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RESUMO 

 

O advento da tecnologia de sensores para várias aplicações tem contribuído para 

a qualidade da vida humana especialmente por prover respostas sensíveis, seletivas 

e rápidas. Contrariamente, as técnicas analíticas tradicionais ainda enfrentam 

algumas barreiras principalmente ligadas ao alto custo, não-portabilidade e longos 

tempos de resposta. Nesse contexto, a presente tese traz os principais aspectos de 

sensores e biossensores para aplicação na área médica, na indústria alimentícia e 

no monitoramento ambiental, todos baseados na Espectroscopia de Impedância 

Eletroquímica (EIE). Devido às suas propriedades eletroquímicas, à facilidade de 

funcionalização, ao baixo custo e à empregabilidade em sistemas miniaturizados, 

eletrodos impressos de carbono (EICs) serviram como transdutores em 

(bios)sensores para o reconhecimento de carne de cavalo, glicose e dimetil sulfeto 

(DMS). O imunossensor composto por EICs e imunoglobulina G de cavalo foi capaz 

de detectar seletivamente carne de cavalo em baixas concentrações, com um limite 

de detecção (LD) igual a 0,004%m/v, corroborando sua promissora aplicação como 

ferramenta para identificação de adulteração de produtos cárneos crus por carne de 

cavalo. O sensor de glicose contendo ácido 3-aminofenil borônico como unidade de 

reconhecimento não detectou outros açúcares nem mesmo sofreu influência 

significante de interferentes. Pelo contrário, o dispositivo impedimétrico apresentou 

um LD igual a 8,53 x 10-9 M sob tempo de resposta otimizado de 4,0 ± 0,6 s. Em 

apenas três minutos, o sensor de DMS detectou o analito com LD igual a 1,50 x 10-9 

M e apresentou crescente resposta em tempo real diante do analito diluído em 

solução simulada de água do mar. Em comum, os (bios)sensores desenvolvidos 

apresentaram LDs e tempos de resposta condizentes com as aplicações reais. 

 

Palavras-chave: Sensor; biossensor; Espectroscopia de Impedância Eletroquímica; 

veneno de cobra; fraude alimentar; glicose; dimetil sulfeto 
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ABSTRACT 

 

The advent of sensing technologies for various applications has increased the 

quality of human life especially for providing sensitive, selective and fast responses. 

Contrary, traditional analytical assays still face some shortcomings mainly related to 

high cost, non-portability and lengthy response time. In this context, the present 

thesis brings the main aspects of sensors and biosensors for application in the 

medical field, food industry and environmental monitoring, all of them based on the 

Electrochemical Impedance Spectroscopy (EIS). Due to their electrochemical 

properties, easiness of modification, low cost and employability in miniaturized 

systems, screen-printed carbon electrodes (SPCEs) served as transducers in 

(bio)sensors devoted to recognize horsemeat for meat authentication, glucose and 

dymethil sulfide (DMS). The SPCE-based immunosensor containing horse 

immunoglobulin G was capable to selectively detect horsemeat at low 

concentrations, within a limit of detection (LOD) equal to 0.004%w/v, corroborating its 

promising application as a tool for screening horse adulteration in raw meat products. 

The glucose sensor consisting of 3-aminophenylboronic acid as unit of recognition 

did not detect other sugars nor suffered significant influence of interfering species. 

Instead, the impedimetric device exhibited a LOD equal to 8.53 x 10-9 M under an 

optimized response time of 4.0 ± 0.6 s. In only three minutes, the DMS sensor 

detected the analyte at a LOD equal to 1.50 x 10-9 M and provided increasing real-

time response towards the target molecule diluted in simulated ocean water. In 

common, the developed (bio)sensors presented LODs and response times 

consistent with the real application. 

 

Keywords: Sensor; biosensor; Electrochemical Impedance Spectroscopy; snake 

venom; food fraud; glucose; dymethil sulfide 
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CHAPTER 1 - INTRODUCTION 
 
 
 
1.1 GENERAL ASPECTS OF SENSORS 

 

According to the International Union of Pure and Applied Chemistry (IUPAC), a 

sensor is a device capable to convert an input signal related to the presence of a 

target analyte into a measurable output signal [1]. Typically, the foremost concept 

associated to the word “sensor” is that of our human senses, by which the organism 

receive an external stimulus, processes this data in the brain as neurological 

impulses and respond with an output signal referring to an information of sound, 

image, taste, sense of touch or smell [2].  

Depending on the agent responsible for sensing a target analyte or on the 

mechanism to convert the information into an analytical signal, sensors can be 

classified in several categories. Accordingly, a sensor whose detection mechanism 

consists of biochemical reactions between a recognition receptor and an analyte of 

interest is named biosensor [1]. The first reports of the term “biosensor” dates from 

the 1960s by Clark and Lyons and its development has since required 

multidisciplinary knowledge in the areas of chemistry, biology and engineering [3]. Its 

working mechanism is based on the interaction between its reactive sites and the 

analyte of interest present in a given medium, stimulating the beginning of a reaction 

that will be converted by a transduction element into a measurable analytical signal 

and that can be analyzed electronically [2]. 

Bhalla et al. [4] pointed out the following main attributes of (bio)sensors and 

highlighted that the optimization of these characteristics are directly related to their 

performance: 

• Sensitivity: is the minimum analyte concentration capable to generate a 

significant signal from the sensor. In the medical field, for example, very low 

values of limit of detection (LOD) are required in the diagnosis of Prostatic 

Specific Antigen (PSA), which in concentrations above 4 ng.mL-1 in the blood 

may indicate the presence of prostate cancer [4]; 

• Selectivity: one of the main properties of a (bio)sensor, is the ability of the 

biological recognition element to specifically detect an analyte of interest 
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among other substances and/or interfering species commonly present in the 

context of application; 

• Reproducibility: the ability of generating identical responses when the device 

is exposed to identical conditions. It is closely linked to the characteristics of 

the transducer and the electronic system; 

• Stability: the ability to remain unaltered when exposed to the adversities of an 

environment. Generally, these external stimuli cause disturbances in the 

output signal of the (bio)sensor during the measurements, which can affect its 

accuracy. The stability is especially important in situations that require long 

device incubation times or continuous monitoring; 

• Linearity: corresponds to the range at which the sensor’s output signal is 

proportional to the analyte concentration. The quality of the corresponding 

mathematical model, which can be linear or polynomial, is normally assessed 

by a coefficient of correlation [5-8]. 

Biosensors are typically classified according to the transduction mechanism or to 

the biological recognition element. In the first group, there are optical, gravimetric, 

magnetic, electrochemical and thermal biosensors, while in the second one there are 

those based on enzymes, microorganisms, antibodies / antigens, nucleic and 

biomimetic acids [9]. 

Amongst the biosensors possibilities, the electrochemical immunosensors 

represent a special group because they combine the advantages of high specificity of 

the interactions between antibodies and antigens with the high sensitivity of 

electrochemical techniques [10]. Bhalla et al. [4] pointed out that the reactions 

between antigen and antibody are the best example of selectivity of a biosensor, 

which is the main characteristic to be considered in the development of this type of 

device. In addition, according to the Markets and Markets group [11], based on the 

rise of immunological techniques, experts estimate a market reach of US$ 25.45 

billion for the year 2021 compared to the US$ 17.16 billion already reached in 2016, 

which represents an average growth of 8.6% per year. 

In the context of the electrochemical immunosensors, those based on the 

Electrochemical Impedance Spectroscopy (EIS) technique, called “impedimetric”, 

figure among the most promising and currently studied types of biosensors [12]. This 
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is due to the combination of characteristics such as the low cost of producing 

electrodes, instrumentation with also relatively low cost, the possibility of 

miniaturization and possibility of obtaining processing signals by remote control, 

which makes it amenable for in-situ applications [13]. 

Ali et al. [2], who studied the recent biosensor impact applications, point out that 

the biggest progresses in the field of analytical sensors have been in the areas of 

biomedicine, agriculture, food and environmental. 

In the food industry, efforts have been made to ensure product safety and quality. 

However, the traditional techniques used for chemical and spectroscopic 

experimentation have presented some limitations mainly related to the high cost of 

instrumentation and the long time required to perform the tests [14] . Hideshima et al. 

[15] reported the detection of allergens in food products using field effect transistors. 

Castillo et al. [16] developed an aptamer-based sensor for aflatoxin B1 detection, a 

mycotoxin identified as a food contaminant with carcinogenic potential present in 

corn, peanuts and milk. Gaudin [17] portrayed advances in the development of 

biosensors for the detection of antibiotics in foods of animal origin, also emphasizing 

the importance of simpler, cheaper and faster methods for this purpose. 

In the medicine field, the application of biosensing technologies has rapidly grown 

due to the increase in the population contingent and consequently the number of 

people affected by various diseases [18]. In this context, for example, the detection of 

glucose levels in the blood has gained great space for the diagnosis of diabetes, 

representing 85% of the market of biosensors [19,20]. 

The diagnosis of other various diseases has also been reported in the literature in 

recent years with the application of biosensors, such as anemia [21], malaria [22], 

tuberculosis [23] and Zica virus [24]. However, as highlighted by Bhalla et al. [4], in 

addition to glucose biosensors and pregnancy tests, few other sensors have reached 

visible commercialization. The authors reported that this challenge is due to several 

factors, such as the difficulty of transforming academic developments into 

commercially viable prototypes for the industry, the complicated regulatory barrier in 

the clinical area and the natural difficult in managing the multidisciplinary knowledge 

involved in the fields of biological sciences and engineering for developing these 

devices for plural applications. 
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In this context of vast possibilities, it is therefore necessary to develop scientific 

and technological sensors and biosensors with faster, cheaper, simpler and more 

precise performances, aiming to support safety in the areas of health, environmental 

protection and industrial quality. 

 

 

1.2 OBJECTIVES 

 

1.2.1 General objectives 

 

The objective of this thesis was to describe the development of impedimetric 

(bio)sensors for application in the detection of analytes of medical, industrial and 

environmental interests reaching high performances with respect to sensitivity, 

selectivity, linearity, fast response time and lower cost in comparison to traditional 

analytical techniques. To achieve these desirable characteristics, the developed 

sensors were fabricated with screen-printed carbon electrodes (SPCEs) as 

transducer substrates. The screen-printing technology has revolutionized the field of 

electrochemical sensors because it is capable to produce very reproducible 

electrodes with good sensitivity and selectivity with low manufacturing cost [25]. 

Combined to the ease modification of SPCEs in special, several researches have 

exploited these materials as an electrochemical matrix for miniaturized sensing 

platforms in several applications [26-30]. 

 

 

1.2.2 Specific objectives 

 

For the consolidation of the general objective, the specific objectives of this work 

were: 

• To review the literature on the EIS technique to serve as the transduction 

mechanisms for the proposed sensors of this research; 

• To differentiate the Faradaic and non-Faradaic mechanisms of EIS in order 

to evaluate the key advantages and important limitations of each technique; 
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• To review the recent studies employing SPCEs as electrochemical 

transducers; 

•  To evaluate SPCEs regarding their chemical composition, stability, 

electrochemical behavior and corrosion resistance in electrolytic solutions 

that simulate the application as Faradaic and non-Faradaic sensors; 

• To review the electroanalytical techniques traditionally employed to identify 

fraud in food products; 

• To develop an impedimetric immunosensor for recognition of horsemeat as 

a fraudulent element in raw meat and to characterize the proposed device 

with respect to its morphology, electrochemical behavior, sensitivity, 

selectivity against pork and beef and analytical response towards horse 

serum diluted in buffered solution and towards horsemeat commercial 

samples; 

• To fabricate and to characterize a non-enzymatic impedimetric sensor for 

recognition of glucose, studying its LOD, selectivity against other sugars 

(fructose and sucrose) and common interfering species for medical 

application of the sensor (dopamine, NaCl and animal serum), 

morphological structure of the functionalized SPCE, electroactivity, linearity, 

repeatability, reproducibility, transduction mechanism and response time 

under optimal operational conditions; 

• To prepare a dimethyl sulfide (DMS) sensor based on the modification of 

SPCE with gold particles and to evaluate its performance at nanomolar 

analyte concentration, to assess its morphology, LOD, limit of quantification 

(LOQ), linearity, reusability, capability of recognizing the analyte in 

simulated ocean water and capability of providing real-time impedimetric 

sensing. 
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1.3 THESIS STRUCTURE 

 

The present thesis is divided into eight chapters. This first chapter lays out an 

overview about the sensors technology and use of SPCEs as electrochemical 

transducers. 

Chapter 2, entitled “Faradaic and non-faradaic electrochemical impedance 

spectroscopy as transduction techniques for sensing applications”, builds on a mini 

review published by Faria et al. [31] on the International Journal of Biosensors & 

Bioelectronics  bringing the theory of the EIS technique with a focus on the Faradaic 

and non-Faradaic mechanisms of transduction. 

Chapter 3 (Application of screen-printed carbon electrode as an electrochemical 

transducer in biosensors) introduces the main characteristics of SPCEs with respect 

to fabrication, pre-treatments for improving their electroactivity and current 

applications in electrochemical sensing platforms. This section is adaption from the 

published mini review of Faria et al. [32]. 

Chapter 4 (Electrochemical behavior of screen-printed carbon electrodes as 

transducers in biosensors) deals with the characteristics of SPCEs for application in 

electrochemical (bio)sensors. The original text was adapted from the manuscript by 

Faria et al. [33]. 

”Recent trends in the electroanalytical detection of food fraud” is the title of the 

Chapter 5, which provides a comprehensive review on the electrochemical 

techniques recently employed for the identification of food fraud, highlighting the 

importance of these analytical methods in the work of preventing and inspecting 

these criminal act. This section was adapted from the review published by Faria et al. 

[34]. 

Complementarily to the information raised in the fifth chapter of this thesis with 

respect to the importance of screening food fraud, Chapter 6 refers to the article “A 

new tool for the detection of horsemeat adulteration in raw meat” published in the 

Journal of Biosensors & Bioelectronics [35]. This chapter describes the development 

of an impedimetric sensor using anti-horse antibodies for the detection of horsemeat. 

The article “Non-enzymatic impedimetric sensor based on 3-aminophenylboronic 

acid functionalized screen-printed carbon electrode for highly sensitive glucose 
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detection” [36] published in the Sensors journal was adapted to Chapter 7. This work 

describes the development, characterization and application of a high sensitive 

glucose sensor based on the EIS technique. 

Finally, Chapter 8 reports the fabrication of a DMS sensor based on the 

modification of SPCEs with gold particles to detect the molecule at nanomolar level. 

This text is an adaptation of the manuscript “A novel impedimetric sensor for trace 

level detection of dimethyl sulfide (DMS)” accepted for publication by the Journal of 

Materials Science: Materials in Electronics (ISSN: 0957-4522; DOI: 10.1007/s10854-

020-03588-0). 
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2.1 ABSTRACT 

 

Electrochemical Impedance Spectroscopy (EIS) stands out as a powerful 

technique for application in electroanalytical devices. Especially due to the possibility 

of label-free performance, use of miniaturized systems, in situ measurements and the 

relative low cost, impedimetric sensors have attracted particular attention in the 

recognition of analytes of medical, environmental and industrial interests. Depending 

on the presence or absence of redox species in the electrode or in the electrolyte, the 

technique can be categorized as faradaic or non-faradaic EIS respectively. The 

choice of the most suitable sensing method relies mainly on the expected application. 

Despite the non-faradaic methods presents the advantages of the application in 

point-of-care devices due to the possibility of miniaturization of the electrodes and the 

absence of redox couple, the faradaic sensors tends to be more sensitive. 

 

Keywords: electrochemical impedance spectroscopy, sensor, faradaic EIS, non-

faradaic EIS 
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2.2 INTRODUCTION 

 

Electrochemical techniques have been widely employed to detect and/or quantify 

molecules of medical, environmental and industrial interests. Among traditional 

techniques such as potentiometry, amperometry and conductometry, the EIS  has 

gained great attention as an analytical tool for a broad range of analytes, mainly 

because it can be performed as a non-destructive method and it enables in situ 

measurements [1,2]. Moreover, EIS exempt the use of special reagents, which 

makes it suitable for label-free applications, which significantly diminishes its cost in 

relation to other techniques and makes it easier to perform [3]. In common, all the 

electrochemical sensors consist on relating a measurable output electrical signal to 

the changes in the structure (usually the surface) of an electrode because of the 

recognition of a target analyte. The in-depth understanding of the mechanisms and 

fundaments involving the sensing phenomena is a challenge in electroanalytical 

techniques and can lead to the improvement of the main desirable characteristics of 

a sensor: the selectivity, stability and sensibility [4]. In this sense, this minireview 

presents the main aspects regarding the EIS as a technique for application in 

sensors based on its two categories of performance: the faradaic and non-faradaic 

EIS. 

 

 

2.3 EIS THEORY 

 

The EIS basis lies on the development of multiple microscopic processes when an 

electrode/electrolyte system suffers from an electrical stimulus. This small 

perturbation can provoke the transfer of electrons in electronic conductors and the 

transport of charged species from the electrode to the electrolyte (and vice-versa) 

due to the occurrence of oxidation and reduction reactions. Accordingly, the resultant 

flow rate of electrons and charges is a function of the resistance of both electrode 

and electrolyte as well as it depends on the reaction rates that take place on the 

interface [5]. 
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Basically, a sinusoidal AC potential (potenciostatic EIS) or current (galvanostatic 

EIS) is applied to an electrochemical system under study and the resultant AC 

current or potential is measured as a frequency-dependent parameter.  The ratio 

between the applied potential E(ω,t), which can also be superimposed by a constant 

DC potential, and the current I(ω,t) is the impedance Z(ω,t) (Equations 1, 2 and 3). 

Herein, ω is the angular frequency (ω = 2πf, where f is the variable frequency), t is 

the time, |Z| is the magnitude of impedance, Z’ is the real impedance, Z” is the 

imaginary impedance, in which j is the imaginary number √-1, and   is the phase 

angle between the potential and current signals [6,7]. 
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Typically, impedance data are represented as a function of Z’ and Z” (Nyquist 

diagram) or drawing |Z| and/or   as a function of the frequency (Bode diagram). By 

exploiting these graphical representations in certain frequency ranges, it is possible 

to assess some interfacial characteristics of an electrode as well as the conductive 

features of the electrolyte. However, due to the complex composition of the global 

impedance from an electrochemical cell, the EIS data is commonly modeled to an 

electrical equivalent circuit in order to further analyze the inductive, capacitive and 

resistive components [8]. 

EIS comprises two groups: the faradaic and non-faradaic EIS. The use of one or 

the other terminology is associated to the occurrence of electrical charge transfer 

across an interface due to the presence or absence of redox species [3]. Based 

mainly on the characteristics of the transducer substrate, the electrolyte and the 

application of interest, one can elect the most appropriate technique to develop an 

electrochemical sensor. 
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2.4 FARADAIC SENSORS 

 

In faradaic EIS, reduction and/or oxidation reactions among electroactive species 

take place at the electrode leading to the generation of an electrical current [3]. Thus, 

the faradaic sensors require the presence of redox probes and the application of DC 

conditions to promote the development of the electrochemical reactions. This type of 

EIS receives this name because the generated current obeys the Ohm’s Law 

(Equation 4), which means that the faradaic current is related to the number of 

electrons transferred in the redox reactions (n), to the Faraday constant (F), the 

surface area of the electrode (A) and the flux of electroactive molecules at the 

interface boundary (ji) [9]. 

 

i
nFAjI =                                      

(4) 

 

By means of the current generated from the redox reactions, the faradaic sensors 

can achieve higher sensitivity in comparison to the non-faradaic devices [2].  

To model the appropriate equivalent circuit associated to faradaic sensors, 

besides the electrolyte resistance and the capacitance (that is usually replaced by a 

constant phase element – CPE), it must take in account the effect of a charge 

transfer resistance (Rct) and a Warburg impedance (Zw). The Rct is a consequence of 

the potential generated by the oxidative and reductive phenomena at the electrode 

as well as of the repulsion or steric effect caused by the charged species that arrives 

to the conductive surface [3]. Accordingly, the Zw results from the diffusion of the 

electroactive species from the bulk solution to the electrode. Graphically, Rct can be 

determined by the diameter of a semicircle in the Nyquist plot and Zw can be 

deducted from a 45° inclined straight line at low frequencies [10]. 

Despite the reduction and oxidation reactions are often associated to the presence 

of a redox couple in the electrolyte (Fe(CN)6
3-/4- is commonly employed as a redox 

pair in the literature), the redox phenomena can also occur in the structure of the 

electrode. For example, some conductive polymers such as polyaniline, polypirrole 
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and polythiophene possess the ability of conduct charge along their chain due to 

doping mechanisms [11]. 

2.5 NON-FARADAIC SENSORS 

 

Contrary to the faradaic EIS, the non-faradaic method does not demand the use of 

redox couples and, consequently, no reference electrode is necessary, because no 

DC potential is required [2]. These features make this kind of sensors more 

amenable to miniaturization and to online/real-time applications. In this kind of 

technique, by charging and discharging the double-layer capacitance, it is possible to 

assess the dielectric changes on the electrode. Thus, the impedance of a non-

faradaic sensor arises from the effect caused by the insulating characteristics of the 

target analyte bond to the conductive substrate [12]. Typically, the most valuable 

impedance parameter in this case is the double layer capacitance and it is only 

limited by the nature of the charge carriers and their concentration at the boundary 

layer of the transducer substrate [3]. Nonetheless, the |Z| and   components are 

adequate transducer parameters [13]. In this case, the equivalent circuit consists of a 

combination of resistors and capacitors. The double layer capacitance (C) is 

described by the Helmholtz model (Equation 5) as a function of the free space 

permittivity (ε0), the relative solution permittivity (εr), the distance (d) of the Helmholtz 

layer and the surface area of the electrode (A) [14]. 

 

A
d

r
C


0

=                                        (5) 

 

 

2.6 CONCLUSION 

 

Both faradaic and non-faradaic EIS present relevant advantages as transducer 

techniques in electrochemical sensors for various applications. In the faradaic mode, 

the Rct is the impedance component correlated to the concentration of an analyte of 

interest and it is a result of the current generated from the reduction and oxidation 
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reactions among electroactive species. On the other hand, the capacitance is 

generally the most important transducer term to interpret the recognition of a certain 

analyte in non-faradaic EIS. Despite less sensitive, the non-faradaic sensor is a 

promising candidate for real-time applications because it does not require the 

presence of redox couples. 
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3.1 ABSTRACT 

 

Screen-printed electrodes have been extensively employed as an economical 

transducer substrate for electrochemical biosensing applications due to their small 

size, easiness of mass production and the possibility of use with portable devices 

which facilitates in situ applications. Carbon inks can be widely modified by the 

addition of materials and/or molecules and this versatility confers the capacity to be 

used for the purposes of food, agricultural, environmental and biomedical analyses. 

 

Keywords: screen printed electrode, carbon, biosensing 

 

 

3.2 INTRODUCTION 

 

Great interest has been directed to the screen printing technology for biosensing 

applications. Screen-printed electrodes (SPEs) possess as major advantage over the 

traditional electrodes the possibility of use in miniaturized systems, whose 
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applications demand portable devices. Besides the possibility to perform in situ 

analyses, the easiness of mass production makes these electrodes very interesting 

for the market.  

 

 

3.3 FABRICATION 

 

Usually, the SPEs consist of a three-electrode configuration (working, counter and 

reference electrodes). Carbon ink is painted onto one extremity of the conductive 

tracks to form the working and counter electrodes, and the reference electrode is 

commonly based on silver electroactive tracts. An insulating film is glued to the 

exposed tracts and between the electrodes to avoid short-circuit. The screen-printed 

carbon electrodes (SPCEs) contain a chemically inert carbon conductive ink, organic 

solvents, additives and some binding components [1,2].  

 

 

3.4 PRE-TREATMENT 

 

Since the SPCE possess insulator additives to improve the adhesion of carbon ink 

on the support, the pre-treatment of these electrodes is considered a key point to 

overcome its limited electron transfer kinetics at the interface with the electrolyte. In 

order to activate the edge planes of the SPCE, many techniques have been 

considered to enhance the carbon electroactivity (e.g. thermal, chemical and 

mechanical treatments), although the electrochemical processes are the most 

commonly used. Sundaresan et al. [3] performed 10 cycles of Cyclic Voltammetry 

(CV) in 0.05 M phosphate buffer in a potential range from -0.5 to 2.0 V vs Ag/AgCl. 

Pan et al. [4] applied a fixed -1.2 V vs Ag/AgCl potential during 20 s to an electrode 

containing a drop of 0.1 M NaOH. 
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3.5 APPLICATIONS IN ELECTROCHEMICAL BIOSENSING 

 

The final step to produce an SPCE for a specific purpose is the modification 

(functionalization) of the working electrode surface. The target analyte drives the 

choice of molecules or biomolecules with specific reactivity towards it to be attached. 

Table 1 shows some recent applications of SPCEs regarding the biosensing of 

molecules of medical, environmental and food interests. 

 

Table 1 - Recent applications of SPCE as electrochemical transducer in biosensors 

Application Target analyte Molecule of recognition 
Detection 

technique 
Ref. 

Medical 

diagnosis 

Cardiac 

troponin I 

5′-amine modified Tro4 

aptamer 

Chronoampero

metry 
[5] 

Japanese 

encephalitis 

virus (JEV) 

Anti-JEV antibodies EIS [6] 

Environment 

monitoring 

Cathecol Laccase 
Chronopotentio

metry 
[7] 

Bisphenol A Dendritic platinum NPs CV [8] 

Food 

analysis 

Fructose Graphite NPs 
Chronoampero

metry 
[9] 

Ethyl 

carbamate 
O-aminophenol CV [10] 

*NPs = nanoparticles 

 

 

3.6 CONCLUSION 

 

The possibility of SPCE functionalization to detect various molecules associated to 

its miniaturized dimensions and low cost of production has been extensively 

exploited, as reported in the literature, for the development of versatile 

electrochemical biosensors. The electroactivity of carbon has been improved by 
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different treatments making it suitable for application as a transducer in 

electroanalysis manly towards the detection of biological molecules.  
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4.1 ABSTRACT 

 

Screen-printed carbon electrode (SPCE) was examined as a transducer substrate 

for application in electrochemical sensors. Aqueous solutions of 0.1 M KCl and 0.1 M 

KCl + 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (redox solution) were prepared to simulate the 

environment of faradaic and non-faradaic sensing respectively. The SPCE presented 

an irregular surface composed by two main carbon phases. Raman spectroscopy 

results revealed the presence of peaks around 1580 cm-1 and 1334 cm-1 related to 

the G and D bands corresponding to sp2 carbon atoms (graphite flakes) and a 

multitude of broad bands associable to amorphous sp3 carbon in the ink matrix.  

Conductive Atomic Force Microscopy indicated that the irregular structure of the 

SPCE led to the heterogeneous distribution of the current over the surface and the 

electroactivity of this material was mainly attributed to the presence of graphite. 
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Polarization curves and Electrochemical Impedance Spectroscopy revealed that the 

redox solution was more aggressive to the SPCE, despite this electrode was 

achieved a quasi-steady state for one hour under the effect of a polarization potential 

in both electrolytes. Such result justifies its use as an electrochemical transducer in 

faradaic and non-faradaic devices. 

 

Keywords: carbon, corrosion resistance, electrochemical impedance spectroscopy, 

polarization 

 

 

4.2 INTRODUCTION 

 

Electrochemical sensors have been widely exploited as a powerful device to 

detect the presence and/or the concentration of substances of public interest. These 

devices attract great attention because they usually comply the key aspects of a 

sensor: the accuracy of the measurement, sensitivity, sensibility and reproducibility 

[1]. Traditionally, an electrochemical sensor consists of a three-configuration 

electrode system (two-configuration is also possible) immersed in an electrolyte: a 

reference, a counter-electrode (as called “auxiliary”) and a working electrode. In the 

latter, some modifications can be performed in order to make it capable to recognize 

an analyte of interest [2]. As a result of the interaction between the sensitive working 

electrode and a molecule of interest, an electrical signal is produced on the interface 

electrode-electrolyte, providing useful information about the detection phenomenon 

[3]. In a group of electrochemical devices comprising classical techniques such as 

the amperometry [4-6], potentiometry [7-9] and conductometry [10-12], the 

impedimetric sensors possess single prominence. EIS is based on the analysis of an 

electrochemical system in which an AC potential is applied and the resultant AC 

current (or vice-versa in case of galvanostatic EIS) is analyzed under a frequency 

range that can varies from high down to very low values (i.e. from MHz to mHz) [13]. 

The main advantages of using EIS as a transduction technique for sensing 

applications are the fact that it is a non-destructive method since a small perturbation 

around the equilibrium is imposed to the system; the facility of using in 
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miniaturized/portable systems for in situ analysis and its low cost if compared with 

other techniques [14-16]. 

EIS is categorized into two groups with respect to the charge transfer across the 

interface electrode/electrolyte. The faradaic EIS is the technique in which the 

presence of a redox couple generates the development of a current due to oxidative 

and reductive reactions.  In case of sensing applications, it is possible to correlate the 

concentration of a target analyte with the faradaic current resultant from the redox 

reactions according to the Faraday’s Law [16,17]. On the other hand, the non-

faradaic EIS does not require the addition of redox species nor the use of a reference 

electrode. The non-faradaic impedance arises from the ionic species present on the 

interface electrode/electrolyte causing alterations in the double layer capacitance 

[18,19]. 

Employing both faradaic and non-faradaic EIS, many authors have been studied 

different materials to use as an electrochemical transducer in electrochemical 

sensors, such as stainless steel [20,21] indium tin oxide [22] and conducting 

polymers [23-25].  

The transducer is a key point in the development of sensors because it converts 

the energy resultant from the recognition of the analyte on its surface into a 

measurable electrical output signal that correlates the presence/concentration of this 

analyte [26]. A special point in using a certain transducer matrix to develop a sensor 

is the stability of the electrode components. Zhao et al. [27] pointed out many 

advantages of employing porous silicon as a substrate for biosensors (such as its 

large surface area and the easiness of functionalization) but recognized that this 

material was unstable in water and other electrolytes due to oxidative and reductive 

reactions. Similarly, Glogener et al. [28] investigated the corrosion of microelectronic 

chips used as sensors for glucose detection for in situ application and Beltrami et al. 

[29] inspected the deposition of protective films in magnetoelastic alloys in order to 

prevent the corrosion of the material in a sensor since the corrosion products arises 

to the decrease of the device’s sensitivity. 

In the recent years one of the most employed electrochemical substrates for 

sensing applications has been the screen-printed carbon electrodes (SPCE) [30-33]. 

The increasing use of SPCE as an electrochemical transducer arises from the 
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presence of a carbon conductive ink that can be easily modified for the recognition of 

various analytes, besides its easiness of fabrication, minimal dimensions and low 

cost [34]. Despite the precise composition of this carbon ink kept as a proprietary 

information by the manufacturers, it is known that it contains graphite particles 

(responsible for enhancing the electroactivity of the SPCE), polymeric binders, 

solvents and some additives to improve its dispersion, adhesion and printing 

properties [35,36]. Traditionally, the carbon ink is printed on plastic or ceramic 

materials in order to allow the fabrication of the SPCE at higher curing temperatures 

and to make it more cost-effective [36].  

Although several authors have focused on both the characterization and 

optimization of the carbon ink mainly with respect to its electrochemical properties 

[37-40], there is still an important gap in the literature regarding the effect of the 

electrolytes in which the SPCE are in contact in the electroanalytical platforms and 

the electroactivity of the electrode. The interference of these solutions merits special 

attention because they can allow the development of redox reactions on the 

electrode’s surface and negatively affects the performance of the SPCE-based 

sensors. Thus, the electrochemical mechanisms of charge transfer occurring at the 

interface electrode-electrolyte must be known in order to verify the possibility of using 

a SPCE for biosensing applications. In this work we evaluated the corrosion 

resistance of this material in electrolytic media representative of non-faradaic (0.1M 

KCl) and faradaic (0.1 M KCl containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]) sensors. 

 

 

4.3 MATERIALS AND METHODS 

 

4.3.1 Chemicals 

 

Potassium chloride was purchased from Fisher Chemical, sulfuric acid (98%) was 

acquired from Anachemia and both potassium ferricyanide and potassium 

ferrocyanide were purchased from Sigma Aldrich. All chemicals were of analytical 

grade and used as received with no additional purification. The solutions were 

prepared using ultrapure water (18.2 MΩ.cm resistivity at 20°C). 
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4.3.2 Apparatus 

 

The SPCE (Pine Research Instruments, model RRPE1002C) consisted of a 

polyethylene terephthalate plastic base with dimensions of 15 mm x 61 mm x 0.36 

mm, on which the working (4 mm x 5 mm) and auxiliary electrodes were made by 

carbon ink and the reference electrode was a deposit of Ag/AgCl. 

 

 

4.3.3 Test solutions 

 

The solutions were prepared with ultrapure deionized water. The corrosion media 

consisted of an aqueous solution of KCl at 0.1 M as supporting electrolyte and an 

aqueous solution of 0.1 M KCl containing 5 mM of K3[Fe(CN)6]/K4[Fe(CN6)] as redox 

couple (herein named “redox solution”). The pH of both solutions was equal to 7.4 at 

25°C and the tests were performed under air atmosphere with no stirring.  

 

 

4.3.4 Characterization of the SPCE 

 

Prior to any characterization, the SPCE was activated by cycling the potential from 

-2.5 to 2.5 V vs Ag/AgCl at 100 mV.s-1 in an aqueous solution of 0.05M H2SO4 as 

recommended by the manufacturer [41].  The combination of the cycled potential and 

the acidic medium is responsible for altering the chemical and morphological 

structure of the carbon ink.  With this procedure, the electron transfer kinetics of the 

carbon in the matrix is accelerated because some organic binders are removed from 

the electrode surface during the pretreatment. Hence, this removal enhances the 

roughness of the SPCE surface, exposing more active carbon area to the electrolyte 

[38,41]. 

The surface morphology of the SPCE was characterized by Scanning Electron 

Microscopy (SEM) with a 5 kV acceleration voltage. Conductive Atomic Force 

Microscopy (CAFM) was carried out with a Tunneling AFM (TUNA) module and a tip 

covered with Pt/Ir to assess both topography and electrical conductance of the 
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electrode. Different test measurements were performed to define a threshold at 

which the spectra did not vary independently of the laser power. Moreover, a good 

indication of the non-alteration of the sample was the absence of visual modification 

on the surface after exposure to the laser beam. 

Raman Spectroscopy was performed in a microscope equipped with a 50x 

objective (NA 0.75), giving an estimated laser spot of 1 μm in diameter. A 

backscattering geometry was used in the 830-1920 cm-1 and 2250-3100 cm-1 ranges, 

using an 1800 l.mm-1 grating. The spectra are the sum of five consecutive 

acquisitions of 5 s, and were acquired with a 633 nm (He-Ne) laser, using a power of 

0.54 mW. Such a low power was necessary in order to obtain quality spectra without 

altering the sensitive sample. 

 

 

4.3.5 Electrochemical tests 

 

All the electrochemical measurements were carried out using a Princeton Applied 

Research VersaSTAT 3 potentiostat (Ametek Scientific Instruments) equipped with a 

frequency response analyzer module. The electrochemical stability of the SPCE 

immersed in the different media was inspected by monitoring the open circuit 

potential (OCP) during 1800 s at room temperature in the freely aerated media. 

 

 

4.3.5.1 Cyclic Voltammetry (CV) 

 

The electroactivity of the SPCE was examined by CV by scanning the potential 

from -1.0 to 1.0 V vs Ag/AgCl at 50 mV.s-1 in both KCl and redox solutions. 

 

 

4.3.5.2 EIS characterization 

 

EIS was performed over a frequency range from 100,000 to 0.025 Hz using a 10 

mV rms potential amplitude. EIS data was recorded and modelled to an electrical 
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equivalent circuit using the ZView version 2.9b software from Scribner and 

Associates. 

 

 

4.3.5.3 Potentiodynamic anodic polarization 

 

Potentiodynamic anodic polarization was carried out to obtain polarization curves 

by scanning the potential from -20 mV to 250 mV vs OCP at a scan rate of 1 mV.s-1. 

 

 

4.3.5.4 Chronoamperometry 

 

The evolution of the electrical current on the SPCE under a fixed potential was 

monitored over 60 min in both electrolyte conditions in order to accomplish a 

comprehensive analysis of the corrosion process involved at the interface of the 

electrode immersed in the different media. The above-mentioned monitoring time 

was determined based on the achievement of an equilibrium state, condition at which 

there was a negligible variation of the current in the first few minutes. 

To perform the Chronoamperometry tests, the value of the applied potential was 

defined by means of the polarization plots as an intermediary value at the anodic 

branch in which the electrode was not active. 

 

 

4.4 RESULTS AND DISCUSSION 

 

4.4.1 Chemical and morphological characterization of the SPCEs 

 

Figure 1 depicts the superficial structure of the SPCEs before and after treatment 

by CV. The electrochemical treatment in H2SO4 aqueous solution improves the 

electroactivity of the working electrode by removing non-conductive components from 

the ink without removing the graphite flakes from the surface [41]. The use of this 
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method is a recommendation of the manufacturer of the SPCE, which reported the 

previously mentioned effects of the CV treatment are reported [41]. 

The as-received electrode contained a disordered rough surface with notable 

wrinkles, in which the graphite flakes seemed to be covered by the polymeric ink as 

also reported in the literature [42,43]. After treating the electrode, the surface was 

rougher and more electroactive because of the activation of the graphite edge planes 

[41,44]. Fanjul-Bolado et al. [36], which studied the morphological and 

electrochemical characteristics of screen-printed and conventional carbon paste 

electrodes, found a similar structure in a commercial SPCE from DropSens. The 

authors reported that the randomly distributed graphite flakes into the ink matrix led 

to an arithmetic mean deviation of the average roughness profile (Ra) equal to 1.14 

µm. 

 

 

Figure 1 – SEM images of the SPCE before (a) and after (b) the activation of the 

surface using H2SO4 

As it can be seen on the Figure 1b, the SPCE is composed of two distinct types of 

structures: one is bright composed of large crystals, and the other one is dark with 

respect to the ink matrix. To carefully analyze the surface of the electrode, Raman 

Spectroscopy technique have been used. 

As the SPCE is made of carbon ink, we focused our study on the two principal 

carbon Raman regions: the first one ranging from 830 to 1900 cm-1, and the second 

one in the 2400 to 3100 cm-1 spectral range. Figure 2 presents the Raman spectra of 

the bright (Figure 2a) and dark (Figure 2b) regions. The bright structures present an 

intense peak around 1580 cm-1, called the G band which corresponds to the 
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stretching bond of rings and chains of sp2 carbon atoms. The peak located at 1334 

cm-1 is the D band corresponding to the breathing mode of rings [45]. By having a 

narrow and intense G band, and a rather small D band, we can safely assume that 

the bright structures are composed of graphite. Furthermore, Figure 3a indicates the 

presence of a sharp peak located at 2687 cm-1 and at 2466 cm-1 [46], confirming the 

presence of graphite. 

 

Figure 2 - Raman spectra of the SPCE sample in the range of 830 - 1900 cm-1 and 

their respective deconvolution curves for (a) the bright structures, and (b) the dark 

structures 

 

Concerning the dark regions, Figure 2b presents a multitude of broad bands 

located at 1210, 1334, 1506 and 1604 cm-1 which are indicative of disorder amongst 

the sp2 carbons. This disorder can be characteristics of quasi-amorphous sp3 carbon. 

Another indication of the amorphous state of the dark region is the very low Raman 

signal of Figure 3b and the presence of a broad band located at 2918 cm-1. Due to 

the presence of peaks at 2654 and 2689 cm-1, we cannot dismiss the presence of sp2 

graphite carbon. Therefore, we can assume that the dark structures are composed of 

a mixture of two phases: sp2 graphitic carbon and sp3 amorphous carbon. 

 



55 
 

 
 
 

 

Figure 3 - Raman spectra of the SPCE sample in the range of 2400 - 3100 cm-1 and 

their respective deconvolution curves for (a) the bright structures, and (b) the dark 

structures. 

 

 

4.4.2 Electrochemical characterization 

 

By applying the bias voltage between the SPCE and the conducting cantilever, it 

was possible to obtain the AFM images presented in Figure 4. The presence of 

graphite flakes previously observed in the SEM images corroborates the irregular 

topography of the SPCE revealed by AFM. As expected, the size scale of the regions 

identified as graphite flakes in Figure 1 (which was proved by Raman Spectroscopy) 

was different from the colored irregularities in Figure 4. This is because the current 

distribution on the surface is not restricted to the graphite particles. These flakes are 

the most (but not exclusive) conductive component in the SPCE, which implicates on 

the current flow along the whole surface. For the same reason and because of the 

qualitative character of the technique, it is not possible to precisely annotate the 

regions referring exclusively to the graphite flakes in the cAFM image. Thus, the 

cAFM result was not expected to reveal well limited regions arising from the graphite 

or any other component, but some with highlighted values of current due to the 

presence of graphite flakes (mainly due to the uncovered edges) and a less 

conductive matrix composed by the other ink components. 
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The rough surface of the electrode comprised spots with significant difference of 

current. This fact was likely due to the presence of ink binder that was not completely 

removed during the acid treatment. Moreover, the analysis of the current map in the 

same Figure 4 reiterate that the electroactivity of the SPCE arises from its graphite 

flakes, since the higher current values (around 4.1 nA) results from very localized 

spots in the higher regions. However, it is also notable the presence of regions with 

intermediary values of conductivity (represented in yellow) in a significant portion of 

the surface, possibly due to the conductive contribution of the amorphous sp3 carbon 

phase recognized by Raman spectroscopy. 

 

 

Figure 4 - Topographic image from AFM conductive test referring to the distribution of 

electrical current over the surface of the SPCE 

 

Regarding to the electroactivity of the SPCE, the cyclic voltammogram presented 

in Figure 5 shows the presence of an irreversible cathodic peak at -0.44 V vs 

Ag/AgCl related to the exposure to KCl. An electrochemical system is called 

irreversible when the reaction rate in the forward direction (
*

→ ) is negligible 

compared to the backward direction (
*

 ) or vice-versa [47]. Accordingly and as 

shown in Figure 5, since one can assume the validity of the relation
**

→  , the 

overall reaction rate ( * ) is practically equal to the rate of the anodic direction (
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**

→ ), which causes the development of an asymmetric plot in the cyclic 

voltammogram. Considering the results obtained by Slate et al. [48] that indicated the 

absence of observable redox peaks of different graphitic electrodes immersed in 

0.1M KCl, the presence of the mentioned cathodic peak possibly arises from the 

irreversible reduction of the oxygen atoms from functional groups of graphene oxide 

[49,50]. 

 

 

Figure 5 - Cyclic voltammogram of the SPCE immersed in KCl and redox solutions 

under a potential ranging from -1.0 to 1.0 V vs Ag/AgCl at 50 mV.s-1 

 

The slow charge transfer kinetics of the electrode in KCl solution restricts the use 

of the SPCE in sensing platforms in the absence of a redox pair. Accordingly, this 

material seems to be more amenable for non-faradaic sensors or in platforms where 

the electro active species are present in the electrolyte. Concerning to its potential 

window though, Morrin et al. [51] cited that the narrow potential presented by carbon 

inks is not necessarily a determinant point to avoid the use of these material in 

electrochemical sensing, because amperometric measurements are usually 

performed after achieving the steady state condition, which means that the sensing is 

not significantly affected by transient currents. Contrarily, the presence of potassium 

ferrocyanide and potassium ferricyanide led to the development of a faradaic current 

responsible for the formation of the additional anodic (at 0.18 V vs Ag/AgCl) and 
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cathodic (at 0.10 V vs Ag/AgCl) peaks relative to the respective half-reactions (i) and 

(ii) as follows [52-54]: 

 

FeII(CN)6
4-

(aq) → FeIII(CN)6
3-

(aq) + e-                                     (i) 

FeIII(CN)6
3-

(aq) + e- 
→ FeII(CN)6

4-
(aq)                                  (ii) 

 

The peak-to-peak separation (ΔEp), which is defined as the difference between the 

potential of the anodic peak (Epa) and the potential of the cathodic peak (Epc) [54], 

was equal to 80 mV in the presence of the redox couple. According to the literature 

[36,54,55] the ΔEp is equal to 57 mV at 298 K for electrochemically reversible 

processes. Elgrish et al. [54] describe the reversibility as an indicative of the 

capability of the electro active species to reduce at the electrode and be 

subsequently reoxidized. In case of high barrier to the electron transfer, the process 

is irreversible and demands higher energy (potential) to suffer the reverse 

electrochemical reaction, enlarging the ΔEp. Accordingly, there is a difference 

between the observed ΔEp in figure 5 and 57 mV expected from a reversible fast 

one-electron reaction according to the Nernst equation. Furthermore, the ratio 

between the modulus of the anodic current peak (Ipa) and cathodic current peak (Ipc) 

was 1.1, which indicates a quasireversible behavior [55]. Despite close to the unity, 

the fact that it did not completely follow the Nernstian condition, as expected from a 

redox FeIII/FeII couple at the equilibrium, is associated to heterogeneous process of 

electron transfer due to the presence of the binder in the SPCE, which hinders the 

electron transfer and, consequently, impacts on its electroactivity [36,56-58]. 

Before performing the EIS tests to further characterize the electrode, the variation 

of the OCP was monitored owing to an Ag/AgCl reference during 1800 s in order to 

monitor the electrochemical stability of the electrolyte immersed in KCl and redox 

solutions. Another reason for monitoring the OCP was the achievement of the 

equilibrium before performing the EIS aiming to evaluate the changes in the 

impedance spectra exclusively around the equilibrium potential. As a criterion to 

achieve this condition, the EIS was performed only after the electrode presented a 

variation of OCP less than 10 mV in 300 s. As seen in Figure 6, in the last 300 s of 
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the monitoring, the SPCE exhibited a variation of OCP equal to 3 mV when 

immersed in KCl and 7 mV in the redox solution. 

 

 

Figure 6 - OCP variation as a function of time with respect to the SPCE immersed in 

KCl and redox solutions 

 

Afterwards, the recorded EIS data was modelled to an electrical equivalent circuit 

in order to better interpret the characteristics of the SPCE immersed in the different 

media. According to the spectra presented in Figure 7, the KCl was less aggressive 

to the carbon than the redox solution. This fact is notable due to the higher 

magnitude of impedance (|Z|) and phase angle (-ɸ) related to the KCl in Figure 7a in 

comparison to both parameters referring to the redox plot in Figure 7b.  
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Figure 7 - Equivalent circuits used to fit EIS data and respective Bode plots referring 

to the SPCE obtained in KCl (a) and redox solutions (b) 

 

The equivalent circuit consisted of an arrangement of resistive, capacitive and 

inductive elements as seen in Figure 7. The fitting quality was ensured by the low 

values of the statistical parameter chi-squared (χ²) which was approximately equal to 

10-4 in agreement with the criterion adopted in the literature [59-62]. In the Bode plots 

of the same figure, it is possible to verify that the experimental and fitting curves are 

practically superimposed, corroborating the equivalence of the proposed electrical 

circuit to the electrochemical system under investigation. A Warburg impedance (ZW) 

was included in Figure 7b to represent the impedance to the diffusion of the 

electroactive probe from the bulk solution to the interface with the electrode. The 

Warburg element represents the resistance to the mass transfer process associated 

to the diffusion layer of the ions [Fe(CN)6]3-/4- from the bulk solution to the electrode 

surface [62]. This special type of impedance is expressed as a function of the radial 

frequency (ω) and the Warburg coefficient ( Wσ ), which is related to the initial 

concentrations of the oxidized (
0
oxC ) and reduced (

0
redC ) species as well as their 

respective diffusion coefficients Dox and Dred according to Equations 6 and 7 [63]. In 

the equation, T is the temperature, R is the universal gas constant, ze is the electron 

charge and F is the Faraday constant. 
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In the circuit, the inductor represents the effect of wires/cables of the equipment at 

high frequencies as commonly observed in the literature [64,65]. The constant phase 

element (CPE) corresponds to the double layer capacitance on the interface 

electrode/electrolyte and its use instead a capacitor refers to the non-ideality of the 

surface. This behavior occurs due to the electrode roughness and/or the dispersion 

of the capacitance because of the presence of ions slowly adsorbed on the surface 

as well as its heterogeneous chemical composition [66]. The CPE is related to the 

depression of the semicircle in the Nyquist plot and its impedance (ZCPE) is described 

by Equation 8, in which Q arises from the magnitude of ZCPE in Ω.cm².s-n, j is the 

imaginary number √-1 and “n” is the constant phase whose value can vary from 0 to -

1 [67]. 

 

nQ(jω

1
CPEZ

)
=                                   (8) 

 

Independently of the evaluated medium, the SPCE presented two time constants 

one at high frequencies represents the pair R1/CPE1 and the other at low 

frequencies (R2/CPE2). The use of these two resistor-capacitor pairs to model the 

EIS data consider the two regions with different current distribution verified in the 

conductive AFM images. The first time constant perhaps refers to the ink portion of 

the SPCE containing the amorphous sp3 carbon atoms and the second one is 

probably related to the interface with the conductive graphite flakes. 
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4.4.3 Corrosion tests 

 

Polarization plots referring to the SPCE exposed to the KCl and redox media are 

presented in Figure 8 and Table 2 contains the values related to the Ecorr and jcorr 

parameters. Overall, despite the redox solution shifted the Ecorr (parameter that 

indicates the corrosion insusceptibility) to nobler potentials, the tests conducted in 

KCl represented a shift of jcorr to lower values indicating that the SPCE is less 

affected by this electrolyte than by the redox solution in agreement with the EIS 

results. One attributes this behavior to the development of the oxidation and 

reduction reactions throwing electrons from the conductive electrode surface and, 

thus, increase the current density on the interface with the electrolyte. 

 

 

Figure 8 - Polarization plots of the SPCE in KCl and redox solutions 

 

Table 2 - Parameters estimated from the method of potentiodynamic anodic 

polarization with respect to the SPCE in KCl and redox solutions 

Parameter KCl Redox 

Ecorr (mV) vs Ag/AgCl -167.7 ± 25.1 151.7 ± 18.0 

jcorr (µA.cm-2) 1.5 ± 0.4 147.9 ± 17.2 
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The corrosion mechanism seemed to be different in each medium. In KCl, a 

sudden increase of the potential at approximately 10-6 A.cm-2 suggests the 

passivation of graphite extending from -0.173 to 0.01 V vs Ag/AgCl. Then, the further 

increase of the potential caused an abrupt increase of the current probably in reason 

of the attack of chloride ions in defective areas of the passive film leading to the 

breakdown of this layer and occurrence of pitting corrosion. In contrast, the passive 

region is not clearly observable in redox solution probably because the carbon 

suffered continuous oxidation in the presence of the active redox species with the 

increasing potential, leading to a mechanism of generalized corrosion. 

According to its Pourbaix Diagram [68], carbon is thermodynamically stable in an 

aqueous medium at pH 7.4. However, the scanning of the potential toward higher 

values provokes the oxidation of carbon to form carbon dioxide as described in the 

reaction iii [69]. 

 

C(s) + 2H2O(l) → CO2(g) + 4H+
(aq) + 4e-                       (iii) 

 

In an aerated near-neutral pH medium, the cathodic reaction takes place on the 

edges of the graphite structure, on its defects and grain boundaries causing the 

reduction of dissolved O2 gas [67] according to reaction iv: 

 

H2O(l) + ½ O2(g) + 2e- → 2 OH-
(aq)                        (iv) 

 

The stability of the SPCE was examined during 60 min by Chronoamperometry 

under a fix polarization potential related to the middle of the passive region for KCl   

(-77.6 mV vs Ag/AgCl) and the middle of the anodic branch for the redox solution 

(349.6 mV vs Ag/AgCl). The chemical stability of a material is a crucial feature to 

elect an electrochemical transducer for sensors because the occurrence of certain 

redox reactions can affect its performance, sensibility, reproducibility and service life 

[70]. 

Figure 9 exhibits the variation of the current density of the electrode immersed in 

each medium as a function of the time. In both conditions, there was a rapid and 

sharp decrease of the current in few seconds followed by the achievement of a 
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quasi-steady state. The higher current density with respect to the redox solution 

indicates the occurrence of a large amount of charge transfer processes at the 

interface electrode/electrolyte. These reactions occurs because of the Fe(CN)6
3- and 

Fe(CN)6
4- ions from the solution that interact with the SPCE in a mechanism of 

electron transfer owing to the enhancement of the overall current. The 

chronoamperometric plot related to the redox solution experimented later stabilization 

(the KCl plot reached the current stabilization after approximately 3 minutes, and the 

redox plot after 45 minutes). Accordingly, the chronoamperometry results indicated 

that, despite the redox solution presented a higher impact on the electrochemical 

behavior of the SPCE, in both electrolytes the electrode achieved an equilibrium 

state. Thus, it is possible to presume that the SPCE is a promising candidate as an 

electrochemical matrix to both faradaic and non-faradaic sensors 

 

 

Figure 9 - Chronoamperometry plots of the SPCEs polarized in KCl and redox 

solutions. The inset is an amplification of the graphic up to 3.0 µA.cm-2 

 

 

4.5 CONCLUSIONS 

 

The chemical, morphological and electrical characteristics of SPCE were studied 

in order to evaluate its employability as a transducer material in electrochemical 

sensors. To simulate the environment referring to faradaic and non-faradaic sensors, 
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solutions of 0.1 M KCl and 0.1 M KCl + 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] were 

prepared. The corrosion mechanism of the SPCE in both solutions was elucidated in 

order to evaluate the impact of these electrolytes in the electrochemical behavior of 

the transducer electrode. The SPCE contained an irregular surface comprised of a 

carbon ink with local dispersions of graphite flakes. The Raman spectra of the SPCE 

indicate the presence of graphite in the bright flakes observed by SEM, containing 

peaks referring to the G band (1580 cm-1) of sp2 carbon atoms and the D band (1334 

cm-1) concerning its breathing mode of rings. The multiple peaks associated to the 

dark region of the SEM image indicated the major presence of disordered amorphous 

structure of sp3 carbon but also the presence of the sp2 graphitic phase. The graphitic 

regions represented the most conductive area of the surface, which presupposes the 

possibility of its use in electrochemical devices. Regarding the evaluated electrolytes, 

EIS and potentiodynamic anodic polarization indicated the KCl as the less aggressive 

medium to the electrode. Under the influence of this solution, the SPCE 

experimented localized corrosion passing through the growing of a protective passive 

layer and a subsequent breakdown point at high anodic potentials in comparison with 

its Ecorr. Contrary, the additional presence of K3[Fe(CN)6]/K4[Fe(CN)6] caused the 

development of the redox reactions of the iron from the solution by means of the 

electron availability on the carbon matrix leading to a condition of generalized 

corrosion. Finally, Chronoamperometry tests suggested the great stability of the 

SPCE in both electrolytic media up to 60 minutes, when low variation of the current 

density was observed. Therefore, we credited the increasing use of SPCE as an 

electrochemical transducer substrate in faradaic and non-faradaic sensors not simply 

to its low cost, miniaturized dimensions and easiness of fabrication as reported in the 

literature but mainly to the features inspected in this work (great current distribution 

on its surface, composition and stability in both KCl and redox solution). 
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5.1 ABSTRACT 

 

Food fraud is a criminal act that has continuously increased in the recent years 

and represents an important issue to consumers’ confidence, which encompass 

economic, social, health and religious aspects. Electrochemical sensors are a 

promising category of analytical techniques for food authenticity assessment due to 

their low cost, simplicity/easiness-to-perform, sensitivity and sensibility in comparison 

to other consolidated assays. Herein, a background on the transduction mechanisms 

of potentiometric, amperometric and impedimetric sensors is provided in addition to 

some current applications on the authentication of food products. 

 

Keywords: Food fraud, authentication, electrochemical sensors, analytical 

techniques 

 
 
 
 
 



74 
 

 
 
 

5.2 INTRODUCTION 

 

Significant focus towards the quality standard of the food industry reflects 

consumers increasing concern about the authenticity and quality of what they eat. 

The general term “food fraud” corresponds to the act of substituting, adding or 

adulterating a food product in order to obtain economic gain [1].  It differs from the 

simple definition of “contamination” because the former necessarily relates to an 

intentional activity [2]. The Grocery Manufacturers Association (GMA) complements 

that these criminal acts are carried out by “unapproved enhancements, dilution with a 

lesser-value ingredient, concealment of damage or contamination, mislabeling of a 

product or ingredient, substitution of a lesser-value ingredient or failing to disclose 

required product information” [3]. The economically motivated adulteration represents 

to the North American industry an average cost of 10 – 15 billion dollars per year and 

some studies estimate that approximately 10% of the shelf products in the market still 

contain some adulteration [3]. Furthermore, this activity involves the use of a lower 

valued ingredient at the place of a higher valued one, consisting as a potential 

disrupting agent of the economy that stimulates the unfair market competition at 

regional and global levels [4]. From the consumers’ point-of-view, although it is 

usually not directly associated to health risks, this may pose a threat to allergic 

population, in addition to go against some religious, social and life-style aspects [5]. 

In the light of the criminal nature of fraud, one must takes in account the factors 

that leads a company to commit this act in order to preserve the consumer’s rights. 

According to the routine activity theory of Cohen and Felson [6], a crime happens 

when at a certain moment and place the following three aspects converge: (i) the 

presence of motivated agents to commit the crime, (ii) suitable targets and (iii) the 

absence of agents capable to avoid it. These authors emphasize that the absence of 

only one of these components is enough to prevent the crime occurrence. In this 

sense, measures of fraud control takes a crucial place in counteracting the fraud 

vulnerability by diminishing the possibilities of offenders to find opportunities in 

committing the crime [7].  

Despite the food fraud phenomenon does not demerit exclusively the current age 

since there are some historical reports even from the Roman and Greek Empires, it 
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has received more attention in the recent years with the advent and development of 

more technological methods to detect the presence of fraudulent ingredients in food 

products [8]. After a bibliographic search in the Web of Science database using the 

keywords “food fraud” (figure 10), it becomes evident the importance of this issue 

especially in this decade. It surely gained force with the outcome of fraud scandals 

worldwide, such as the presence of melamine in Chinese milk in 2008 [9] and the 

incident involving horsemeat in Europe in 2013 [10]. 

 

 

 

Figure 10 - Evolution of the number of citations of articles containing “food fraud” as a 

keyword according to the Web of Science database (from 1945 to 2018) 

 

In response to the increasing concern on food authenticity, the scientific 

community has devoted great attention to develop accurate methods to detect the 

presence of fraudulent components in food products. The main studied techniques 

nowadays contemplates physical, chemical, biochemical and molecular transductions 

[11]. Sheika [11] mentions that the physical techniques consist on the 

microscopic/macroscopic analysis of the food structure, the chemical and 

biochemical methods comprise mainly chromatographies, spectroscopies, 

immunologic and electrophoretic techniques and the molecular transduction involves 

the use of DNA-based analysis. According to Danezis et al. [12], chromatographic 
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and molecular methods are present in almost half of the published articles related to 

food authentication. However, among all these possibilities, the electrochemical 

sensors stand out as a promising tool for the detection of food fraud. The mechanism 

of recognition of these sensors rely on the conversion of the input signal (analyte 

recognition) into an electrical output signal that is proportional to the concentration of 

the target molecule. Depending on the type of measured output signal (e.g. voltage, 

current, impedance), the electrochemical devices can be categorized mainly into 

potentiometric, amperometric and impedimetric sensors [13]. Some authors defend 

that the electrochemical devices can be more sensitive, cheap, amenable for in-situ 

and point-of-care applications (due to the possibility of miniaturization of the 

electrodes), besides they can require small volumes of sample [14-16]. 

 

 

5.3 POTENTIOMETRIC SENSORS 

 

The working principle of potentiometric sensors consist on measuring the 

difference in the potential between the working and reference electrodes in an 

electrochemical cell at the open circuit. This potential can be calculated from the 

Nernst equation in which the cell potential Eef refers to the value at zero current 

(electromotive force) [16]. In the Equation 9, E0
* refers to the standard potential of the 

electrode (V), R is the universal gas constant (8.314 J.K-1.mol-1), T is the temperature 

(K), F is the Faraday’s constant (96,500 C.mol-1), Zi corresponds to the valence of the 

ion, ai is the activity of the species present in the sample [17]. 

 

ia
F

i
Z

RT
E
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E ln*

0
+=                             (9) 

 

A deeper interpretation of the Nernst equation leads to the inference about some 

features of the potentiometric sensors. As notable from the equation, there is a 

primary dependence between the potential and the logarithm of the ion activity. Since 

R and F are constants, the slope of the curve, which relates the sensitivity of the 

device, depends mainly on the temperature and on the valence of the ion. Thus, in 
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order to achieve proper reproducibility of the sensing response, it is necessary to 

keep fixed the temperature; otherwise, small changes on it could affect the sensitivity 

of the sensor (which can represent a challenge for in-situ applications) as seen in 

Figure 11. For example, considering a potentiometric sensor exposed to a variation 

of 10% of the activity of magnesium cations at 298 K, a variation of only 1.2 mV 

would be expected. Thus, only high variations of the analyte concentration are 

expected to provide a significant variation of the potential. Figure 11 also shows how 

the charge of the analyte of interest affects the output potential. Considering, three 

hypothetical contaminating ions in a food product with valences Zi = 1, Zi = 2 and Zi = 

3 (K+, Mg2+ and Fe3+ for instance), it is possible to observe that the ion with the 

higher value of Zi is subjected to the lowest variations of the potential, which would 

provide the lower sensitivity of the sensor towards this analyte. 

 

 

Figure 11 - Influence of the temperature, valence of the target ion and the variation of 

its activity on the expected potential and sensitivity of potentiometric sensors 

 

 

Concerning the use of this technology in the food fraud inspection, Trivedi et al 

[18] developed a potentiometric sensor for identification of milk adulteration with urea 

by means of the sensitive detection of NH4
+ cations by an ion sensitive membrane 

containing urease enzyme. A significant amount of articles devoted to the 

development of potentiometric sensors for food authentication present the technology 

of electronic tongues for the transduction sensing. The electronic tongues is an 

instrument composed by a sensor array, and the systems of data acquisition and 

pattern identification to perform measurements in liquid samples [19]. 
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Lvova et al. [20] tested an electronic tongue to investigate wine authenticity, 

pointing out not only the simplicity of potentiometry as a transduction technique but 

also its low cost, quickness and the possibility of monitoring plenty of parameters at 

the same time. In the context of the high number of reports denouncing olive oils 

fraud, Dias et al. [21] described the results obtained with a potentiometric electronic 

tongue for the authentication of extra virgin olive oils, achieving high sensitivity and 

the capability to distinguish samples from different origins. 

In comparison to the amperometric sensors, the potentiometric transduction 

possess as an advantage the characteristic to be non-destructives once the 

reactants from the bulk solution are not consumed during the analyte recognition, 

thus, it develops no concentration gradients at the interface with the electrode 

making it easier to be used [22]. 

 

 

5.4 AMPEROMETRIC SENSORS 

 

The amperometry sensing is a technique in which the electrical current developed 

from reductive and oxidative reactions is measured and interpreted in response to 

the analyte recognition. A fixed potential is applied to the transducer electrode to 

favor the redox reactions of the electroactive species from the bulk solution to the 

interface with the electrolyte [23]. Until today, the most famous amperometric sensor 

has been the glucose sensor firstly described by Clark and Lyons in 1962 [24]. The 

mechanism of transduction was based on the oxidation of glucose mediated by the 

enzyme glucose oxidase into hydrogen peroxidase. Finally, the hydrogen peroxidase 

is oxidized to produce free electrons (according to the reaction v bellow) that will be 

measured as a current signal directly proportional to the glucose concentration. 

 

H2O2 → 2H+ + O2 + 2e-                            (v) 

 

This kind of device, as-called “first generation biosensor”, relates the concentration 

of the analyte or of the by-products from the enzymatic reactions to the electrical 

current developed on the electrode. In this case, the H2O2 production can be 
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inspected under a +0.7 V vs Ag/AgCl fixed potential or the O2 concentration can also 

be monitored under a -0.7 V vs Ag/AgCl potential. To exploit the sensing phenomena 

at softer conditions, the second generation biosensors were developed using as main 

principle the use of electron carriers mediators that avoid the O2 dependence and 

diminish the influence of other electroactive species on the sensor response. The 

main disadvantage of this category is the lower stability in comparison to the first 

generation group. Thus, the third generation enzymatic sensors have been 

developed to overwhelm the previous limitations and to improve the response time to 

obtain quicker responses, in a mechanism in which the electron transfer takes place 

directly between the enzyme and the electrode [25]. Despite most of the commercial 

glucose sensors relies on the enzymatic amperometric transduction, the use of 

enzymes possesses some important disadvantages such as the low stability and 

high cost and, for this reason, some researchers have studied alternatives to develop 

non-enzymatic sensors even based on other electrochemical techniques [26]. 

Among the analytes of interest in the food industry, the determination of 

azithromycin in animal source foods was studied by Jafari et al. [25] due to the risk 

that this antibiotic can impose to consumers’ health when present in excess in food 

products. The authors reported the use of differential pulse voltammetry as an 

electrochemical transduction technique to detect azithromycin, obtaining a limit of 

detection (LOD) equal to 0.1 nM with high reproducibility (n = 8; standard deviation of 

2.5%). The research published by Montiel et al. [26] using a disposable magnetic 

beads-based amperometric platform described the detection of the peanut allergenic 

proteins Ara h 1 and Ara h 2 at low LOD and with shorter assay time in comparison 

to the commercial kit based on the Enzyme-Linked Immunosorbent Assay (ELISA). 

Benedé et al. [27] worked on the detection of ovomucoid, an egg white allergen, by 

employing a strategy of magnetic bioconjugated binding at the surface of a screen-

printed carbon electrode under the influence of a fixed -0.2 V (versus Ag pseudo 

reference electrode) potential. The calibration plot was linear in the concentration 

range from 0.3 to 25 ng.mL-1 and this amperometric sensor was also more sensitive 

(LOD = 0.1 ng.mL-1) than the commercial ELISA kit. Amperometric electronic noses 

also comprise a powerful category of sensors for monitoring food composition by 

means of the detection of volatile components. Gliszczyńska-Świgło and 
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Chmielewski [28] highlighted that, in comparison to gas chromatography that is 

commonly used for the same purpose, the electronic noses possess as main 

advantages their simplicity, usually not requiring sample preparation, the low cost of 

each sample analysis and the short response time. Thus, they comprise an important 

tool for authentication of products that are commonly target of fraud, such as 

vegetable oils, meat products, seafood, beverages, fruits and honeys [28]. 

 

 

5.5 IMPEDIMETRIC SENSORS 

 

EIS is the technique that governs the transduction in impedimetric sensors. The 

EIS principle consist on applying a small sinusoidal potentiostatic perturbation on the 

electrochemical system under investigation in order to measure the impedance as a 

consequence of the resultant current (it is also possible to apply a current signal to 

obtain a resultant potential in the galvanostatic mode) [29]. Assessing the 

components of the global impedance (real and imaginary impedance, phase angle, 

magnitude of impedance) and/or modelling the EIS data to an electrical equivalent 

circuit in order to obtain the values of resistors, capacitors and inductors. For 

instance, it is possible to presume the analyte presence/concentration [29]. 

Recently, some impedimetric sensors have been reported in the literature for 

horsemeat adulteration screening and for glucose detection. The horsemeat 

immunosensor was capable to selectively detect the target analyte in buffered 

solution and in a solution prepared from commercial raw meat, presenting a LOD of 

0.0004% (value that was lower than others reported in the literature by using 

spectrometry, chemiluminescence, fluorescence, voltammetry and amperometry) 

[30]. The glucose sensor, containing 3-aminophenylboronic acid as a probe, was also 

highly sensitive and presented a LOD equal to 8.53 x 10-9 M. Besides its high 

sensitivity and low response towards other sugars (fructose and sucrose), this sensor 

presented as another advantage the capability to provide the output signal in few 

seconds (4.0 ± 0.6 s) at optimal conditions [29]. In both publications, we highlighted 

the use of screen-printed carbon electrodes a cheap material to construct the 

sensors, which make it cheap due to the easiness of its mass production. 
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Furthermore, EIS represented an interesting transduction technique for online 

applications, besides the possibility to be carried out at a single frequency, which 

make it easy-to-perform [30,31]. 

Das et al. [32] focused on developing an on-chip impedimetric sensor for 

identification and quantification of soap as an adulterant in milk. The authors pointed 

out that the traditional techniques used to detect fraud in milk, such as Near-Infrared 

and FTIR spectroscopy, High Performance Liquid Chromatography and Liquid 

Chromatography, are very laborious, require long processing times and demand 

expensive equipment despite the accuracy of the results. 

Other applications of EIS as a transduction method in sensors has also comprised 

the detection of allergens, microorganisms, monitoring of vegetable oils and fruits 

quality [33,34].  

 

 

5.6 CONCLUSION 

 

In the context of consumers’ vulnerability and protection, the food fraud detection 

has gained particular attention especially in the current decade. Aspects related to 

economic losses, consumer confidence, health risks, lifestyle and religious traditions 

motivated the scientific community to develop analytical techniques towards the 

recognition and quantification of fraudulent ingredients in many food products. The 

most exploited techniques commercially available mainly arises from spectrometric 

and chromatographic transduction mechanisms. However, some limitations, such as 

the sophisticated required apparatus, the time-consuming methodology and high cost 

of the equipment, hinder the viability of employing them in routine tests. As an 

alternative to the mentioned techniques, the electroanalytical assays represent an 

interesting opportunity in the food authentication scenario. High sensitive 

potentiometric sensors have been described in the literature to detect fraud 

especially in milk and alcoholic beverages by using electronic tongues in a fast and 

simple way. Despite advantageous because it is a non-destructive method (there is 

no concentration gradient of the electroactive species), the necessity of keeping the 

temperature very well controlled limits the potentiometric transduction to be used in 
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in-situ analysis and hinders its reproducibility. Researches describing the use of 

amperometric sensors for inspection of fruits, honeys, dairy and meat products, for 

example, have shown low LOD towards analytes of interest with performances 

comparable to traditional techniques already available in the market. As a 

disadvantage, the common use of enzymes to mediate the amperometric response 

by producing intermediary electroactive species have led to the development of high 

cost and low stable sensors. Devices based on the EIS transduction technique have 

also been capable to detect low concentrated fraudulent ingredients in food products. 

Furthermore, since the impedimetric sensors lies on a non-destructive based 

technique (besides the possibility of using miniaturized electrodes), these devices are 

amenable for in-situ and online measurements, which makes them very useful for the 

food quality industry. In this context, the use of electrochemical transduction in the 

field of food authentication has been shown to be promising and advantageous in 

comparison to other analytical techniques. The choice for the most appropriate 

electroanalytical assay most depends, though, on the target analyte, the aimed 

application (whether it is necessary to perform online in-situ measurements or not), 

the physicochemical conditions of the medium in which the sensing will be performed 

(temperature and presence of interfering species for example), the expected limit of 

detection/sensitivity and the required stability. 
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CHAPTER 6 - A NEW TOOL FOR THE DETECTION OF HORSEMEAT 
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6.1 ABSTRACT 

 

This work deals with the development of an impedimetric immunosensor sensitive 

to horse immunoglobulin G (IgG). The biosensing platform involve the 

electrodeposition of polyaniline onto screen-printed carbon electrode as 

electrochemical transducer matrix. Cyclic Voltammetry and Scanning Electron 

Microscopy were used to monitor the formation of the recognition layer through the 

immobilization of anti-horse IgG antibodies on the conductive polymer. 

Electrochemical Impedance Spectroscopy (EIS) was performed to test the specific 

detection of horse serum in PBS buffer, indicating that the immunosensor was 

sensitive to the target analyte and without any response to heterologous sera (swine 

and bovine). The constructed sensors were first tested with Phosphate Buffered 

Saline (PBS) homogenates of commercial samples of raw ground horsemeat, pork 

and beef diluted at 10-5, 10-4 and 10-3% w/v in PBS. The total time for performing the 

test was approximately 72 minutes and a selective response of the device is obtained 

with a 0.004% limit of detection. 
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Keywords: Horsemeat adulteration; Immunosensor; Electrochemical Impedance 

Spectroscopy. 

 

 

6.2 INTRODUCTION 

 

Food fraud is an illegal intentional practice that involves mainly the addition of 

adulterant-substances, counterfeiting and the mislabeling of food products [1]. Meat 

products are a special target for adulteration, in which the manufacturers replace 

high-cost species for low-valued ones aiming economic gain, because of its 

traditional presence in human diet as a major protein source [2]. The magnitude of 

the impact caused by this criminal act reflects on high economic losses, consumers’ 

confidence and health risks (since the fraudulent substance can be an allergen for a 

population group) [3-5]. 

In January 2013, the horsemeat scandal (also named “horsegate”) in Europe drew 

great attention worldwide to the importance of meat adulteration screening. In this 

incident, the Food Safety Authority of Ireland denounced the presence of undeclared 

horsemeat in extensive amount of beef and pork products of European suppliers [6]. 

Horsemeat is used instead other meats due to its low-cost of production (e.g. the 

price per ton of horsemeat is estimated to be approximately USD 1,300, while the 

same amount of beef cost around USD 5,300). In most of cases, horses are 

slaughtered at the end of their lives or when they suffer some diseases, as a result 

the market do not recognize potential economic application or nutritional value on 

their meat [7]. As consequences, the global market suffered a huge economic 

recession, bovine products underwent a price increase of 45% between 2008 and 

2012 and the sales of ready-made beef meals significantly decreased in the same 

year [1]. 

In this context, many techniques have been developed for authentication of meat 

products based on their physical, chemical, optical and biochemical properties, such 

as ELISA, chromatography, DNA-based assays, mass spectrometry and 

fluorescence spectroscopy [8-10]. Despite efficient and sensitive, these methods are 
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laborious, expensive, time-consuming, sophisticated, demand highly trained staff and 

are difficult to use in online applications [11-13].  

In this regard, immunosensors based on the EIS are promising candidates for meat 

speciation. The impedimetric immunosensors are a subcategory of biosensors that 

combine the great specificity of the antibody-antigen bonds with the high sensitivity of 

a non-destructive electrochemical technique [14]. Furthermore, among the 

advantages of the technology of biosensors, the easiness-to-perform, not requiring 

highly specialized staff, possibility of miniaturization, possibility of performing real-

time detection and the low cost are particularly very propitious features for application 

in food authenticity [15-17]. 

A typical impedimetric immunosensor consists of a conductive transducer matrix 

onto which a layer containing immobilized antibodies as elements of recognition will 

bind a target analyte, causing changes in the dielectric properties at the interface 

between electrode and electrolyte [18,19]. Herein, as a strategy for horsemeat 

adulteration screening, we immobilized goat anti-horse Immunoglobulin G (IgG) on 

the surface of screen-printed carbon electrodes (SPCEs) containing conductive 

polyaniline (PANI) to monitor the variations of impedance caused by its exposition to 

the target analyte. 

 

 

6.3 MATERIALS AND METHODS 

 

6.3.1 Apparatus and chemicals 

 

Triplicate electrochemical tests were carried out using a Princeton Applied 

Research VersaSTAT 3 potentiostat/galvanostat (Ametek Scientific Instruments, 

Canada) interfaced with the VersaStudio software. The measurements were 

performed using SPCEs immersed in an electrolyte containing 0.01M PBS buffer (pH 

7.4) and 0.1 M KCl at room temperature. The SPCEs were purchased from Pine 

Research Instrumentation and are consisted of a carbon working electrode (model 

RRPE1002C, 5 mm x 4 mm), carbon as a counter-electrode and an Ag/AgCl 

reference electrode. 
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Ultraviolet-visible spectroscopy (UV-VIS) was performed using a Cary series UV-

VIS-NIR spectrophotometer (Agilent Technologies). The scanning electron 

microscopy (SEM) images were recorded using a Quanta 3D FEG microscope. 

Phosphate saline buffer (PBS), glutaraldehyde (25%) and bovine serum were 

purchased from Sigma-Aldrich (USA). Potassium chloride was obtained from Fisher 

Scientific (Belgium). Aniline (purity ≥99%) was acquired from Alfa Aesar and sulfuric 

acid 98% was purchased from Anachemia (Canada). Lyophilized whole horse serum, 

whole pig serum and goat anti-horse polyclonal immunoglobulin G (IgG) were 

purchased from MP Biomedicals (Fisher Scientific, Canada). Casein of high purity 

grade was purchased from Amresco (USA). Ground horsemeat, pork and beef were 

purchased from the local market of Quebec City (Quebec, Canada). All solutions 

were prepared with ultrapure deionized water with an 18 MΩ.cm resistivity. 

 

 

6.3.2 Functionalization of the SPCEs for recognition of horse IgG 

 

Prior to functionalization, the SPCEs were treated in 0.05 M sulfuric acid by cycling 

potential from -2.5 to +2.5 V vs Ag/AgCl at 50 mV.s-1. This method is an effective, 

simple and cheap procedure to remove organic contaminants from the carbon ink, 

improving its electroactivity and increasing its surface roughness [20]. 

Afterwards, PANI was electrodeposited on the pretreated SPCE to improve its 

electrical conductivity. The polymerization was carried out by CV, scanning 15 cycles 

from -0.4 to 1.0 V vs Ag/AgCl at 50 mV.s-1 in an aqueous solution of 0.1 M aniline 

containing 0.1 M H2SO4 [21]. We studied various concentrations of aniline to obtain 

PANI as an electrochemical transducer matrix for application in an immunosensor 

and we found that 0.1 M is an ideal concentration because it improves the 

electroactivity of the electrode and consequently the sensitivity of the device. 

Subsequently, 30 µL of an aqueous solution of 1% v/v glutaraldehyde was 

deposited on the working electrode, which was kept in this solution for 1h. After, the 

SPCEs were washed with 0.01 M PBS (pH 7.4) to remove the nonbonding 

aldehydes. Then, a 100 µg.mL-1 solution of anti-horse antibodies was added to the 

surface for 1h, when the electrode was newly washed with PBS. Finally, they were 
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incubated in a 1 % w/v casein solution in 0.01 M PBS to block possible remaining 

reactive sites present on the surface, avoiding unspecific cross-reactions. 

 

 

6.3.3 Characterization of the biosensor 

 

CV was used to the electrochemical monitoring of the functionalization steps to 

obtain the biosensor, which was performed as a single cycle from -0.4 to 1.0 V vs 

Ag/AgCl at 50 mV.s-1. The structural modifications on the SPCE surface due to 

functionalization were also inspected by SEM with an acceleration voltage of 5 kV. 

Energy dispersive X-ray spectroscopy (EDX) coupled with SEM equipment was 

recorded to inspect the effect of the acid pre-treatment in the SPCE.   

 

 

6.3.4 Electrochemical sensing of horse IgG 

 

6.3.4.1 Detection of horse IgG in buffer solution 

 

Horse serum was diluted in 0.01 M PBS (pH 7.4) to obtain the homologous analyte 

solutions at the following concentrations: 1 pg.mL-1, 10 pg.mL-1, 100 pg.mL-1, 1 

ng.mL-1, 100 ng.mL-1 and 1 µg.mL-1. The biosensor was exposed to 30 µL of the 

mentioned solutions during 20 minutes. After each incubation, the biosensor was 

gently washed with 0.01M PBS in order to remove unbound and physically adsorbed 

molecules from the electrode surface.  

EIS was performed in 0.01 M PBS containing 0.1 M KCl as supporting electrolyte. 

A perturbation amplitude of 10 mV around the OCP was applied in a range of 

frequencies varying from 10 kHz to 100 mHz. The EIS data were fitted to an electrical 

equivalent circuit with the commercial software Zview (Scribner and Associates, 

version 2.9b). 

To test the selectivity of the biosensor, the impedance response with other meat 

species was also investigated. For this purpose, the device was incubated in 
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heterologous swine and bovine sera at the same concentrations and experimental 

conditions. 

 

 

6.3.4.2 Detection of horse IgG in commercial raw meats 

 

In order to evaluate the capability of the biosensor to recognize the target analyte 

in real samples, the device was exposed to horsemeat, pork and beef. To accomplish 

this, the commercial ground meats were diluted in 0.01 M PBS (pH 7.4) to the final 

concentration of 1% w/v. Each buffered solution was then homogenized for 30 

minutes by using a VWR vortex mixer. Then, the solutions were centrifuged at 

10,000 x g for 15 minutes at room temperature. The supernatant was collected and 

filtered using a 0.45 µm filter. 

To estimate the concentration of proteins [P] extracted from the horsemeat, pork 

and beef by using the previous protocol and based on Equation 10 [22], the 

absorbance of each sample was measured by UV-Vis spectroscopy at 280 nm (A280) 

and 260 nm (A260) with a path length fixed at 1 cm. 

 

[P] = 1.55A280 - 0.76 A260                       (10) 

 

The centrifuged and filtered samples were diluted 1,000; 10,000 and 100,000 

times in 0.01 M PBS. To perform the detection tests, 30 µL of meat solution was 

dropped on the working electrode of the biosensors and the impedance 

measurement was performed after 20 minutes incubation period. 

 

 

6.4 RESULTS AND DISCUSSION 

 

6.4.1 Characterization of the immunosensor by CV 

 

CV was employed to inspect the interfacial electrochemical characteristics of the 

SPCE during the functionalization. Figure 12 shows that the electrode suffered 
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significant changes due to each step of its modification. The as-received SPCE 

exhibited a very low value of current due to the low electroactivity of carbon. After 

treating the electrode via cycling in sulfuric acid at extreme potentials, the material is 

activated by the removal of organic compounds of its surface. The application of high 

anodic and cathodic potentials on the electrode provokes the oxygen and hydrogen 

evolve from the carbon surface improving its heterogeneous electron transfer kinetics 

[20,23], which causes an increase of its electrical charge.  

After the electropolymerization of PANI, the electron transfers remarkably 

increased, due to its high electroactivity. The PANI conjugated backbone structure 

comprised of alternating single and double bonds along its chain, which facilitates the 

electron transfer thorough the extended π network and provides its semiconductor 

features [24]. Furthermore, the redox peaks observed in the voltammogram can be 

associated to the different oxidation states of PANI. Leucoemeraldine is the fully 

reduced state, pernigraniline is the fully oxidized state and emeraldine corresponds 

to the partially oxidized form, whose doped state (emeraldine salt) is the most 

interesting one for electrochemical applications because it is the only electrically 

conducting phase [25].  

When PANI was exposed to the glutaraldehyde solution, the redox peaks height 

decreased due to the crosslinking reaction between the amino terminal groups from 

the polymer and the –CHO group of the aldehyde [26]. Next, the exposition to 

antibodies and casein caused new decreases of the overall voltammetric signal, 

because of the insulator behavior of these organic compounds, which block the path 

of electron transport and hinder the faradaic reaction rates [27, 28]. 
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Figure 12 - Cyclic voltammogram of the stepwise functionalization of SPCE to 

develop the horsemeat biosensor obtained at a scan rate of 50 mV.s-1 in 0.1 M 

KCl (pH 7.4) 

 

 

6.4.2 Characterization of the immunosensor by SEM-EDX 

 

The morphology of the SPCE is a very important parameter for developing the 

biosensor, mainly because it is related to the available surface area for antibody 

binding, consequently affecting the performance of the device. 

Figure 13a shows that the bare SPCE has pores with higher roughness and contains 

some isolated graphite flakes on the surface. After the acid treatment (Figure 13b), 

the electrode seemed to suffer a subtle removal of the small particles with 

consequent greater exposition of graphite. 
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Figure 13 - SEM image of the SPCE before (a) and after (b) acid treatment 

using CV 

  

The EDX spectrum shown in Figure 14 indicates that the SPCE is mainly 

composed of carbon, oxygen, chlorine and sodium. The presence of sodium and 

chlorine are probably related to the insertion of additives in the carbon ink [29]. 

Despite the manufacturers do not provide details about ink composition due to 

proprietary information, it is known that it contains not only graphite but also solvents 

and some polymeric binders [30]. After the acid treatment, the main observed 

alteration was the introduction of hydroxyl groups on the SPCE surface due to the 

application of extreme potentials, which can be verified by the significantly increase 

of the oxygen peak. 

 

Figure 14 - EDX spectrum of the SPCE before and after the acid treatment 

using CV. The inset shows the spectrum in the lower energy region (up to 

0.35 keV) 
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Figure 15a depicts the morphology of PANI electrodeposited onto the treated 

SPCE, which is in agreement with the results reported by other authors [31, 32]. The 

polymer was obtained as a spongy, porous and branched film with high surface area 

and interconnected fibers network. Although the glutaraldehyde attachment did not 

cause an obvious change in the electrode structure (Figure 15b), the immobilization 

of anti-horse IgG could be noted in Figure 15c. The attached antibodies were present 

as some small protein clusters on the PANI fibers, whose size could not be 

accurately measured since the length of an antibody is supposed to be around only 

11 nm [33, 34]. Finally, it is shown in Figure 15d that the electrode containing casein 

became brighter and changed the texture of the material with respect to the previous 

step, confirming the efficiency of the blocking. EDX was not employed as a technique 

for studying the modifications caused in these functionalization steps because its 

depth resolution is not expected to provide enough information about the surface 

alterations caused by the biomolecules immobilization. 

 

 

Figure 15 - SEM images of the treated SPCE modified by the deposition of PANI (a), 

glutaraldehyde (b), anti-horse IgG (c) and casein (d) 
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6.4.3 Immunosensor padronization: horse serum IgG detection 

 

Aiming to assess the capability of the biosensor to detect the target analyte (horse 

IgG), it was assayed with horse serum at various concentrations. Figure 16 shows 

the impedance spectrum obtained before and after the exposure of the biosensor to 

the solutions containing horse serum diluted in PBS buffer at various concentrations. 

The Nyquist plot is a typical form to represent EIS data and it is represented as a 

correlation between the real (Z’) and the imaginary (Z”) impedance. In this type of 

representation, the semicircle diameter relates to the electron transfer limited 

processes and the linear part at the low frequencies region corresponds to diffusion-

limited processes [35]. The interpretation of impedance plots provides useful 

information about interface properties of an electrode and allows inferring about the 

presence of adsorbed substances at the surface [36]. 

 

 

Figure 16 - Nyquist plot of the immunosensor before and after the exposure to 

horse serum at various concentrations in PBS buffer 

 

Briefly, it is possible to observe that the semicircle diameter increased with 

increasing horse serum concentration. However, to quantify the impedimetric 

response of an electrochemical system, the EIS data is generally fitted with an 

equivalent circuit comprising electrical elements such as resistors, capacitors and/or 
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inductors. The inset in Figure 16 represents the equivalent circuit used to model the 

impedance data.  

This model (Randles equivalent circuit) consists of an electrolyte resistance (Re) in 

series with a constant phase element (CPE) associated in parallel with the pair Rct 

and Warburg impedance (Zw). The CPE is used instead a pure capacitor due to the 

inhomogeneneity of the electrode surface, which can cause coupling of the solution 

resistance and the irregular distribution of the capacitance over the electrode [37]. 

The Rct is related to the semicircle diameter of the Nyquist plot and represents the 

barrier to the electron transfer over the conductive PANI transducer. This element is 

commonly monitored as a useful parameter to evaluate the performance of Faradaic 

biosensors because it is significantly affected by the interaction of antigen-antibody at 

the electrode surface [38-40]. In this work, the condition of chi-squared χ² < 10-3 [41-

43] was employed as a criterion for validating the proposed Randles circuit, which 

was satisfied when fitting all the experimental measurements.  

 

6.4.4 Validation of impedance data by Kramer’s-Kronig transform 

 

In order to validate EIS data, Kramer’s-Kronig (K-K) transform was employed to 

evaluate whether the designed biosensor was affected by extrinsic factors. This 

method is based on the Linear Systems Theory, which examines if a certain system 

is sufficiently linear, causal and stable to confirm the robustness of the impedance 

result [44]. The K-K method consists in calculating the values of Z’ by means of the 

experimental Z” and the theoretical Z” values from the experimental Z’ according to 

the respective Equations 11 and 12, in which ω is the angular frequency of the input 

voltage.  

 

𝑍′(𝜔) =  
2

𝜋
. ∫

𝜔′.𝑍"(𝜔′)

𝜔2−𝜔′²
𝑑𝜔′

∞

0
                      (11) 

𝑍"(𝜔) =  
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∞

0
                    (12) 

 

Figure 17 presents the Bode diagram of the experimental EIS data and the 

associated K-K transform plots with respect to the magnitude of impedance (|Z|) and 



98 
 

 
 
 

the phase angle (-ɸ). The curves are practically superimposed, which indicates the 

goodness of fit of the K-K transform to the experimental data, confirming that the 

biosensors developed for testing the sensitivity against horse serum and the 

selectivity against swine and bovine sera were not affected by external factors but 

only by changes in the electrode-electrolyte interface. 

 

 

Figure 17 - Bode diagram of both experimental and K-K transform plots of the 

horsemeat biosensor 

 

 

6.4.5 Analysis of the sensitivity and selectivity of the biosensor towards horse 

serum in buffer solution 

 

The impedance data were interpreted with respect to the variation of Rct when the 

biosensor was exposed to horse, swine and bovine sera diluted at various 

concentrations in PBS buffer. ΔRct was calculated as the difference between the Rct 

obtained after and before the exposition of the biosensor to each serum solution. 

As seen in the calibration plot (Figure 18), a progressive increase of Rct was 

observed only when the biosensor was exposed to its homologous (horse) serum, 

thus demonstrating the formation of the immunocomplex between the antigen (horse 

IgG) and the antibodies immobilized as units of recognition on the electrode surface.  
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Figure 18 - Calibration curve of the immunosensor exposed to horse, swine and 

bovine serum at various concentrations in PBS buffer 

 

The impedimetric immunosensor responded linearly towards the logarithm of the 

target analyte concentration, indicating that there is a strong relationship between the 

concentration of horse serum [Shorse] (g.mL-1) and the ΔRct (Ω.cm²) according to 

Equation 13.  

 

32904.30]ln[92266.0 += horsect SR                     (13) 

 

Contrarily, when the heterologous swine and bovine sera were kept in contact with 

the electrode, a random variation of Rct was observed, which indicates there was no 

recognition of analyte in these solutions. A t-Student test with 95% confidence level 

revealed that there is no significant difference among the impedance increase of the 

immunosensor exposed to the horse serum at 10-12 g.mL-1 and to the swine (p = 

0.46) and bovine (p = 0.07) sera at the same concentration. For this reason, the 

linearity of the impedimetric response was considered at the concentration range 

from 10-11 g.mL-1 to 10-6 g.mL-1. Table 3 presents the coefficients of logarithmic 

regression (R²) with respect to the impedance response of the immunosensor 

exposed to horse, swine and bovine sera at the mentioned concentrations. 
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Table 3 - R² value related to the logarithm fit of the correlation between ΔRct and 

concentration of horse, swine and bovine serum diluted in PBS buffer 

 Horse serum Swine serum Bovine serum 

R² (-) 0.995 0.0211 0.0126 

 

 

6.4.6 Analysis of commercial meat samples 

 

For further evaluation of the biosensor, the recognition capability against the target 

analyte in real commercial raw meats was evaluated. The biosensor was exposed to 

solutions at unknown concentrations of horsemeat, pork and beef purchased from 

local market. After estimating the concentration of proteins in the commercial meat 

solutions at 1%w/v by UV-VIS spectroscopy, the following values were found: 3.44 x 

10-4 g.mL-1 (horsemeat), 2.65 x 10-4 g.mL-1 (pork) and 2.65 x 10-4 g.mL-1 (beef). The 

samples were diluted one thousand, ten thousand and a hundred thousand times 

before the exposure to the biosensor. Figure 19 presents the resultant impedance 

response of the biosensor reacted to real samples at the three concentrations. 

 

 

Figure 19 - Calibration curve of the immunosensor exposed to horsemeat, pork 

and beef solutions diluted 1,000; 10,000 and 100,000 times 
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The impedance data obtained by testing the biosensor against real sample of 

horsemeat were better adjusted to a linear regression plot following the Equation 14 

(R² = 0.9578), in which [Mhorse] (g.mL-1) is the concentration of horsemeat.  

 

25984.0][5100.4 +=
horse

MxctR                 (14) 

 

The presence of interferers in the real samples, such as the nutritional 

components (fat, vitamins, inorganic salts, etc) probably affected the biosensor 

performance by preventing the target analyte to bind the units of recognition present 

in the electrode surface. The impedimetric response in real sample was lower than 

the ones obtained for all sera in buffer solution. This fact indicates that the meat 

components hinders the capability of the antibodies binding molecules independently 

whether they are the target analyte or unspecific compounds.  

Concerning the time to perform the EIS test, to record the impedance 

measurement it was necessary 1.87 ± 0.49 min, which corresponds only to 3.37% of 

the total time related to the other steps (preparation of the meat sample, incubation 

period of the biosensor and OCP monitoring). Thus, the total time of approximately 

72 min for performing the entire test could be consistently reduced by optimizing the 

protocol to extract the meat samples and/or the period of incubation in the analyte 

solution. 

 

 

6.4.7 Limit of detection (LOD) of the proposed immunosensor 

 

The LOD can be defined as the lowest detectable concentration of an analyte in a 

sample. The resultant signal from the exposure to the analyte at the LOD (xL) can be 

expressed as a function of the mean of the blank measurements ( blx ) and its 

standard deviation ( blSD ) according to Equation 15 [45], where k is a factor equal to 

3.3 related to the confidence level for estimating LOD [45]. 

 

blblL kSDxx +=                           (15) 
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Based on the equations 13, 14 and 15, it was possible to estimate that the LOD of 

the immunosensor is 27.6 fg.mL-1 towards the horse serum diluted in buffer solution 

and 1.54 µg.mL-1 of commercial horsemeat, which represents a percentage 

concentration of 0.004% w/v of proteins in horsemeat solution. This LOD is lower 

than those reported in the literature by detecting the presence of various species in 

meats using mass spectrometry (0.24%) [46], ELISA (0.6 - 0.01%) [47, 48] and DNA-

based assays (0.1%) [49, 50]. 

In order to consider adventitious presence of other species contaminants, the 

Food Standards Agency [51] considered that the products containing less than 0.1% 

of a mislabeled meat contaminant can be considered equivalent to zero (fraud 

absence). From 1%, it should be considered the possibility of adulteration or 

negligence. Notwithstanding, the presence of beef or pork traces must be informed in 

the product label so as to protect religious faiths [52]. 

 

 

6.5 CONCLUSIONS 

 

This work reported the development of an impedimetric immunosensor for specific 

detection of horsemeat as a technology for screening meat adulteration. For this 

purpose, polyaniline electrodeposited on the surface of a SPCE served as the 

conductive matrix. CV and SEM/EDX analysis confirmed the functionalization of the 

polymeric transducer substrate by the immobilization of anti-horse IgG antibodies on 

the electrode surface. EIS technique was validated by using K-K transform, which 

proved that the impedance data were consistent and stable. When exposed to horse 

serum diluted in PBS buffer, the developed immunosensors were very sensitive and 

selective exclusively towards the target analyte at various concentrations (with LOD 

equal to 27.6 fg.mL-1), not presenting significant variation of Rct to swine and bovine 

sera. The proposed device was also capable of recognizing the target analyte in real 

samples. The exposure to horsemeat at 10-5, 10-4 and 10-3 %w/v caused successive 

linear increases in the Rct due to the recognition of horse IgG in the samples. The 

immunosensor did not detect the presence of target analyte in commercial pork and 

bovine meat homogenates and presented a LOD of 0.004%w/v. From the 



103 
 

 
 
 

perspective of assay time, it was necessary approximately 70 minutes to perform the 

whole detection test, of which the obtaining of EIS data demanded only 3.37%. To 

fully assess the real application of the proposed impedimetric immunosensor, future 

tests should focus on evaluating the effect of not only raw but also cooked meat on 

its performance, the stability of the sensor over long periods of storage and the 

presence of the target analyte as a contaminant at various concentrations in real 

samples. 
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CHAPTER 7 – NON-ENZYMATIC IMPEDIMETRIC SENSOR BASED ON 3-

AMINOPHENYLBORONIC ACID FUNCTIONALIZED SCREEN-PRINTED CARBON 

ELECTRODE FOR HIGHLY SENSITIVE GLUCOSE DETECTION 
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7.1 ABSTRACT 

 

A highly sensitive glucose sensor was prepared by a one-step method using 3-

aminophenyl boronic acid as a unit of recognition and a screen-printed carbon 

electrode (SPCE) as an electrochemical transducer. Scanning Electron Microscopy 

confirmed the success of the functionalization of the SPCE due to the presence of 

clusters of boronic acid distributed on the carbon surface. In agreement with the 

Electrochemical Impedance Spectroscopy (EIS) tests performed before and after the 

functionalization, Cyclic Voltammetry (CV) results indicated that the electroactivity of 

the electrode decreased 37.9% owing to the presence of the poly phenylboronic acid 

on the electrode surface. EIS revealed that the sensor was capable to selectively 

detect glucose at a broad range of concentrations (limit of detection of 8.53 x 10-9 M), 
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not recognizing fructose and sucrose. The device presented a stable impedimetric 

response when immediately prepared, but suffered the influence of the storage time 

and some interfering species (dopamine, NaCl and animal serum). The response 

time at optimized conditions was estimated to be equal to 4.0 ± 0.6 s. 

 

Keywords: sensor; glucose; Electrochemical Impedance Spectroscopy; boronic acid. 

 

 

7.2 INTRODUCTION 

 

The detection of glucose has drawn significant attention due to the importance of 

this saccharide as a major dietary source of energy and its consequent impact on 

humans’ health. Glucose is the only carbohydrate present in the human serum and 

variations of its concentration can lead to hyploglycemia (in case of low 

concentration), diabetes and hypertension (in case of high concentration) [1]. 

According to the World Health Organization, diabetes (whose criterion of diagnosis is 

the glucose concentration ≥ 7.0 mmol/L in the plasma) has been responsible for high 

levels of mortality worldwide [2].  

Nonetheless, the importance of detecting glucose is not restricted to clinical 

applications. The necessity of improving quality control in the food industry has 

prompted the development of reliable analytical methods for the continuous 

monitoring of sugars aiming to increase process efficiency and to prevent economic 

losses [3]. Many studies have been devoted to detect glucose for various 

applications, such as beverage quality control [4,5], biological fuel cells [6,7] and 

environmental monitoring [8,9].  

Optical and electrochemical transductions are the most widely studied methods 

for this purpose. In common, both of them are generally based on the conversion of 

the signal from the reaction between an enzyme (glucose oxidase is most widely 

used) and the glucose molecule, yielding metabolites that can change the color or 

electrochemical features of a certain matrix [10]. The hexokinase method, for 

example, consists of a series of chemical reactions involving glucose to the 

production of nicotinamide-adenine-dinucleotide-reduced (NADH), whose 
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concentration is proportional to the absorbed light measured at 340 nm wavelength 

[10].  

As an advantage over the optical devices, the electrochemical-based sensors are 

more sensitive. Among the electrochemical techniques, EIS has attracted special 

attention not only due to its high sensitivity, but mainly because it allows the use of 

label-free and non-enzymatic methods [11,12]. In this technique, a sinusoidal 

potentiostatic perturbation is applied to an electrode under study immersed in a 

conductive solution, generating a frequency-dependent AC current [13]. Thus, the 

frequency-dependent impedance is the complex ratio between the applied potential 

and the resultant current. The interpretation of impedance parameters (the inherent 

resistance, capacitance and/or inductance) can provide plenty of information on the 

interfacial phenomena that take place on the studied electrode, such as the 

recognition of an analyte of interest [14,15]. 

In the literature, there are scientific articles devoted to the detection of glucose by 

enzymatic electrochemical sensors. Clark and Lyons [16] first reported the 

development of a device capable to detect glucose by means of the oxidation of the 

sugar mediated by the enzyme glucose oxidase (GOx) in presence of oxygen and 

water producing hydrogen peroxide and gluconic acid. Since then many studies 

described methods to overwhelm the limitations of first-generation glucose sensors, 

for instance the need for high operational potentials, the low activity of GOx or the 

interference of other sugars in the response of glucose dehydrogenase (an enzyme 

with higher activity than GOx) [17,18]. Although the majority of the commercial 

glucose sensors is based on enzymatic methods (which provides great sensitivity 

and selectivity), the use of enzymes possess some important limitations. The main 

disadvantages of the use of enzymes for bioapplications include the difficulty of 

immobilization due to its low stability (pH and temperature dependent activity), the 

high cost, low mobility and low mass-transfer rate [19, 20]. 

Recently, several groups have directed great efforts to develop glucose sensors 

with/without enzymes by using optical or electrochemical techniques [21-23], 

however the enzymatic sensibility, sensitivity of the device, selectivity, sophisticated 

fabrication and high cost still remain as important challenges to be overcome.  



112 
 

 
 
 

In the present paper, we developed a 3-aminophenyl boronic acid-based sensor 

that detects glucose at low concentrations by using EIS as a transduction technique. 

This non-enzymatic sensor exhibited a low limit of detection and high selectivity 

towards glucose when exposed also to fructose and sucrose. The effect of interfering 

species commonly present in biological fluids was also examined, as well as the time 

of response of the sensor, its repeatability and reproducibility. Besides, the use of 

screen-printed carbon electrode (SPCE) as a transducer substrate for this 

impedimetric sensor represents a key point of the presented technology since this 

material is well known to be cheap (rapid and low-cost mass production), easily 

applied to point-of-care applications for being portable and the easiness of 

functionalization [24-26]. 

 

 

7.3 MATERIALS AND METHODS 

 

7.3.1 Materials and chemicals 

 

3-aminophenylboronic acid, sodium nitrate was purchased from J.T. Baker, 

sulfuric acid 98% was purchased from Anachemia (Canada), potassium chloride and 

sodium chloride were purchased from Fisher Scientific (Belgium), D-(+)-glucose,     

D-(-)-fructose, sucrose, dopamine, potassium ferricyanide and potassium 

ferrocyanide were obtained from Sigma Aldrich. All chemicals were of analytical 

grade and the solutions were prepared using ultrapure deionized water (18 MΩ.cm 

resistivity). Bovine serum was provided by Fundação Ezequiel Dias (Belo 

Horizonte/MG, Brazil). 

Screen-printed carbon electrodes (RRPE1002C), consisting of carbon as working 

(dimensions of 5 mm x 4 mm ) and counter electrodes and Ag/AgCl as reference 

electrode, were purchased from Pine Research. 
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7.3.2. Instrumentation and apparatus 

 

Potentiostat VersaSTAT 3 from AMETEK Scientific Intruments (Canada) 

interfaced with VersaStudio software. EIS was performed using an electrochemical 

cell containing 0.1 M KCl as supporting electrolyte and both K3[Fe(CN)6] and 

K4[Fe(CN)6] at 0.005 M as redox probe couple. 

Scanning Electron Microscopy (SEM) was performed using a Quanta 3D FEG 

microscope. 

 

 

7.3.3. Functionalization and characterization of the SPCE 

 

Prior to the functionalization, the SPCE was submitted to a potential cycling from 

-2.5 to +2.5 V vs Ag/AgCl in 0.05 M H2SO4 aqueous solution at 0.05 V.s-1 in order to 

remove its organic contaminants and to improve the surface electroactivity [28]. In 

the previous chapter, we demonstrated that this pre-treatment is crucial to enhance 

the charge-transfer kinetics of the electrode by introducing hydroxyl groups on the 

surface and by exposing the graphite flakes edges from the carbon ink to the 

electrolyte [29]. 

To the treated electrode, 20 μL of 0.4 M 3-aminophenylboronic acid and 20 μL of 

0.4 M NaNO2 both diluted in 0.1 M H2SO4 were added to the working electrode. The 

reaction was left for 10 minutes after which, the electrode was washed exhaustively 

in a large volume of ultrapure water. The scheme presented in Figure 20 describes 

the steps to prepare the proposed glucose sensor. 

 

Figure 20 - Functionalization steps to obtain the glucose sensor 
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EIS was performed to investigate the changes in the electrochemical behavior of 

the SPCE due to the functionalization. The test was carried out at an AC amplitude of 

0.01 V around the open circuit potential (OCP), which was previously stabilized for 

300 s, with a frequency range varying from 10,000 to 0.1 Hz. Five points per 

frequency decade were recorded. 

 

 

7.3.4. Selective detection of glucose by EIS 

 

The impedance of the functionalized sensor was determined by EIS with the 

same parameters previously presented to obtain a basal value. Afterwards, 60 μL of 

aqueous glucose solutions at 10-8, 10-7, 10-6, 10-5, 10-4, 10-3, 10-2, and 10-1 M were 

separately added to the working electrode, which was incubated for 300 s and 

carefully rinsed with a large volume of ultrapure water in order to remove the 

unbound and weakly adsorbed molecules from its surface. Finally, the electrode was 

immersed in the electrolyte and EIS was performed. This procedure was repeated in 

triplicate for all glucose concentrations tested. 

To assess the selectivity of the glucose sensor, its working electrode was 

exposed separetly to aqueous solutions of both fructose and sucrose at the same 

glucose concentrations and EIS parameters. 

The results were analyzed by modelling the EIS data to an appropriate electrical 

equivalent circuit in Zview software version 2.9b (Scribner and Associates).  

The effect of common interfering species on the performance of the sensor was 

investigated by EIS after exposing the device to 0.1 M NaCl, 0.02 M dopamine and 

bovine serum in the absence and presence of glucose at 10-8 M. 

 

 

7.3.5. Evaluation of the sensor’s stability 

 

The chemical stability of the proposed glucose sensor was tested in terms of its 

repeatability according to the methodology described by Kannan and Rout [30], in 

which a hundred consecutive EIS measurements are carried out. Additionally, the 
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impedimetric response of the device was examined after 7, 14 and 21 days from its 

preparation. 

 

 

7.4 RESULTS AND DISCUSSION 

 

7.4.1. Characterization of the functionalized SPCE 

 

SEM images of the SPCE before and after the functionalization were recorded to 

verify the presence of the deposited boronic acid. Figure 21 shows that the bare 

electrode contained irregularly flaked graphite particles randomly distributed along 

the inhomogeneous surface of the carbon ink as also observed in the literature [31, 

32]. Following the incubation with the boronic acid, the transducer electrode was 

covered with clusters of circular shaped particles dispersed mainly around the 

graphite flakes. 

 

 

Figure 21 - SEM images of the SPCE before (a) and after (b) functionalization with 3-

aminophenylboronic acid and (c) inclined view of the functionalized electrode 

 

The functionalized electrode was also characterized by EIS. The Nyquist plot 

displayed in Figure 22 was interpreted by fitting the data to the electrical equivalent 

circuit presented in the figure. In the proposed circuit, Re is the electrolyte resistance 

and two time constants were considered to represent multiple charge transfer 

kinetics of the SPCE with a resistance R, the Rct, the constant phase elements 

“CPE1” and “CPE2” and the Warburg impedance W. The Warburg impedance is due 

to the diffusion of the ions Fe(CN)6
3-/4- from the bulk electrolyte to the electrode and it 
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appears as a 45° straight line at low frequencies [33]. The CPE element represents a 

non-ideal capacitor and replaces the capacitance due to its roughness and 

heterogeneous surface [34]. The impedance associated to this parameter is 

described by Equation 16, where Q is a constant that describes the magnitude of 

CPE, ω is the angular frequency (ω = 2πf), j is an imaginary number (j = √-1) and n is 

an exponent related to the heterogeneity of the surface (0 < n < 1) [35]. Due to the 

complexity of the SPCE structure, consisting of the graphitic flakes and the carbon 

ink with different relaxation times, two pairs of time constants resistor/CPE were 

employed to fit the EIS data. The pair R/CPE1 arises from the graphitic phase which 

is more electroactive and possess, thus, a higher charge transfer kinetics, while the 

pair Rct/CPE2 corresponds to the more insulator carbon ink, whose mechanisms of 

charge transfer can be seen at lower frequencies followed by the diffusion of the 

electroactive species. 

 

 

Figure 22 - Impedimetric monitoring of the SPCE before and after functionalization 

with 3-aminophenylboronic acid 
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Considering the criterion of χ² < 10-3 as an indicative of the fitting quality [36], it 

was possible to ensure that the proposed equivalent circuit was suitable to model the 

experimental data. 

The functionalization led to an increase of 96.156 Ω.cm² (1570.15%) in the Rct of 

the SPCE due to the capability of the boronic acid to change the dielectric 

characteristics of the electrode, acting as a barrier to the electron transfer kinetics of 

the redox probe at the interface with the electrolyte [37]. 

The effect of the boronic acid to the electroactivity of the transducer matrix was 

evaluated by estimating the electroactive area of the SPCE before and after the 

functionalization by the Randles-Sevcik equation (Equation 17). In the equation, ip is 

the peak current [A], n is the number of electrons involved in the redox reaction, A is 

the electroactive area [cm²], C and D corrrespond respectively to the concentration 

[mol.cm-3] and the diffusion coefficient [cm².s-1] of the redox species and ν is the scan 

rate [V.s-1]. 

 

2
1

2
1
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51069.2 = DrCAnpi                     (17) 

 

As seen in Figure 23, there was a linear trend between the square root of the 

scan rate led and both anodic and cathodic current peaks as a consequence of a 

reversible reaction mechanism limited by diffusion [38]. The electroactive area of the 

electrode, which possess a geometric area of 0.2 cm², was estimated as 0.4694 ± 

0.0191 cm² before the functionalization. After the SPCE modification, there was a 

reduction of 37.9% of its electroactive area (A = 0.2915 ± 0.0083 cm²). This result 

corroborates the increase of Rct from the Nyquist plot of Figure 22, demonstrating 

that the boronic acid was immobilized on the carbon surface as an insulating layer 

capable to hind the interfacial charge transfer. 
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Figure 23 - Cyclic voltammograms related to the bare (a) and functionalized (b) 

SPCE under different scan rates (0.1, 0.075, 0.05, 0.02 and 0.01 mV.s-1) in 0.1 M KCl 

+ 5 mM Fe(CN)6
3-/4- and (c) the relationship between the anodic/cathodic current 

peaks of the redox species at the electrodes and the square root of corresponding 

scan rates  

 

 

7.4.2 Detection of glucose in aqueous solution by EIS 

 

The functionalized SPCE was investigated toward the detection of glucose at 

various concentrations. As seen in Figure 24, the semicircle diameter increases with 

increasing the target analyte concentration, which is an indicative of the recognition 

capability of the sensor. This result was expected because, as shown in Figure 25, 

the boronic acid immobilized on the electrode surface interacts with the diols from 

glucose molecules forming a saccharide nonconductive layer that blocks the charge 

transfer between the ions [Fe(CN)6]3-/4- on the interface with the electrolyte [37-39]. 
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Figure 24 - Nyquist plot of the glucose sensor exposed to the target analyte at 

various concentrations 

 

 

Figure 25 - Scheme of the binding process between the boronic acid immobilized on 

the SPCE surface and the D-glucose molecule 

 

The equivalent circuit previously described was employed to fit the experimental 

data related to the glucose detection. The variation of the Rct from the modeling 

(ΔRct) was used to plot the calibration curve shown in Figure 26. The ΔRct value 

represents the difference of Rct from the sensor after and before its exposure to the 
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different concentrated sugar solutions. It is evident the increase of ΔRct upon 

exposition of the sensor to glucose at higher concentrations. A good linear correlation 

expressed by a logarithmic equation (Equation 18, R² = 0.99872) was obtained 

between the glucose concentration (from 10-8 to 10-1 M) and the ΔRct. In this 

equation, y = ΔRct (Ω.cm²), x = [glucose] (M), a = 751.54 Ω.cm², b = -27.40 Ω.cm².M-1 

and c = -6.50 x 10-9 M. On the contrary, the exposure to fructose and sucrose did not 

increase the resistance of the sensor, but the Rct randomly varied in the same 

concentration range. Since the mechanism of recognition of the proposed sensor 

was based on the bond between the diol groups from glucose and the boronic acid, 

some non-specificity could be observed in the impedimetric response of the sensor 

toward fructose and sucrose, because both possess the same target group. 

However, some authors have described different conditions that favor the selectivity 

of the interaction of just one of these saccharides by varying the pH, thermodynamic 

aspects, the nature of the electrolyte, etc [40]. Wang et al. [37] for example, 

developed a gold-based impedimetric sensor using bis-boronic acid for the specific 

recognition of glucose (compared also to fructose, galactose and mannose). 

 

 

Figure 26 - Variation of the charge transfer resistance (ΔRct) of the glucose sensor 

exposed to glucose, fructose and sucrose at various concentrations 
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The sensitivity (S) of the sensor was estimated as the derivative of the 

logarithmic function between the output signal (ΔRct) and the glucose concentration 

as expressed in Equation 19. As expected for a nonlinear plot (semi-logarithm), the 

sensitivity is a function of the analyte concentration. The lower was the glucose 

concentration, the higher was the sensitivity of the device and its value is equal to 

27.40/(x+-6.50 x 10-9) in Ω.cm².M-1. 
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The limit of detection (LOD) of the proposed sensor was estimated according to 

the 3SD/m criterion, in which SD is the standard deviation regarding the bare sensor 

and m is the slope of the linear plot of the calibration curve [41]. Based on this 

method, the LOD was equal to 8.53 x 10-9 M. As seen in Table 4, the proposed 

sensor was more sensitive than some others described in the literature by means of 

enzymatic and non-enzymatic devices based on optical and electrochemical 

techniques. 
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Table 4 - Comparison of the performance of various enzymatic and non-enzymatic 

glucose sensors with the sensor based on SPCE containing 3-aminophenylboronic 

acid. 

Use of 

enzyme 

Transducer substrate/unit of 

recognition 

LOD 

[µM] 

Technique of 

detection 

Referenc

e 

No 
SPCE containing 3-

aminophenylboronic acid 
0.0085 EIS 

Present 

work 

Yes WS2 nanosheets 2.9 Spectrophotometry [42] 

Yes Chitosan-coated Fe3O4 NPs 0.43 Chemiluminescence [43] 

Yes 
MoS2-based field-effect 

transistor 
0.3 

Measurement of 

the source-drain 

current 

[44] 

Yes 

chitosan/kappa-

carrageenan polyelectrolyte 

complex 

5 
Square wave 

voltammetry 
[45] 

Yes WS2 quantum dots 0.3 
Fluorescence 

measurement 
[1] 

No 

Ni NPs polyvinylpyrrolidone 

(PVP) stabilized graphene 

nanosheets (GNs) with 

chitosan (CS) 

0.03 Chronoamperometry [46] 

No 

NiO NPs electrodeposited 

on reduced graphene 

oxide–copper oxide 

nanocomposite bulk 

modified carbon ceramic 

electrode 

2.63 CV [47] 

No 
Ag NPs on multiwall carbon 

nanotubes 
0.0003 Amperometry [48] 

NPs = nanoparticles 
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The low LOD of the proposed sensor indicates that this technology is a promising 

candidate for clinical applications. According to the literature, the level of glucose in 

the body of health patients varies from 4.4 to 6.6 mM [49], which is approximately 106 

times higher than the LOD of the proposed sensor. Furthermore, despite other 

transduction methods can achieve higher sensitivity, such as the amperometric 

device cited by Baghayeri et al. [48], which obtained LOD = 0.0003 µM, our proposed 

impedimetric sensor possesses as incontestable advantages the easiness of 

preparation by means of a single-step functionalization and the low cost of the SPCE. 

 

 

7.4.3 Repeatability and reproducibility analysis 

 

The stability of the same sensor was assessed by examining the repeatability of its 

basal impedance over 100 consecutive measurements. The objective of this test was 

also to evaluate the robustness of the acquired data, ensuring that the oscillations on 

the Rct values arising from the contact of the electrode with the electrolyte are not 

significant if compared to the variation caused by the analyte recognition. Figure 27 

shows that the difference between the Rct value from the first and the hundredth 

measurements was equal to 1.3%. Considering all the data, the Rct varied by up to 

8.7%, indicating that the developed sensor presents a significant repeatability. 
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Figure 27 - Relative residual errors referring to the impedance of the glucose sensor 

during 100 consecutive measurements 

 

To evaluate the possibility of using this technology in practical applications, the 

stability of the sensor was examined by storing the device at room temperature in a 

dried and closed recipient during 21 days. EIS was performed every seven days after 

storage and the Rct values were simulated by modelling the equivalent circuit. Next, 

the sensor was exposed to 10-8 M glucose in order to evaluate its sensitivity. The 

results presented in Figure 28 reveal that the impedance of the bare sensor 

increased during the period of storage with a maximum value in the seventh day 

perhaps due to a sensor-to-sensor variation and not specifically to the time of 

incubation. The higher was the basal Rct of the sensor the lower was its capability to 

bind the target analyte. The highest sensitivity was achieved with the fresh sensor, 

when the bare device presented an intrinsic Rct equal to 93.5 Ω.cm² and, after the 

exposure to glucose at 10-8 M, experienced an increase of 133.2%. This fact 

suggests that the storage influenced the performance of the sensor probably as a 

consequence of the redox reactions that spontaneously takes place on the carbon 

electrode, favoring the development of oxides on its surface. Thus, the formed 

insulator layer can act as a barrier to the charge transfer phenomenon and make the 

sensor unable to recognize the glucose molecules. In this sense, other storage 
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conditions should be tested in order to maintain reproducible the performance of the 

device.  

 

 

Figure 28 - Variation of the Rct of the sensor in function of the period of storage 

 

 

7.4.4. Response time 

 

The response time (τ) can be defined as the time required by a sensor upon its 

exposure to a target analyte to yield a stable output signal [50]. Therefore, as the τ 

value is lower, more appropriate is the device to be used for clinical diagnosis. In this 

work, to optimize the acquisition of the EIS data related to the detection of glucose, 

the values of the magnitude of impedance (|Z|) and the imaginary (Z”) and real (Z’) 

impedances were analyzed at five specific frequencies: 10-1, 100, 101, 102 and 103 

Hz. This analysis allows determining the best set up to perform EIS at a single 

frequency. 

Figure 29 contains the results obtained by correlating the τ value in each 

frequency and the coefficient of linear regression (R²) of each impedance component 

due to the exposure of the sensor to glucose at various concentrations. Among the 

impedance components, Z” and |Z| presented the highest R² values indicating strong 

relationship between the concentration of glucose and these parameters in all the 

frequency range. 
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Figure 29 - Relationship between the time to record |Z|, Z’ and Z” at 1000, 100, 10, 1 

and 0.1 Hz and the respective correlation coefficient of these impedance parameters 

and the glucose concentration 

 

Obviously, the higher is the frequency, the lower is the time required to acquire 

the impedance data. It is well known that several phenomena interfere in the 

impedance spectrum at different frequency ranges as illustrated in the scheme of 

Figure 30. At high frequencies the impedance is strongly related to characteristics of 

the electrolyte, which is not representative of the analyte recognition. At very low 

frequencies analysis can lead to the effect of diffusional mechanisms. For this 

reason, to avoid both non-representative effects of the detection of glucose, the 

analysis of EIS at 100 Hz could provide the best response of the sensor considering 

the great R² values from both |Z| and Z’’ as well as the corresponding low τ, which 

was equal to 4.0 ± 0.6 s. 
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Figure 30 - Scheme of the relationship among the time response and the impedance 

parameters as a function of the frequency in the Nyquist plot (a) as a consequence of 

the interfacial phenomena occurring between the SPCE and the electrolyte (b). In the 

illustration, the yellow spheres with the signal “+” correspond to the cations solvated 

by the molecules from the bulk solution (blue spheres) and the signal “-” on the 

different regions of the SPCE corresponds to the electrons electrostatically attracted 

toward the interfaces 

 

 

7.4.5 Investigation of the effect of dopamine, NaCl and serum on the 

performance of the glucose sensor 

 

The capability of the sensor to detect glucose in solutions containing common 

interfering species for diabetes diagnosis was examined. Dopamine and NaCl are 

well known interferers studied in glucose detection [51,52] due to the possibility of 

charge transfer with electrochemical transducers. In this study, the effect of animal 
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serum on the impedance of the sensor was also assessed in order to simulate the 

real environment (human blood) in which this device could be employed. 

Figure 31 shows the Rct value of the bare sensor in absence/presence of each 

contaminant in a solution containing or not containing 10-8 M glucose. Despite the 

exposure of the sensor to the interfering species caused some variations on the 

impedance, a marked increase of Rct occurred when the sensor was kept in contact 

with the solutions containing both glucose and interfering species. The presence of 

10-8 M glucose in the solutions containing animal serum, dopamine and NaCl 

generated an increase of Rct equal to 193.0%, 87.7% and 86.4% respectively. Once 

these results refer exclusively to the presence of glucose, the Rct variations were 

calculated as the difference between the analytical signal of the sensor in presence 

of the solution of contaminant with glucose and the solution containing only the 

contaminant. 

 

 

Figure 31 - Variation of the Rct of the glucose sensor in function of the interference of 

bovine serum, 0.02 M dopamine and 0.1 M NaCl in the absence and presence of 

glucose at 10-8 M 

 

According to Yuan et al. [52], NaCl can cause the inactivation of some metal 

electrodes in the detection of glucose due to its poisoning effect on electrocatalysis. 

Rinaldi and Carballo [51] observed that human blood could interfere on the 
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impedance of a glucose sensor but not significantly affected its sensitivity (slope of 

the calibration curve), obtaining a LOD equal to 0.37 mM. The exposure to dopamine 

was expected to decrease the impedance of the sensor since this molecule can 

interact to the conductive electrode in a reaction involving the exchange of two 

electrons and protons [53]. Thus, considering the performance of the impedimetric 

sensor to detect 10-8 M glucose in a medium containing the common interfering 

species NaCl, dopamine and the constituents of blood (herein simulated with animal 

serum), it is possible to infer that this device is a promising tool for monitoring the 

glucose levels in blood for diabetes diagnosis. 

 

 

7.5 CONCLUSIONS 

 

The fabrication of a non-enzymatic glucose sensor was reported based on the 

single-step attachment of 3-aminophenyl boronic acid on the surface of a SPCE. The 

changes in the electroactivity of the SPCE confirmed the success of the 

functionalization step and SEM images revealed that the boronic acid molecules 

were incorporated as dispersed clusters on the surface of the electrode. EIS 

measurements were carried out for detecting glucose at various concentrations and 

the sensor exhibited a broad linear range of detection with excellent selectivity to the 

target analyte, presenting a low signal to fructose and sucrose and a LOD equal to 

8.53 x 10-9 M. The low LOD observed represents an important breakthrough in non-

enzymatic glucose sensing since the use of enzymes possesses important limitations 

despite their high sensitivity. Further tests indicated that the sensor provided stable 

signal and the detection could be performed at the single frequency of 1 Hz in order 

to minimize the response time. The storage time of the sensor was responsible for 

diminishing the capability of recognition at the studied experimental conditions. 

Finally, despite suffering some influence of dopamine, NaCl and animal serum as 

interfering species, the as-developed sensor is a promising tool for detection of 

glucose foremost due to its simple preparation, high sensitivity and low cost of the 

SPCE. 
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8.1 ABSTRACT 

 

An easy and effective method for the preparation of a new impedimetric sensor 

used for the detection of dimethyl sulfide (DMS) gas at a nanomolar level is 

presented. The sensor was prepared in two steps from a commercially available 

screen-printed carbon electrode (SPCE): a simple activation of the SPCE using cyclic 

voltammetry followed by electroless plating of the working electrode surface with gold 

clusters. Scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDX) techniques confirmed the successful functionalization of the 

SPCE, revealing the presence of gold particles dispersed on the carbon matrix. 

Electrochemical Impedance Spectroscopy (EIS) was used to study the sensitivity of 

the sensor towards DMS dissolved gas in aqueous solution and simulated ocean 

water. Analyses were performed in less than 3 minutes, and the sensor showed 

linearity in a concentration range from 1.0 x 10-10 M to 1.0 x 10-8 M with a limit of 

detection of 1.50 x 10-9 M and a limit of quantification of 2.27 x 10-9 M. To simulate 

the marine environment in which DMS is naturally present in nature, the impedance 
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of the sensor was monitored by online EIS. Moreover, results indicated that, despite 

not linearly, the sensor is a promising tool to detect the analyte even at 1.0 x 10-11 M, 

presenting an increase of resistance of 13.5% in relation to its bare condition. 

 

Keywords: dimethyl sulfide; screen-printed carbon electrode; impedance; sensor 

 

 

8.2 INTRODUCTION 

 

Volatile organic sulfur compounds (VOSCs) have assigned to have an essential 

environmental function in global cycle warming, in acid rain creation, as well as in 

clouds formation [1-5]. Dimethyl sulfide (DMS) is a biogenic gas that belongs to 

VOSCs family and considered as the most common component in VOSCs [6,7]. DMS 

gas existes in water and earth. The majority of atmospheric DMS gas is believed to 

be produced in the marine environment by the degradation of dimethyl 

sulfopropionate (DMSP) via an enzyme called DMSP lyase [8,9]. DMSP is a 

metabolite produced by marine phytoplankton, algae, and some marine plants when 

they feel stressed in any environmental change [10,11]. While DMSP plays the role 

of osmoprotective agent for these species, its degradation by DMSP lyase liberates 

DMS gas, acrylic acid and others components to the ocean water, which is then 

around 10% of DMS gas emitted from the oceans surfaces to the atmosphere [12-

15]. Moreover, ocean water is not the only source of DMS, but a significant amount of 

DMS is also generated from the soil and fresh water bacteria [7,15,16]. 

Due to the large amount of DMS gas produced in the oceans and its role in climate 

regulation, and in the food industry, numerous measurement techniques have been 

used to detect DMS at nM concentration. The standard technique used to analyse 

DMS at nM level is gas chromatography coupled with a mass or flame photometric 

detector [17-21]. However, the gas must be trapped cryogenically before analysis 

and then it is sent into a flame. The resulting combustion product generates 

chemiluminescence measured by the detector [18,22-24]. Despite their advantages 

to measure DMS accurately, these techniques are time-consuming, machines are 

heavy, impractical for continuous field measurement and expensive. In addition, their 
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detection limit is usually below the quantity present in seawater, and most of the time, 

a concentration step is required prior to analysis.  

Modified screen-printed carbon electrodes SPCEs have received great attention 

recently as a miniaturised and cheap device used in electrochemistry, and in the 

fabrication of biosensors. In addition, SPCEs present plenty of advantages over 

conventional sensors such as the small volume of sample used in the analysis, low 

cost, as well as printing in different shape on flexible materials [25-28]. EIS has 

become accessible and useful tools for scientists, they have used to detect corrosion 

[29-33], to discover failure in battery [34-36], and to analyse pollutants in water [37, 

38], in soil [38,39], and in food [40]. Our group is already interested in EIS technique 

and we have used this technique for the detection of meats adulteration [41], glucose 

and snake venom [42,43]. 

To the best of our knowledge, a simple and cheap technique that measures 

impedance variations and used cheap screen-printed carbon electrodes to measure 

DMS at nM concentration in the ocean water has not been developed. Our strategy is 

simple and based on modified screen-printed carbon electrodes coated with a thin 

layer of gold. The gold electrodes are fabricated from commercial screen-printed 

carbon electrodes by activation of their surface with sulfuric acid using CV, and then 

followed by deposition of gold using electroless deposition method. This method is 

cheap and reproducible. DMS was detected at very low concentration, below the 

quantity present in ocean water, and with a small effect of other interferences.  

 

 

8.3 MATERIALS AND METHODS 

 

8.3.1 Apparatus and chemicals 

 

Cyclic voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) were 

performed in a RRPE1002C screen-printed carbon electrode (SPCE) from Pine 

Research Instrumentation Inc. consisting of carbon ink as both working and counter 

electrode and Ag/AgCl as the reference electrode. The SPCE possesses a 

polyethylene terephthalate substrate with 15 mm x 61 mm x 0.36 mm dimensions 
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and a 4 mm x 5 mm working electrode. To functionalize the SPCE, gold(III) chloride 

trihydrate (>99.9%), hydroxylamine (50 wt. % in H2O) and sulfuric acid 98% v/v were 

purchased from Sigma-Aldrich and used as-received, with no further purification. 

All electrochemical experiments were carried out using a potentiostat VersaSTAT 3 

(Princeton Applied Research) from AMETEK Scientific Instruments (Canada) 

equipped with an interface VersaStudio software. EIS measurements were 

performed in an electrochemical cell containing 0.1 M potassium chloride (KCl) as 

supporting electrolyte and 5 mM potassium ferrocyanide-ferricyanide 

(K3[Fe(CN)6]/K4[Fe(CN)6]) as redox probes. KCl (≥ 99.0 %) was purchased from 

Fisher Chemical and both K3[Fe(CN)6] (≥99.0%) and K4[Fe(CN)6] (98.5–102.0%) 

from Sigma-Aldrich. Energy-dispersive X-ray spectroscopy (EDX) was performed to 

characterize the gold clusters deposited on the carbon working electrode. Scanning 

Electron Microscopy (SEM) was performed using a Quanta 3D FEG microscope 

equipped with an EDX spectrometer. DMS (≥ 99% purity, Sigma Aldrich) was serial 

diluted in ultrapure water with 18.2 MΩ.cm resistivity to obtain solutions at various 

concentrations. These solutions were prepared immediately before the use to avoid 

DMS volatilization. 

 

 

8.3.2 Functionalization of the SPCE with gold particles 

 

Before gold electroless deposition, the working electrode was activated by 

applying potentials ranging from -2.5 to +2.5 V vs Ag/AgCl in a 50 mM aqueous 

sulfuric acid solution at a scan rate of 100 mV.s-1.  This procedure aimed to clean and 

to enhance sensing performances of the SPCE [41], as well as to create nucleation 

sites for gold electroless deposition. The working electrode surface was analysed 

and characterised by SEM, EDX analysis and CV. The electrochemical 

characterization was carried out by scanning the potential from -0.4 to +0.8 V vs 

Ag/AgCl at 50 mV.s-1 in an electrolytic solution containing 0.1 M KCl and 5 mM of 

both K3[Fe(CN)6] and K4[Fe(CN)6]. 

Figure 32a depicts the functionalization steps to obtain the DMS sensor. After the 

electro-activation step, the SPCE was washed with deionised water prior to gold 
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deposition. Then, 20 µL of an aqueous solution of HAuCl4 at 0.2 g.mL-1 was put onto 

the cleaned area of the working electrode, followed by the addition of 20 µL of 1.0 

g.mL-1 hydroxylamine solution as a reducing agent to reduce gold (III) ions to metallic 

gold atoms deposited on the graphite flakes, forming gold clusters on the electrode. 

The mixture was left to react for 5 minutes at room temperature when gas is evolving 

and a color change took place in the solution (from yellow to colorless) and the 

working electrode turned yellow-golden, as shown in Figure 32b. Finally, the yellow-

golden working electrode was exhaustively washed with deionised water to remove 

remaining salts and un-bounded molecules. 

 

Figure 32 - Scheme of the procedure for the functionalization of SPCE with gold 

particles (a) and photograph of the finished sensor in the electrochemical cell (b) 

 

 

8.3.3 EIS as a transduction technique for DMS sensing 

 

For detecting DMS at various concentrations, the functionalized SPCE was 

exposed to aqueous solutions of the analyte from 5.0 x 10-11 to 1.0 x 10-8 M. The 

electrochemical changes due to the contact of the working electrode with DMS were 

inspected by EIS through a frequency-domain ranging from 10,000 to 0.1 Hz under 
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the influence of an AC sinusoidal potential perturbation with 10 mV amplitude. In 

order to ensure that the tests were performed at the condition of electrochemical 

equilibrium, the impedance measurements were carried out only after 300 s of 

immersion in the electrolyte, when its open circuit potential (OCP), monitored 

meanwhile, varied less than 10 mV. The resultant EIS data was modelled to an 

equivalent circuit by using the software Zview 2.9b (Scribner and Associates) to 

deduce the values of the impedance elements. 

Aiming to simulate the real condition in which DMS is naturally present in the 

environment, an artificial solution of ocean water was prepared according to the 

standard methodology described in ASTM D1141-98 (2003) [44], whose composition 

is presented in Table 5. This methodology consisted in initially preparing 7 liters of 

each of the stock solutions I (555.6 g.L-1 MgCl2.6H2O, 57.9 g.L-1 CaCl2 and 2.1 g.L-1 

SrCl2.6H2O) and II (69.5 g.L-1 KCl, 20.1 g.L-1 NaHCO3, 10.0 g.L-1 KBr, 2.7 g.L-1 

H3BO3 and 0.3 g.L-1 NaF). To a final volume of 10.0 L of artificial ocean water, 245.34 

g of NaCl and 40.94 g of Na2SO4 were added to approximately 8.0 L of water. Then, 

a volume of 200 mL of stock solution I and 100 mL of stock solution II, respectively, 

were slowly added to the previous salts solution under vigorous stirring. The volume 

of the final solution was adjusted to 10.0 L and the pH to 8.2 with 0.1 N NaOH. 

 

Table 5 - Chemical composition of the artificial solution of ocean water [44] 

Component Concentration (g.L-1) 

MgCl2.6H2O 11.112 

CaCl2 1.158 

SrCl2.6H2O 0.042 

KCl 0.695 

NaHCO3 0.201 

KBr 0.100 

H3BO3 0.027 

NaF 0.003 

NaCl 24.534 

Na2SO4 4.549 
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The variation of the elements from the equivalent circuit was inspected to verify 

the effect of the exposition of the functionalized electrode to DMS in the artificial 

ocean water. Real-time monitoring of the impedance was performed immersing the 

sensor in the artificial ocean water, to which DMS was added in order to achieve the 

desired concentrations (from 1.0 x 10-11 M to 1.0 x 10-8 M). The EIS data was 

collected after 3 min of reactions. 

 

 

8.3.4 Electrochemical regeneration of the sensor 

 

After exposing the sensor to DMS at each tested concentration and performing the 

EIS measurement, the device was submitted to an electrochemical regeneration step 

in order to make it reusable. This method consisted in a CV procedure in a potential 

range between -0.4 and +0.8 V vs Ag/AgCl at 100 mV.s-1. The potential was cycled 

until the voltammograms became stable (10 times) in an electrolyte containing 0.1 M 

H2SO4 in order to remove the DMS molecules attached to the electrode and any 

eventual corrosion product formed on the surface in case of the oxidation of gold in 

the electrolytes. 

 

 

8.4 RESULTS AND DISCUSSION 

 

8.4.1 Morphological and chemical characterization of the Au-modified electrode 

 

The surface morphology of the SPCE before and after the deposition of the gold 

layer was examined by SEM/EDX techniques. Figure 33a indicates that the SPCE 

possesses a rough and heterogeneous structure composed by graphite flakes 

distributed along a carbon ink matrix. In our previous work [41], we demonstrated that 

the electrochemical treatment of the electrode via CV in sulfuric acid solution 

enhances its electro-activity by exposing the graphite flakes and increasing the 

oxygen groups (i.e. carboxylates and hydroxyls) content. After the functionalization, 

as seen in Figure 33b, small gold nanoparticles and aggregates were formed on the 
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graphite with size ranging from 637.61 ± 308.72 nm (n = 18) regarding the clusters to 

43.57 ± 12.00 nm (n = 65) with respect to the smaller particles. The size 

determination was carried out by analyzing the SEM images with ImageJ version 

1.52a with the macro “Analyze Particles”. 

The EDX spectrum in Figure 33c indicated that gold is the principal element with a 

main peak at 2.2 keV due to the presence of the clusters. Minor elements assigned 

to chlorine, carbon and oxygen arise from the composition of the SPCE ink matrix. 

 

 

Figure 33 - SEM images of the SPCE before (a) and (b) after the deposition of gold 

and (c) the correspondent EDX spectrum of the clusters of gold on the graphitic 

flakes 

 

 

8.4.2 Electrochemical detection of DMS 

 

8.4.2.1 Sensitivity and linearity 

 

The EIS technique has been widely exploited in sensing sciences because of its 

advantages over traditional techniques for the same application. Impedance 

measurement is a non-destructive assay since it is usually performed at the 

electrochemical equilibrium, and its simple performance, as well as its suitability for 

label-free and online applications, makes it less expensive than other methods. The 

changes in the impedance of a sensor can be examined to infer the recognition of an 

analyte of interest taking into account two main parameters: the capacitance and/or 

leakage resistance (in non-faradaic EIS) and the Rct in case of faradaic EIS. In a non-
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faradaic sensor, when a molecule from the sample binds the electrode surface, it can 

change the charge distribution at the interface electrode/electrolyte causing a 

variation of the double-layer capacitance and altering the conductivity of the 

transducer’s surface. If the electrolyte contains electro-active species, though, the 

main effect of the analyte recognition is the alteration of the charge transfer rate 

between the electrode and the solution, which can be increased whether the analyte 

possess an insulator behavior or decreased in case of conductive molecules [45]. 

Typically, faradaic EIS provides lower limit of detection (LOD) and is more sensitive 

in a broader range of analyte concentrations [46]. 

After exposing the functionalized SPCE to aqueous solutions of DMS at various 

concentrations, EIS spectra were collected and plotted in the form of Nyquist 

diagrams. Figure 34 depicts a typical Nyquist plot consisting of a semicircle portion at 

high frequencies resulting from the charge transfer kinetics and a linear region at low 

frequencies corresponding to the diffusional barrier of the ions Fe(CN)6
3-/4- from the 

bulk electrolyte towards the solid electrode. The increase of the semicircle diameter 

after each incubation of the sensor in higher concentrated DMS solutions is indicative 

of the successful binding of the analyte, which happens due to the affinity between 

the gold from the electrode and the sulfur atom from DMS. As shown in Figure 35, 

the molecular structure of DMS consisting of two –CH3 insulator groups as well as its 

steric effect on the surface, hinders the interfacial electron transfer between the gold 

transducer and the redox probe, increasing the global impedance of the sensor. To 

further investigate the performance of the sensor, the EIS experimental data were 

fitted to the Randles equivalent circuit shown as an inset in Figure 34. This circuit 

consists of the ohmic resistance of the electrolyte (Re), the Rct related to the faradaic 

processes as previously mentioned, the Warburg impedance attributed to the 

diffusional limitation of the redox probe and a Constant Phase Element (CPE). The 

CPE replaces the ideal capacitance, mainly taking into account the heterogeneous 

and rough surface of the electrode. The CPE impedance (ZCPE) is calculated as a 

function of the frequency-independent numerical values Q and n, the imaginary 

number j and the angular frequency ω (ω = 2πf) as follows: ZCPE = 1/[Q(jω)-1] [47]. 

The quality of fitting was ensured by low values of chi-squared (χ² approximately 

equal to 10-4) as a criterion of validity [41]. 
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Figure 34 - Nyquist plots of the sensor after incubation for 3 min in aqueous solutions 

of DMS at various concentrations. The inset is the Randles equivalent circuit used to 

fit the EIS data 

 

 

Figure 35 - Exposition of the gold transducer particles on the SPCE surface before 

and after the incubation in DMS solutions hindering the electron transfer processes 

between the FeIII and FeII ions 

 

Figure 36 shows the strong relation (root mean square value R² = 0.9819) 

between the variation of Rct (ΔRct) of the sensor and the concentration of DMS as an 

indicative of the efficiency of the device in recognizing the target molecule. The ΔRct 

represents the difference between the Rct value of the sensor after and before its 

incubation in each DMS concentrated solution. 
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Figure 356 - Polynomial dependence between the ΔRct and the concentration of the 

aqueous DMS solution 

 

A second-order polynomial relation was found to describe the dependence 

between the sensor output signal (in Ω.cm²) and the concentration of the analyte (in 

M) in the range from 1.0 x 10-10 M and 1.0 x 10-8 M according to Equation 20. 

 

68.12][1015.1]²[1082.4 1017 ++−= DMSDMSRct                  

(20) 

 

The sensor’s sensitivity (S with the unit of Ω.cm².M-1) was estimated as the 

derivative of the function that expresses the correlation between the output signal 

and the analyte concentration (Equation 20). As a derivative from a non-linear plot, 

the sensitivity is a function of the DMS concentration (Equation 21). Accordingly, the 

higher was the DMS concentration, the more sensible was the device in recognizing 

the molecule. 

 

1017 1015.1][1064.9 +−= DMSS                     (21) 
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8.4.2.2 Limit of detection (LOD) and limit of quantification (LOQ) 

 

The LOD and the LOQ are key parameters in the development of analytical 

methods once they can indicate whether the sensor/technique is employable for a 

certain application. According to the International Union of Pure and Applied 

Chemistry (IUPAC) [48], the LOD is the smallest concentration of an analyte that a 

technique can detect assuming a stated statistical confidence level, distinguishing the 

output signal arisen from the detection phenomenon to the signal it would provide in 

the absence of the target molecule. Despite many authors [49-52] indiscriminately 

use the popular signal-to-noise method (3SD/m) to estimate the LOD, it is essential 

to take in account some statistical cares (such as to respect the minimum of 10 

measurements of the blank sample as well as to consider performing the tests in 

different days/runs) to ensure the validity of this technique [53]. Hence, this method is 

usually employed in systems whose analytical response towards the target molecule 

concentration is linear (i.e. following a model of the type y = a1x + a0) [54]. According 

to Ribeiro and Ferreira [55], the signal-to-noise procedure is based on qualitative 

parameters and an alternative method to calculate the LOD is the procedure based 

on the analytical curve, which takes in account the standard error from the equation 

of the linear or non-linear regression at a certain confidence level. In the equation, sy 

is the standard deviation, t is the confidence level-dependent value from the t-

Student distribution, a1 is the slope of the polynomial plot, N is the number of 

samples in the calibration plot, y  is the average of the measured output signals, yc 

refers to the intercept of the superior limit of the confidence interval and is given by 

Equation 22, xi is the analyzed concentration of the analyte and x  is the average of 

the tested analyte concentrations presented in the analytical curve. In Equation 23, 

“a0” refers to the intercept of the polynomial equation. 
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Based on the method as mentioned above, the impedimetric sensor presented a 

LOD equal to 1.50 x 10-9 M. This value is suitable for the target application since the 

concentration of DMS in real marine environments is reported to be typically at 

nanomolar level [56-58]. According to Li et al. [59], DMS possesses an odor 

threshold value varying from 0.6 and 40 ppb and it must be detected at 

concentrations of ppm and ppb levels for applications involving environmental 

protection, industrial control, in the agriculture domain and for biomedical diagnosis. 

Besides, the estimated LOD is comparable or lower than those reported in the 

literature as shown in Table 6. In light of this context, the herein proposed 

impedimetric sensor possesses as advantages not just the low LOD suitable for the 

aimed application but also the simplicity of the transducer functionalization and 

experimental setup.  

 

Table 6 - LOD of DMS sensors reported in the literature employing various 

transduction modes 

Transducer LOD [M] Transduction signal Reference 

Gold particles on SPCE 1.50 x 10-9 Impedance This work 

Hollow waveguide 1.54 x 10-7 
Tunable laser 

absorption 
[60] 

Optical biosniffer 5.20 x 10-4 Optical quenching [61] 

ZnO 3.22 x 10-5 Conductance [62] 

Titania nanotubular arrays 4.83 x 10-8 Electrical current [63] 

Co3O4 nanosheet-built 

hollow spheres 
4.02 x 10-6 Electrical resistance [64] 

Hydrogen-bond acidic 

polymer 
6.28 x 10-10 

Surface acoustic 

wave 
[65] 
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The LOQ (equal to 2.27 x 10-9 M) was estimated by using the same method [55] 

according to Equations 24, 25 and 26, in which xc is the value of x where a0 

intercepts the regression plot and yh refers to the signal associated to the xc 

projection up to the limit of superior control. The proximity of the LOQ to the LOD 

value corroborates the possibility of using the proposed sensor for the aimed 

application since both are at the nanomolar level. 
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8.4.3 Reusability of the sensor 

 

The designed electrochemical sensor was easily regenerated after its exposure to 

DMS by running ten cycles of CV from -0.4 V to +1.0 V vs Ag/AgCl in 0.05 M H2O4 at 

100 mV.s-1. Afterwards, the cleaned electrode was characterized by CV from -0.4 V 

to +0.8 V vs Ag/AgCl (at 50 mV.s-1) and by EIS, both in the electrolyte containing 0.1 

M KCl and 5 mM of K3[Fe(CN)6] and K4[Fe(CN)6] as a redox couple. Figure 37 shows 

that the bare gold-based sensor presents two well-defined peaks assigned to the 

reversible Faradaic processes involving the redox couple. After binding DMS, there 

was a decrease of the electron transfer kinetics leading to a significant decrease of 

the current density, which was almost completely recovered after the regeneration 

step by CV. The Nyquist plot in Figure 37b corroborates the successful regeneration 

of the sensor showing that the curves related to the bare and regenerated sensor are 
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practically overlapped independent of the analyzed frequency, whereas the presence 

of DMS caused an increase of the diameter of the capacitive arc. 

 

 

Figure 367 - Cyclic voltammogram (a) and Nyquist plot (b) of the bare, regenerated 

and contaminated sensor with an aqueous solution of DMS at 10-8 M 

 

Another parameter to be taken into account to evaluate the cleanliness of the 

sensor surface is the peak-to-peak separation (ΔEp), which is the difference between 

the anodic peak potential (Epa) and the cathodic peak potential (Epc). Ideally, a redox 

reaction involving the transfer of a single electron, such as the reaction of the 

[Fe(CN)6]3-/4- redox probe used in this work, should be equal to 58 mV. Thus, the 

increase of this value may indicate the presence of imperfections and/or 

contaminations on the electrode surface [64]. As seen in Table 7, the lower electron 

transfer kinetics arose from the sensor exposed to DMS and both anodic and 

cathodic peaks remained practically at the same position before and after the 

regeneration. The difference of only 0.86% in the ΔEp between the bare and 

regenerated electrode newly confirmed the efficiency of the cleaning procedure in 

restabilising the electrochemical response of the sensor for further uses. The ΔEp 

values in all the samples were larger than the expected 58 mV from an ideal 

Nernstian behavior of the redox reaction of the [Fe(CN)6]3-/4- ions, which was possibly 

due to the heterogeneous carbon matrix from the SPCE that contributes to decrease 

the kinetics of the electron transfer independently of the presence of DMS. 
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Table 7 - Values of Epa, Epc and ΔEp related to the sensor before and after the 

exposure to DMS as well as after the regeneration step by CV in 0.05 M H2SO4 

Sample Epa (mV vs Ag/AgCl) Epc (mV vs Ag/AgCl) ΔEp (mV) 

Bare sensor 0.195 0.079 0.116 

Sensor containing DMS 0.177 0.029 0.148 

Regenerated sensor 0.170 0.053 0.117 

 

 

8.4.4 DMS sensing in artificial ocean water 

 

Once DMS is mainly present in marine ecosystems, it is of great importance to 

evaluate the capability of the proposed sensor to detect the molecule in its natural 

condition. Therefore, the influence of a simulated ocean water solution on the 

response of the device was examined in order to validate the sensor’s real 

application.  

Real-time EIS was performed as a tool to evaluate the variation of the impedance 

parameters during the incubation of the functionalized SPCE in the simulated ocean 

water before and after the addition of DMS at various concentrations (from 1.0 x 10-11 

M to 1.0 x 10-8 M). Figure 38a shows that independently of the DMS concentration in 

the electrochemical cell, the molecule did not significantly alter the OCP. This fact 

indicates that the presence of the salts in the solution at their respective 

concentrations was not capable of provoking the occurrence of enough redox 

reactions at the electrode surface, which could affect the electrochemical equilibrium 

of the sensor and, consequently, its impedance. Instead, a stable plot profile was 

observed within a potential variation less than 5 mV. Accordingly, after collecting and 

modelling the EIS data, it was possible to observe that the solution resistance (Figure 

38b) remained stable over the elapsed time. This solution response indicates not 

only the stability of Re (1.298 ± 0.007 Ω.cm²) but also the good conductivity of the 

simulated ocean water to be used as a real electrolyte. Moreover, it is possible to 

infer that DMS did not remain diluted in the solution during the sensing test but it was 

attached to the electrode (otherwise, it would increase the Re at higher 

concentrations because of its insulating behavior). Contrary, as seen in Figure 38c, 
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the presence of DMS increased the polarization resistance (Rp) of the electrode, 

confirming that the proposed sensor is a promising tool for the recognition of DMS 

even in the real environment in only 3 minutes. Herein, Rp was used instead Rct 

because of the absence of a redox probe in the solution. The non-use of redox 

species in the electrolyte makes the sensor to operate as a non-faradaic device [45], 

which justifies the higher values of Rp in comparison to the previously observed Rct in 

the faradaic EIS. To contemplate this alteration and to consider there was no 

diffusional barrier (which excludes the Warburg impedance), the equivalent circuit 

shown in the inset of Figure 38c was used as an adaptation of the Randles model. 

 

 

Figure 378 - Evolution of the OCP (a), Re (b) and Rp (c) of the sensor due to the 

exposure to DMS from 1.0 x 10-11 M to 1.0 x 10-8 M in simulated ocean water 

 

Despite the Rp output signal was not linear towards the concentration of DMS in 

the simulated ocean water, an evident increase of the resistance took place in the 

sensor as a response to the detection of the molecule, presenting a positive variation 

(at 1.0 x 10-11 M) of 13.5% in relation to the bare previous condition. The non-linearity 
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possibly arises from the fact that DMS is a volatile compound and, thus, the 

molecules could not be located close to the interface with the transducer surface 

during the whole measurement, diminishing the amount of detectable analyte in the 

solution. Therefore, the performance of the non-faradaic impedimetric DMS sensor 

can be further enhanced by ameliorating the gas confinement in the electrochemical 

cell as well as by the detection of the analyte in the vapour phase. 

 

 

8.5 CONCLUSIONS 

 

An impedimetric sensor for the detection of DMS was reported. The sensor was 

prepared by deposition of gold particles on a working electrode of a commercial 

screen-printed electrode. The proposed sensor is advantageous over traditional 

devices reported in the literature, mainly owing to the simplicity of fabrication, low 

cost, sensitivity and short time required for measurement (3 minutes). This sensor 

showed linear detection range for DMS from 1.0 x 10-10 to 1.0 x 10-8 M in aqueous 

solution with a LOD of 1.50 x 10-9 M and LOQ equal to 2.27 x 10-9 M.  CV and EIS 

results showed that the sensor was reusable after simple acidic treatment with 

sulfuric acid, which leads the regenerated sensor to present an electrochemical 

response very similar to the bare condition. The online monitoring of the impedance 

of the sensor in simulated ocean water indicated that the gold transducer is stable in 

this medium and it could be used as a non-faradaic device to detect DMS. The real-

time EIS measurement indicated that the sensor is a promising tool to detect DMS in 

ocean water, condition that simulates its real working environment, despite it did not 

present a linear response towards the analyte concentration.  
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CHAPTER 9 – GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 

 

9.1 THESIS FINDINGS AND SUGGESTIONS FOR FUTURE WORKS 

 

Besides the theoretical aspects of sensing sciences with special emphasis on the 

EIS technique as transduction technique, several possible applications of SPCE-

based devices were raised in this thesis. The main advantages of SPCEs are their 

small dimensions, relative low cost due to the ease industrial fabrication and the 

easiness of functionalization to obtain diverse (bio)sensors. Furthermore, results 

presented in the Chapter 2 revealed that SPCEs are suitable for use in impedimetric 

sensors because of their electrochemical properties. Despite of the low electron 

transfer kinetics at the interface with the electrolytes, the electro activity of the SPCEs 

(arising from graphite flakes dispersed in the ink carbon matrix) could be enhanced 

by an electrochemical pretreatment in an aqueous solution of H2SO4. Exposed to 

electrolytes that simulate the faradaic and non-faradaic transduction modes of EIS, 

the SPCEs exhibited different corrosion mechanisms, but were electrochemically 

stable under both conditions. 

Because it groups so important features, SPCEs have found a crucial role in the field 

of (bio)sensors. Amongst the main applications, the food analysis, medical diagnosis 

and environmental monitoring merit particular attention due to the increasing number 

of publications especially in the last two decades, a reflex of the unquestionable 

relevance of these issues. Within this context, three representative applications were 

elucidated in this thesis: the detection of food fraud (Chapter 6) by means of the 

recognition of horse serum as well as the detections of glucose (Chapter 7) and DMS 

(Chapter 8).  

With different transduction modes (faradaic and non-faradaic) and functionalization 

mechanisms, all fabricated (bio)sensors described in this thesis consisted of a SPCE 

as a transducer substrate and detected the target analytes by means of the EIS 

technique. In common, the produced impedimetric (bio)sensors exhibited high 

sensitivity with low LODs, good selectivity towards their analytes, linear responses 

and low response times, corroborating each device’s suitability for application in its 

respective field of interest. 
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The faradaic immunosensor produced to recognize horsemeat adulteration was 

capable to detect the presence of horse antibodies in a buffered solution at a 

concentration range from 1 pg.mL-1 to 1 µg.mL-1 after an incubation period of 20 min. 

Contrary, the same device presented a random and low analytical signal towards 

bovine and swine sera at the same concentrations. When exposed to buffered 

solutions containing real commercial horsemeat, beef and pork, the same trend was 

observed: the fabricated immunosensor was not sensitive to the heterologous 

genera. Moreover, with a LOD of only 0.004% w/v, the device proved to be a 

promising tool for this application, once according to the Food Standards Agency, at 

concentrations lower than 0.1% w/v, one can assume fraud absence. 

In Chapter 7, the increasing variation of Rct indicated that the non-enzymatic faradaic 

sensor was sensitive exclusively to glucose even at the minimum tested 

concentration. Other sugars (fructose and sucrose) did not significantly affected the 

analytical signal of the sensor. The presence of 3-aminophenyl boronic acid as a unit 

of recognition set this sensor as a competitive technology among several others 

reported in the current literature. Combined to the low LOD (8.53 x 10-9 M), the 

presented sensor possessed as main advantages its simple functionalization and the 

absence of enzymes, which makes other sensors less stable and more expensive. 

Besides, the reported results confirmed the robustness of the device, which 

presented good repeatability and was sensitive to glucose even in the presence of 

serum, dopamine and NaCl as interfering species. Optimization tests indicated that it 

is possible to detect the presence of the analyte at 1 Hz in only 4.0 ± 0.6 s.  

Finally, the reusable DMS sensor reported in Chapter 8 was sensitive to the analyte 

in both faradaic and non-faradaic modes. The higher was the concentration at which 

DMS (aqueous solution) was in contact with the gold nanoparticles of the 

functionalized SPCE, the higher was its Rct because of the interactions between 

sulfur and gold at the electrode, exposing the insulating –CH3 groups with important 

steric effect. This sensor presented a LOD equal to 1.50 x 10-9 M, which is 

compatible to the real application since DMS is usually present in marine 

environments at nanomolar levels. When DMS was diluted in artificial ocean water, 

the sensor exhibited non-faradaic response in each 3 min towards this analyte at 

concentrations varying from 10-11 M to 10-8 M. Although the impedimetric response 
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under this last condition was not linear, the reported real-time performance reiterates 

how amenable this sensor can be for real in situ operation. 

In future researches, there are some aspects to be further exploited and improved 

regarding the presented (bio)sensors. In summary, more interfering species 

representative of each aimed application should be tested in order to ensure the 

sensors definitely do not suffer non-expected unspecific reactions. The stability along 

several weeks should be studied in different storage media to make the sensors 

more amenable for commercialization. In this same direction, since the real market 

demands more portable and accurate technologies, it would be equally important to 

undertake more numerous tests in order to evaluate the statistical significance of the 

analytical responses. Thus, one should consider performing the tests not only at 

optimal laboratorial atmosphere such as that described in this thesis, but also under 

different temperature and humidity conditions. Nonetheless, it would be also 

interesting to make the sensors more automatic by means of the development of 

algorithms to calculate the Rct or other impedance parameter (extracted from the 

known equivalents circuits) as a function of the analyte concentration. 

Specifically to the horsemeat immunosensor, some tests could be addressed with 

solutions containing different proportions of different meats. The study of the 

capability of the device to recognize the target analyte in cooked meat would also 

represent an important step towards the validation of the technology. 

With respect to the glucose sensor, it is relevant to better understand the detailed 

mechanism of interaction of the 3-aminophenyl boronic molecule with the sugar. 

Thus, it would be possible to comprehend the precise reason for which the device 

suffered such a low response towards fructose and to enhance its selectivity in 

relation to other interfering molecules. 

Regarding the DMS sensor, it is worthy notable the necessity to perform selectivity 

tests with other gases or other several organic compounds present in the same 

marine environment. The development of a biosensor in this case could be 

interesting to avoid cross-reactions, diminishing the interference of undesirable 

species in the device’s response. Performing tests with DMS in vapor phase could 

also contribute to improving the sensor’s specificity. 
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9.2 RESULTADOS DA TESE E SUGESTÕES PARA TRABALHOS FUTUROS 

 

Além dos aspectos teóricos da ciência de sensores com ênfase especial para a EIS 

como técnica de transdução, várias possibilidades de aplicações dos dispositivos 

baseados em EICs foram abordadas nesta tese. As principais vantagens dos EICs 

são suas pequenas dimensões, o custo relativamente baixo devido à facilidade de 

produção industrial e a facilidade de funcionalização para a obtenção de diversos 

(bios)sensores. Ainda, os resultados apresentados no Capítulo 2 revelaram que os 

EICs são aplicáveis ao uso em sensores impedimétricos por causa de suas 

propriedades eletroquímicas. Apesar da lenta cinética de transferência de elétrons 

na interface com os eletrólitos, a eletroatividade dos EICs (proveniente das 

estruturas de grafite dispersas na matriz de tinta de carbono) pôde ser melhorada 

por meio de um pré-tratamento eletroquímico em solução aquosa de H2SO4. 

Expostos a eletrólitos que simulam os modos de transdução faradaico e não-

faradaico da EIE, os EICs exibiram diferentes mecanismos de corrosão, mas foram 

eletroquimicamente estáveis sob ambas as condições. 

Porque reúnem tão importantes características, os EICs tem encontrado um papel 

crucial no campo de (bios)sensores. Entre as principais aplicações, as análises de 

alimentos, os diagnósticos médicos e o monitoramento ambiental merecem particular 

atenção devido ao crescente números de publicações especialmente nas últimas 

duas décadas, um reflexo da inquestionável relevância desses temas. Neste 

contexto, três representativas aplicações foram elucidadas nesta tese: a detecção de 

fraude alimentar (Capítulo 6) a partir do reconhecimento de soro de cavalo, bem 

como as detecções de glicose (Capítulo 7) e de DMS (Capítulo 8). 

Com diferentes modos de transdução (faradaico e não-faradaico) e mecanismos de 

funcionalização, todos os (bios)sensores fabricados descritos nesta tese consistiram 

de um EIC como substrato transdutor e detectaram os analitos de interesse a partir 

da técnica de EIE. Em comum, os (bios)sensores impedimétricos exibiram alta 

sensibilidade com baixos LD, boa seletividade diante de seus analitos, respostas 

lineares e baixos tempos de resposta, corroborando a aplicabilidade de cada 

dispositivo para seu respectivo campo de interesse. 
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O imunossensor faradaico produzido para reconhecer adulteração por carne de 

cavalo foi capaz de detectar a presença de anticorpos equinos em solução tampão 

em uma faixa de concentrações de 1 pg.mL-1 a 1 µg.mL-1 após um período de 

incubação de 20 min. Contrariamente, o mesmo dispositivo apresentou sinal 

analítico baixo e aleatório diante de soros bovino e suíno nas mesmas 

concentrações. Quando exposto às soluções tamponadas de carnes comerciais 

reais de cavalo, boi e porco, a mesma tendência foi observada: o imunossensor 

fabricado não foi sensível aos gêneros heterólogos. Além disso, com um LD de 

apenas 0,004% m/v, o dispositivo provou ser uma ferramenta promissora para essa 

aplicação, uma vez que de acordo com a Food Standards Agency, a concentrações 

menores que 0,1% m/v, pode-se assumir a ausência de fraude. 

No Capítulo 7, a crescente variação da Rtc indicou que o sensor faradaico não-

enzimático foi sensível exclusivmente a glicose mesmo na menor concentração 

testada. Outros açúcares (frutose e sacarose) não afetaram significativamente o 

sinal analítico do sensor. A presença de ácido 3-aminofenil borônico como unidade 

de reconhecimento colocou o sensor como uma tecnologia competitiva diante de 

várias outras reportadas na literatura recente. Combinado ao baixo LD (8,53 x 10-9 

M), o sensor apresentado possuiu como principais vantagens sua funcionalização 

simples e a ausência de enzimas, o que torna outros sensores menos estáveis e 

mais caros. Além disso, os resultados apresentados confirmaram a robustez do 

dispositivo, que apresentou boa repetibilidade e foi sensível a glicose menos na 

presença de soro, dopamina e NaCl como espécies interferentes. Testes de 

otimização indicaram que é possível detectar a presença do analito a 1 Hz em 

apenas 4,0 ± 0,6 s. 

Finalmente, o sensor reutilizável de DMS apresentado no Capítulo 8 foi sensível ao 

analito em ambos os modos faradaico e não-faradaico. Quanto maior foi a 

concentração na qual o DMS (solução aquosa) foi posto em contato com as nano 

partículas de ouro do EIC funcionalizado, maior foi sua Rtc por causa das interações 

entre enxofre e ouro no eletrodo, expondo os grupos -CH3 com imporante 

impedimento estérico. O sensor apresentou LD igual a 1,50 x 10-9 M, o que é 

compatível com sua real aplicação uma vez que o DMS está usualmente presente 

nos ambientes marinhos a concentrações nanomolares. Quando DMS foi diluído em 
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água do mar artifical, a cada 3 min o sensor exibiu resposta não-faradaica ao seu 

analito em concentrações variando de 10-11 M a 10-8 M. Embora a resposta 

impedimétrica nessa última condição tenha sido não linear, o desempenho 

apresentado em tempo real reitera quão aplicável esse sensor pode ser para reais 

aplicações em campo. 

Em pesquisas futuras, existem alguns aspectos a serem mais explorados e 

aprimorados em relação aos (bios)sensores apresentados. Em resumo, mais 

espécies interferentes representativas de cada aplicação pretendida devem ser 

testadas para garantir que os sensores definitivamente não sofram reações 

inespecíficas não esperadas. A estabilidade ao longo de várias semanas deve ser 

estudada em diferentes meios de armazenamento para tornar os sensores mais 

aplicáveis à comercialização. Nessa mesma direção, como o mercado real exige 

tecnologias mais portáteis e precisas, seria igualmente importante realizar mais 

testes para avaliar a significância estatística das respostas analíticas. Assim, deve-

se considerar a realização dos testes não apenas em atmosfera laboratorial ideal, 

como aquela descrita nesta tese, mas também sob diferentes condições de 

temperatura e umidade. Não obstante, também seria interessante tornar os sensores 

mais automáticos por meio do desenvolvimento de algoritmos para calcular a Rtc ou 

outro parâmetro de impedância (extraído dos circuitos equivalentes conhecidos) em 

função da concentração do analito. 

Especificamente para o imunossensor de carne de cavalo, alguns testes podem ser 

realizados com soluções contendo proporções variadas de diferentes carnes. O 

estudo da capacidade do dispositivo de reconhecer o analito alvo em carne cozida 

também representaria um passo importante para a validação da tecnologia. 

No que diz respeito ao sensor de glicose, é relevante entender melhor o mecanismo 

detalhado de interação da molécula de ácido 3-aminofenil borônico com o açúcar. 

Assim, seria possível compreender a razão exata pela qual o dispositivo sofreu uma 

resposta tão baixa em relação à frutose e aumentar sua seletividade em relação a 

outras moléculas interferentes. 

No que diz respeito ao sensor de DMS, é notável a necessidade de se realizar testes 

de seletividade com outros gases ou outros compostos orgânicos presentes no 

mesmo ambiente marinho. O desenvolvimento de um biossensor nesse caso pode 
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ser interessante para evitar reações cruzadas, diminuindo a interferência de 

espécies indesejáveis na resposta do dispositivo. A realização de testes com DMS 

em fase vapor também pode contribuir para melhorar a especificidade do sensor. 


