavelength of 532 nm and a power of 22 mW, integration time of 30 s, and 3 

accumulations). Whereas the XPS analyses were conducted using a SPECS Phoibos 

150 hemispherical analyzer with multi-channeltron detection, the Mg Kα radiation was 

maintained at a constant energy mode of 10 eV pass energy. Lastly, contact angle 

measurements were collected using a goniometer couple in a home-built apparatus. 

The measurements were obtained using a 10 µL drop of deionized water (after drop 

stabilization) under the non-carbonized, carbonized, and electrochemically treated 

material. The captured images were treated using ImageJ software, whereby the 

contact angle between material/water interfaces was calculated. 

Reproducibility and repeatability of the electrochemical devices were studied 

using electrochemical measurements and expressed in % RSD. Cyclic 

voltammograms were recorded in potassium ferricyanide as a redox probe (1 mmol L-

1 ferrocyanide + 0.1 mol L-1 KCl at 20 mV s-1, from 0.7 to -0.2 V) using ten different 

fabricated electrodes, for reproducibility, or fifty measurements in the same electrode, 
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for repeatability. After, the RSD values were calculated from the variation in the Ip of 

the obtained cyclic voltammograms. Additionally, using the same approach and 

conditions, cyclic voltammetry was used to evaluate the durability of the 

electrochemical treatment in the electrodes over 21 days and expressed in %RSD 

(Relative Standard Deviation). The measurements were obtained using 

electrochemically treated and non-treated electrodes stored in ambient conditions. 

Also, the storage of the electrochemically treated electrodes in 0.5 mol L-1 sulfuric acid 

was evaluated. 

 

2.2.4. Analytical application 

 

The electroanalytical performance of the devices was evaluated using estradiol. 

First, the voltammetric profile of the hormone in 0.1 mol L-1 Britton-Robinson buffer 

solution pH 6.0 was observed using the cyclic voltammetry before and after the 

electrochemical treatment. The voltammograms were recorded in the presence and 

absence of 50 µmol L-1 estradiol diluted in the buffer solution, from 0.2 to 0.7 V, using 

a scan rate of 20 mV s-1.  

The study of the pH variation on the estradiol electrochemical oxidation 

response using the fabricated devices was observed by cyclic voltammetry. The 

measurements were carried out varying the pH values from 2.0 to 12.0 in 0.1 mol L-1 

Britton-Robinson buffer, containing 50 µmol L-1 estradiol, from -0.2 to 1.0 V, at a scan 

rate of 20 mV s-1, at room temperature. 

Finally, the electrochemical quantification of the estradiol was performed using 

differential pulse voltammetry (optimum step and amplitude values of 10 mV and 80 

mV, respectively) and a concentration range from 0.10 to 1.0 µmol L-1 estradiol in 0.1 
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mol L−1 Britton-Robinson buffer (pH = 6.0), from 0.2 to 0.8   V. The recovery tests were 

performed by spiking   10   and   30 µmol L−1 estradiol into river water, where the 

sample was used as received and diluted 1:1 (v/v) in 0.1 mol L−1 Britton-Robinson 

buffer (pH = 6.0) before the analysis. 

 

2.3. Results and Discussion 

2.3.1. Electrochemical material characterization 

 

First, the laser-scribing fabrication of the new material, using phenolic paper as 

the platform, was optimized using the cyclic voltammetry technique. 

Hexaammineruthenium (III) chloride was employed as a redox probe to evaluate the 

electrochemical responses obtained from different fabricated materials by varying the 

CO2 laser conditions. The power, scan rate, and Z-distance of the laser machine were 

varied one by one, where the Z-distance parameter represents the focal distance 

between the laser tip and the platform. The parameters variation ranges were from 7.5 

to 10 %, 4.0 to 12.0 mm s-1, and 8.0 to 14.0 mm, respectively, for the power, scan rate, 

and Z-distance. The cyclic voltammogram responses are observed in Figure 8, where 

the typical electrochemical behavior expected for hexaammineruthenium (III) chloride 

in carbon-based electrodes is noticed. From these results, the cathodic current peak 

(Ip) values were obtained, and the Ip vs. laser power, Z-distance, and scan rate plots 

showed in Figure 8 (d), (e), and (f).  Using these plots, it is easier to observe the 

responses with the variation of each laser parameter, where the electrochemical 

process presented a higher cathodic current peak in certain conditions.  
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Figure 8 – Cyclic voltammograms of laser-scribed electrodes in 1 mmol L-1 
[Ru(NH3)6]Cl3 at 20 mV s-1 with a potential range from 0.0 to -0.4 V for different laser-
scribing conditions of (a) laser power, (b) Z-distance and (c) scan rate. The Ip vs. (d) 
laser power, (e) Z-distance, and (f) scan rate plots for the cathodic process of 
[Ru(NH3)6]Cl3 obtained from the cyclic voltammograms in (a), (b), and (c). 
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The results showed that the phenolic paper was turned into a conductive 

material after laser-scribing. In parallel, the electrical resistance was also measured, 
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using a multimeter, for the obtained carbonized track in each condition. The results 

are presented in Table 1.  

 

Table 1 – Optimization parameters for laser-scribing fabrication of the devices 
 

Scan rate: 8.5 mm s-1 

Z-distance: 10 mm 

Scan rate: 8.5 mm s-1 

Power: 8.8 % 

Z-distance: 12 mm 

Power: 8.8 % 

Power  

% 

Resistance 

Ω cm-2 

Z-

distance 

mm 

Resistance 

Ω cm-2 

Scan rate 

mm s-1 

Resistance 

Ω cm-2 

7.5 154 ± 1 

 

8 

 

68 ± 1 

 

4 

 

64 ± 6 

 

8.0 84 ± 13 10 

 

56 ± 2 

 

6 

 

49 ± 1 

 

8.5 64 ± 1 

 

12 

 

41 ± 1 

 

8 

 

55 ± 4 

 

8.8 56 ± 2 

 

14 41 ± 1 8.5 

 

41 ± 1 

 

9.0 47± 3 

 

  10 

 

52 ± 3 

 

9.5          37 ± 1 

 

  12 59 ± 1 

10.0 

 

33 ± 1     
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The optimized conditions for laser-scribing electrode fabrication were chosen in 

a compromise between the electrochemical response observed in Figure 8 and the 

lower electrical resistance observed in Table 1. Therefore, the better-obtained 

conditions were laser power of 8.8 %, scan rate of 8.5 mm s-1, and Z-distance of 12.0 

mm. It is important to highlight that although the use of higher powers lead to materials 

with lower electrical resistances, it comprises the mechanical resistance of the 

material.  The electrical resistance of the carbonized tracks in the optimized condition 

was around 40 Ω cm-2 and was often used to verify the reproducibility of the material 

during the fabrication process.  

After optimizing the conditions, the obtained material was also electrochemical 

characterized using another redox probe, potassium ferrocyanide, which is more 

sensible to carbon materials surfaces than hexaamineruthenium (III) chloride. 

Potassium ferrocyanide is an inner-sphere electrochemical redox probe; in other 

words, in this compound, the electron transfer occurs through the ligands present 

around the metallic ion of the complex on the electrode surface. Thereby, the electron 

transfer, in this case, is also dependent on the electronic structure and the electrode 

surface of the carbon material, such as the edge plane like-sites and the oxygenated 

species 133,134.  On the other hand, for the hexaamineruthenium (III) chloride, which is 

an outer-sphere redox probe, the electron transfer depends only on the electronic 

structure of the carbon material since this process occurs directly between the 

electrode and the oxidant or reductant specie.  

The electrochemical characterization of the electrode using potassium 

ferrocyanide is presented in Figure 9 - A).  
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Figure 9 – A) Cyclic voltammograms of optimized laser-scribed electrodes in a mixture 
of 1 mmol L-1 ferricyanide/ferrocyanide at 20 mV s-1 with a potential range from 0.7 to 
-0.2 V for carbonized and electrochemically treated material. B) Electrochemical 
impedance spectroscopy (EIS) at frequencies between 105 and 10-1 s-1 with a 
sinusoidal signal applied using a typical open circuit potential (OCP) of 0.22 V and 10 
mV amplitude in a mixture of 1 mmol L-1 ferricyanide/ferrocyanide + 0.1 mol L−1 KCl 
for carbonized and electrochemically treated material. Inserted the zoom plot of 
electrochemically treated electrode measurement. C) Cyclic voltammograms of 
electrochemically treated electrode in 1 mmol L-1 ferricyanide + 0.1 mol L−1 KCl at 
different scan rates (2, 5, 10, 15, 20, 30, 40, 50, 75, 100, 150, 200, 300, 400, 500 mV 
s-1). Inserted the logarithm plot of the anodic process current peak versus the logarithm 
of the scan rate. 
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For the carbonized material, the cyclic voltammetry showed a low background 

current in the absence of ferrocyanide, while in ferrocyanide, oxidation, and reduction 

peaks were observed, demonstrating a typical electrochemical behavior for this redox 

probe. However, the peak-to-peak separation is noticed 142 mV, and the 

voltammogram profile is poorly defined. To enhance the electrochemical performance 
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of the device, the application of an electrochemical treatment was studied. The cyclic 

voltammogram of the device in potassium ferrocyanide after electrochemical treatment 

demonstrated better reversibility of the electrochemical signal with a decrease of peak-

to-peak separation value to 73mV, besides better-defined peaks with a higher current 

signal (sensibility).  

To define the better condition, the potential and duration of the electrochemical 

treatment were optimized. First, the electrochemical treatment was applied using 

cyclic voltammetry in 1 mol L-1 KCl medium to study the best potential range. Three 

different potential’s range were chosen: from -0.4V to 0.8V, from 0.0 to 0.8 V, or from 

0 to -0.4 V. The electrochemical performance of the treated devices was also 

evaluated using cyclic voltammetry in ferrocyanide, as a redox probe and observed in 

Figure 10 - A).  

 

Figure 10 –– Cyclic voltammograms of laser-scribed electrodes in 1 mmol L-1 
ferrocyanide + 0.1 M KCl (20 mV s-1, from 0.7 to -0.2 V). B) Electrochemical treatment 
applying fixed negative potentials of 0V, -0.4, -1.0 or -1.5V for 30s (Electrochemical 
treatment: chronoamperometry in 0.1 KCl solution). C) And electrochemical treatment 
time optimization applying -1.0V for 30, 60, 90 or 120s (Electrochemical treatment: 
chronoamperometry in 0.1 KCl solution).  
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In Figure 10 - A) it is possible to observe that the treatment applying negative 

potentials presented better results than the others, where the electrochemical 

performance of the treated devices in this condition showed a typical reversible 

(Nernstian) electrochemical process. Thus, this potential range was chosen to perform 

the electrochemical treatment.  

After choosing the potential range, the chronoamperometry technique in 1 mol 

L-1 KCl medium was also used to analyze the best potential to apply during the 

electrochemical treatment. Different potentials (0, -0.4, -1.0, -1.5V) were applied 

during 30 s, and the treated devices' electrochemical behavior were evaluated using 

ferrocyanide, as observed in Figure 10 - B).  The results showed that when applying -

1.0 V during the electrochemical treatment, the electrochemical signal was improved. 

Finally, the electrochemical treatment time was optimized by applying -1.0 V, varying 

the time in 30, 60, 90, and 120s, and the electrochemical responses of the obtained 

devices are presented in Figure 10 - C). In this case, the cyclic voltammograms did 

not show a great variation in the electrochemical behavior of the devices, and the time 

of 60 s was chosen. 

In Figure 9 – B), the EIS of the carbonized material before and after 

electrochemical treatment is observed. This technique was used to investigate the 

material's resistance and to evaluate the effect of the electrochemical treatment on the 

resistance to charge transfer (RCT). The Nyquist diagrams showed a typical semicircle 

profile corresponding to the charge transfer resistance-limiting process at high 

frequencies. From this semicircle, it was possible to obtain the RCT values of 1375 ± 

13 and 69 ± 1 Ω cm2 for the carbonized material before and after electrochemical 

treatment, respectively. With these results, it is possible to observe that the RCT value 

decreased by around 95% when compared with the raw carbonized material in the 
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electrochemically treated material. This RCT value is similar to the typical obtained from 

carbon-based electrodes 135,136, although in this case, a simple, fast and inexpensive 

fabrication method has been used to obtain the devices. 

After the optimization of the electrochemical treatment, cyclic voltammograms 

of the electrode in 1 mmol L-1 ferricyanide were recorded at different scan rates (ν) 2, 

5, 10, 15, 20, 30, 40, 50, 75, 100, 150, 200, 300, 400, 500 mV s-1, as observed in 

Figure 9– C). In this figure, an inset presents a logarithm plot of the anodic current 

peak process (Ia) versus scan rate, often used to distinguish a diffusional 

electrochemical process from an adsorptive one. In this case, the slope of the curves 

is used to determine the nature of the electrochemical process. For the adsorption-

controlled process, the Ia is proportional with υ, which results in a slop of 1.0. In 

contrast, in diffusion-controlled processes, the Ia is proportional with ν 1/2, which results 

in a slope of 0.5 137. A slope of 0.77 was obtained for the data presented here, 

suggesting an adsorption-controlled process, different from the observed for the 

potassium ferrocyanide redox probe in the conventional carbon-based electrodes. 

This can be related to the characteristic of the material surface, which can provide the 

confinement of the electrogenerated species with lower diffusion in the solution, and 

this can give the idea of an adsorption-controlled electrochemical process. 

To better understand the carbon-based material obtained from the laser-

scribing carbonization of the phenolic paper platform, some physical and chemical 

characterizations of the material were also studied and presented below. 
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2.3.2. Physical and chemical characterizations 

 

First, SEM images were obtained to characterize the surface morphology of the 

materials. In Figure 11  is presented the SEM images before and after phenolic paper 

laser-scribing, as well as after electrochemical treatment.  

 

Figure 11 – SEM images at different magnifications of the flat morphology on the a) - 
c) non-conductive phenolic paper and of the porous morphology on the laser scribed 
phenolic paper-based electrodes d) - f) before and g) - i) after electrochemical 
treatment. Cross-section SEM images of the electrochemical treatment laser scribed 
phenolic paper-based electrodes j) - l). TEM images different magnifications of 
organized and amorphous carbon domains on the devices m) - o). 
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Figure 11 – a)-i) illustrate the top of the view and Figure 11 – j)-l) cross-section 

SEM images. And as a complement, TEM images are also observed in Figure 11 – 

m)-o) at different magnitudes. 

In the SEM images, a flat (Figure 11 – a)-c)), and a porous morphology are 

observed for the raw phenolic paper and carbonized surfaces (Figure 11 – d)-i)), 

respectively. The porous structure can be explained due to the high local temperature 

(> 2500 °C) achieved with the incident laser on the phenolic paper surface. This 

process is responsible for the carbonization of the material, which provides gas 

realese and leads to the formation of a porous structure 34. The result corroborates 

with the electrochemical behavior discussed above, which suggested the adsorptive-

controlled process when using the ferrocyanide as an electrochemical redox probe.  In 

this case, the obtained material's porous surface can imply the confinement of 

electrogenerated species on the porous surface. Furthermore, when comparing the 

carbonized material surface before (Figure 11 – g)-i)) and after the electrochemical 

treatment (Figure 11 – d)-f)) no significative differences in the morphology are noticed, 

and, interestingly, at a smaller magnitude, the laser tracks the direction it is observed. 

Finally, the cross-section images illustrated a porous material over the entire length of 

the laser-scribed surface, where the thickness was calculated using the Image J 

software and estimated at (51 ± 8) µm. 

Furthermore, different information can be extracted from the obtained material 

using TEM as another microscopy technique. In the TEM images (Figure 11 – m)-o)) 

the presence of organized carbon domains is observed. These structures are typically 

observed in laser-scribed carbon-based materials 138,139, which are so-called 

graphene-like domains. The interlayer distance was measured from this structure 

presented in the TEM images, obtaining the value of 3.6 Å. The Raman spectroscopy 
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analysis presented in Figure 12 substantiated the presence of the graphene-like 

material. 

 

Figure 12 – Raman spectra of raw phenolic paper, laser-scribed material 
(carbonized), and carbonized material after electrochemical treatment (treated).  
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Characteristic bands (the D band in 1350 cm-1, the G band in 1582 cm-1, and 

the 2D band in 2700 cm-1) are usually present in Raman spectra collected from carbon-

based materials. The G band is related to the vibrations in the plane of sp2 

hybridization carbon bonds. In contrast, the D band is associated with structural 

defects in the material since it is resulted from the vibrational of the hybridized modes 

in the edges, which indicates the disorder in the material structure 140–142. In Figure 12 

the spectrum of the raw phenolic paper did not show any characteristic band. However, 
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the laser-scribed material before (carbonized) and after electrochemical treatment 

(treated) spectra presented D, G, and 2D bands at about 1350, 1580, and 2700 cm-1, 

respectively.  

Another important parameter investigated was the D-peak and G-peak 

intensities (ID/IG) ratio. This parameter is related to the disorder degree of the material. 

Thus, the carbonized material's calculated ID/IG ratio before and after electrochemical 

treatment was 0.88 and 1.00, respectively. These values suggested that the disorder 

degree on the carbonized material after the electrochemical treatment is higher than 

before the treatment. This result can be related to the reduction the oxygen groups on 

the material surface provided by the electrochemical treatment, where a negative 

potential is applied. In this process, some incomplete chemical bonds can be 

generated and possibly cause an increase in material defects. It is well known that the 

heterogeneous electron transfer is fast in the edges 143. Therefore, the materials with 

a higher disorder degree (more defects) present an improvement in the 

electrochemical behavior, which is substantiated by the results observed in the 

electrochemical characterization section. 

Furthermore, in the Raman spectra, the 2D-peak band is more intense for the 

carbonized material before the electrochemical treatment. Differently from the other 

bonds, this one is related to the layers of the carbon material and interlayer interactions 

since it is resulted from D-peak overtone. The 2D band usually gets proportionally 

larger with the increment of the layers 141. Thereby, the 2D-peak band decreases after 

the electrochemical treatment can be associated with the interlayer distancing on the 

material surface due to the insertion of different chemical groups during the process. 

In this case, a smaller number of layers could be penetrated by the Raman 

spectroscopy analyses, and the decrease in the 2D band can be noticed.  
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To investigate the chemical groups and the effect of the electrochemical 

treatment on the material surface, XPS spectra were obtained and presented in Figure 

13.  

 

Figure 13 – High-resolution C1s X-ray photoelectron spectra of (a) non-treated and 
(b) electrochemically-treated laser-scribed electrodes. High-resolution O1s XPS 
spectra for (c) non-treated and (d) electrochemically-treated laser-scribed electrodes.  
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In Figure 13 – a) and b), the high-resolution C1s spectra are observed for 

treated and non-treated materials, respectively. In both cases, a predominant peak is 

noticed around 284,5 eV. This peak is related to the double bonds involving carbon, 

hybridization sp2, which are responsible for the conductivity conferred to the material 

after the carbonization, transforming phenolic paper, a non-conducting material, into a 

conductive material. Furthermore, other peaks are also observed in 285.5, 286.8, 

288.4, and 289.6 eV, and as presented in Table 2, are attributed to the C-C/C-H, C-O, 
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C=O, and O-C=O groups 144–147. For the carbonized material after the electrochemical 

treatment, a significant increase in the intensity of the bands related to C-C/C-H, C-O 

groups (in 285.8 eV and 287.1 eV) was noticed. In contrast, the slight difference 

between the intensity of these two bands also presented a small variation when 

comparing the spectrum of the material before and after the electrochemical treatment. 

 

Table 2 – Fitting peaks for non-treated and electrochemical treated samples obtained 
through C1s XPS data. 

 

Sample Fitting peaks from C1s XPS peaks from 

O1s XPS 

 C=C C-C/C-H C-O C=O O-C=O C-O C=O 

Non-treated 284.5 

eV 

285.5 

eV 

286.8 

eV 

288.4 

eV 

289.6 

eV 

533.3 

eV 

531.8 

eV 

Electrochemi

cally treated 

284.6 

eV 

285.8  

eV 

287.1 

eV 

288.4 

eV 

289.3 

eV 

533.6 

eV 

532.0 

eV 

 

 

From the C1s spectra data, it was also possible to estimate the presence of 

around 36% of the oxygenized-containing functional groups in the carbonized surface. 

In contrast, around 40% of the oxygenated-containing groups compose the material 

after the electrochemical treatment. This increment in the oxygenated-containing 

groups value can be related to the presence of water/moisture in the porous sample 

since the electrochemical treatment is carried out in KCl aqueous solution. The main 

point is that after the treatment, the XPS analyses must be obtained as soon as 
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possible to avoid the change in the surface chemical groups due to the air oxygen 

exposure. This requirement can contribute to the insufficient drying of the samples 

before the analyses, and limiting, consequently, the resolution/distinguishability of the 

fitted peaks. 

Moreover, the high-resolution O1s spectra for the carbonized material before 

and after the electrochemical treatment are presented in Figure 13 – d) and c), 

respectively. The presence of the bands related to C-O and C=O groups is observed 

in 533.3 eV and 531.8 eV. Thus, the quantitative distribution of the oxygenated groups 

on the electrode surface was determined in 26.2% of C=O and 73.8% of C-O groups 

for the carbonized material before the electrochemical treatment. In contrast, after the 

treatment, the composition turned into 21.3% of C=O and 78.7% of C-O groups. This 

result confirms the conversion of the oxygenated groups provided by the 

electrochemical treatment, which corroborates with the Raman data discussed above  

and the material's electrochemical characterization. It is known that a decrease in the 

oxygenated groups on the carbon-based electrode surface promotes  the decrease in 

the material's electrical resistivity 148. Thus, after the electrochemical treatment, a 

decrease in the RCT value was observed by the EIS results. This corroborates with the 

XPS data, and an improvement in the electrochemical performance of the devices was 

observed after the oxygenated groups conversion by the electrochemical treatment. 

It is important to highlight that in the Raman spectra, the decrease of the 2D-

peak band for the electrochemically treated electrodes indicated the increase in the 

interlayer distancing in the most superficial material. This data corroborates with the 

XPS measurements, where the oxygenated groups' reduction could contribute to the 

interlayer distancing in the graphene-like material observed 149. Furthermore, as 
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discussed above, the suggestive co-existence of water/moisture in the porous material 

after the electrochemical treatment can also increase interlayer distancing. 

Complementary, the contact angle images were also obtained for the raw 

phenolic paper, and the carbonized material before and after the electrochemical 

treatment, as observed in Figure 14 – a), b), and c), respectively.  

 

Figure 14 – Contact angles measurements of a) raw phenolic paper, b) laser-scribed 
material before and c) after electrochemical treatment.  

 

 

 

The value measured for the raw phenolic paper was about 70.7 ± 4.9°, showing 

poor wettability in the precursor material. On the other hand, after the carbonization, it 

is possible to notice the dispersion of the water droplet through the carbonized tracks, 

where the contact angle value obtained was around 25.1 ± 2.0°. This pointed out that 

the carbonization of the phenolic paper improved the wettability of the material, which 
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is essential for electrochemical analyses. An even higher wettability was observed for 

the laser-scribed material followed by electrochemical treatment, with a contact angle 

value of (11.8 ± 1.8)°. This could be not only attributed to the different functional groups 

present on the materials’ surface, since it is known that the presence of the oxygenated 

groups on the material surface increases the water affinity 150,151, but to the porous 

morphology of the material responsible for the confinement of water.  

The crystalline patterns of the material were also studied using XDR technique, 

as presented in Figure 15. 

 

Figure 15 – XDR patterns of raw phenolic paper before and after laser-scribing 
(carbonized). 
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The XDR obtained from the raw phenolic paper presented the pattern observed 

in fiber wood 152, which was expected since this platform is mainly maid of cellulose 
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and phenolic resins. In contrast, the obtained material presented a different pattern 

after the carbonization, corresponding to the typically observed in carbon-based 

materials. Two peaks with 2θ maximum at 26.16° and 41.17° were observed, 

corresponding to the (002) and (100) planes. This is due to the obtention of a two-

dimensional material, as was noticed in the SEM and TEM images. Between these 

peaks, the most intense one is the peak with 2θ maximum at 26.16° indicating a high 

graphitization of the material after the carbonization 130,153. From this result, using 

Bragg's law (2𝑑 sin 𝜃 = 𝑛𝜆), the interlayer distance (𝑑) between these (002) planes 

was calculated. The θ is the scattering angle, where 26.16° peak is correspondent to 

2θ, 𝑛 = 1, and 𝜆 is the incident wavelength (Cu Kα radiation with 𝜆 =1.54 Å). Replacing 

all the values in the equation, the 𝑑 found was about 3.7 Å, corroborating with the 

value obtained from the TEM images (3.6 Å). 

 

2.2.3. Reproducibility and repeatability study 

 

The reproducibility and repeatability of the electrochemical performance for the 

treated laser-scribed electrodes were evaluated using cyclic voltammograms recorded 

in potassium ferricyanide as a redox probe. Ten different fabricated electrodes were 

used for the reproducibility measurements. For repeatability, fifty measurements were 

recorded using the same electrode. The obtained data are observed in Figure 16 – A 

and B.  
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Figure 16 – Cyclic voltammograms of laser-scribed electrodes in 1 mmol L-1 

ferrocyanide + 0.1 mol L-1 KCl at 20 mV s-1 with a potential range from 0.7 to -0.2 V. 
A) For ten different fabricated electrodes (reproducibility measurements expressed as 
the RSD = 4.9 %, 𝑛 = 10). Inset: peak current (Ip) vs. 𝑛 plot. B) Fifty measurements in 
the same electrode reproducibility measurements expressed as the RSD = 2.8 %, 𝑛 = 
50). Inset: peak current (Ip) vs. 𝑛 plot. 
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All the values were calculated through the Ip variation, using the anodic 

electrochemical current peak, and expressed in % RSD (Relative Standard Deviation). 

The % RSD obtained values were 4.9 % (n = 10) and 2.8 % (n = 50) for the 

reproducibility and repeatability, respectively. These represented good % RSD values 

when compared to those usually observed for the reproducibility and repeatability in 

the fabrication of electrochemical paper-based devices since RSD up to 5% have been 

reported 154. 

Additionally, cyclic voltammograms were obtained using the same approach 

and conditions to evaluate the electrochemical treatment's durability expressed in 

%RSD. The measurements were obtained using electrochemically treated and non-

treated laser-scribed electrodes over 21 days stored in ambient conditions. Also, the 

storage of the electrochemically treated electrodes in 0.5 mol L-1 sulfuric acid was 

evaluated. The recorded voltammograms are presented in Figure 17. 
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Figure 17 – Cyclic voltammograms of laser-scribed electrodes, over the days, using 
1 mmol L-1 ferrocyanide + 0.1 mol L-1 KCl at 20 mV s-1 with a potential range from 0.7 
to -0.2 V, for A) Electrode without and B) with electrochemical treatment stored in 
ambient conditions.  C) Measurements using electrochemical-treated electrodes 
stored in 0.5 mol L-1 sulfuric acid. Insets show the peak current (Ip) vs. time (days) 
plot, where day 0 is considered the electrode without electrochemical treatment.  
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Figure 17 – A) shows the results for the non-treated laser-scribed electrodes. 

In this case, the electrochemical performance of the electrodes did not show a 

significant variation over the days after being stored in ambient conditions. This 

behavior is noticed in the inset figure (Ip vs. time (days) plot), where the oxidation 

current signal was not high compared to the further results. In contrast, as presented 

above in Figure 17 – B), the cyclic voltammograms obtained from the laser-scribed 

electrodes after the electrochemical treatment presented a higher current signal, as 

observed on the first day of the experiment (day 1). However, this Ip signal decreased 

over the days after storing the electrodes in ambient conditions. And on the last day 

of the experiment, the electrochemical behavior observed was similar to the non-

treated electrodes. This is attributed to the reoxidation of the chemical groups on the 

electrode surface with the exposition of the electrochemical-treated devices to the air.   

Thus, to prevent this oxidative process in the presence of the air over the days, 

the electrochemical-treated electrodes were stored in 0.5 mol L-1 sulfuric acid. The 

cyclic voltammograms obtained in these conditions are reported in Figure 17 – C). The 
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results showed that the electrochemical treatment was conserved for a longer period 

when using the storage in sulfuric acid due to the oxidation delayed by the ambiance 

rich in H+ ions. Furthermore, the electrochemical treatment is easy to apply right before 

using the laser-scribed electrode. 

 

2.2.4. Analytical application 

 

As a proof-of-concept, the analytical performance of the fabricated devices was 

also studied for detecting and quantifying β-estradiol hormone (E2). First, cyclic 

voltammograms were recorded in the absence and presence of 50 µmol L-1 estradiol, 

using the laser-scribed electrodes before and after the electrochemical treatment. The 

result is presented in Figure 18 – A). 

 

Figure 18 – A) Cyclic voltammograms recorded using optimized laser-scribed 
electrodes in 0.1 mol L-1 Britton-Robinson buffer solution (pH = 6.0) at 20 mV s-1 with 
a potential range from 0.2 to 0.7 V for carbonized (black line) and electrochemically 
treated devices (red line). Dotted and continuous lines represent measurements in the 
absence and presence of 50 µmol L-1 estradiol hormone, respectively. B) Cyclic 
voltammograms recorded using electrochemical treated devices for different pH 
values of 0.1 mol L-1 Britton-Robinson buffer solution containing 50 µmol L-1 of 
estradiol at 20 mV s-1. C) Ep vs. pH and Ip vs. pH plots for all oxidation processes of 
estradiol. Ep = -0.06 pH + 0.90. 
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In Figure 18 – A), a typical electrochemical oxidation process is noticed for the 

E2 around 0.50 V. This behavior has also been reported in reduced graphene oxide 

modified electrodes 130, where an electrochemical oxidation process is supposed to 

occur in the hydroxyl group present in the aromatic ring of the E2 molecule, as shown 

in Scheme 1. Moreover, the results showed that the electrochemical treatment was 

responsible for improving the electrochemical performance of the E2 

determination/quantification since the oxidation current signal increased five times 

compared to the signal obtained from the non-treated electrode. This behavior was 

similar to the observed using ferricyanide as a redox probe, which shows the 

importance of the electrochemical treatment for this application as well. 

 

Scheme 1 – Proposed electrochemical oxidation of β-estradiol130. 
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The pH variation influence on the E2 electrochemical behavior was studied 

using cyclic voltammetry. These measurements were obtained by varying the pH 

values from 2.0 to 12.0 in 0.1 mol L-1 Britton-Robinson buffer containing 50 µmol L-1 

estradiol and were presented in Figure 18 – B). The experiment was performed using 

electrochemical-treated laser-scribed electrodes. The results showed that the higher 

the H+ concentrations (lower pH values) in the medium, the more the oxidation process 

occurs in positive potentials since the increase in the H+ concentration difficult the 

oxidation of the molecule. This is easily observed in Figure 18 – C), where Ep vs. pH 
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plot is presented, and a linear correlation is given by the equation Ep = -0.06 pH + 

0.90. The slope, in this case, is 60 mV / pH, which is close to the Nernstian value, 

given by 59 mV / pH. This indicates that the same ratio of protons and electrons is 

involved in the E2 electrochemical oxidation process, which has been proposed in 

other works 130,155. Furthermore, in Figure 18 – C), Ip vs. pH plot is also presented, 

where different from the Ep, the oscillation on the Ip value with the pH variation was 

not significative for the pH range from 2 to 10, whereas in high pH values a slight 

decrease on the Ip signal was observed since the oxidation process was distinguished 

in two peaks. 

After analyzing the above data, a compromise between the current signal and 

lower Ep values was considered for choosing pH 6 to conduct further experiments. 

Furthermore, considering the fabricated devices' application for determining and 

quantifying E2 in the aquatic environment, the similarity with the medium was also a 

determinant factor in selecting the pH value. 

Finally, the electrochemical quantification of the estradiol was performed using 

differential pulse voltammetry, as a more sensible technique, for a concentration range 

from 0.10 to 1.0 µmol L-1 E2 in 0.1 mol L−1 Britton-Robinson buffer (pH = 6.0). The 

amplitude and step pulse values were optimized at 80 and 10 mV, respectively. Thus, 

an analytical curve was obtained under the optimized experimental conditions, as 

presented in Figure 19. 
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Figure 19 – DPV for different estradiol concentrations (0.1 – 1 µmol L-1). Parameters: 
Estep= 10 mV; Amplitude = 80 mV; Scan rate = 20 mV s-1. Inset the Analytical curve: 
I/µA = 0.05+ 1.61 CE2; R2=0.99. (After electrochemical treatment). 
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Figure 19 shows a linear correlation between the oxidation current peak and 

the E2 concentration, where the increase in the current signal response is noticed with 

the increase in the E2 concentration. The analytical curve obtained from this linear 

correlation was I/µA = 0.05 + 1.61 CE2, where the correlation coefficient and sensitivity 

are given by 0.99 and 1.62 A mol-1 L, respectively. From this result, the limit-of-

detection (LOD) and quantification (LOQ) were calculated using LOD = 3SD/S and 

LOQ = 10SD/S, where SD corresponds to the standard deviation of the blank signal, 

and S is the slope of the analytical curve (sensitivity). The obtained values were 0.094 

and 0.313 µmol L-1 for LOD and LOQ, respectively. In the literature, bare glassy carbon 

electrode was reported for the E2 detection, and presented a LOD of 12.1 µmol L-1 155, 

which indicates that the developed laser-scribed electrode achieved better 
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performance than a conventional carbon platform. Moreover, the fabricated electrodes 

presented portability, low-cost, easy accessibility, and scalability in the fabrication 

method. 

The applicability of the devices was evaluated using on-site measurements in 

river water. An addition and recovery test was performed by an external calibration 

spiking   0.1 µmol L−1 E2 into river water, where the sample was used as received, in 

other words, without any previous treatment, and diluted 1:1 (v/v) in 0.1 mol L−1 Britton-

Robinson buffer (pH = 6.0) before the analysis. The obtained result for the recovery 

test was 94 ± 3% for n = 3 replicates. It showed the potential of the devices for on-site 

application in this matrix type. However, possible interfering species were not 

evaluated in this stage of the work. For further applications, the electrode surface 

modification could be considered, if necessary, to provide selectivity for the fabricated 

device. 

Therefore, the results demonstrated the potential of the presented electrodes 

for analytical applications, aiming at the obtention of portable and disposable 

electrochemical devices using a simple and scalable method, in a low-cost polymeric 

material, with better electrochemical performance than conventional carbon materials.  

 

2.4. Conclusion 

The laser-scribed electrodes were obtained using a low-cost polymeric material 

and a simple, scalable method to fabricate carbon-based materials. As a result, robust 

devices with a porous structure and graphene-like domains were observed, presenting 

interesting properties, such as good conductivity. Furthermore, an electrochemical 

treatment was studied and demonstrated to improve the electrochemical behavior of 

the electrodes, decreasing the charge-transfer resistance. This is observed due to the 
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changes in the chemical groups on the electrode surface before and after the 

electrochemical treatment. Although the laser-scribing represented a scalable method 

to fabricate the electrodes, it did not compromise the reproducibility and repeatability 

of the obtained materials, where the variability expressed in RSD was calculated at 

4.9 % and 2.8 %, respectively. As a proof-of-concept, the devices were applied to 

determine and quantify E2. Great potential was observed for on-site analytical 

applications, and the devices presented better electrochemical performance when 

compared to conventional carbon electrodes.  
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CHAPTER 3 

 

Besides the low-cost, paper-based platforms present interesting properties for 

fabricating portable analytical devices, including biocompatibility, recyclability, and 

microfluidic properties. However, as mentioned in other chapters of this work, devices 

made from paper can, for example, cause a compromise on the analyses due to the 

swelling of the platform provided by the permeation of the supporting electrolyte. In 

this chapter, we propose the development of an electrochemical device through the 

CO2 laser-scribing technique based on Kapton tape to circumvent these limitations. 

Thus, the flexible fabricated device was applied as a static mode and combined with 

a paper-based platform to associate the devices to important paper characteristics 

such as the capillarity properties. This combination also provided the obtention of a 

hydrodynamic mode for microfluid analyses. The devices showed great stability, and 

the conductive material tracks were characterized using different techniques. The 

electrochemical behavior of the devices was evaluated using two different redox 

probes (ruthenium (III) chloride and potassium ferricyanide), presenting responses 

compared to the traditional electrochemical systems. The analytical performance of 

the system was evaluated in both static and hydrodynamic modes for 3-nitrotyrosine, 

presenting great potential for analytical applications when compared to conventional 

platforms. 

This work has been published in the journal Microchemical Journal (Volume 

182 (2022), 107893, DOI: 10.1016/j.microc.2022.107893) and counted with the help 

of Dr. Lauro A. Pradela-Filho, who has helped in experimental suggestions and 

discussions. 

https://doi.org/10.1016/j.microc.2022.107893
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3.1. Introduction 

As discussed in the first chapter of this work, portable analytical devices have 

attracted considerable attention in the last few years. Electrochemical sensors have 

been presenting great potential for being applied as portable analytical devices in field 

analyses due to the obtention of lower limit-of-detection when using electrochemical 

techniques and the possibility of miniaturization. In this sense, coupling microfluidic 

platforms to these devices has been interesting to provide the mixing of different 

reagents, the minimization of analyte amount necessary for the analyses from 

microliters to nanoliters, the employee of a single platform for both sample preparation 

and detection, among other benefits 156.  

Different materials have been used for fabricating microfluidics electrochemical 

devices, such as PDMS157, poly (methyl methacrylate)158, glass 159, plastic160, and 

paper161. Besides, some works have been reported in the literature on mixing materials 

for microfluid electrochemical device fabrication, such as paper and PDMS162.  

Among these platforms, the paper has attracted attention due to its low-cost 

and attractive properties presented by the material. Paper is known for its low-cost, 

disposability, microfluidic properties, biodegradability, and easy-to-obtain 

worldwide30,163. In addtion, different techniques can be applied to create 

hydrophilic/hydrophobic patterns or physical barriers to obtain microfluidic channels 

30,164–167.  Furthermore, paper is an excellent platform for the fabrication of low-cost 

electrochemical devices. For this, various techniques can be used to obtain the 

conductive tracks on the paper platform, and one of the most recent ones, which has 

been evidenced in the last few years, is the laser-scribing method. This method 

characterizes a recent, scalable, manageable, low-cost method to fabricate carbon-

based electrodes on paper-based platforms. The technique uses a laser machine to 
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carbonize the material's surface and obtain a conductive carbon track, as discussed 

in the first chapter 40. 

Although paper-based electrodes have demonstrated satisfactory 

electroanalytical performance 168–170, they also present some limitations. One major 

drawback of this platform used for electrochemical sensor fabrication is the permeation 

of the supporting electrolyte into the paper through capillarity. This can cause the 

paper to swell, altering the sensors' electrochemical area and affecting the analytical 

responses' accuracy. Furthermore, this permeation can also compromise the electrical 

contacts of the device with the workstation instrumentation 171. 

However, despite these disadvantages, paper substrates can generate flow 

without external pumps 172. This property makes them highly attractive for producing 

microfluidic platforms, as discussed previously173,174. Therefore, there is a need for 

new electrochemical sensors that can be combined with paper structures to create 

versatile and efficient analytical devices. 

It is known that the first laser-scribed disposable electrochemical device was 

fabricated using polyimide as a polymer platform, which is a good source for fabricating 

conductive carbon-based materials for electrocatalysis175–178. Thus, in this study, we 

presented the development of a highly versatile and flexible electrochemical sensor, 

which can be applied using static or hydrodynamic systems. With this purpose, an 

innovative combination of laser-scribing technique, Kapton adhesive tape, and a 

paper-based microfluidic platform is presented, where the Kapton tape is a cost-

effective polyimide source commonly employed in producing flexible printed circuits. 
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3.2. Experimental section 

3.2.1.  Reagents and Materials 

 The Kapton adhesive tape was acquired from DS tools with dimensions of 1.8 

mm x 33 M. All chemicals were analytical grade and used without additional 

purification. The solutions were all prepared using deionized water (Direct-Q® 5 

Ultrapure Water Systems, Millipore, MA, USA) and the appropriate electrolytes 

depending on the experiment. Potassium ferrocyanide (K4[Fe(CN)6]), potassium 

ferricyanide (K3[Fe(CN)6]), potassium chloride (KCl), acetic acid, boric acid, and 

sodium hydroxide (NaOH) were purchased from Merck (Darmstadt, Germany). 

Phosphoric acid, hexaammineruthenium (III) chloride ([Ru(NH3)6Cl3], and 3-

nitrotyrosine were acquired from Sigma-Aldrich (St. Louis, MO, USA). Silver 

conductive ink was obtained from Joint Metal Comercio LTDA (Diadema-SP, Brazil). 

The Britton-Robinson buffer 0.1 mol L-1 was prepared by adjusting the pH values of 

the solution containing acetic acid, phosphoric acid, and boric acid, with the pH values 

varying from 2.0 to 12.0. The adjustments were realized using NaOH 6 mol L-1 and 

HCl 6 mol L-1 solution. 

 

3.2.2. Fabrication of the laser-scribed sensors 

Two polyimide tape parts were combined to generate a double-layer polyimide 

substrate. This substrate was used to fabricate the electrodes using the laser-scribing 

technique. The three electrodes system and the electrochemical cell were designed 

through software provided with the equipment. The electrodes were obtained on the 

polyimide tape by the carbonization of this platform. A CO2 laser cutter system (Work 

Special Laser) characterized by a wavelength of 10.6 pm and a pulse duration of ~14 
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μs was used to manufacture the devices through the laser-scribing technique. The 

power, scan rate, Z-distance, and distance between lines used in the laser machine 

varied from 7.0–9%, 60.0–140.0 mm s−1, 11.0–13.0 mm, and 0.02–0.1 mm, 

respectively, during the optimization of the parameters under ambient conditions. The 

optimized conditions for laser power, scan rate, Z-distance, and distance between 

lines were 8.0% (~1.4 W), 80.0 mm s−1, 13.0 mm, and 0.04 mm, respectively.  

The dimensions of the electrodes on the obtained system are observed in the 

scheme presented in Figure 20. After the laser-scribing, the bottom of the conductive 

tracks was painted with silver ink to ensure subsequent electrical contact with the 

electrochemical workstation. Furthermore, silver ink was also used in the reference 

electrode to create a silver pseudo-reference electrode which could prove more 

electrochemical stability. Silicon glue (Tek Bond- transparent silicone sticker) was 

used to delimitate the working electrode area and isolate the reaction zone.  

 

Figure 20 - A) Representation of the device fabrication process and the dimensions 
of the electrodes (working (WE), counter (CE), and reference electrodes (RE)) for the 
B) Static and C) Hydrodynamic mode. 
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The optimization of the laser-scribing parameters for the fabrication of the 

devices (distance between lines, power, scan rate, and Z-distance) was evaluated 

using cyclic voltammetry technique and 1.0 mmol L-1 hexaamineruthenium (III) 

chloride as a redox probe in 0.1 mol L-1 KCl electrolyte solution, with the voltage 

potential ranging from 0.00 to -0.45 V at 50 mV s-1. All the electrochemical 

measurements were obtained using a potentiostat Autolab PGSTAT128N (Eco 

Chemie, Utrecht, The Netherlands) controlled by a computer running NOVA 1.11 

software.  

After, the versatility of the laser-scribed devices was demonstrated by 

combining them with a paper-based microfluidic platform. These microfluidic platforms 

were fabricated following the protocol presented in previous work179. The geometry of 

the microfluidic devices was designed with CorelDRAW software. ColorQube 8870 

wax printer (Xerox, Connecticut) was used to deposit the wax (4-pt line thick) onto the 

Whatman 4 qualitative filter paper. The material obtained was transferred onto a 

heated plate, maintained at a temperature of 120°C for 120 seconds. This is a crucial 

step to facilitate the melting of the wax, thereby creating hydrophobic barriers.  

Two reservoirs compound the system, as observed in Figure 20 – C). One is 

made from a PMMA plate with a hole of 6 mm in diameter and 3 mm in height (inlet 

reservoir). The other one is made from filter paper and wax in the border for the 

hydrophobic barrier, as the design presented in Figure 20 – C), where the semicircle 

has 50 mm in diameter (outlet reservoir). In addition, four pieces of paper sheets were 

put on top of the semicircle of this reservoir to increase the wicking capacity.  

After the microfluidic device's fabrication, the device was sealed with packing 

tape to ensure the system's integrity, effectively preventing potential leaks. During the 

measurement, the inlet reservoir was constantly filled with electrolyte solution, and the 
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analyte injections were realized through a small cavity on the outlet reservoir distant 3 

mm from the inlet reservoir. A conventional micropipette was used to inject the analyte, 

using a volume of 2 µL. For this hydrodynamic mode, the electrochemical 

measurements were conducted utilizing amperometry as the analytical technique. 

 

3.2.3. Material characterization 

Different techniques characterized the material before and after the laser-

scribing of polyimide tape. The top-view and cross-sectional images were obtained 

using SEM (HITACHI / TM-3000) operated at 2 and 5 keV. The samples were 

metalized with a thin layer of gold using Quorum QR 150ES Metallizer.  

 Raman spectroscopy analyses were carried out using a spectrometer Horiba 

Scientific, T64000. Whereas the XPS analyses were conducted using a SPECS 

Phoibos 150 hemispherical analyzer with multi-channeltron detection, the Mg Ka 

radiation was maintained at a constant energy mode of 10 eV pass energy.  

The conductive tracks were also characterized using the electrochemical 

technique (cyclic voltammetry), and the measurements were obtained using a 

potentiostat Autolab PGSTAT128N (Eco Chemie, Utrecht, The Netherlands) 

controlled by a computer running NOVA 1.11 software. Cyclic voltammetry technique 

was carried out in different redox probes, 1 mmol L-1 K3[Fe (CN)6] or 1 mmol L-1 

[Ru(NH3)6Cl3] in 0.1 mol L-1 KCl solution. The potential range used in the first case was 

from 0.6 to -0.3 V and in the second one from 0.00 to -0.45 V, varying the scan rate 

from 2 to 500 mV s-1 in both cases. The electrochemical impedance spectroscopy 

(EIS) was also used and recorded in a mixture of 1 mmol L-1 potassium 

ferricyanide/ferrocyanide with frequencies varying from 105 to 10-1 s-1 for a sinusoidal 
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signal applied using a typical open circuit potential (OCP) of 0.22 V, and amplitude of 

10 mV, at ambient temperature. 

Reproducibility and repeatability were evaluated for the electrochemical 

measurements using cyclic voltammetry technique and potassium ferrocyanide as 

redox probe (1 mmol L-1 ferrocyanide + 0.1 mmol L-1 KCl at 50 mV s−1). For the 

reproducibility test, ten different fabricated electrodes were used. In contrast, twenty 

measurements were obtained using the same electrode for the repeatability test. The 

cyclic voltammograms were recorded using a potential range from 0.6 to −0.3 V. 

Additionally, the electrode stability over the days was evaluated using cyclic 

voltammograms in 1 mmol L-1 ferrocyanide + 0.1 mol L-1 KCl at 50 mV s−1, with 

potentials ranging from 0.7 to −0.35 V over thirty days stored in ambient conditions. 

Furthermore, the stability of the devices after being banded n times was 

measured also using cyclic voltammograms of laser-scribed electrodes in 1 mmol L-1 

ferrocyanide + 0.1 mol L-1 KCl at 50 mV s−1 with potentials ranging from 0.7 to −0.35 

V.  

3.2.4. Analytical application 

After the fabrication and characterization of the devices, the electrochemical 

performance was evaluated using hexaamineruthenium (III) chloride as a redox probe 

and 3-NT, dopamine, and uric acid as proof of concept. The measurements were 

obtained using both the hydrostatic and hydrodynamic systems. 

For the hexaamineruthenium (III) chloride, a cyclic voltammetry technique was 

used in different concentrations (0.1 – 1.0 mmol L-1), with potentials ranging from 0.0 

to −0.45 V, to evaluate the hydrostatic system and a calibration curve was obtained. 

The hydrodynamic system measurements were carried out using the 

chronoamperometry technique, with an Edetection = -0.4 V vs Ag pseudo-RE.  The 
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carrier solution was 0.1 mol L−1 KCl with injections of 2 μL of 0.2, 0.4, 0.6, 0.8, and 1.0 

mol L-1 hexaamineruthenium (III) chloride. 

For the 3-nitrotyrosine measurements, first, a cyclic voltammogram was carried 

out using the laser-scribed electrode as the static mode in 1 mmol L-1 3-nitrotyrosine 

+ 0.1 mol L-1 phosphate buffer solution, pH 7.4, at 50 mV s−1, with potentials ranging 

from 1.0 to – 1.0 V. Furthermore, the effect of pH on the electrochemical behavior of 

3-NT was observed using the laser-scribed devices and cyclic voltammetry in 0.04 mol 

L-1 Britton-Robinson buffer containing 0.2 mmol L-1 3-NT at pH values ranging from 

2.0 to 12.0. Phosphate buffer solution with pH around 7 in the same concentration was 

also used to compare the results with those obtained from the Britton-Robinson buffer 

solution. All measurements were conducted at room temperature (~25 °C). 

Finally, electrochemical quantification of 3-NT was obtained using both systems 

(static and hydrodynamic). For the static one, the analyte was quantified using 

differential pulse voltammetry (DPV) in different concentrations of 3-NT (0.5 - 30 µmol 

L-1) and PBS (Phosphate Buffer Solution), pH 7.4, from -0.25 V to 1.0. The optimum 

parameters used in the DPV technique were Estep (step potential) = 5 mV and 

Amplitude = 25 mV (Scan rate = 10 mV s-1). In contrast, the measurements for the 

hydrodynamic system were carried out using the chronoamperometry technique, with 

an applied potential of 0.8 V vs Ag pseudo reference electrode.  The carrier solution 

was 0.1 mol L−1 PBS pH 7.4, with injections of 2 μL with 40, 60, 80, 100 and 150 µmol 

L-1 3-NT. An interference study was performed using the static system, where the DPV 

measurements of the 3-NT were recorded by mixing the analyte with each interferant 

molecule in a proportion of 1:2. Thus, 10 µmol L-1 3-NT were mixed with 20 µmol L-1 

uric acid (UA), or urea (UR), or nitrite (NO2
 −), and caffeine (CAF). The measurements 
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were expressed as normalized peak current (Ip) percentage, where the 3-NT Ip 

corresponds to 100%. 

The laser-scribed electrode was also tested in different model molecules 

(dopamine (DP) and uric acid (UA)) using the static conditions. The analytical 

performance was evaluated from 3 to 30 µmol L-1 for DP and from 8 to 100 µmol L-1 

for the UA. 

3.3. Results and discussion 

3.3.1. Optimization of the carbonization process 

We fabricated the electrodes using Kapton tape. This process is presented in 

Figure 20, including hydrodynamic and static modes. The optimization of the 

conditions for the laser-scribing fabrication was realized using resistance (R) of the 

electrodes fabricated varying the laser-scribing parameter, such as the distance 

between radiation lines, power of the laser, scan rate, and Z-distance. The values were 

measured using a multimeter, presented in Table 3. 

 

Table 3 - Optimization parameters for laser-scribing fabrication of the devices. 
 

Distance 
between 
lines (D) 

mm 

R 
Ω cm 

Power 
(P) 
% 

R 
Ω cm 

Scan 
rate (S) 
mm s-1 

R 
Ω cm 

Z-
distance 

(Z) 
mm 

R 
Ω cm 

P: 8.0 % 
S: 80 mm s-1 

Z: 12 mm 

S: 80 mm s-1 
Z: 12 mm 

D: 0.04 mm 

P: 8.0 % 
Z: 12 mm 

D: 0.04 mm 

P: 8.0 % 
S: 80 mm s-1 
D: 0.04 mm 

0.02 79 ± 7  7.5 2792 ± 
5233  

60 66 ± 6  11  199 ± 79  

0.04 80 ± 3  8.0 67 ± 5 80 83 ± 3  12  137 ± 19  

0.06 178 ± 19  8.5 77 ± 21  100 115 ± 12  13  145 ± 12  

0.08 165 ± 20  9.0 173 ± 78  120 142 ± 19  
  

0.1 359 ± 
135 

  
140 234 ± 28  
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Another parameter to study the best fabrication conditions was evaluating the 

electrochemical responses of these electrodes using the cyclic voltammetry technique 

and hexaamineruthenium (III) chloride as a redox probe. The cyclic voltammograms 

of PI laser-scribed electrodes for different laser-scribing conditions of the distance 

between radiation lines, power, scan rate, and Z-distance are presented in Figure 21 

- A) B) C) e D) respectively. 

The voltammograms for most fabrication conditions showed typical 

electrochemical behavior of the redox probe.  However, a variation of the current peak 

values (Ip) or peak-to-peak potential distance (ΔEp) can be observed depending on 

the laser-scribing conditions as presented in Ip and ΔEp plots (Figure 21 - E) F) G) 

and H)). Higher Ip represents higher sensitivity in terms of current, which makes these 

devices more interesting for electrochemical applications.  In Figure 21- A), and 

respectively in Figure 21- E), an increase in the Ip values from D=0.02 to D=0.06 mm 

is observed, probably due to the rise in the active electrochemical area of the sensors. 

In contrast, for D values higher than 0.08 mm, the spacing between the lines 

compromises the material's conductivity, as observed through the higher resistivity 

values in Table 3, and lower Ip in Figure 21 - A) and E). 
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Figure 21 - Cyclic voltammograms of PI laser-scribed electrodes in 1 mmol L-1 [Ru(NH 

3)6]Cl3 at 50 mV s-1 with a potential range from 0.0 to -0.45 V for different laser-scribing 
conditions of A) distance between radiation lines, B) power, C) scan rate, and D) Z-
distance. The Ip and ΔEp vs. E) distance between radiation lines, F) power, G) scan 
rate, and H) Z-distance plots for the anodic process of [Ru(NH3)6]Cl3 obtained from the 
cyclic voltammograms in A, B, C, and D. 
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The material’s conductivity also impacts the ΔEp values. For ΔEp, in 

conventional glassy carbon systems, this value is expected to be ideally close to 59 

mV for a reversible electrochemical process, which involves only one electron, as in 

hexaamineruthenium (III) chloride 180. Thus, lower ΔEp values were observed for the 

material using lower distances between the radiation lines during the fabrication 

procedure. Therefore, taking into consideration all the electrochemical measurements, 

higher Ip, lower ΔEp, lower resistivity values, and the mechanical stability of the 

material, the standard deviation error, D = 0.04 mm was chosen as the best condition 

to carbonize the polyimide substrate. 

The other parameter investigated was the power of the laser. For power values 

lower than 7.5 %, the carbonization of the polyimide was not completed, while using 

power higher than 8.0 %, the carbon-based obtained material presented a brittle 

aspect with poor mechanical stability. Thus, the best-demonstrated values for the laser 

power were 7.5 and 8.0 %. The Ip and ΔEp obtained values (Figure 21 - B) and F)) 

were similar in both cases. However, the laser power of 8.0 % was selected due to the 

lower resistivity value in this case.  

In addition, the scan rate variation of the laser was also evaluated in the 

electrochemical responses. In Figure 21 - C) and G), it is observed that between 80- 

and 120-mm s-1 scan rate values, the higher Ip and the lower ΔEp values were 

observed. However, the electrochemical behavior did not present significant variation. 

Yet higher scan rate values can make the consistent carbonization of the material 

difficult, providing higher resistivity to the obtained conductive tracks. Furthermore, 

when using 100-mm s-1, high standard deviation values were obtained for Ip and ΔEp, 

which led to selecting the 80-mm s-1 scan rate as the best condition. 
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The Z-distance (focal distance) was the last studied parameter. In this case, a 

significant variation in the electrochemical responses with the focal distance change 

was not observed, as noticed in the Figure 21 - D) and H). Lower ΔEp and higher Ip 

were observed using 11.0 and 13.0 mm Z-distances. However, lower standard 

deviation values on the Ip and ΔEp measurements were observed for a Z-distance of 

13.0 mm. Hence this one was selected as the best focal distance for the laser-scribing 

procedure for the PI electrodes fabrication.  

 

3.3.2. Morphological and electrochemical characterization 

 

Finally, the optimized conditions of power, scan rate, Z-distance, and distance 

between radiation lines were 8.0% (~1.4 W), 80.0 mm s−1, 13.0 mm, and 0.04 mm, 

respectively. After optimizing parameters, the morphology of the carbonized material 

in the optimized conditions was observed using SEM images (Figure 22).  

First, the flat morphology of the PI tape was observed in Figure 22 A), B), and 

C) for different magnitudes.  In contrast, a porous material was noticed for the 

polyimide laser-scribed-based electrodes in Figure 22 D), E), and F. As discussed 

above in the last chapter, it is well known in the literature that the incidence of the laser 

source causes the increase of the local temperature (> 2500 °C), which provides the 

carbonization of organic materials. This procedure is also responsible for generating 

gases and, consequently, the obtention of a porous carbonized surface 52. 
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Figure 22 - SEM images indicating A), B), C) flat morphology of polyimide tape and 
D), E), F) porous morphology of laser-scribed polyimide-based device. G), H), I) 
Cross-section SEM images of laser-scribed polyimide-based electrodes.  

 

 

 

Furthermore, the cross-sectional SEM images of the carbonized material were 

also obtained over the entire length of polyimide laser-scribed based electrodes 

(Figure 22 G), H), and I)). The estimated measured thickness from these images was 

(12.3 ± 0.5) µm. 

Raman spectroscopy technique was also used to evaluate the carbonization of 

the PI surface (Figure 23).  
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Figure 23 - Raman spectra of laser-scribed polyimide-based device (carbonized) and 
raw polyimide tape. 
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The Raman spectra of the raw PI showed no characteristic bands, whereas two 

bands were observed at about 1340 and 1580 cm-1
 for the polyimide laser-scribed-

based electrodes. These bands are usually reported in carbon-based materials, such 

as graphene, representing D and G bands. In these materials, it has been reported 

that the vibration in the plane of the carbon bonds for sp2 hybridization causes the 

emergence of the G band in Raman spectra. In contrast, the D band is related to the 

vibrational of the hybridized modes in the edges due to the structural defects in the 

material, which could indicate some disorder in the structure 140. Thus, the presence 

of these two bands indicates the carbonization of the PI substrate after the laser-

scribing treatment, obtaining a so-called graphene-like material 26,75,181. This resulted 

in obtaining a conductive material, which opens the possibility of applying them as 

electrochemical sensors. 
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The literature reported a significant change in the carbon-based compounds 

when comparing the composition of the polyimide material before and after the 

carbonization 182. To investigate the carbon-based chemical groups on the surface of 

the material before and after the carbonization of the Kapton tape (polyimide), high-

resolution C1s XPS spectra were obtained and presented in Figure 24. Thus, it was 

possible to evaluate the carbonization of this Kapton tape, a low-cost and easy-to-find 

polyimide source. 

 

Figure 24 – High-resolution C1s X-ray photoelectron spectra of (a) Kapton tape 
(polyimide) and (b) laser-scribed polyimide (carbonized).  
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In Figure 24 – A), the high-resolution C1s spectra are observed for the Kapton 

tape, where a predominant peak in intensity is noticed around 285.6 eV. This peak is 

related to the single bonds involving carbon C-C/C-H, hybridization sp3, as also 

observed in the literature 182, and in this Kapton tape corresponds to 56% of the 

carbon-containing groups. Furthermore, carbon-oxygen compounds are also 

observed in the composition of the material in 286.4 eV, 287.2 eV, and 289.5 eV, 

attributed, respectively, to C-O-C, N-C=O, and C=O 183 corresponding to 24%, 11%, 

and 8%. This is expected since the main composition of the Kapton is polyimide. The 

composition of each group and the binding energy are summarized in Table 4.  The 

chemical structure of the polyimide is presented in Figure 25, containing C, N, and O 

atoms. However, impurities can also be observed in the material since the Kapton tape 

is a cheap not pure source of polyimide.  

 

Table 4 – Summarized fitting peaks obtained from high-resolution C1s X-ray 
photoelectron spectra of Kapton tape (polyimide) and laser-scribed polyimide 
(carbonized Kapton tape). 

 

C 1s spectra Contributions 

Concentrations PI Carbonized 

 Binding 

Energy 

 Binding 

Energy 

C-C (sp2)  -  58%  284.2 eV 

C=C  1%  284.8 eV -  

C-C-H (Aliph.)  -  24%  285.4 eV 

C-C/C-H  56%  285.6 eV -  

C-O-C  24%  286.4 eV -  
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C-O/C-OH  -  5%  286.4 eV 

N-C=O  11%  287.2 eV -  

C=O/C-N  -  5%  288.0 eV 

C=O  8%  289.5 eV -  

O-C=O  -  4%  289.9 eV 

π→π*  -  4%  291.6 eV 

 

 

 

 
Figure 25 - General chemical structure of a polyimide. 

 

 

The high-resolution C1s spectra of the laser-scribed polyimide (carbonized 

Kapton tape) are presented in Figure 24 – B) for comparison. First, it is possible to 

observe a change in the functional groups contained compared to the Kapton tape 

before the carbonization. It is due to the breaking of carbon-oxygen and carbon-

nitrogen bonds with the incidence of the laser 184. The predominant peak in intensity 

is around 284.2 eV, corresponding to C-C (sp2) bonds and representing around 58% 

of the carbon bonds in the obtained material. It shows a significant presence of sp2 

hybridized carbon bonds, which was not observed before and are responsible for the 

conductivity conferred to the material after the carbonization 185. Thus, the Kapton 
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tape, polyimide, which is a non-conductive material, was transformed into a conductive 

material. 

Other peaks are also observed in 285.4, 286.4, 288.0, 289.9, and 291.6 eV, as 

presented in Table 4. They are attributed to the C-C-H (Aliph.), C-O/C-OH, C=O/C-N, 

O-C=O, and π→π* 182,184, which are different groups from observed in the Kapton 

tape. Furthermore, the carbon-oxygen compounds decreased from around 43% to 

14% after the carbonization of the material. It is in agreement with the literature 182. 

Also, the percentage of carbon-nitrogen compounds decreased from around 11% to 

5%. As mentioned above, this can be related to breaking the carbon-oxygen and 

carbon-nitrogen bonds, the major components of the Kapton tape, when the laser 

source was incident on the material since the laser irradiation results in the liberation 

of both gaseous oxygen and nitrogen 186. 

Herein, we did not study the influence of the fabricating parameters on the 

carbon-based chemical groups of the carbonized material obtained. However, it was 

reported in the literature that the carbon bond composition varies with the laser-applied 

parameter, such as the power of the laser. As the laser power increases, the 

abundance of C=O, C−O−C, and C−N bonds decreases, whereas the percentage of 

C−C bonds increases. Furthermore, the conductivity of the laser-scribed samples also 

varies with the laser power184. All these variations will probably influence the 

electrochemical responses; thus, the modulation of the surface content is also possible 

depending on the necessity and electrochemical application. 

Electrochemical material characterization was also obtained, as presented in 

Figure 26, using two redox probes, potassium ferricyanide and hexaammineruthenium 

(III) chloride. Potassium ferricyanide was used as a redox probe since it is more 

sensitive to changes in the carbon surface than hexaammineruthenium (III) chloride. 
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It serves as an inner-sphere electrochemical redox probe, which means that the 

electron transfer is not only influenced by the electronic structure but also by the 

carbon material's electrode surface, including edge plane-like sites and oxygenated 

species 133,134. On the other hand, hexaammineruthenium (III) chloride is a redox probe 

less sensitive to changes in the carbon surface. It is considered an outer-sphere redox 

probe, where the electron transfer depends directly on the electronic structure of the 

carbon material. Thus, the cyclic voltammograms of optimized PI laser-scribed 

electrodes in potassium ferricyanide and hexaammineruthenium (III) chloride are 

presented in Figure 26 - A) and C).  

Figure 26 – A) and C) shows a stable and low background current, where the 

electrodes presented a typical electrochemical behavior for both redox probes, with a 

reversive electrochemical process. However, the hexaammineruthenium (III) chloride 

peaks were more defined than potassium ferricyanide. In this case, better 

electrochemical reversibility was noticed since the obtained ΔEp is around 76 mV, 

while for the potassium ferricyanide, the ΔEp is about 246 mV. It is due to the different 

redox systems represented by hexaammineruthenium (III) chloride and potassium 

ferricyanide. As the electrochemical responses vary with the mechanisms of charge 

transfer in different molecules, it opens a range of applications for the polyimide laser-

scribing-based electrodes since the modulation of the electrochemical surface is 

possible using different parameters during the electrode fabrication, as discussed 

above. In addition, the ratio between anodic (Ipa) and cathodic current peak (Ipc), given 

by Ipa/Ipc, values exhibited in both electrochemical probes were around 1, a 

characteristic behavior also observed in diffusion-controlled reversible systems. 
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Figure 26 - Cyclic voltammograms of optimized laser-scribed electrodes in 1 mmol L-

1 potassium ferricyanide + 0.1 mol L-1 KCl at 50 mV s-1 with potentials ranging from 
0.6 to -0.3V and B) at different scan rates (2, 5, 10, 15, 20, 30, 40, 50, 75, 100, 150, 
200, 300, 400, and 500 mV s-1). Inset indicates a logarithm plot of the current peak of 
(anodic current) versus scan rate (log Ia = 0.4 logV – 5.9). C) Cyclic voltammograms 
of optimized laser-scribed electrodes in 1 mmol L-1 hexaammineruthenium(III) chloride 
at 50 mV s-1 with potentials ranging from 0.0 to -0.45 V and B) at different scan rates 
(2, 5, 10, 15, 20, 30, 40, 50, 75, 100, 150, 200, 300, 400, and 500 mV s-1). Inset 
indicates a logarithm plot of the current peak (anodic current) versus scan rate (log Ia 
= 0.4 logV – 5.9). 
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Furthermore, the scan rate influence on the electrochemical responses was 

evaluated using both redox systems, observed in Figure 26 - B) and D). The cyclic 

voltammograms of polyimide laser-scribed electrodes were recorded in a medium of 

1 mmol L-1 of ferricyanide + 0.1 mol L-1 KCl (Figure 26 - B)) or 1 mmol L-1 of 

hexaammineruthenium (III) chloride + 0.1 mol L-1 KCl (Figure 26 - D)) using different 

scan rates (υ), (2, 5, 10, 15, 20, 30, 40, 50, 75, 100, 150, 200, 300, 400 and 500 mV 

s-1).   
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The logarithm plot of Ia versus scan rate insets is also observed in Figure 26 - 

B) and D) and is typically used to distinguish diffusional and adsorptive 

electrochemical processes. In this case, the nature of the electrochemical process is 

determined from the slope of the straight line obtained. For an adsorption-controlled 

process, Ia is proportional to υ, resulting in a slope of 1.0. In contrast, in a diffusion-

controlled process, Ia is proportional to ν1/2, resulting in a slope of 0.5 187. Thus, the 

linear relationship obtained from the logarithm plots was coincidentally log Ia = 0.4 logV 

– 5.9 and log Ia = 0.4 logV – 5.9, when using ferricyanide and hexaammineruthenium 

(III) chloride. The slopes of approximately 0.4 were observed in both cases, suggesting 

a diffusion-controlled electrochemical process. This behavior is usually observed in 

traditional carbon electrode systems for ferricyanide and hexaammineruthenium (III) 

chloride electrochemical measurements. 

Using ferricyanide as a redox probe since it is a more sensitive system to the 

surface chemical groups changing, the reproducibility measurements were recorded. 

The experiment was performed on ten fabricated electrodes using cyclic voltammetry 

(Figure 27 - A). When comparing the ten electrodes, the electrochemical response 

variation was evaluated and expressed as the Relative Standard Deviation (RSD) of 

the anodic current Ip.  The obtained RSD in this case was 7.4 %. The same procedure 

was used for repeatability tests, and the cyclic voltammograms are presented in Figure 

27 - B). However, for repeatability, twenty measurements were obtained from the 

same electrode. Thus, an RSD = 3.6 % was obtained, indicating good reproducibility 

and repeatability. Good reproducibility is highly desired on electrochemical devices 

when thinking about analytical applications. Reproducible sensors provide reliability to 

the measurements, which is primordial in analytical systems. Furthermore, the 
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repeatability data indicates the system's stability over the electrochemical 

measurements. 

 

Figure 27 - Cyclic voltammograms of laser-scribed electrodes in 1 mmol L-1 
ferrocyanide + 0.1 mol L-1 KCl at 50 mV s−1 with potentials ranging from 0.7 to −0.4 V. 
A) Reproducibility for ten different fabricated electrodes (reproducibility measurements 
expressed as RSD = 7.4%, n = 10). Inset: peak current (Ip) vs. n plot. B) Repeatability 
for twenty measurements obtained from the same electrode (repeatability 
measurements expressed as RSD = 3.6%, n = 20). Inset: peak current (Ip) vs. n plot.   
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The fabricated laser-scribed electrode was compared with a screen-printed 

commercial electrode using cyclic voltammetry and electrochemical impedance 

spectroscopy (EIS) techniques and potassium ferricyanide as the redox probe. The 

measurements are presented in (Figure 28 - A) and B)). An electrochemical behavior 

similar to the commercial screen-printed electrode is observed for the proposed 

electrode in Figure 28 - A). It is crucial to highlight herein that, for the comparison, the 

normalization of the voltammograms by the geometric area was applied. Moreover, 

the EIS technique was used to obtain the materials' resistance to charge transfer (RCT). 

Both electrodes' Nyquist diagrams (Figure 28 - B) presented the typical semicircle 

profile corresponding to the electron-transfer limited process observed in higher 
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frequencies. The diameter of these semicircles corresponds to the RCT values of 1.9 ± 

0.3 kΩ and 10.3 ± 2.9 kΩ for the commercial screen-printed and laser-scribed 

electrodes, respectively. Despite the laser-scribed electrodes exhibiting higher RCT 

values, which indicates a slower charge transfer kinetic in this system, the cyclic 

voltammetry's electrochemical response was similar to the commercial screen-printed 

electrode. It highlights the potentiality of the proposed material to be studied and 

applied as electrochemical sensors.  

 

Figure 28 - A) Cyclic voltammograms of laser-scribed electrodes in 1 mmol L-1 
ferrocyanide + 0.1 mol L-1 KCl at 50 mV s−1 for comparison between commercial 
carbon screen-printed and laser-scribed PI electrodes. B) Electrochemical impedance 
spectroscopy (EIS) at frequencies ranging between 105 and 101 s-1. A sinusoidal signal 
was applied using a typical open circuit potential (OCP) of 0.22 V and an amplitude of 
10 mV in a mixture of 1 mmol L-1 ferricyanide/ferrocyanide and 0.1 mol L-1 KCl for 
carbon screen-printed electrode and laser-scribed PI electrode. 
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For comparison, the reproducibility and repeatability tests for the carbon 

screen-printed electrodes were also performed and are presented in Figure 29 – A) 

and B). The values were expressed regarding RSD, as described for the laser-scribed 

electrodes. Reproducibility and repeatability obtained values were 10.2% and 11.8%, 
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respectively. The values for the laser-scribed electrodes proposed herein were RSD 

=7.4% and 3.6%, even smaller than the obtained for the commercial screen-printed 

electrode. It is more evidence of the potentiality of the fabricated electrodes to be 

investigated as electrochemical sensors. 

 

Figure 29 - Cyclic voltammograms of commercial screen-printed electrodes in 1 mmol 
L-1 ferrocyanide + 0.1 mol L-1 KCl at 50 mV s−1 with potentials ranging from 0.7 to −0.4 
V. A) Reproducibility for ten different fabricated electrodes (reproducibility 
measurements expressed as RSD = 10.2%, n = 10). Inset: peak current (Ip) vs. n plot. 
B) Repeatability for twenty measurements obtained from the same electrode 
(repeatability measurements expressed as RSD = 11.8%, n = 20). Inset: peak current 
(Ip) vs. n plot. 
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Furthermore, it is important to highlight the low cost of the proposed devices, 

estimated at 0.04 dollars (considering only the used materials), transforming them into 

viable options for single-use purposes. In addition, the fabrication method presents 

great scalability without the requirement of reagents. This is a highly advantageous 

attribute, especially compared to existing commercial sensors that rely on conductive 
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inks, which are susceptible to dissolving in organic solvents. In this case, no 

electrochemical treatment was used. 

Another test performed from the laser-scribed electrodes was to evaluate the 

stability of the material over thirty days stored in ambient conditions. Cyclic 

voltammograms were recorded using ferrocyanide chloride and are presented in 

Figure 30 - A). A plot of the current peak (Ip) (anodic current) vs. time (in days) was 

obtained from these voltammograms and is presented in Figure 30 - B).  

 

Figure 30 - Cyclic voltammograms of laser-scribed electrodes in 1 mmol L-1 
ferrocyanide + 0.1 mol L-1 KCl at 50 mV s−1 with potentials ranging from 0.7 to − 0.35 
V A) over thirty days stored in ambient conditions and C) after bending the device n 
times. B) Represents the anodic current peak (Ip) vs. time (days) plot of the data 
obtained in A). D) Represents the plot of anodic current peak (Ip) vs the number of 
times that the device was bent (n times)   
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Excellent stability over these thirty days was observed with an RSD of 9.2%. 

Furthermore, the stability of the devices after bending them n times was also 

evaluated. The experiment was performed by bending the electrodes n times and 

recording the cyclic voltammograms after bending the material. The measurements 

are presented in Figure 30 - C) and the plots of the current peak (Ip) vs. the number 

of times that the device was bent (n times) in Figure 30 - D).  The more the devices 

were bent, the higher the current responses. A slight increase in the current of 34.5% 

was observed until they reached a maximum anodic current. It is probably due to 

microcracks on the material generated by the bending of the device, which could 

provide better penetration of the solution into the material, explaining the slight 

improvement in the electrochemical behavior. The devices were bent twenty 

consecutive times without losing the electrochemical signal, demonstrating 

robustness. 

 

3.3.3. Analytical applicability of the electrochemical devices 

 

The applicability and versatility of the fabricated electrodes were evaluated 

using two systems, a static and a hydrodynamic one. For the static system, the devices 

were used as fabricated (Figure 31 - A). It is a miniaturized device composed of a 

three-electrodes system, which requires only 200 µL of solution during the analyses. 

Whereas for being used as a hydrostatic system, the devices were combined with a 

paper-based microfluidic platform. Figure 31 – B presents the microfluidic platform and 

fabricated following the protocol presented in previous work 179. The combination of 
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the fabricated electrochemical device with the microfluidic system is presented in 

Figure 31 - C. In this case, a reservoir made from a PMMA to fill with the carrier 

solution, in Figure 31 – B demonstrated by colored solution.  Moreover, in Figure 31 – 

C, 4 pieces of paper sheets are observed on the top of the semicircle of the main 

microfluidic device to increase the wicking capacity. 

  

 
Figure 31 – A) Images of the laser-scribed electrochemical devices obtained using PI 
as substrate, where the device's size can be noticed. B) Microfluidic paper-based 
system. C) Incorporation of the microfluidic paper-based system on the laser-scribed 
electrode. 

 

 

 

Using the proposed device as a microfluidic system is advantageous when 

considering in-field applications. By utilizing a paper substrate, flow generation is 

achieved without the need for external pumps, which makes using them simpler on 

this occasion. This approach offers an interesting strategy for creating portable, 

disposable, and microfluidic devices. 
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Thus, to evaluate the devices' analytical performance, the systems were 

applied to determine hexaammineruthenium (III) chloride (Figure 32). 

Figure 32 - A) Cyclic voltammograms recorded from the Laser-scribed electrodes in 
0.1 mmol L-1 KCl and different concentrations of [Ru(NH3)6]3+ at 50 mV s− 1. B) 
Calibration curve for [Ru(NH3)6]3+ obtained by voltammetry. D) Transient current 
signals for injections of 0.2, 0.4, 0.6, 0.8, 1.0 mmol L–1 [Ru(NH3)6]3+ solution in 0.1 mol 
L–1 KCl. Injection volume: 2 μL. Edetection = -0.4 V vs. Ag pseudo-RE. D) Calibration 
curve for [Ru(NH3)6]3+ obtained by amperometry.  
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For the static system, cyclic voltammetry was recorded, varying the 

hexaammineruthenium (III) chloride concentration (0.1 – 1.0 mmol L-1), as observed 

in Figure 32 - A). Thus, a linear correlation between the concentration and the cathodic 

current signal was found and is presented in Figure 32 - B). The corresponding linear 

equation is Ip = 5.0 Chexaammin – 0.018, with a correlation coefficient 0.999 and 

sensitivity of 5.0 µA mmol-1 L. In addition, the hydrodynamic system was applied using 
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the chronoamperometry technique, as shown Figure 32 - C.  The transient signal 

represents the injection of 2 µL of analyte solution in the microfluidic system. Also, a 

linear correlation is noticed between the current signal and hexaammineruthenium (III) 

chloride concentration as presented in the equation Ip = 1.5 Chexaammin – 0.0006 (Figure 

32 - D)). A correlation coefficient of 0.997 and sensitivity of 1.5 µA mmol-1 L were 

found. 

These results showed an excellent linear correlation between Ip and 

hexaammineruthenium (III) chloride concentration. The device's versatility is also a 

great feature since its applicability can be extended. Besides being low-cost and 

portable, these microfluidic devices can also provide fast analyses, a great advantage 

for analyses performed at the point of need. 

As proof of concept, 3-nitrotyrosine (3-NT) was selected as an analyte to 

evaluate the applicability of both systems. 3-NT is currently associated with several 

diseases as a biomarker of oxidative stress due to the stability of the compound, which 

is suitable for analysis. When its concentration is higher than the diagnosed at baseline 

levels, it has been related to coronary artery disease, diseases associated with 

immunological reactions (systemic sclerosis, asthma, kidney complications, 

rheumatoid arthritis, among others), and neurological diseases188. 

First, cyclic voltammograms of polyimide laser-scribed electrodes in 1 mmol L-

1 3-NT and PBS, as presented in Figure 33. 
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Figure 33 - Cyclic voltammograms of polyimide laser-scribed electrodes in 1 mmol L-

1 3-nitrotyrosine + 0.1 mol L-1 PBS (pH 7.4) at 50 mV s−1 with potentials ranging from 
1.0 to – 1.0 V. Dotted line represents measurements in the absence of 1 mmol L-1 3-
nitrotyrosine. Continuous lines represent measurements of 1 mmol L-1 3-nitrotyrosine 
for the first (red line) and second cycle (blue line).   
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The dotted line represents measurements in the absence of 3-NT and 

continuous lines represent measurements in the presence of 3-NT for the first (red 

line) and second cycle (blue line). All the cycles started on 0 V, going to positive and 

after to negative potentials. In the first cycle, an electrochemical oxidation process at 

around 0.65 V is observed. In contrast, a reduction process is presented at -0.92 V. 

This result is consistent with the results observed by Martins et al. 189. It has been 

reported that this electrochemical reduction process could be attributed to the NO2 

group involving 4H+ and 4e-  190, while the oxidation one could be attributed to the NH2  

191. The 3-NT electrochemical behavior is not completely understood. Thus, the 

tyrosine electrochemical oxidation mechanism is used as a reference to propose the 

3-NT electrochemical oxidation mechanism. Another oxidation peak at around 0 V is 

noticed in the second voltammetry cycle, dependent on the reduction process at -0.92 

V. 

Furthermore, a study of the pH variation using cyclic voltammograms and 

Britton-Robinson buffer solution from 2.0 to 12.0, presented in Figure 34.  
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Figure 34 - A) Cyclic voltammograms for laser-scribing PI electrode in 0.04 mol L-1 
Britton-Robinson buffer solution containing 0.2 mmol L-1 3-NT at 50 mV s-1 and 
different pH values. B) Ep vs. pH and Ip vs. pH plots for all oxidation processes of 3-
NT. Ep = -0.054 pH + 1.01. C) Cyclic voltammograms for laser-scribing PI electrode 
in 0.04 mol L-1 Britton-Robinson buffer solution pH 7.03 (BRBS), 0.04 mol L-1 
phosphate buffer solution (PBS) pH 7.1 and pH 7.4 containing 0.2 mmol L-1 3-NT at 
50 mV s-1 
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In Figure 34 - A, it is possible to observe the cyclic voltammograms recorded in 

each pH, and in Figure 34 – B, the influence of the pH on the electrochemical behavior 

of the oxidation process at 0.65 V. The potential peak (Ep) gets higher with the 

decrease in the pH values due to the higher H+ concentration in the medium.  The 

oxidation process is more challenging to occur in these circumstances. This 

electrochemical behavior is noticed up to pH 7, and a break in this pattern is observed 

from pH 8 to 12 due to 3-NT pKa value of 7.1 192. The linear correlation between the 

pH and the Ep is given by Ip = -0.054 pH + 1.01 with a 54 mV / pH slope, similar to the 

Nerstian value of 59.16 mV / pH. It indicates that the same ratio of electrons and 

protons is involved in this electrochemical process as observed in the tyrosine 

electrochemical oxidation mechanism 191. 



122 
 

It is essential to highlight that the pH choice of around 7 was a compromise of 

a low Ep (due to the selectivity) and a high sensibility expressed in terms of higher 

currents. The medium usually used in biological applications is PBS pH 7.4. Therefore, 

the cyclic voltammograms were recorded using PBS pH 7.1 and 7.4 to compare the 

measurements with the ones obtained in the Britton-Robinson buffer solution. The 

cyclic voltammograms presented a similar result in both mediums using pH around 7, 

where oxidation occurs at the same potential peak (Figure 34 - B). Thus, Figure 34 - 

C shows the buffer type did not influence the electrochemical behavior for 3-NT 

oxidation. Consequently, PBS pH 7.4 was selected as a supporting electrolyte. 

Finally, the responses of the disposable proposed devices in this work for 3-NT 

determination were evaluated in static and hydrodynamic conditions. The differential 

pulse voltammetry was used for the static system under optimized conditions as 

presented in Figure 35 - A. 

 

Figure 35 – A) Differential pulse voltammetry for the polyimide laser scribed electrode 
recorded in 0.04 mol L-1 PBS pH 7.4 with different concentrations of 3-nitrotyrosine 
(0.5 µmol L-1 - 30 µmol L-1). Parameters: ΔE = 25 mV; ΔEs = 5 mV; ν = 10 mV s−1. B) 
The respective calibration curve: Ip (µA) = 0.0108 C3- NT + 0.0006; R2 0.99. 
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The analytical curve was constructed and is observed in Figure 35 – B. For the 

static conditions, a linear correlation between the concentration and the oxidation 
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current signal in 0.65 V was found from 500 nmol L-1 – 27.0 µmol L-1, according to the 

equation o Ip (µA) = 0.0108 C3- NT + 0.0006, R2 = 0.99, and sensitivity of 0.0108 µA 

µmol-1 L.  The limit of detection (LOD) and limit of quantification (LOQ) were calculated 

using 3 times and 10 times the ratio of the standard deviation of the blank 

signal/sensitivity. In this case, the obtained values were 0.140 µmol L-1 and 0. 468 

µmol L-1, respectively, for LOD and LOQ. 

Similar analytical performance was also noticed when using carbon screen-

printed electrodes to perform the same experiment in the static system. The differential 

pulse voltammograms recorded in different 3-NT concentration using carbon screen-

printed electrode is presented in Figure 36. 

 

Figure 36 – A) Differential pulse voltammetry for carbon screen-printed electrode 
recorded in 0.04 mol L-1 PBS pH 7.4 with different concentrations of 3-nitrotyrosine 
(0.5 µmol L-1 - 30 µmol L-1). Parameters: ΔE = 25 mV; ΔEs = 5 mV; ν = 10 mV s−1. B) 
The respective analytical curve: Ip (µA) = 0.022 C3- NT + 0.013; R2 0.99. 
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The analytical curve is presented in Figure 36 – B. However, in this case, the 

linear correlation was observed in a lower concentration range, from 500 nmol L -1 to 

14.0 µmol L-1. This correlation was given by the equation Ip (µA) = 0.022 C3- NT + 0.013, 

with R2 = 0.99, where the sensitivity value was 0.022 µA µmol-1 L.  The calculated LOD 
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and LOQ were 0.82 µmol L-1 and 2.74 µmol L-1. Although the polyimide laser-scribed 

electrode presented comparable analytical performance to the commercial carbon 

screen-printed electrode, lower LOD, and LOQ were obtained using the first one. 

Furthermore, the electrodes proposed herein have low-cost and fabricated using a 

scalable method, besides being flexible. 

The fabricated electrode and the microfluidic paper-based system were also 

used to evaluate the 3-NT determination. The measurements were recorded using 

chronoamperometry (Figure 37 - A) for the hydrodynamic system. 

 

Figure 37 – A) Transient current signals for injections of 2 μL of different 
concentrations of 3-NT (40 µmol L-1 - 150 µmol L-1) using the laser-scribed electrode 
in the hydrodynamic system .  Carrier solution: 0.04 mol L-1 PBS pH 7.4. Edet = +0.8 V 
vs Ag pseudo-RE. The respective calibration curve: Ip (µA) = 0.0009 C3-NT – 0.0084, 
R2 = 0.99. 
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The analytical curve was constructed and is presented in Figure 37 – B. The 

microfluidic device had a linear correlation from 40 to 150 µmol L-1, according to the 

equation Ip (µA) = 0.0009 C3-NT – 0.0084, R2 = 0.99 and sensitivity of 0.0009 µA µmol-

1 L. The LOD and LOQ obtained were 12.4 µmol L-1 and 41.1 µmol L-1, respectively. 

The hydrodynamic system provided higher LOD and LOQ. However, it is important to 

highlight that only 2 µL of analyte solution was used for the microfluidic system. 
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Consequently, the detectability and sensibility of the proposed system can be 

enhanced by increasing the volume injected in the microfluidic system. The influence 

of the injected volume was previously reported in the literature179.  

Compared with other sensors coupled to microfluidic paper-based analytical 

devices, the proposed electrochemical sensors can be easily fabricated in a single 

step without reagents. In addition, they are ready to use after the fabrication process, 

dispensing the need for electrochemical pretreatments. Polishing and sanding are 

some pretreatments normally performed before using carbon electrodes. However, 

these steps can increase the time of the analytical procedure, making the analyses 

more laborious and time-consuming. Besides that, these steps can make the sensor 

surface less reproducible due to the difference in the electroactive area caused by 

small scratches during the polishing and sanding procedures.  

The proposed electrochemical sensor has LOD and LOQ slightly higher when 

compared to others previously reported in the literature involving 3-NT determination 

(Table 5). However, most approaches involve the modification of the electrodes with 

some element to obtain lower LOD, while the proposed device here is a versatile and 

non-modified sensor. Moreover, the polyimide laser-scribed electrode is a low-cost 

and flexible platform, extending the possibility of analytical applications. Therefore, the 

proposed devices represent a promising analytical platform since other parameters 

and elements, such as a biorecognition component, can significantly enhance the 

electrochemical performance of the devices. 
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Table 5 – Comparison of different sensors for 3-nitrotyrosine electrochemical 
detection. 

Substrate Modified/

treated 

electrode 

Biorecognition 

Element 

Static (S) or 

hydrodynamic 

(Hd) system 

Flexible 

platform 

LOD Ref. 

Pencil 

graphite 

electrode 

with Fe/Pd 

nanopartic

les 

Yes MIP S No 1.20 μg L-

1 

193 

GCE 

electrode 

with 

AuNPs 

Yes MIP S No 50.0 nmol 

L-1 

194 

CdWO4 

ND@RGO 

modified 

SPEs 

Yes - S No 3.24 nmol 

L-1 

195 

CuFe2O4@

RGO 

composite 

Yes - S No 25.14 

pmol L-1 

196 

Glassy 

carbon 

electrode 

Yes - S No 17.0 nmol 

L-1 

197 

Carbon-

coated 

paper 

substrate 

No MIP S No 22.3 nmol 

L-1 

198 

ZrO2@rGO 

composite

s on 

GCE 

Yes - S No 9 nmol L-1 199 

Pd/Au thin 

film 

electrodes 

Yes - S No 9 nmol L-1 200 

Gold-

based 

electrodes 

No MIP S Yes 24.9 pmol 

L-1 

 

201 
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Paper-

based 

screen-

printed 

electrodes 

No - S Yes 49.2 nmol 

L-1 

189 

Laser-

Scribed PI 

based 

electrode  

No - S or Hd Yes 0.17 µmol 

L-1 / 12.4 

mmol L-1 

This 

work 

 

 

Different species can interfere with the 3-NT detection. An interference study 

was performed using the static system, where the measurement of the 3-NT was 

recorded by mixing the analyte with each interferant molecule in a proportion of 1:2. 

Thus, 10 µmol L-1 3-NT were mixed with 20 µmol L-1 uric acid (UA), or urea (UR), or 

nitrite (NO2
 −), and caffeine (CAF). The measurements were expressed as normalized 

peak current (Ip) percentage, where the 3-NT Ip corresponds to 100%, as observed in 

Figure 38.  

 
 

Figure 38 - Interference study performed for 3-NT 10.0 µmol L-1 in the presence of 
uric acid (UA), urea (UR), nitrite (NO2

-), and caffeine (CAF). The concentration of the 
possible interfering species is 20.0 µmol L-1. The signal was normalized by considering 
the response for 3-NT as 100%. 
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The sensors exhibited satisfactory selectivity since a 10% variation was not 

considered interference. However, it is possible to observe that nitrite might interfere 

with the 3-NT response when present in higher concentrations. If necessary, this issue 

could be solved by acidifying the medium since nitrite is found as HNO2 at pH < 3.3. 

It is a highly volatile acid that could effortlessly evaporate from the solution. 

Consequently, the sensitivity and selectivity towards 3-NT detection using polyimide 

laser-scribed electrodes could be enhanced. 

The laser-scribed electrode was also tested in different model molecules 

(dopamine (DP) and uric acid (UA)). In this case, the static system was applied using 

differential pulse voltammetry to record the measurements, as presented in Figure 39 

– A and C. The calibration curves were constructed and plotted in Figure 39 – B and 

D. 

 

Figure 39 - Differential pulse voltammetry for the polyimide laser scribed electrode 
recorded in 0.04 mol/L PBS pH 7.4 with different concentrations of A) dopamine and 
C) uric acid. ΔE = 25 mV; ΔEs = 5 mV. ν = 10 mV s−1. The respective calibration curve 
for B) dopamine (Ip (µA) = 10.5 CDP − 1.4, R2 = 0.99), and D) uric acid (Ip (µA) = 2.4 
CUA − 9.2, R2 = 0.99). 
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In both cases, a linear correlation was observed according to the equations Ip 

(µA) = 10.5 CDP − 1.4 (R2 = 0.99) and uric acid Ip (µA) = 2.4 CUA − 9.2 (R2 = 0.99) for 

dopamine and uric acid respectively. The linear correlation for dopamine was obtained 

from 3 to 30 µmol L-1, and the calculated LOD and LOQ were 0.46 µmol L-1 and 1.53 

µmol L-1, respectively. In contrast, the linear correlation for uric acid was obtained from 

8 to 100 µmol L-1, and the calculated LOD and LOQ were 0.63 µmol L-1 and 2.12 µmol 

L-1. The electrochemical oxidation signal for DP and UA were observed at +0.08 V and 

0.26 V. At the same time, for 3-NT at +0.65 V. It indicates that the 3-NT could be 

determined in the presence of these molecules using differential pulse voltammetry 

since the oxidation potential for each one is different. 

Moreover, the calculated LODs were comparable to the reported in the literature 

for DP and UA determination using carbon-based electrodes, although most use some 

modifiers to decrease the LOD 114,202–205. Thus, competitive values of LOD are 

presented here using the proposed non-modified laser-scribed electrode. The main 

characteristic of the proposed material is the great potential to be used as a platform 

for analytical applications. Furthermore, they are versatile and simple platforms, 

besides being low-cost. In addition, the fabrication method used to produce the 

electrodes is rapid and automated, where sensors with consistent analytical responses 

are obtained. All these characteristics open the possibility of new analytical 

applications using the proposed device. 
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3.4. Conclusion 

 

Herein we developed low-cost, versatile, and flexible devices using the laser-

scribing technique and Kapton tape, an inexpensive polyimide source. A miniaturized 

three - electrodes system was obtained, requiring only 200 µL of solution. And due to 

the microfluidic properties, the devices were combined with a paper-based platform to 

be applied in static mode or as a hydrodynamic system.  Moreover, the proposed 

devices dispense reagents and are single-step fabricated, presenting electrochemical 

responses comparable to commercial carbon screen-printed. The results also 

indicated the simple obtention of robust carbon-based devices with a porous structure, 

presenting great reproducibility, repeatability, and stability. The analytical performance 

of the devices was evaluated in both static and hydrodynamic systems, using a redox 

probe, which demonstrated a great response and versatility of the system. As a proof-

of-concept, the devices were applied in 3-NT quantification, and both proposed 

systems showed potential for analytical applications. Furthermore, the electrochemical 

behavior of the devices was also evaluated using different mode molecules, 

dopamine, and uric acid. Although other parameters and elements, such as a 

biorecognition component, could enhance the electrochemical performance of the 

devices, the proposed analytical platforms demonstrated satisfactory analytical 

performance. 
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4. A wearable hollow microneedle array sensor for 

minimally invasive monitoring of propofol: Toward 

medical safety control during surgical procedures 
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CHAPTER 4 

 

There has been increasing evidence of the numerous benefits of using propofol-

based total intravenous anesthesia, which can enhance patient outcomes, significantly 

reduce environmental impact, and substantially influence improved surgical outcomes 

compared to conventional volatile-based anesthesia. However, the lack of suitable 

detection techniques for continuous, real-time propofol concentration monitoring in 

patient blood remains a significant challenge for exploiting propofol-based total 

intravenous anesthesia. Herein, an initial study with solid microneedles to learn about 

the fabrication technique is demonstrated and applied to glucose and lactate 

molecules as a proof-of-concept. Thus, developing a hollow microneedle array-based 

electrochemical sensor was studied, aiming at minimally invasive monitoring of 

propofol drug. Such a propofol microneedle sensor relies on a three-electrode sensing 

system embedding four modified carbon paste-packed working electrodes, a carbon 

paste-packed counter, and an Ag/AgCl reference electrode. The proposed method 

enabled propofol measurements covering the µmol L-1 concentration range of the 

interest analyte. The long-term monitoring capability of the sensor was evaluated in 

PBS and artificial ISF mediums. The potential applicability of the developed 

microneedle array-based sensor toward minimally invasive monitoring of propofol drug 

was also demonstrated by skin-mimicking phantom gel experiments. The new 

microneedle array sensing platform holds great potential for the continuous, real-time, 

in-vivo detection of the anesthetic propofol drug during surgical procedures that can 

significantly improve safety and efficacy for the delivery of anesthetic drugs. 
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This work is still in progress and counting with the help of Chochanon Moonla, 

Maria Reynoso, Amal Abbas, who helped with experimental data collection, 

suggestions, and discussions. 

4.1. Introduction 

4.1.2.  Propofol monitoring 

Propofol (2,6-diisopropylphenol) is a drug used to decrease consciousness 

levels for starting and maintaining general anesthesia during surgical procedures. It 

has been the most used compound in intravenous anesthesia due to characteristics 

such as short half-life and rapid induction 206. Although it is possible to use propofol in 

both initiation and maintenance of the anesthesia, it is more common for its 

intravenous use to start the process and the sequent application of volatile-based 

anesthesia for the maintenance phase due to the necessity and difficulty of monitoring 

the real-time propofol concentration in blood 207. The anesthesia concentration is 

essential during surgical procedures to prevent overdosing, which can lead to 

respiratory failure, a decrease in blood pressure, and, consequently, death. 

Furthermore, an inefficient amount of this drug can lead to significant pain 208. 

The methods used for the detection and quantification of propofol involves High 

performance liquid chromatography (HPLC) 209, Gas chromatography-mass 

spectrometry (GC–MS) 210, Liquid chromatography–mass spectrometry (LC–MS/MS) 

211 and optical techniques (such as, spectrophotometry 212 and fluorometry 213). Those 

are time-consuming, require specialized professionals, and are difficult to miniaturize or use 

as portable systems.. In this perspective, electrochemical techniques have also been 

studied for propofol detection due to the possibility of miniaturization and reaching 

lower detection limits 214. 
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However, one of propofol's long-term electrochemical monitoring challenges is 

the passivation of the electrodes due to an unwanted product generated from the 

propofol oxidation 215. Methods such as stripping voltammetry were reported in the 

literature for propofol detection, yet it requires electrode renewal or polishing every 

measurement. Another possibility is restricting the scanned potential window, which 

can interfere with specificity. 214. 

Membranes such as PVC 214 and molecularly imprinted polymers (MIP) 216 have 

also been demonstrated, but there is the possibility of leaching the material during long 

term measurements.  Another approach demonstrated was using boron-doped 

diamond or pencil graphite electrodes 217, which involves the application of treatments 

on the electrode surface and can be impractical for real-life long-term measurements. 

More recently, a catheter was developed for propofol measurement in blood and 

showed promising results towards progress in the obstinance of a propofol wearable 

sensor 218. Nevertheless, more studies are needed in this field, including developing 

less invasive methods. 

Wearable electrochemical sensors have become increasingly attractive due to 

non-invasive or minimally invasive biomarkers detection direct on-body to monitor 

health risks, performance, and nutrition markers. From this perspective, developing 

simple, low-cost, high-sensible, and long-term electrochemical wearable devices has 

attracted significant attention. 

In addition to monitoring biomarkers, wearable sensors have been used for 

therapeutic drug monitoring in body fluids. It offers numerous benefits, including 

optimizing patient-specific dosages and tracking the dynamic changes of drugs within 

the body. The distribution of drugs in body fluids is influenced by their 
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pharmacokinetics, which determines the choice of fluid to be analyzed and the type of 

device required 91. Interestingly, the interstitial fluid (ISF) has garnered attention as it 

has shown a strong correlation with blood in measuring concentrations of small drug 

molecules 117. However, it should be noted that the research on therapeutic drugs in 

ISF is limited, and only a few have been studied and reported 91. 

Thus, considering transdermal detection, the most used microneedle types are: 

hollow and solid. However, different microneedles types have been reported, such as 

dissolvable, coated, and porous microneedles, each one with its applicability 96. 

Typically, the microneedles require post-fabrication modifications for 

electrochemical purposes, especially if the precursor material lacks conductivity 102. 

To overcome this problem, noble metals are deposited onto the microneedle surface 

using advanced techniques like e-beam evaporation and sputtering. Furthermore, a 

biorecognition modification layer can also be employed to enhance the specific 

interaction between the electrode surface and the analyte 96 as propofol has 

demonstrated good electrochemical response in carbon-based electrodes 218. The 

simplest method to propose a carbon-based microneedle array for propofol monitoring 

would be hollow microneedle types. Hollow microneedles present a hollow core, filling 

them with various materials, including carbon paste 102. Thus, in this chapter, we 

propose to develop an electrochemical wearable sensor using a hollow microneedle 

array for long-term determination and quantification of propofol anesthesia. For this 

purpose, low-cost and simple methods for minimal invasive microneedle fabrication 

will be used. 
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4.2. Material and Methods 

  4.2.1.  Chemicals and Materials 

All reagents and solvents were used as received. Acetaminophen (C8H9O2N, 

≥98.0%), agarose (≥99%), L-ascorbic acid (C6H8O6, 99%), caffeine (C8H10N4O2, 

anhydrous, 99%), calcium chloride anhydrous (CaCl2, ≥97%), D-(+)-glucose 

anhydrous (C6H12O6, ≥99.5%), iron (III) chloride (FeCl3, 97%), L-(+)-lactic acid 

(C3H6O3, ≥98%), magnesium sulfate anhydrous (MgSO4, ≥99.0%), mineral oil, 

phosphate buffer solution (1.0 mol L-1, pH 7.4), potassium chloride (KCl, ≥99.0%), 2,6-

diisopropylphenol (C12H18O, 97%), sodium chloride (NaCl, ≥99.5%), sodium gluconate 

(C6H11NaO7), sodium hydroxide (NaOH, ≥97.0%), sodium phosphate monobasic 

(NaH2PO4, ≥99.0%), sucrose (C12H22O11, 99.5%), theophylline (C7H8N4O2, ≥99%), uric 

acid (C5H4N4O3, ≥99%), lucose oxidase (GOx, from Aspergillus niger, Type X-S, 

lyophilized powder, 100,000–250,000 units/g), and o-phenylenediamine (flaked, 

99.5%)  were purchased from Sigma-Aldrich. Sodium bicarbonate (NaHCO3, ≥99.7%) 

and sodium sulfate anhydrous (Na2SO4, ≥99.0%) were procured from Fisher Scientific 

(Fair Lawn, New Jersey, USA). Graphite powder was obtained from Acros Organics 

(New Jersey, USA). Multiwalled carbon nanotubes (CNTs, > 95%, 15 ± 5 nm diameter, 

1–5 µm length) were purchased from Nano Lab, Inc (Waltham, Massachusetts, USA), 

and silver/silver chloride (Ag/AgCl) ink was obtained from Ercon Inc. The UV resin 

used to glue the connections into the device was purchased from Anycubic, the 

DuPont wires and connections were obtained from Elegoo, and Lactate Oxidase (LOx) 

(108 U/mg) was purchased from TOYOBO.   
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4.2.2.  Fabrication of Solid Microneedle Array Sensors, Instrumentation, 

and procedures 

 

First, we have started working on solid microneedles for glucose and lactate to 

learn how microneedles work. The formlabs3+ 3D printer (Boston, USA) fabricated the 

microneedles array device (MNs). After printing, the parts were washed in an 

ultrasonic isopropanol bath for 60 minutes, then placed in a UV lamp for final curing 

for another 60 minutes. The microneedles electrodes were sputtered with chromium-

supported chromium layers (1 min at 100 W) and platinum (15 min at 100 W) using a 

polyimide mask to define working, counter, and reference electrodes. Each MN has a 

height of about 2.0 mm and a base size diameter of 1.0 mm.  

 
Figure 40 - Schematic fabrication of solid microneedles (MNs) sensing devices. The 
MNs device is integrated by 12 MNs (A), 7: 2: 3 are used for the working, reference, 
and counter electrodes, respectively (B). Integration with the connector and paint 
reference MNs using silver ink. (C) Integration of the wires on the connectors. (D) 
Couple the 3D printed final cover. 
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After, connectors were attached to the bottom of the device using a silver epoxy 

conductive paste to make an electrical connection with wires, and a 3D-printed mask 

was used to cover the MNs base. Finally, silver glue was used to paint the reference 

MN electrodes. A schematic figure of the procedure is observed in Figure 40. 

Depending on the application, the working array MNs electrochemical sensors 

were modified using GOx or LOx. In this case, a well-known o-phenylenediamine 

(oPD) electrochemical enzyme immobilization protocol was used 219. A 5 mmol L-1 

sodium sulfate solution was bubbled with nitrogen for 10 min to prepare a 10 mmol L-

1 o-phenylenediamine (oPD) solution. GOx (1600 U mL-1) or LOx (2600 U mL-1) were 

diluted in the oPD solution depending on the desired modification and used as an 

electrolyte solution for electrodeposition (chronoamperometry applying 0.65V Vs. 

Ag/AgCl (3 mol L-1 KCl) for 900 s). After electrochemical enzyme immobilization, the 

MNs were left overnight inside the fridge. 

All electrochemical measurements were recorded versus silver (Ag) ink-filled 

microneedle array sensing platform as a reference electrode and Pt as a counter and 

working electrode at room temperature in a 0.5 mL volume containing the analysis 

medium (PBS (0.1 mol L-1, pH 7.4) using PalmSens EmStat3 Blue hand-held 

potentiated controlled by PSTrace software version 5.9. Data was plotted by Origin 

Software. The glucose (10 mM) and lactate stock solution (10 m mol L-1) were 

prepared in 0.1 mol L-1 PBS pH 7.4. 
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4.2.3.  Fabrication of Hollow Microneedle Array Sensors, Instrumentation, 

and procedures 

  

For the propofol experiments, hollow microneedles were used to fabricate 

carbon-based electrodes since this analyte presents a great response in this 

electrode. To fabricate the hollow microneedles devices (HMNs) formlabs3+ 3D printer 

(Boston, USA) was used. The same procedure used in the previous solid microneedle 

was applied after the printing process, where the device was washed in an ultrasonic 

isopropanol bath for 60 minutes and placed in a UV lamp for final curing for another 

60 minutes. The HMNs have a height of 1.4 mm, a base size diameter of 1.5 mm, and 

the hole in the center of the microneedle has a diameter of about 1.0 mm. The area of 

each HMN is 0.78 mm2 considering the hollow diameter and 1.77 mm2 considering the 

base size diameter (Figure 41). 

The fabricated microneedle device contains an array of 2×3 beveled-tip hollow 

microneedles, as observed in Figure 41 - A. Five of these hollow microneedles were 

packed with a freshly prepared carbon paste (60% wt. of graphite powder and 40% 

wt. mineral oil) containing 5% wt. of carbon nanotubes (CNTs) using a surgical blade 

and labeled as working electrodes No. 1–4 (WE1–4) and a counter electrode (CE), 

respectively (Figure 41 - B). 
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Figure 41 - Hollow microneedles (HMNs) sensing device dimensions and SEM 
images. The HMNs device is integrated by 6 HMNs (A), 4: 1: 1 are used for the working 
electrode, counter electrode, and reference electrode, respectively (B). Dupont 
terminal connections were integrated (C) Scale bar 1cm for the final device assembly. 
The SEM images showed 3D-printed hollow microneedles with a height of 1.4mm, a 
base diameter size of 1.5mm, and a hole size in the center of around 1mm. (D-E) 
Scale bar 500µm. With a space between each hollow microneedle of 3mm (F) Scale 
bar of 1mm.  

 

 

The last microneedle electrode was modified with silver/silver chloride 

(Ag/AgCl) ink, dried at 80 °C for an hour, and used as a reference electrode (RE). The 

connection integration was performed using DuPont terminals connection in the 

bottom of each hollow needle using carbon ink and sealed with resin in a UV lamp for 

15 min (Figure 41 - C). SEM images of the needles are also demonstrated in Figure 

41 – D, E, and F. After preparation; the devices were stored at room temperature for 

further experiments. 

After microneedles array fabrication, all electrochemical experiments were 

recorded versus silver/silver chloride (Ag/AgCl) ink-filled microneedle array sensing 

platform as a reference electrode and carbon paste packed into the hollow as a 

counter electrode at room temperature. A 0.5 mL volume homemade cell containing 
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the analysis medium (PBS (0.1 mol L-1, pH 7.4) or artificial ISF) was used coupled with 

a PalmSens EmStat3 Blue hand-held potentiostat controlled by PSTrace software 

version 5.9. Data was plotted by Origin Software. The propofol stock solution (10.0 m 

mol L-1) was prepared in 0.1 mol L-1 NaOH and diluted in PBS (0.1 mol L-1, pH 7.4) to 

1.0 m mol L-1 or artificial ISF before use in all experiments.  

 

4.2.4.  Fabrication of the Phantom Gel Mimicked Skin 

The phantom gel was used for mimicking the human skin and prepared 

following a previously reported work 115. This procedure uses 140 mg of agarose 

dissolved in 10 mL of PBS or artificial ISF and stirred at 120 °C until complete 

dissolution (ca. 3 hours). Then, this homogeneous liquid solution was poured into 2.5 

cm diameter circle-shaped molds to solidify within a few minutes at room temperature 

(25ºC). The obtained phantom gels were incubated in 10 mL of PBS or artificial ISF 

containing different propofol concentrations (0, 25, 50, 75, and 100 µmol L -1) and kept 

at 4 °C for 4 days for further experimental.   

 

4.2.5.  In Vitro Evaluation 

 The electroanalytical performance of the device was tested in PBS (0.1 mol L-

1, pH 7.4) and artificial ISF (pH 7.4) as electrolyte mediums for the analysis. The 

artificial ISF was prepared following adjusted methods described in previous works  

115,220. Square wave voltammetric (SWV) experiments were performed using a 

potential range from –0.1 to 0.8 V vs. Ag/AgCl for PBS medium and from –0.1 to 1.0 
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V vs. Ag/AgCl for artificial ISF medium. The stability of the developed system was 

investigated in either artificial ISF or PBS by repetitive SWV measurements every 10 

minutes for a prolonged period of up to 2 hours (120 minutes). Furthermore, the 

selectivity of the microneedles was also examined in artificial ISF in the presence of 

possible interfering species such as ascorbic acid, acetaminophen, caffeine, glucose, 

lactate, theophylline, and uric acid. 

 

4.2.6. Skin-Mimicking Phantom Gel Experiments 

 

After incubating in different propofol concentrations (0–100 µmol L-1), the 

previously prepared phantom gel samples were applied for skin-mimicking 

experiments. The sensing performance of the HMNs to detect propofol in a skin-mimic 

system was tested by pressing the microneedle tips into the gel and performing square 

wave voltammetric measurements in the potential range from –0.1 to 1.0 V vs. Ag/AgCl 

under the optimal conditions.  

 

4.3. Results and Discussion 

4.3.1. Introduction to solid MNs testing 

4.3.1.1.  Glucose 

First, solid microneedles were used to learn how to fabricate microneedles and 

how to work with them. After fabrication, the electrochemical modification was applied 

on working electrode MNs for GOx immobilization using o-PD. It is one of the simplest 
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enzyme systems to evaluate the device's electrochemical performance to propose a 

biosensor. Usually, Pt electrodes are well known for hydrogen peroxide (H2O2) 

detection 221, and the catalytic reaction between glucose and GOx generates H2O2 as 

a product. 

The potential of 0.3V vs. Ag reference electrode was applied to oxidize H2O2 

generated after glucose additions. The measurements are observed in Figure 42 - A, 

and it is possible to note after each glucose addition that the current signal increases 

due to the H2O2 oxidation. Since the H2O2 is generated by the catalytic reaction of the 

glucose by the enzyme, the concentration of H2O2 in the medium is proportional to the 

glucose concentration.  

 

Figure 42 - (A) GOxMNs chronoamperometry response for glucose in 0.1 mol L-1 PBS 
pH 7.4 from 0.1 to 1 mmol L-1. (B) Corresponding calibration plot, I = 0.212 [Glucose] 
+ 0.016; R2=0.998 (t = 60 s). Chronoamperometry parameters: 0.3V vs. Ag reference 
electrode for 60 s. 

 

 

Figure 42 - B represents the corresponding calibration plot correlating the 

glucose concentration (from 0.1 to 1 mmol L-1) with the current response by the 
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calibration curve I = 0.212 CGlucose+ 0.016, with the coefficient of correlation (R2) of 

0.998, which expresses good linearity. 

Besides the glucose addition measurements, we studied the electrode stability 

using chronoamperometry measurements in PBS containing 3.8 mmol L-1 glucose 

every 5 minutes for 50 minutes. The result is presented in Figure 43 - A, which 

demonstrates a slight variation during this period. A bar chart plot is also presented in 

Figure 43 - B with current vs. stability time to evaluate the behavior. The data leads to 

a Relative Standard Deviation (RSD) of 3.6%, considered a slight deviation and 

consequently high stability. 

  

Figure 43 - (A) GOxMNs stability chronoamperometry responses in 3.8 mmol L-1 
glucose + 0.1 mol L-1 PBS pH 7.4 every 5 min during 50 min. (B) Corresponding bar 
chart plot (current vs. stability time) with RSD = 3.6%. 

 

 

The results showed the feasibility of the device for monitoring glucose or as a 

biosensor. These preliminary studies were applied to verify the use of a pre-existing 

protocol for electrode modification on the newly fabricated microneedle device. The 
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idea is to adapt the procedure for lactate sensor fabrication. The MNs were modified 

using LOx instead of GOx, and enzyme ratio optimizations were performed. 

 

4.3.1.2. Lactate 

The catalytic lactate reaction with LOx generates the same product as the 

above example for glucose (H2O2). The same measurement procedure was applied in 

this case, which consists of using chronoamperometry to quantify lactate indirectly. 

After starting the parameters optimization, a chronoamperometry was carried out, and 

the data is presented in Figure 44 - A.  

  

Figure 44 - (A) LOxMNs chronoamperometry response for lactate in 0.1 mol L-1 PBS 
pH 7.4 from 0.1 to 1 mmol L-1. (B) Corresponding calibration plot, I = 0.212 [Lactate] + 
0.016; R2=0.997. 

 

The same behavior is observed, where the current signal keeps increasing with 

lactate additions demonstrating the generation and, consequently, oxidation of H2O2. 

A corresponding calibration plot correlating the current signal and lactate 

concentration is presented in Figure 44 - B. A linear response is observed only 
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between the range from 0.1 to 0.7 mmol L-1, with a calibration curve of I = 0.212 

[Lactate] + 0.016, which provides a R2 = 0.997.   

In this case, problems with the electrode modification were observed since it 

was not reproducible. Therefore, stability tests were not performed. Further studies 

are required to move forward, yet the device presents a promising future to be applied 

as an electrochemical microneedle biosensor. Furthermore, all the procedures were 

used to learn about microneedle devices, fabrication, and application. 

 

4.3.2. HMNs for propofol determination and quantification 

 

4.3.2.1. Principle and Design of the Microneedle Array Sensor 

 

The new microneedle array sensor was designed to directly measure PPF using 

the SWV technique as a non-enzymatic sensor, containing 4 working, 1 counter, and 

1 reference electrode, as observed in Figure 41. Different designs for the hollow 

microneedles device, such as bases and needle size, were tested. PPF is an 

intravenous general anesthetic drug with the possibility of electrode passivation, so 

the four-working electrode array can enable a higher sensitivity or be used one at a 

time to ensure long-period measurements during surgery. The working and counter 

electrodes were packed with carbon paste, and reference electrodes were filled with 

Ag/AgCl. 

Images of the hollow microneedles array are observed in Figure 41 (A) and (B) 

before and after packing with the carbon paste material. Dupont terminal connections 
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were used to facilitate the use of the connectors (Figure 41 (C)). SEM images of the 

device are presented in Figure 41 (D, E, and F), where it is possible to observe the 

design of the microneedles array and the hollow inside each needle. These hollows 

can be filled with different materials. A carbon paste was used in this study inspired by 

previous work 218. This work aims to develop a device for long-term propofol 

monitoring. 

 

4.3.2.2. Optimization and Characterization of the Microneedle Propofol Sensors 

 

After fabrication, the analytical performance of the device was optimized for the 

hollow array MNs system (1 counter, 1 reference, and 4 working microneedles) using 

different ratios of graphite and mineral oil (MO). Mineral oil is a typical binder to prepare 

carbon paste 222,223. Furthermore, adding carbon nanotubes (CNTs) into the carbon 

paste was also evaluated to enhance the device's electrochemical performance, as 

demonstrated in another work 224. Thus, the best conditions to detect propofol using 

the carbon paste were optimized with the SWV technique in the presence of 100 µmol 

L-1 PPF. First, the electrochemical behavior was tested after adding 5% CNTs w/w into 

the carbon paste, as presented in Figure 45 - A. In this circumstance, a significant 

improvement in the current signal was observed, which is better represented using the 

bar chart in Figure 45 - B (mineral amount vs current peak (Ip) response plot). This 

behavior can be attributed to the large electroactive area provided by adding the 

nanomaterial into the carbon paste. Thus, using 5% CNTs w/w in the carbon paste 

was chosen as the optimized condition. 
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Figure 45 - Investigation of CNTs amounts into carbon paste. A) SWV responses in 
0.1 M PBS 7.4 medium spiked 100 µmol L-1 PPF (5 min. Interval time each), from -0.1 
to 0.8 V vs. Ag/AgCl using a frequency of 10 Hz, amplitude of 50 mV, and step potential 
of 6 mV. B) Corresponding SWV current peak (Ip) vs CNT percentage (w/w) plot. 

 

 

After, the electrochemical behavior of the devices was evaluated for different 

ratios of MO, as presented in Figure 46 - A.  

 

Figure 46 - Investigation of mineral oil amounts into carbon paste. A) SWV responses 
in 0.1 M PBS 7.4 medium spiked 100 µmol L-1 PPF (5 min. Interval time each), from -
0.1 to 0.8 V vs. Ag/AgCl using a frequency of 10 Hz, amplitude of 50 mV, and step 
potential of 6 mV. B) Corresponding SWV current peak (Ip) vs. Mineral Oil amount plot 
(µL in 100 mg of graphite + 5%CNTs w/w).   

 

 

The corresponding bar chart is presented in Figure 46 - B, where it is possible 

to notice the mineral amount vs current peak response plot. The results demonstrated 
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that adding 40 µL MO in 100 mg mix of graphite powder + 5%CNTs w/w presented 

the highest current signal in terms of intensity. Thus, it was chosen as the optimized 

condition for the carbon paste in PPF detection using the HMNs (75% carbon paste 

and 25% mineral oil, w/w). 

As observed above, PPF monitoring consists of a current signal resulting from 

the molecule oxidation reaction. A typical single-electron oxidation peak was observed 

at 0.30 V, where the phenolic group turns into phenonium ions, as shown in Figure 47 

- A. The current signal generated in this reaction was recorded using the SWV 

technique under optimized conditions at the HMNs device for a concentration range 

of 5−200 μmol L-1 PPF after optimization of the abovementioned parameters. 

The experiment was conducted in both PBS (Figure 47 - B) and artificial ISF 

medium (Figure 47 - D). Normalization of the signal was applied by the baseline 

subtraction from the response signals and will also be applied in all subsequent data. 

An increase in the current signal was observed as the PPF concentration was raised. 

This pattern was noticed in both mediums, and the corresponding calibration plots are 

shown in Figure 47 -  C and E.  
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Figure 47 - Developed HMNs sensors for propofol detection. (A) The schematic 
representation of the developed HMNs sensors and an oxidation reaction of the target 
PPF onto the working electrode (WE) surface. (B) SWV responses for PPF in PBS 
medium from 5−200 μmol L-1 concentrations using the developed HMNs sensor and 
(C) the corresponding PPF calibration plot (I = 0.022 CPPF + 0.318, R2 0.997). (D) SWV 
responses for PPF in artificial ISF medium from 5−200 μmol L-1 concentrations using 
the developed HMNs sensor and (E) the corresponding PPF calibration plot (I = 0.036 
CPPF + 0.461, R2 0.999).  SWV potential range −0.1 to 0.8 V (vs. Ag/AgCl) for PBS 
medium and –0.1 to 1.0 V (vs. Ag/AgCl) for artificial ISF medium using a frequency of 
10 Hz, amplitude of 50 mV, and step potential of 6 mV (a normalization of the signal 
was applied by baseline subtraction). 

 

 

 

 

A linear relationship between PPF concentration and current response was 

observed in both systems from 5 to 65 μmol L-1 PPF where the calibrations plot are I 

= 0.022 CPPF + 0.318, R2 0.997 and I = 0.036 CPPF + 0.461, R2 0.999, respectively for 

PBS and ISF. From the calibration plot, the obtained sensitivities are 0.022 and 0.036 

µA µmol−1 L, and the limits of detection (LOD) were estimated as 2.7 μmol L-1 and 3.7 

μmol L-1, respectively, in PBS and artificial ISF. LOD = 3SD/S and LOQ = 10SD/S, 

where SD corresponds to the standard deviation of the intercept, and S is the slope of 
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the analytical curve (sensitivity). For limits of quantification (LOQ), the estimated 

values were 9.1 and 12.5 μmol L-1, respectively, in PBS and artificial ISF. 

Those are still preliminary studies in the development of HMNs for PPF 

monitoring, yet into effective plasma PPF concentration range is given between 0.25 

and 10 µg/L (1– 60 μmol L-1) 225, which is close to LOD value for artificial ISF 

measurements. Further studies will be applied for the electrode surface modification 

to improve the LOD value. Moreover, it is possible to note that LOD values obtained 

from measurements carried out in different electrolyte mediums differ. It can be due to 

the more significant complexity of the artificial ISF medium. 

Furthermore, although the electrochemical PPF oxidation behavior in both 

mediums is similar, in artificial ISF the potential peak is shifted from 0.3 V to 0.5 V 

besides the higher current intensity observed comparing the same PPF concentration 

responses. In Figure 48 - A, it is possible to observe a comparison of SWV 

measurements in two concentrations for both mediums. Figure 48 - B represents the 

corresponding PPF current peak response in PBS medium (set as 100% in both PPF 

concentrations) and the relative PPF current peak response percentage in ISF 

medium compared to the response percentage obtained in PBS. Both behaviors, the 

potential shifting and the increase in the current intensity when using two different 

mediums during the measurement, can be caused by a pH variation.  
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Figure 48 - Comparison between PPF response in two different mediums. A) SWV 
responses in 0.1 M PBS 7.4 and artificial ISF medium spiked with 50 and 100 µmol L-

1 PPF (5 min. Interval time each), from -0.1 to 0.8 V vs. Ag/AgCl using a frequency of 
10 Hz, amplitude of 50 mV, and step potential of 6 mV. A normalization of the signal 
was applied by baseline subtraction. B) Corresponding PPF response current in PBS 
medium (set as 100%) and PPF response current percentage in ISF medium vs. PPF 

concentration (CPPF) plot.  

 

 

The artificial ISF composition is presented in Table 6, where a more complex 

medium is noticed, causing the changes in the response previously observed in pure 

PBS. 

Table 6 - Composition of Artificial Interstitial Fluid* 

Component Concentration / 
mmol L-1 

NaCl 54.0 

KCl 1.7 

CaCl2 0.8 

MgSO4 0.3 

NaHCO3 13 

NaH2PO4 0.8 

Na gluconate 4.8 

glucose 2.8 

sucrose 3.8 

 
*All compounds diluted in 0.05 mol L-1 PBS pH 7.4 
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After, the new devices were tested for different potential interfering species, 

such as ascorbic acid, uric acid, acetaminophen, caffeine, glucose, lactate, and 

theophylline, using artificial ISF as the electrolyte. The SWV recorded in an excessive 

amount (150 µmol L-1) of each interference compound is presented in Figure 49. The 

data showed all the species presented oxidative electrochemical signals in different 

potential ranges compared to PPF response (highlighted in Figure 49 - B) by the red 

color), indicating this HMNs device can have a satisfactory selectivity for PPF analysis 

since all interfering species present oxidation signal response in different potentials.  

 

Figure 49 - Selectivity investigation of the developed HMNs sensors against various 
potential interferers. SWV responses were recorded in (A) artificial ISF upon adding 
(B) 150 μmol L-1 propofol and 150 μmol L-1 of each interfering species, including (C) 
ascorbic acid, (D) acetaminophen, (E) caffeine, (F) glucose, (G) lactate, and (H) uric 
acid. SWV from -0.1 to 1.0 V vs. Ag/AgCl using a frequency of 10 Hz, amplitude of 50 
mV, and step potential of 6 mV (normalization of the signal was applied by baseline 
subtraction).  

 

 

In addition to these results, using phantom-gel polymer as a mimicking skin is 

well known to test the viability of using the fabricated device 115. Herein, we have 

applied this technique to evaluate the model in both PBS and artificial ISF mediums, 

which results are presented in Figure 50 and Figure 51. 
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Figure 50 - Phantom-gel mimicked skin model evaluation. (A) SWV responses of 
different propofol concentrations (25–100 µmol L-1, 25 µmol L-1 increments) with the 
mimicking-skin phantom-gel along with (B) the corresponding propofol calibration plot 
(I = 0.038 CPPF - 0.198, R2 0.999). SWV from -0.1 to 1.0 V vs. Ag/AgCl using a 
frequency of 10 Hz, amplitude of 50 mV, and step potential of 6 mV in 0.1 M PBS pH 
7.4 medium (normalization of the signal was applied by baseline subtraction).  

 

 

Figure 50 – A presents the SWV responses for different propofol concentrations 

(25–100 µmol L-1, 25 µmol L-1 increments) incubated in the mimicking-skin phantom-

gel using 0.1 M PBS pH 7.4 medium. As observed above, the SWV current peak 

increases with the increment of PPF concentration incubated in the phantom gel. 

Thus, Figure 50 – B shows the corresponding PPF calibration plot, I = 0.038 CPPF - 

0.198, R2 0.999, where a linear relationship is observed with a sensitivity of 0.038 µA 

µmol−1 L, which is a similar electrochemical behavior when compared to the presented 

results carried out in PBS solution. 

Furthermore, SWVs were also carried out in phantom-gel incubated with 

propofol in artificial ISF. Figure 51 - A shows a schematic representation of a phantom-

gel mimicked skin model with the penetration of the developed HMNs sensor, while 

Figure 51 - B presents the SWV obtained in this experiment. A typical SWV for PPF 

response is observed, with a linear relationship between the current signal increase 

and PPF concentration increment (Figure 51 - C).  In this case, the current response 
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is also higher when compared to the system evaluated in PBS due to the different 

composition in ISF medium, behavior also observed in the data discussed above.  

 

Figure 51 - Phantom-gel mimicked skin model evaluation. (A) Schematic 
representation of the mimicking-skin phantom gel with the penetration of the 
developed HMNs sensor. (B) SWV responses of different propofol concentrations (25–
100 µmol L-1, 25 µmol L-1 increments) with the mimicking-skin phantom gel and (C) 
the corresponding propofol calibration plot. SWV from -0.1 to 1.0 V vs. Ag/AgCl using 
a frequency of 10 Hz, amplitude of 50 mV, and step potential of 6 mV in an artificial 
ISF medium (normalization of the signal was applied by baseline subtraction).  

 

 

All the presented results demonstrated the viability of applying the fabricated 

device in a mimicked skin model, which is a crucial step when studying the 

development of a new wearable sensor. However, more experiments are required to 

calculate LOD, LOQ and evaluate the reproducibility of the mimicked skin system. 

Although the results showed the potential of HMNs devices to detect PPF in the 

range of interest and the evaluation of the system in mimicked skin models, the 

obstacle for long-term PPF measurements is well known. The specie generated from 

PPF electrochemical oxidation can initiate other reactions over the electrode surface, 

responsible for forming an unwanted polymeric film and, consequently, electrode 

passivation 226. It can harm stability test measurements over hours. An example of this 
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is shown in the stability test results recorded in PBS and ISF for the fabricated device 

and presented in Figure 52.  

 

Figure 52 -The stability performance of the developed HMNs sensor. (A) SWV 
responses of 50 µmol L-1 propofol in PBS (A) and artificial ISF (C) for 12 repetitive 
measurements at 10-minute intervals over 120 minutes along with the corresponding 
transitional signal profile of the developed HMNs sensor ((B) for PBS and (D) for ISF), 
which decreases concerning the increasing amount of detection scans. SWV from -
0.1 to 0.8 V vs. Ag/AgCl using a frequency of 10 Hz, amplitude of 50 mV, and step 
potential of 6 mV (normalization of the signal was applied by baseline subtraction).  

 

 

Figure 52 - A and C show SWV responses of 50 µmol L-1 propofol in PBS and 

artificial ISF every 10 minutes over 120 minutes. In these graphs, it is possible to 

observe the current signal decreasing significantly with every measurement, where 

this effect is more intense in PBS than in artificial ISF due to the different molecules 

present in this medium. The data generated a bar chart (Figure 52 – B and D) for all 
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SWV current peaks recorded every 10 minutes, which we call stability time. Using this 

bar chart, an RSD of 60.0 and 30.0% for data obtained in PBS and ISF, respectively, 

was calculated, showing a high deviation between the measurements and low stability 

in the signal. It clearly shows the electrode passivation during the period evaluated. 

For every measurement, the polymerization on the electrode surface generated by the 

unwanted product of PPF oxidation leads to higher electrode passivation. 

For this reason, many strategies were tested, including using different 

protective barriers such as PVC, chitosan, and glutaraldehyde, besides using different 

working electrode materials, such as gold and platinum. All tested protective barriers 

presented a significant decrease or blocked the current signal, poor reproducibility, 

and, most importantly, did not improve the electrode passivation 

problem.  Furthermore, using gold or platinum material as working electrodes did not 

generate any PPF electrochemical response. Thus, another and more promising test 

was realized using a smaller working electrode area and only one working electrode 

in the HMNs system. Figure 53 represents how the smaller area was selected on the 

working electrode using only the internal hollow as diameter instead of covering the 

whole top of the microneedle with the conductive material. 

 

Figure 53 - Schematic representation of the developed HMNs sensors along with the 
two options of area to use. The area of each HMN is 0.78 mm2 considering the hollow 
diameter and 1.77 mm2 considering the base size diameter. 
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The area of each HMN is 0.78 mm2 considering the hollow diameter (1.0 mm) 

and 1.77 mm2 considering the base diameter. The stability test used a smaller area 

and only one working electrode. It leads to the probability of using one working 

electrode every 1-hour stability measurements providing a much longer-term collection 

of data. It would be fundamental for PPF monitoring during a surgical procedure. The 

new stability data is presented in Figure 54. 

 

Figure 54 - The stability performance of the developed HMNs sensor using only one 
working in MN with a smaller area (0.78 mm2). (A) SWV responses of 25 µmol L-1 
propofol in PBS (A) and artificial ISF (C) for 12 repetitive measurements at 10-minute 
intervals over 120 minutes along with the corresponding transitional signal profile of 
the developed HMNs sensor ((B) for PBS and (D) for ISF), which decreases 
concerning the increasing amount of detection scans. SWV from -0.1 to 0.8 V vs. 
Ag/AgCl using a frequency of 10 Hz, amplitude of 50 mV, and step potential of 4 mV 
(normalization of the signal was applied by baseline subtraction). 
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Figure 54 - A and C shows SWV responses of 25 µmol L-1 propofol in PBS and 

artificial ISF every 10 minutes over 120 minutes. In this case, the current signal 

remains stable, and the effect can be due to the smaller size of the working electrode, 

which can make the diffusional mass transport more efficient 227, preventing 

polymerization on the electrode surface. As observed above, the stability is more 

evident in artificial ISF and PBS due to the different molecules present in this medium. 

The data also generated a bar chart (Figure 54 - B and D) for all SWV current peaks 

recorded every 10 minutes. Using this bar chart, an RSD of 8.0 and 3.8% for data 

obtained in PBS and ISF, respectively, was calculated, showing a much smaller 

deviation between the measurements and, consequently, high stability in the signal 

during 2 hours. Other studies are necessary to validate using one needle as a working 

electrode every 1 or 2 hours of stability measurements. However, everything indicates 

a significant probability of applying the MNs array sensor for PPF long-term 

monitoring. 

With all the results presented herein, the idea is to develop a minimally invasive 

sensing platform looking forward to long-term propofol monitoring in ISF. The 

schematic representation of how the device would work during a surgical procedure 

for anesthesia monitoring is proposed in Figure 55. Although more efforts are still 

necessary, the results showed an attractive potential for future application.   

 

 

 

  



160 
 

Figure 55 - Schematic representation of the hollow microneedles (HMNs) device as a 
minimally invasive sensing platform for propofol detection in ISF using the SWV 
technique. 

 

 

 

4.4.  Conclusions 

 

Initially, the solid MNs were used to develop the necessary skills to work with 

MNs. A three-electrode system was fabricated using a 3D printer and covered with Pt, 

where a good performance for glucose and lactate detection was observed. However, 

more experiments should be conducted to improve the system since reproducibility 

problems were presented on the electrode modification used on the biorecognition. 

After this initial study, another device composed of hollow microneedles was 

developed for propofol monitoring.  This proposed method enabled selective 
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sensitivity for propofol measurements covering the µmol L-1 concentration range of 

interest analyte. However, a better sensitivity can be reached using working electrode 

modifications, although that is not the purpose of the work at this stage. The long-term 

monitoring capability of the sensor was evaluated in PBS and artificial ISF mediums, 

presenting good potential to be applied for 2 hours. As the device is a microneedle 

array of 4 working electrodes, it allows applying one working electrode every 2 hours, 

leading to longer-term monitoring. Yet, more experiments are necessary to evaluate 

it. The potential applicability of the developed microneedle array-based sensor toward 

minimally invasive monitoring of propofol drug was also demonstrated by skin-

mimicking phantom gel experiments. The new microneedle array sensing platform 

holds promising potential for the continuous, real-time, in-vivo detection of the 

anesthetic propofol drug during surgical procedures that can significantly improve 

safety and efficacy for the delivery of anesthetic drugs. 
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5. Final Considerations and Perspectives 

 

The exposed data in this thesis showed satisfactory results regarding 

developing portable electrochemical devices on polymer materials using CO2 laser for 

analytical applications. Laser-scribing is a simple, scalable, and low-cost 

method.  Initially, phenolic paper was proposed as another alternative material for 

fabricating laser-scribed electrochemical divides. This material is a low-cost, rigid 

board that can easily be bought or recycled from used systems. Thus, robust devices 

with a porous structure and graphene-like domains were obtained, presenting 

interesting properties, such as good conductivity. The material showed satisfactory 

reproducibility and repeatability, with great potential for on-site analytical applications. 

Furthermore, another electrochemical platform was proposed using polyimide 

and paper due to the necessity for new polymer-based electrochemical sensors that 

can be combined with paper structures to create versatile and efficient analytical 

devices. Thus, low-cost, versatile, and flexible devices were obtained using the laser-

scribing technique and Kapton tape, an inexpensive polyimide source. The devices 

consisted of a miniaturized three - electrodes system, requiring only 200 µL of solution 

for static conditions measurements. A microfluidic system was also obtained, 

combining the polyimide electrochemical devices with a paper-based platform to be 

applied using hydrodynamic conditions.  The proposed analytical platforms 

demonstrated satisfactory electroanalytical performance in static and hydrodynamic 

conditions, indicating the platforms' versatility and the system's potential to be used in 

analytical applications. 
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The research internship abroad was in the wearable sensors field at Professor 

Dr. Joseph Wang’s laboratory. The proposal was to learn more about wearable 

sensors to apply this knowledge with the devices fabricated and presented in this 

thesis. Thus, a device composed of hollow microneedles array was proposed for 

propofol monitoring. The potential applicability of the developed microneedle array-

based sensor toward minimally invasive monitoring of propofol drug was demonstrated 

by skin-mimicking phantom gel experiments. Although the new microneedle array 

sensing platform holds promising potential for the continuous, real-time detection of 

the anesthetic propofol drug during surgical procedures, more experimental data are 

still needed.   

The laser-scribing technique demonstrated a simple, scalable, and low-cost 

way to obtain portable electrochemical devices in various platforms, especially using 

polymer materials, which are an alternative to the drawbacks of paper use. Moreover, 

combining different platforms is also promising, depending on the analytical 

applications. These devices can also be considered for electrochemical wearable 

sensors fabrication, although this is a future step in this project. Therefore, this work 

focuses on applying the knowledge obtained in wearable sensors to develop a 

wearable platform using the laser-scribing devices proposed herein. In addition, more 

experiments are still needed to finalize the propofol microneedle sensor to obtain a 

promising device for constantly monitoring propofol anesthesia drugs on-body. 
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SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to
be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
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and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
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Questions? customercare@copyright.com.

mailto:customercare@copyright.com
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Jul 24, 2023

This Agreement between Letícia Mendes ("You") and Springer Nature ("Springer Nature")
consists of your license details and the terms and conditions provided by Springer Nature
and Copyright Clearance Center.

License Number 5595480009063

License date Jul 24, 2023

Licensed Content Publisher Springer Nature

Licensed Content Publication Microchimica Acta

Licensed Content Title Tackling the challenges of developing microneedle-
based electrochemical sensors

Licensed Content Author Hilmee Abdullah et al

Licensed Content Date Nov 3, 2022

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations 1

Will you be translating? no

Circulation/distribution 30 - 99
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Author of this Springer Nature
content no

Title
Development of portable electrochemical devices on
polymer materials using CO2 laser for analytical
applications

Institution name University of Sao Paulo

Expected presentation date Sep 2023

Order reference number 104

Portions Fig. 1

Requestor Location

Letícia Mendes
Rua Amabile Miosso 242

Votorantim, São Paulo 18117-070
Brazil
Attn: University of São Paulo

Total 0.00 USD

Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms
specified in your [RightsLink] constitute the License ("License") between you as
Licensee and Springer Nature Customer Service Centre GmbH as Licensor. By clicking
'accept' and completing the transaction for your use of the material ("Licensed Material"),
you confirm your acceptance of and obligation to be bound by these Terms and
Conditions.

1. Grant and Scope of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute, communicate to
the public, make available, broadcast, electronically transmit or create derivative
works using the Licensed Material for the purpose(s) specified in your RightsLink
Licence Details only. Licenses are granted for the specific use requested in the order
and for no other use, subject to these Terms and Conditions. You acknowledge and
agree that the rights granted to you under this License do not include the right to
modify, edit, translate, include in collective works, or create derivative works of the
Licensed Material in whole or in part unless expressly stated in your RightsLink
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Licence Details. You may use the Licensed Material only as permitted under this
Agreement and will not reproduce, distribute, display, perform, or otherwise use or
exploit any Licensed Material in any way, in whole or in part, except as expressly
permitted by this License.

1. 2. You may only use the Licensed Content in the manner and to the extent permitted
by these Terms and Conditions, by your RightsLink Licence Details and by any
applicable laws.

1. 3. A separate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only valid in
the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the License.

1. 4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

1. 5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests require
additional permission and may be subject to an additional fee. Please apply to
journalpermissions@springernature.com or bookpermissions@springernature.com for
these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights in
or use of the Licensed Material in any way. Neither this License, nor any act, omission, or
statement by Licensor or you, conveys any ownership right to you in any Licensed
Material, or to any element or portion thereof. As between Licensor and you, Licensor
owns and retains all right, title, and interest in and to the Licensed Material subject to the
license granted in Section 1.1. Your permission to use the Licensed Material is expressly
conditioned on you not impairing Licensor's or the applicable copyright owner's rights in
the Licensed Material in any way.

3. Restrictions on use

3. 1. Minor editing privileges are allowed for adaptations for stylistic purposes or
formatting purposes provided such alterations do not alter the original meaning or
intention of the Licensed Material and the new figure(s) are still accurate and
representative of the Licensed Material. Any other changes including but not limited
to, cropping, adapting, and/or omitting material that affect the meaning, intention or
moral rights of the author(s) are strictly prohibited.

3. 2. You must not use any Licensed Material as part of any design or trademark.

3. 3. Licensed Material may be used in Open Access Publications (OAP), but any such
reuse must include a clear acknowledgment of this permission visible at the same time
as the figures/tables/illustration or abstract and which must indicate that the Licensed
Material is not part of the governing OA license but has been reproduced with
permission. This may be indicated according to any standard referencing system but
must include at a minimum 'Book/Journal title, Author, Journal Name (if applicable),
Volume (if applicable), Publisher, Year, reproduced with permission from SNCSC'.

4. STM Permission Guidelines

mailto:Journalpermissions@springernature.com
mailto:bookpermissions@springernature.com
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4. 1. An alternative scope of license may apply to signatories of the STM Permissions
Guidelines ("STM PG") as amended from time to time and made available at
https://www.stm-assoc.org/intellectual-property/permissions/permissions-guidelines/.

4. 2. For content reuse requests that qualify for permission under the STM PG, and
which may be updated from time to time, the STM PG supersede the terms and
conditions contained in this License.

4. 3. If a License has been granted under the STM PG, but the STM PG no longer
apply at the time of publication, further permission must be sought from the
Rightsholder. Contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

5. Duration of License

5. 1. Unless otherwise indicated on your License, a License is valid from the date of
purchase ("License Date") until the end of the relevant period in the below table:

Reuse in a medical
communications project

Reuse up to distribution or time period indicated in
License

Reuse in a
dissertation/thesis Lifetime of thesis

Reuse in a
journal/magazine Lifetime of journal/magazine

Reuse in a book/textbook Lifetime of edition
Reuse on a website 1 year unless otherwise specified in the License

Reuse in a
presentation/slide
kit/poster

Lifetime of presentation/slide kit/poster. Note:
publication whether electronic or in print of
presentation/slide kit/poster may require further
permission.

Reuse in conference
proceedings Lifetime of conference proceedings

Reuse in an annual report Lifetime of annual report
Reuse in training/CME
materials

Reuse up to distribution or time period indicated in
License

Reuse in newsmedia Lifetime of newsmedia
Reuse in
coursepack/classroom
materials

Reuse up to distribution and/or time period
indicated in license

6. Acknowledgement

6. 1. The Licensor's permission must be acknowledged next to the Licensed Material
in print. In electronic form, this acknowledgement must be visible at the same time as
the figures/tables/illustrations or abstract and must be hyperlinked to the
journal/book's homepage.

6. 2. Acknowledgement may be provided according to any standard referencing
system and at a minimum should include "Author, Article/Book Title, Journal
name/Book imprint, volume, page number, year, Springer Nature".

7. Reuse in a dissertation or thesis

7. 1. Where 'reuse in a dissertation/thesis' has been selected, the following terms
apply: Print rights of the Version of Record are provided for; electronic rights for use
only on institutional repository as defined by the Sherpa guideline

https://www.stm-assoc.org/intellectual-property/permissions/permissions-guidelines/
mailto:Journalpermissions@springernature.com
mailto:bookpermissions@springernature.com
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(www.sherpa.ac.uk/romeo/) and only up to what is required by the awarding
institution.

7. 2. For theses published under an ISBN or ISSN, separate permission is required.
Please contact journalpermissions@springernature.com or
bookpermissions@springernature.com for these rights.

7. 3. Authors must properly cite the published manuscript in their thesis according to
current citation standards and include the following acknowledgement: 'Reproduced
with permission from Springer Nature'.

8. License Fee

You must pay the fee set forth in the License Agreement (the "License Fees"). All
amounts payable by you under this License are exclusive of any sales, use, withholding,
value added or similar taxes, government fees or levies or other assessments. Collection
and/or remittance of such taxes to the relevant tax authority shall be the responsibility of
the party who has the legal obligation to do so.

9. Warranty

9. 1. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. You are solely responsible for ensuring that
the material you wish to license is original to the Licensor and does not carry the
copyright of another entity or third party (as credited in the published version).
If the credit line on any part of the Licensed Material indicates that it was reprinted or
adapted with permission from another source, then you should seek additional
permission from that source to reuse the material.

9. 2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN AND TO THE
EXTENT PERMITTED BY APPLICABLE LAW, LICENSOR PROVIDES THE
LICENSED MATERIAL "AS IS" AND MAKES NO OTHER REPRESENTATION
OR WARRANTY. LICENSOR EXPRESSLY DISCLAIMS ANY LIABILITY FOR
ANY CLAIM ARISING FROM OR OUT OF THE CONTENT, INCLUDING BUT
NOT LIMITED TO ANY ERRORS, INACCURACIES, OMISSIONS, OR DEFECTS
CONTAINED THEREIN, AND ANY IMPLIED OR EXPRESS WARRANTY AS TO
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. IN NO
EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL,
INCIDENTAL, INDIRECT, PUNITIVE, OR EXEMPLARY DAMAGES,
HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE
DOWNLOADING, VIEWING OR USE OF THE LICENSED MATERIAL
REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE,
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS
OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT
THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION APPLIES NOTWITHSTANDING ANY FAILURE
OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.

10. Termination and Cancellation

10. 1. The License and all rights granted hereunder will continue until the end of the
applicable period shown in Clause 5.1 above. Thereafter, this license will be
terminated and all rights granted hereunder will cease.

https://v2.sherpa.ac.uk/romeo/
mailto:Journalpermissions@springernature.com
mailto:bookpermissions@springernature.com
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10. 2. Licensor reserves the right to terminate the License in the event that payment is
not received in full or if you breach the terms of this License.

11. General

11. 1. The License and the rights and obligations of the parties hereto shall be
construed, interpreted and determined in accordance with the laws of the Federal
Republic of Germany without reference to the stipulations of the CISG (United
Nations Convention on Contracts for the International Sale of Goods) or to Germany ́s
choice-of-law principle.

11. 2. The parties acknowledge and agree that any controversies and disputes arising
out of this License shall be decided exclusively by the courts of or having jurisdiction
for Heidelberg, Germany, as far as legally permissible.

11. 3. This License is solely for Licensor's and Licensee's benefit. It is not for the
benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or website issues
please contact springernaturesupport@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777. For questions on Springer Nature licensing please visit
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution

Other Conditions:

Version 1.4 - Dec 2022

Questions? customercare@copyright.com.

mailto:springernaturesupport@copyright.com
https://www.springernature.com/gp/partners/rights-permissions-third-party-distribution
mailto:customercare@copyright.com
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ELSEVIER LICENSE
TERMS AND CONDITIONS

Jul 24, 2023

This Agreement between Letícia Mendes ("You") and Elsevier ("Elsevier") consists of your
license details and the terms and conditions provided by Elsevier and Copyright Clearance
Center.

License Number 5595480390711

License date Jul 24, 2023

Licensed Content Publisher Elsevier

Licensed Content Publication Sensors and Actuators B: Chemical

Licensed Content Title
Wearable electrochemical microneedle sensing platform
for real-time continuous interstitial fluid monitoring of
apomorphine: Toward Parkinson management

Licensed Content Author
K. Yugender Goud,Kuldeep Mahato,Hazhir
Teymourian,Katherine Longardner,Irene Litvan,Joseph
Wang

Licensed Content Date Mar 1, 2022

Licensed Content Volume 354

Licensed Content Issue n/a

Licensed Content Pages 1

Start Page 131234

End Page 0

Type of Use reuse in a thesis/dissertation



7/24/23, 3:16 PM RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 2/7

Portion figures/tables/illustrations

Number of
figures/tables/illustrations 2

Format electronic

Are you the author of this
Elsevier article? No

Will you be translating? No

Title
Development of portable electrochemical devices on
polymer materials using CO2 laser for analytical
applications

Institution name University of Sao Paulo

Expected presentation date Sep 2023

Order reference number 105

Portions Graphical Abstract, Fig. 1

Requestor Location

Letícia Mendes
Rua Amabile Miosso 242

Votorantim, São Paulo 18117-070
Brazil
Attn: University of São Paulo

Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
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established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
RightsLink account and that are available at any time at https://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given. The material may not be reproduced or used in any other way,
including use in combination with an artificial intelligence tool (including to train an
algorithm, test, process, analyse, generate output and/or develop any form of artificial
intelligence tool), or to create any derivative work and/or service (including resulting from
the use of artificial intelligence tools).

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications can be made to
any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

https://myaccount.copyright.com/
https://service.elsevier.com/app/contact/supporthub/permissions-helpdesk/
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10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.elsevier.com/
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17. For journal authors: the following clauses are applicable in addition to the above:

Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
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Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
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