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Resumo 

O cancro é uma das principais causas de morte a nível mundial, na qual o 

diagnóstico precoce e o tratamento adequado podem reduzir a mortalidade associada. 

É mais provável uma resposta positiva ao tratamento em fases precoces de instalação 

da doença e há maior probabilidade de sobrevivência quando esta é identificada e 

tratada no estágio inicial. Uma maneira importante de evitar o diagnóstico tardio de 

cancro é o rastreio. Atualmente, há já vários dispositivos que visam a deteção seletiva 

de biomarcadores de cancro e que pretendem contribuir para um diagnóstico precoce. 

As técnicas mais utilizadas atualmente para o diagnóstico do cancro são biópsias, que 

podem incluir o recurso a imagem de ressonância magnética, mas estes métodos são 

invasivos, dolorosos e necessitam de um longo período para que os resultados sejam 

analisados e facultados aos profissionais de saúde e ao doente. 

Portanto, o trabalho desenvolvido nesta tese tem como objetivo o desenvolvimento 

de dispositivos rápidos, simples, precisos e autónomos para o rastreio e/ou diagnóstico 

no local de biomarcadores do cancro, usando métodos minimamente invasivos, tendo 

em vista um diagnóstico rápido e fiável. Para atingir este objetivo, foram desenvolvidos 

diferentes biossensores, usando anticorpos ou polímeros com impressão molecular 

como elementos de reconhecimento. Estes biossensores foram integrados numa célula 

de combustível de metanol passiva, com o objetivo de obter um dispositivo autónomo 

e para remover a necessidade de equipamentos na altura da medição analítica. 

Esta tese demonstra a integração do primeiro imunossensor numa célula de 

combustível de metanol, trabalhando associados como um dispositivo biossensor 

autónomo e um sensor baseado na tecnologia de impressão molecular integrado, 

também, numa célula de combustível de metanol passiva acoplada a um dispositivo 

electrocrómico. Ambos os biossensores têm em vista a deteção de biomarcadores do 

cancro, em concreto o cancer antigen 15-3 (CA15-3) e a sarcosina. O desenvolvimento 

dos dispositivos autónomos compreendeu a conversão do ânodo da célula de 

combustível num elemento sensor. Para este efeito, o tecido de carbono que continha 

nanopartículas de platina/ruténio em carbon black foi modificado com um anticorpo 

seletivo a CA15-3 ou um MIP para sarcosina. O cátodo foi desenvolvido com 

nanopartículas de platina em carbon black. Estas células de combustível modificadas 

foram alimentadas com metanol diluído para gerar uma corrente dependente da 
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concentração e calibradas em diferentes meios (solução tampão e soro diluído), por 

incubação de concentrações crescentes de soluções do biomarcador alvo. 

Em termos de desempenho analítico, foi possível observar uma resposta linear do 

imunossensor para a deteção com o logaritmo da concentração de CA15-3 entre 281.5 

e 563 U/mL, para um limite de deteção de 39.8 U/mL. A seletividade deste biossensor 

foi também avaliada com biomarcadores do cancro concorrentes, tais como antígeno 

carcinoembrionário (CEA) e cancer antigen 125 (CA125), tal como com outros 

compostos normalmente presentes no plasma sanguíneo (ácido ascórbico, glucose, 

ureia e ácido úrico), ajustados à concentração normal presente no soro. Os resultados 

que foram obtidos indicam uma boa seletividade do imunossensor integrado na célula 

de combustível. O dispositivo que integrava o MIP na célula de combustível apresentou 

uma resposta linear com o logaritmo da concentração de sarcosina, variando entre 3.2 

e 2000 µM em tampão e em soro fetal bovino e com LoD de 0.04 µM, compatível com 

as concentrações esperadas em amostras reais. 

A possibilidade de desenvolver um sistema biossensor sem qualquer equipamento 

foi explorada pelo acoplamento de uma célula electrocrómica ao dispositivo 

biossensor/célula de combustível. A célula electrocrómica demonstrou uma coloração 

azul intensa na energia máxima da célula de combustível e a coloração diminuiu com a 

diminuição da energia produzida pela célula de combustível, indicando por sua vez o 

aumento da concentração do biomarcador alvo. Esta abordagem foi testada para o 

dispositivo de deteção da sarcosina, com o sistema integrado (biossensor, célula de 

combustível e célula electrocrómica) a revelar a possibilidade de ver a olho nu a 

alteração de cor na presença de diferentes concentrações de sarcosina. De uma forma 

geral, esta abordagem confirmou a possibilidade de obter dispositivos que são 

autónomos e que não requerem equipamento analítico, podendo ser operados sem 

qualquer apoio energético ou eletrónico externo. 

Palavras-chave:  Dispositivo autónomo 

Imunossensor 

Polímero de Impressão Molecular 

Biomarcador de cancro 

Células de combustível de metanol 



XI  

Abstract 

Cancer is one of the leading causes of death worldwide and early diagnosis and 

treatment may reduce mortality associated with this disease. It is more likely to respond 

to treatment and has a better survival rate when identified at an early stage. An 

important way to avoid a late cancer diagnosis is screening. In current point-of-care 

(PoC), several devices have been developed with the purpose of detecting specific 

cancer biomarkers and helping to achieve an early diagnosis. The most used techniques 

for cancer diagnosis are biopsies, and magnetic resonance imaging (MRI), which are 

invasive, painful, and need a long time to produce analytical results. However, these 

methods are invasive, painful, and need a long period of time for result analysis and 

facilitated to the medical professional. 

Therefore, the work in this thesis aims to develop quick, simple, accurate, and 

autonomous device for PoC cancer biomarker screening and/or diagnosis, by using 

minimally invasive methods, allowing for a quick and reliable diagnosis. To achieve this 

goal, different biosensors were developed, using antibodies or molecular imprinted 

polymers as recognition elements. These biosensors were integrated into a passive 

direct methanol fuel cell to obtain an autonomous device and to remove the need for 

any additional equipment. 

This thesis shows the integration of the first immunosensor in a passive Direct 

Methanol Fuel Cell (DMFC) working combined as an autonomous biosensing device and 

a sensor based on the molecular imprinting technology also integrated into a passive 

DMFC and coupled to an electrochromic device (EC). Both biosensors have as aim the 

detection of cancer biomarkers, more concretely Cancer Antigen 15-3 (CA15-3) and 

sarcosine. The development of the autonomous devices consisted of the transformation 

of the fuel cell anode into a sensing element. For this, the carbon cloth with 

platinum/ruthenium nanoparticles on carbon black was modified with a selective CA15- 

3 antibody or a MIP for sarcosine. The cathode was a commercially available fuel cell 

electrode with platinum nanoparticles on carbon black. These modified fuel cells were 

fed with diluted methanol to generate a concentration-dependent current and 

calibrated in different media (buffer and diluted serum) by incubation of increasing 

target analyte concentration. 
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In terms of analytical performance, it was possible to observe a linear response for 

the immunosensor for CA15-3 detection with the log concentration that ranged from 

581.5 to 563 U/mL, and the limit of detection (LoD) was 39.8 U/mL. The selectivity of 

this biosensor was also evaluated with competing cancer biomarkers, such as 

carcinoembryonic antigen (CEA), and cancer antigen 125 (CA125), as well as with other 

compounds normally present in blood plasma (ascorbic acid, glucose, urea, and uric 

acid), adjusted to the normal range of concentrations present in serum. The obtained 

results indicate good selectivity of the immunosensor integrated in the fuel cell. The 

electrochemical performance of the MIP-based DMFC-modified biosensor showed a 

linear trend with the log concentration of sarcosine ranging from 3.2 to 2000 µM in both 

buffer and FBS, with a LoD of 0.04 µM, compatible with the concentrations expected in 

real samples. 

The possibility of developing a biosensing system in any equipment was exploited 

by coupling an EC to the DMFC-EC /biosensor. This EC showed an intense blue coloration 

at maximum cell power and this coloration decreased with decreasing power values, 

indicating the increase of the concentration of the target analyte. This approach was 

tested for the detection of sarcosine with the integrated system (DMFC-EC /biosensor) 

revealing the possibility of a naked eye-detectable color change in the presence of 

sarcosine standards. In a general way, this approach confirmed the possibility of 

developing devices that are autonomous and do not require analytical equipment, that 

can be operated without any energy requirements or external electrical equipment. 

 
 
 

 
Keywords: Autonomous device 

Immunosensor 

Molecularly Imprinted Polymer 

Cancer biomarker 

Direct Methanol Fuel Cells 
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1. INTRODUCTION 
 

1. Motivation 
 

Biosensors were first demonstrated in 1967 [1], where glucose oxidase was 

immobilized on a gel to measure glucose concentration in biological samples. Since then, 

biosensors have been gaining growing popularity, reaching nearly 10000 publications in 

2022 [2]. Figure 1.1 illustrates the evolution of biosensor publications in the last two 

decades, which reveals a significant increase in biosensor research after the early 2000s. 

This evolution are an expression of the importance and utility of these devices in the 

present and future of our society. 

 

 

Figure 1.1 - The number of publications in the biosensors research field from 2000 to 2022 
(Source: app.dimensions.ai; Criteria: “biosensors” in Title and Abstract). 

 
 

Biosensors are widely employed in different fields for monitoring, diagnosis, and 

detection of different analytes. They are used in environmental and food applications, 

such as the detection of pesticides (both in the environment [3] and food [4]), water 

contaminants [5], organophosphates [6,7], heavy metals [8–10], and airborne 

pathogens [11,12], among others. But their main relevance comes from applications in 
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the health sector, such as glucose monitoring in diabetes patients [13,14], pregnancy 

tests (detection of hCG protein in urine), measurement of folic acid, biotin, vitamin B12 

and pantothenic acid (as alternative to microbiological assays), among others. One of 

the applications of biosensors with high interest is the detection of different cancer 

biomarkers for diagnosis. Figure 1.2 shows the increasing number of published articles 

since around 2005, achieving nearly 450 publications in 2022 [15]. This tendency implies 

the need of these kind of sensors as devices for cancer biomarker detection, aiding other 

methods of cancer diagnosis in the form of a non-invasive approach. 

 
 
 

Figure 1.2 - The number of publications in the biosensors for cancer biomarkers detection 
research from 2000 to 2022 (Source: app.dimensions.ai; Criteria: “cancer biomarkers 
biosensors” in Title and Abstract). 

 

 

The obvious need for this type of aid in the diagnosis of different healthcare issues, 

such as cancer, motivated this work. Cancer is one of the major causes of mortality and 

morbidity Worldwide. Some countries have already experienced that even when more 

and more people are diagnosed with cancer, mortality can be decreased and certain 

cancer diseases may be prevented, when relying on organized and quality-assured 

cancer screening [16]. A device that detects cancer biomarkers by using only serum and 

requiring no external power supply to enable the biomarker quantification would be 

very useful, not only in the day-by-day diagnosis made in the health clinic, but also in 
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low-income countries. In addition, this would be as a widespread and low-cost method 

that could be used in difficult scenarios of world crisis, such as we more recently had the 

chance to witness in form of the COVID-19 pandemic and Wars in different parts of the 

World. 

 
 
 

1.1. Objectives 

 
The work in this thesis had as main objective the development of autonomous 

biosensing devices, using electrical readings while displaying full autonomy in terms of 

electrical requirements. To this end, different technologies were integrated, as 

described next, targeting CA15-3 or sarcosine (both cancer biomarkers). 

1) Electrochemical biosensors, focusing particularly upon the recognition element 

that enables detection of a given biomarker; two different materials were 

employed for this purpose, namely antibodies (immunosensor) and MIPs (MIP- 

based biosensor); 

2) Fuel cells, by adapting a passive direct methanol fuel cell (DMFC) to enable the 

integration of the biosensor; the anode of the cell was modified with the 

recognition element. 

3) Electrochromic Cell (EC), by interfacing this cell in the external electrical circuit 

of the set-up to enable a colour transduction of the electrical power generated 

by the overall system. 

 
 
 

1.2. Outline 

 
This thesis is divided into five chapters, summarized as followed: 

 

• In this chapter, Chapter 1, is where the motivation and objectives of this 

work are presented. 
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• In Chapter 2, an overview of both major fields surrounding this work, 

biosensors and fuel cells, is introduced. A brief state-of-the-art applied to 

the selected biomarkers and autonomous devices is also presented. 

• In Chapter 3, a potentially autonomous immunosensor is described for the 

detection of CA15-3, by integrating an immunosensor into a DMFC, that 

may, later on, be used as a power supply. 

• In Chapter 4, an innovative electrochemical biosensor is described, which 

advances its autonomy towards an equipment-free design. The biosensor is 

powered by a passive direct methanol fuel cell (DMFC) and signals the 

response via an electrochromic display. 

• In Chapter 5, the main conclusions of this work are presented as well as 

future perspectives. 
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2. STATE OF THE ART 
 

2.1. Cancer disease 
2.1.1. Cancer, statistics, and diagnostic methods 

 
Cancer is, by definition, a disease where some body cells grow in an uncontrollable 

manner and spread to other tissues. This happens when the normal cell multiplication 

process breaks down and abnormal and/or damaged cells multiply, forming tumours 

(malignant or benign). Malignant tumours invade nearby tissues and may travel to 

various parts of the body (metastasis) whereas benign tumours don’t act in the same 

way and don’t grow back like malignant tumours sometimes do [1]. 

Cancer is one of the leading causes of death worldwide with lung, breast, colorectal, 

and prostate cancer being the most diagnosed forms of the disease [2], as shown in 

Figure 2.1. Early diagnosis and treatment may reduce mortality associated with cancer 

disease, as it is more likely to respond to treatment and have a better survival rate when 

cancer is identified at an early stage [3,4]. An important way to avoid a late cancer 

diagnosis is screening. This aims to identify possible cancer or pre-cancer states before 

the development of symptoms, leading to further tests to confirm the diagnosis. The 

technique that is most used to diagnose cancer is biopsy, which may be linked or not to 

magnetic resonance imaging (MRI) [5]. Some biomarker-based expression techniques 

are also used to complement the imaging data, such as ELISA, radioimmunoassay, and 

immunohistochemistry. Although all these methods are effective, biopsy is invasive and 

painful, and the other techniques need a long time to produce analytical results [6]. 

To avoid time-consuming exams and allow analytical tests in current PoC [7], several 

devices have been developed with the purpose of detecting specific cancer biomarkers 

[8–11]. Electrical-based devices are generally very sensitive and provide label-free 

responses, but they have electrical power requirement. This requirement limits the 

application of the device to places where an electrical source is present, which may not 

exist under environmental crisis events and in third-world countries. 
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Figure 2.1 - Estimated number of new cancer cases and deaths in 2020 in both sexes, all ages, and 
worldwide. Data and graph adapted from [2]. 

Estimated numb 
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Cancer 
Biomarkers 

2.1.2. Cancer biomarkers 

 
Biomarker is “a defined characteristic that is measured as an indicator of normal 

biological processes, pathogenic processes or responses to an exposure or 

intervention”, as defined by the Food and Drug Administration (FDA) and National 

Institute of Health (NIH) joint Biomarker Working Group [12–14]. A cancer biomarker is 

any “biological molecule produced by a tumour cell or by human tissues in response to 

a tumour that is objectively measured and evaluated as an indicator of cancerous 

processes within the body” [13,15]. These molecules may be nucleic acids (DNA, RNA), 

proteins (enzymes, receptors), peptides, hormones, and even metabolites (Figure 2.2) 

that can be detected in different media, such as in the circulation (blood, serum or 

plasma), secretions (urine), or in other human biological fluids [13,16]. 

 

 

 
Figure 2.2 - Different molecules that act as cancer biomarkers in the body. 

 

 

Biomarkers can be used in different clinical settings, such as in risk assessment and 

screening for early disease, diagnosis of the different types and/or stages of cancer, and 

monitoring status of the disease (monitoring therapy, detecting recurrence) [16]. In 
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many cancer types, there is an advantage of cure if diagnosed and treated in an early 

stage. Thus, early cancer detection in asymptomatic patients is one of the most 

important goals in cancer research [13,17], leaving the market open for new and 

innovative sensors to be employed in mass population screening. However, these 

sensors need to have challenging characteristics, such as adequate diagnostic sensitivity 

and selectivity, they must be inexpensive and safe to use in populations, and need to 

have a good analytic reproducibility [17]. Also, biomarker screening is widely used as an 

aid for cancer diagnosis and/or sub-classification of malignancy state. 

Within the scope of this thesis, CA15-3 and sarcosine were selected as target cancer 

biomarkers, merely as proof-of-concept of the technology to be developed. CA15-3 is a 

consolidate cancer biomarker of protein nature used in clinical, while sarcosine is an 

emerging cancer biomarker that corresponds to a small molecule that circulates in body 

fluids. These biomarkers are described next. 

 
 

 
2.1.3. Cancer Antigen 15-3 (CA15-3) 

 
CA15-3, also known as a soluble form of MUC1, is a large trans-membrane 

glycoprotein (around 400 – 450 kDa) that is expressed on the surface of epithelial tissues 

including mammary gland, gastrointestinal, respiratory, urinary, and reproductive 

tracts. Typically, mucins contribute to the protection and lubrication of the epithelial 

tissues, and are involved in signal transduction and cell adhesion [18–20]. In healthy 

people, CA15-3 concentration is up to 25 U/mL [21]. Altered expression of this protein 

is known to reveal cancer formation and metastasis. Although CA15-3 may also be in 

higher concentrations in individuals with different conditions, such as cirrhosis, 

hepatitis, benign breast disease, and, most recently, COVID-19 [22]. It is more commonly 

found in patients with different types of cancer (breast, ovary, lung, gastrointestinal, 

colorectal cancers) [21] and is widely studied and used as non-invasive biomarker for 

cancer prognosis, diagnosis and monitoring [18,20]. Even though it is still not known 

how CA15-3 accumulates in the blood circulation [23], this protein is one of the most 

established serum biomarkers used for the diagnosis and prognosis of several cancers, 

mostly for breast cancer. 
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Different methods have been used for serum CA15-3 level measurements, such as 

enzyme-linked immunosorbent assay (ELISA), electrochemiluminescent (ECL), 

chemiluminescence immunoassay (CLIA), and radioimmunoassay [24,25]. ELISA is the 

most common technique that is used for serum CA15-3 detection ( ̴ 42.9%), which has 

as advantages requiring less sample pre-treatment, low cost, and high level of 

selectivity. However, the process requires longer incubation times, and has low 

sensitivity [23,25]. Therefore, it is important to develop more appropriate analytical 

methods, that are selective and sensitive for CA15-3 detection in biological samples and 

at low concentrations. In recent years, increasing numbers of different biosensors for 

CA15-3 detection have been reported, being considered as alternative approaches for 

early cancer diagnosis [25]. 

To date, there are several biosensors for the determination of CA15-3. These 

include various concepts and approaches, many of which are electrochemical [8–10], 

optical [26], or lateral flow assays [27–29]. Some biosensors from the literature targeting 

the detection of CA15-3 were used for comparison with the work that will be described 

in this thesis, in Chapter 3. Table 3.2 lists other biosensors for CA15-3 detection from 

recent years. 

 
 
 

2.1.4. Sarcosine 

 
Sarcosine, also known as N-methylglycine, is a non-proteinogenic amino acid 

derivative that occurs in the body as a product of the glycine and creatinine metabolism. 

It is found predominantly in the skeletal muscles and prostate of the human body. 

Normal sarcosine levels in serum are 80.8 ng/mL and 102.3 ng/mL in females and males, 

respectively [30]. Elevated values of this amino acid derivative are implicated with the 

presence of multiple diseases, like Alzheimer, dementia, colorectal, stomach and 

prostate cancers, among others. Research demonstrated clinical benefits of using 

sarcosine in treating mental health disorders [31]. Also, it is considered a promising 

biomarker for prostate cancer [32]. The research of this amino acid as prostate cancer 

biomarker was introduced in 2009 in the Journal Nature [33]. Since then, a great 

increase of its levels in body fluids has been associated to prostate cancer progression 



13  

and metastatic events [34]. Thus, these can be detected in a non-invasive manner by 

analysing urine [35,36]. Several studies have indicated the power of diagnosis of 

sarcosine compared to total Prostate-Specific Antigen (PSA) [37,38]. This trend supports 

the fact that sarcosine is an important biomarker for prostate cancer diagnosis and could 

be used successfully for screening tests. 

Sarcosine is commonly detected by using different techniques, such as enzymatic 

assays (colorimetric or fluorometric), gas chromatography (GC), liquid chromatography 

(LC), mass spectrometry (MS), among others [32,39]. All these techniques have 

drawbacks: enzymatic colorimetric and fluorometric assays are time consuming and 

expensive; the chromatographic separation techniques are expensive, and the high cost 

of instrumental setup, experts in operating the instruments, reagent and high-volume 

sample consumption, sample pre-treatment, and long-time procedures [32]. Because of 

the disadvantages of these traditional methods, studies involving biosensors for 

sarcosine detection have been made, aiming at selective, sensitive, low-cost, rapid, and 

reproducible methods. Several approaches for screening sarcosine have been described 

in the literature, including enzymatic assays [40–43], and molecular imprinted polymers 

(MIPs) [44–46]. However, none of these approaches offers the possibility of complete 

autonomy when used for PoC. Therefore, in this thesis, we propose a biosensor for 

sarcosine detection involving an autonomous and potentially portable power source. 

Overall, diagnosing and monitoring cancer disease is mostly accomplished by 

routine examinations such as biopsy, ultrasound, and MRI. These methods, which rely 

on the physical properties of the tumour and its appearance, have various 

disadvantages, including invasiveness, complexity, the need for sophisticated 

instruments and background knowledge, and the long results turn-over [4,50]. The main 

focus in cancer diagnosis is the development of techniques that are explicitly capable of 

sensitive detection of different cancer biomarkers, which would be very useful in PoC 

testing [51]. In this context, biosensors are emerging an alternative methods [52], as 

they are non-invasive, show good analytical performance and allow the analysis of a 

biological sample on site. These are described in more detail next. 
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2.2. Biosensors 

 
Biosensors are analytical devices composed by a biorecognition element (such as 

cells, enzymes, antibodies, aptamers, among others), and a transducer that translates 

the information of the analyte recognition (Figure 2.3). 

 

 

 
Figure 2.3 - Examples of biorecognition elements, transducers, and signal output linked to 
biosensors. 

 

 

The biological recognition element interacts with the target molecule so that the 

transducer measures and translates this interaction into a measurable signal (optical, 

colorimetric, piezoelectric, electrochemical, among others). 

The first biosensor used glucose oxidase immobilized on a gel to measure glucose 

concentration in biological samples [53]. Since then, biosensors have evolved 

tremendously into different technological formats, gaining popularity for different 

targets and in different fields. The main fields of application include medicine, 

environmental monitoring, food quality control, and control of industrial processes 

[54,55]. In medicine and healthcare, one of the major advantages of biosensors is the 

rapid diagnostics. Since biosensors provide results almost instantly, allowing clinical 

diagnosis immediately, which greatly decreased the need for lengthy laboratory 
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procedures. Additionally, these rapid diagnostic products make self-testing at home 

possible with user-friendly formats and simplified protocols, such as pregnancy tests and 

COVID-19 rapid tests. They are applicable in PoC systems, such as glucose, lactate, 

creatinine and cholesterol [50,56,57], cancer screening and diagnosis (analysis in urine 

and blood plasma) [4,51,58], DNA diagnosis for genetic diseases discovery [59], kits for 

self-diagnosis at home [54], and detection of infectious diseases [50,57,60,61]. In 

environmental monitoring these biosensors are widely used for pesticides detection 

[62,63], heavy metals in ground and wastewater [64,65], and volatile compounds in 

industrial areas [54]. Furthermore, biosensors can be used to control food quality by 

detecting microbiological contamination, antibiotics and mycotoxins [66], pesticides 

[67], food fermentation [68,69], preservatives, and additives [70]. The research and 

advances in all these fields translate the need for different biosensors for accurate, low- 

cost, and quick detection of different analytes, may they be in healthcare, food quality 

control or even environmental monitoring. 

From an analytical perspective, a good biosensor should display high selectivity, 

sensitivity, and reproducibility. High sensitivity is defined as a large measurable change 

in the biosensor signal when slight changes in analyte concentration occur. High 

selectivity indicates that the sensor responds majorly to its target rather than other 

compounds that can be found in the analysed medium. High reproducibility 

demonstrates the ability to provide similar responses among different units, among 

other aspects of reproducible operation [71]. In general, these analytical features are 

mainly related to the biorecognition elements employed when developing the 

biosensor. There are several materials that may be employed for this purpose, which 

are described next. 

 
 
 

2.2.1.(Bio)Recognition elements 

 
The recognition element is normally a molecular species that uses a biochemical 

mechanism for the recognition of the selected analytes. The biorecognition element 

binds the analyte to the sensor surface for reaction/interaction, which is afterwards 

converted by the transduction mechanism [57,72]. Different types of recognition 
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elements have been used in the last decades of research, such as animal or plant cells, 

receptors, organelles, antibodies, tissues, microbes and enzymes. Artificial materials like 

MIPs, aptamers or Peptide Nucleic Acids (PNAs) have also been widely used [56]. 

Choosing a recognition element for a biosensor is a critical task and should be performed 

with the knowledge of the advantages and disadvantages of the different recognition 

elements that have been used throughout the last decades of biosensor research. In 

terms of recognition, biosensors may operate by means of a catalytic or an affinity event. 

Catalytic biosensors are those in which the recognition is made by means of a 

catalytic reaction. Typically recognition elements displaying this feature are enzymes, 

whole cells or tissue slices [54,73,74]. Among these, enzymes are traditionally 

employed. They interact selectively with a given substrate using non-covalent 

interactions [75], to create a spatial environment that facilitates the chemical 

transformation of the substrate, by decreasing the activation energy of the overall 

reaction [66]. Upon the catalytic reaction, any participating element of the reaction may 

be monitored (substrate or product or other involved reactants), as its change in 

concentration is used for analytical purposes. Overall, catalytic-based sensors have 

simple designs and don’t require expensive instrumentation, making them simple to use 

and inexpensive [76]. But not all recognition elements may trigger a catalytic event, with 

affinity sensing being an alternative tool of recognition. 

Affinity biosensors involve mostly non-covalent interactions with a target analyte 

upon analyte binding, without its chemical alteration. Typical affinity-based recognition 

elements are antibodies, nucleic acids (DNA, RNA), aptamers, MIPs, among others 

[73,74,76]. Antibodies are the most commonly employed affinity recognition elements, 

giving rise to the production of immunosensors, as they replicate an immunological 

response. Antibodies are 3D protein structures (~150 KDa) that occur naturally in the 

body, displaying a unique recognition pattern with high specificity and accuracy for the 

respective analyte. Although there are widely known limitations when using antibodies, 

such as animal experimentation, production cost, and limited shelf life, they are widely 

used and remain an important recognition element in the biosensing community 

[71,77]. Nucleic acid biosensors, also known as genosensors, are able to bind to a 

complementary recognition pattern, between the immobilized nucleic acid fragment 

and the target sequence [78,79]. Genosensors are very versatile because, in principle, 
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any nucleic acid fragment could be artificially designed and immobilized. PNAs are 

synthetic oligonucleotides that are uncharged, and therefore create a higher stability 

when binding. Considering applications, these elements are limited to targeting nucleic 

acids [71,80], due to the nature of their recognition. Aptamers are like nucleic acids in 

genosensors, but in which the nucleic acid sequence is designed to interact with another 

molecule that is not a nucleic acid. In principle, the immobilized aptamer undergoes 

specific 3D arrangements that involve trapping the target analyte on a specific 

conformation. MIPs are synthetic polymers tailored around a target compound, and 

when the target compound exits the polymeric network created vacant sites that should 

be able to recognize the same analyte. They were originally developed for concentrating 

specific compounds, but their capacity to undergo selective interactions with a given 

analyte opened doors into an application in biosensors. 

In this thesis, two recognition elements involved in affinity sensing were considered: 

antibodies and MIPs. Several reasons supported this. Catalytic sensing of CA15-3 or 

sarcosine would imply indirect and complex approaches. In contrast, the use of 

antibodies would ensure a simple and effective design, as antibodies have typically high 

affinities for the target antigen. On the other hand, the design of a synthetic element as 

a MIP would enable selective readings at low cost, with a stable recognition material. In 

principle, MIP technology allows a tailor-made design for any intended antigen, making 

this a versatile option of detecting cancer biomarkers. The next section explains further 

these specific recognition elements. 

 
 
 

2.2.1.1. Molecular Imprinted Polymers (MIPs) 

 
MIPs, also known as ‘plastic antibodies’ when proteins are being targeted, were 

firstly reported in 1973 [81] and have raised a lot of interest in the past decades [82]. 

These polymeric structures act as antibody-like recognition materials and operate by a 

“lock and key” mechanism, mimicking the antibody-antigen interactions and selective 

binding to the target molecule used during production. Compared to natural antibodies, 

these are also less expensive and have higher stability [83]. These are tailored by 

molecular imprinting technology, where molecular moulds are generated by using a 
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target molecule and then removing it, leaving cavities where the molecule can rebind, 

as represented in Figure 2.4. There are various advantages in using MIPs, including their 

high affinity and selectivity, which are similar to natural receptors; great robustness and 

physical strength, resistance to elevated pressure and temperature, inertness against 

various chemicals (acids, bases, organic solvents), which are superior to the natural 

biomolecules characteristics; low cost and simplicity of their preparation, allowing the 

development of a receptor for an analyte of interest to be available faster and in a less 

expensive manner; template versatility, since they are able to recognize analytes that 

are challenging for antibody detection; easy adaptation to practical applications; and 

long lifetimes [84–86]. An additional and important advantage of these plastic 

antibodies is the possibility to develop them for almost any target molecule, large or 

small, which differentiates it from the natural biological systems, where the target must 

match an available antibody, or an antibody must be specifically produced for that 

target. 

The advantages of MIP materials compared to their natural counterparts led to their 

use in different applications, such as immunoassays [87], separation [87–90], 

depollution [91], sensing [92–95], cell imaging and therapy [96–98], drug delivery [99– 

101], food applications [88,90,102], and industrial applications [103]. Previously 

described works using plastic antibodies to detect cancer biomarkers show promising 

results in detecting early stage cancer biomarkers [104,105], obtaining good LoDs and 

reproducibility. 

 
 

Target protein 

Polymer layer 

Carbon Black Polymerization with target protein Protein removal - MIP 

 

Figure 2.4 - Scheme of the MIP on top of the surface of carbon black with Platinum (Pt) and 
Ruthenium (Ru) nanoparticles. 



19  

MIP-based materials are attracting attention due to the possibility of mass 

production, simplicity, improved shelf-life, and low cost [106]. The commercialization of 

these MIPs mostly involves materials for separation, and not sensors. This is mostly 

because of the occurrence of non-specific binding to the polymer itself due to the 

adsorbent characteristic and some weak interactions with the target molecule. Also, the 

need to extract the target molecule from the polymer and its difficulty to ensure the 

total extraction, compromising the ability to sense the rebinding, may be a reason for 

the slow commercialization of these sensors. However, the increasing numbers of 

research articles published in this area, lets speculate the commercialization of more 

and more sensors with this technology in the near future [82]. These MIPs have been 

widely used in the biosensors field as recognition elements to achieve more stable, low 

cost and sensitive sensors for detection of different biomarkers. In recent years, MIP- 

based biosensors have been developed to detect biomarkers for different diseases and 

different fields, such as cardiovascular diseases [107,108], cancer [109,110], infectious 

diseases [111–115], and also for environmental monitoring [116,117]. Table 2.1 shows 

some examples of MIP-based biosensors in the different fields, revealing the importance 

of these biosensors for detection and monitoring of different target compounds. 

 

Table 2.1 - Literature review of MIP-based biosensors in different fields. 
 

 Target MIP Support Detection Ref 

Cardiovascular 
diseases 

Cardiac 
Troponin T 

Polyaniline CSPE DPV [118] 

 Cardiac 
Troponin I 

Methylene Blue GCE DPV [119] 

 Myoglobin Methacrylic acid Au DPV [120] 

Sepsis C Reactive 
Protein 

AEDP/DMAA CSPE DPV [121] 

 Lactate 3-APBA CSPE DPV [107] 

Cancer PSA Dopamine Au EIS [122] 

 CEA Toluidine blue Au CV [123] 

 CA125 Pyrrole AuSPE SWV [124] 

 CA15-3 Toluidine blue Au DPV [125] 

Infectious 
diseases 

Influenza A 
H5N1 

AA/MAA/MMA/NVP QCM 
electrode 

QCM [114] 

 Klebsiella 
pneumoniae 

MAM/AAM/NVP AuSPE CV [115] 
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Environmental Tetracycline Methacrylate GPUE DPV [116] 

 Glyphosate p-aminothiophenol AuNPs LSV [126] 

 Norfloxacin p-ATP AuNPs EIS [127] 

 
3-APBA: 3-aminophenylboronic acid; AA/MAA/MMA/NVP: acrylamide/methacrylic acid/methylmethacrylate/N- 
vinylpyrrolidone; AEDP/DMAA: 2-acryl amidoethyldihydrogen phosphate/N-(4-dimethylaminophenyl)-acrylamide; 
Au: Gold electrode; AuNPs: Gold Nanoparticles; AuSPE: Gold Screen Printed Electrode; CA125: Cancer Antigen 125; 
CA15-3: Cancer Antigen 15-3; CEA: carcinoembryonic antigen; CSPE: Carbon Screen Printed Electrode; CV: Cyclic 
Voltammetry; DPV: Differential Pulse Voltammetry; EIS: Electrochemical Impedance Spectroscopy; GPUE: graphite- 
polyurethane composite electrode; LSV: Linear Sweep Voltammetry; MAM/AA/NVP: poly(methyl 
methacrylate)/Acrylamide/ N-vinylpyrrolidone; p-ATP: p-aminothiolphenol PSA: prostate specific antigen; QCM: 
quartz crystal microbalance; SWV: Square Wave Voltammetry. 

 
 

These MIP-based recognition materials can be obtained by using different methods 

of polymerization, broadly classified into free-radical polymerization and sol-gel process. 

In this thesis, the free-radical polymerization procedure was used as the monomers 

employed contained mostly unsaturated C-C bonds. Free-radical polymerization is a 

method where the polymeric chains are formed by successive addition of monomers to 

a growing chain of a radical species. The polymeric chain propagates in a way that each 

monomer unit is added to the chain in a manner that generates a more stable radical. 

Radical polymerization occurs in three steps: initiation, where non-radical species 

generate radicals; propagation, where the radical addition occurs; and termination, 

where the polymerization process ends [128]. During initiation, an active centre is 

created (obtained from the breakdown of the initiator molecule) from where the 

polymer chain begins to grow. There are many ways to initiate the polymerization 

process, such as thermal decomposition, chemical initiators, radiation, electrochemical 

processes, sonication, and other. The propagation phase refers to the addition and 

linkage of more monomers to the initial chain, which will continue until the termination 

of this process occurs. The termination process may occur in two ways: by coupling, 

where the radicals of two growing chain bond together, leaving no free radicals to 

continue the propagation; or disproportionation, where a hydrogen atom from one 

radical polymer chain is transferred to another radical polymer chain, terminating the 

two growing polymeric chains. 

There are several free-radical polymerization approaches that can be used to 

generate a MIP receptor (Table 2.2). The most used method is bulk polymerization due 
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to its simplicity, rapidity, and no need for sophisticated equipment. However, it requires 

a large amount of template, and the synthesized bulk polymer has to be crushed, 

grounded, and sieved to the size of interest, which is time consuming and some high- 

affinity binding sites may be destroyed during this process [92]. Although there are some 

disadvantages to this technique, the long experience of the literature in this technology 

allied to its versatility support well its selection for the production of a MIP recognition 

element for CA15-3, as implemented in this thesis. 

 

Table 2.2 - Overview of polymerization techniques. 
 

Imprinting Methods Brief description Reference 

Bulk polymerization 
Addition of a soluble radical initiator to a pure 

monomer in the liquid state. 
[129] 

ATRP 
Usually employs a transition metal complex as the 

catalyst. 
[130] 

RAFT 
Uses a chain-transfer agent in the form of 
thiocarbonylthio compound – RAFT agent. 

[131] 

Sol-gel 
A colloidal solution is poly-condensed into a solid (gel) 

phase. 
[132] 

ATRP: Atom transfer radical polymerization; RAFT: Reversible addition fragmentation chain transfer. 
 
 

One of the approaches in this work is to develop a MIP that uses chemicals to initiate 

the reaction. This can be very effective in polymerizing vinyl monomers. In addition, free 

radical polymerization can be performed under mild reaction conditions (water as 

solvent, low temperatures, etc.), which is an important feature regarding the 

preparation of MIPs using proteins, such as cancer biomarkers, as target molecules 

[133]. This process may take few minutes or last few hours, being this duration 

dependent on the type of monomers and cross-linkers present in the polymer mixture. 

The obtained MIP should have the properties that are already associated with this kind 

of materials, as described before [84,85]. 

 
 
 

2.2.1.1. Immunosensors 

 
Immunosensors are biosensors which are based in interactions between antibody 

and antigen to form a stable immunocomplex [134]. Either antibody or antigen can be 

used as immobilized species on the biosensor platform, depending on which target 



22  

needs to be analysed. The binding forces between the antibody and the antigen are very 

strong, and therefore, immunosensors present a high selectivity and sensitivity, making 

them a very attractive sensor for many different applications in different science fields 

[135]. 

Antibodies, also called immunoglobulins (Ig), are naturally secreted by B cells to 

neutralize antigens such as bacteria and viruses. They are a large family of glycoproteins 

that are capable of recognize and bind to antigens with high selectivity, composed of 

one or more copies of the characteristic and well-known unit that can be visualized as a 

“Y” shape. Each tip of the “Y” contains a paratope, which is a structure analogous to a 

lock, that is specific for one epitope (analogous to a key) on an antigen. This allows these 

two structures to bind with a very high precision. 

There are two types of antibodies: monoclonal and polyclonal, which depend on the 

epitope. Monoclonal antibodies are generated by identical B cells, meaning that these 

antibodies have monovalent affinity and only recognize the same epitope of an antigen, 

which reduces the chance of cross-reactivity, but also decreases sensitivity. Polyclonal 

antibodies are produced by different B cell clones in the body, meaning that they can 

recognize and bind to many different epitopes of a single antigen, showing a 

heterogeneous immunological response [135,136]. They offer a more sensitive response 

that may be compromised in terms of selectivity. The choice to use monoclonal or 

polyclonal antibodies depend on the analytical application. 

Immunosensors using electrochemical transducers are ideal biosensing devices for 

accurate and sensitive detection and quantification of tumour biomarkers. These 

integrate the advantages of the electrochemical procedures, and the specific reaction 

between the antibodies and antigens. PoC testing can be very effective using these types 

of devices due to their high sensitivity, small sample consumption, low sensing 

expenses, and the easy miniaturization to develop handheld devices [137,138]. 

There are two types of approaches to develop an immunosensor: direct 

immunosensor (or label-free), and indirect immunosensor (or labelled). Direct 

immunosensors measures the presence of the analyte directly through the biochemical 

reaction that occurs on the biosensor platform, whereas in indirect immunosensors, the 

analyte is entrapped between the capture agent and labelled agent, which has a specific 

label (enzymes, quantum dot, fluorophore, or radioisotope) to emit a signal that can be 
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Direct Immunosensor (label free) 

Indirect Immunosensor (la 

measured [134,137,138], as explained in the scheme in Figure 2.5. Although the indirect 

immunosensors are more sensitive, they are more complex and not suited for PoC 

devices. Therefore, the direct immunosensors have been widely studied as a potential 

alternative due to their simplicity, which was also chosen for this thesis. 

 
 

 

Antibody Antigen 
 

 
 

Immunosensor support 

 

 

 

Primary antibody 
 

 
 

Immunosensor support 

 
 
 
 

 

 
 
 
 
 

Figure 2.5 - Scheme of the two types of immunosensor development: Direct and indirect 
immunosensors. 

 

 

The immobilization procedure of the antibody to the sensor surface is an important 

step to ensure the specific immunoreaction of the immunocomplex. Therefore, the 

choice for the immobilization is considered a major step for achieving a high 

performance and sensitive immunosensor. The selected method needs to maintain the 

biological activity of the antibody and provide a good orientation in terms of exposed 

binding sites [139,140]. In addition, a high density of antibody on the electrode surface 
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can hinder the binding of the antigen. There are different studied methods to immobilize 

the antibody to the electrode surface. 

The simplest method for antibody immobilization is physical adsorption. This is 

based on non-covalent interactions between the sensing surface and the antibody, and 

if the antibody concentration is sufficient, a layer of antibodies will be anchored on the 

sensing surface. However, this method has various limitations, such as the random 

orientation of the antibody, conformational changes, probability of desorption because 

of the weak bonds, that may result in low sensitivity and limited reproducibility [141]. 

Despite these limitations, this method is widely used in immunosensors due to its 

simplicity and high antibody binding capacity [134]. 

The most common method is the covalent binding strategy, which is based on the 

covalent interactions between the modified surface and the functional groups of the 

antibodies [141]. The covalent attachment of the antibodies to the modified surface 

depends on various aspects, such as substrate functionality, functional groups present 

on the antibody, pH, and temperature [142]. Since generally electrode surfaces have no 

sites for covalent bonding, it is necessary to modify the surface appropriately to bind it 

covalently to the functional groups of the antibodies. With this procedure a better 

oriented immobilization is achieved. 

Due to the advantages of high sensitivity and selectivity, great precision and 

accuracy, low cost, simplicity of operation, and requirement of a low quantity of sample, 

immunosensors have gained considerable interest for the development of cancer 

diagnostics [143]. Several immunosensors were already addressed for different cancer 

biomarkers, such as carcinoembryonic antigen (CEA) [144–146], cancer antigen 125 

(CA125) [147–149], PSA [150–152], CA15-3 [153–155] for diagnosis of colorectal, 

ovarian, prostate and breast cancers. 

 
 
 

2.2.1. Signal transduction 

 
Another important part of biosensors is the transducer, which converts the 

(bio)recognition to a measurable signal, converting one form of energy to another. The 

transducing device may operate on the ground of electrical, optical, mass, thermal, 
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magnetic and electrochemical signals [156,157]. A scheme explaining the classification 

of sensors regarding their transducer is shown in Figure 2.6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.6 - Scheme of the classification of sensors based on their transducer. Obtained with 
permission from [157]. 

 

 

Electrochemical biosensors are among the most widely used and studied biosensors 

[57]. Their operation is based on charge transfer processes that take place at the 

interface between the electrode and the solution [57,72,158]. The electrochemical 

properties of the analyte and the transducer, with an electrochemical reaction occurring 

at the transducer surface between the sensing element and the analyte, causes 

detectable electrochemical changes in voltage, current, impedance, and/or capacitance 

[157]. They typically exhibit high sensitivity, selectivity, and analyte detection capability. 

This type of biosensors convert biochemical information into an electrical signal, as 

current, voltage, and surface resistance (Rct). They can be used to detect different 

analytes, such as biomarkers, in different media (sweat, blood, faeces, urine), employed 

in a vast number of areas, such as food industry, medical sciences, plant biology, among 
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others [159]. Is it likely that the most relevant feature of electrochemical biosensors is 

their ability to replace expensive and large instruments, which has led to an increased 

the number of studies made on this type of sensor in the last decades [160]. They also 

have low power requirements [161] and operate in an efficient way at room 

temperature. 

In terms of assembly, electrochemical biosensors are made of an electrochemical 

cell, which is composed by three or two electrodes. The typical three-electrode system 

is composed of working (chemically stable conductive material, such as carbon, gold, 

etc.), reference (usually silver metal coated with a layer of silver chloride, Ag/AgCl), and 

auxiliary (or counter) electrodes (usually platinum or glassy carbon). The two-electrode 

system has only working and reference electrodes. Both systems are commonly used for 

biosensor development [76]. 

Typically, in electrochemical biosensors several types of measurement (Figure 2.7) 

can be used to determine the response of the analyte: amperometric, voltametric, 

potentiometric, and impedimetric [159,160]. 

Amperometric techniques measure the current generated by applying a potential 

to a working electrode against a reference electrode, that is, the potential that is applied 

is held at a constant value, resulting in a measurement of current as a function of time 

[162]. In the case of this type of technique, the concentration of the electroactive 

species is proportional to the obtained current. 
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Figure 2.7 - Schematic representation of different types of electrochemical biosensors. 
 

 

Voltametric techniques are characterized by measuring the obtained current when 

applying a potential to the working electrode against a reference electrode. 

Voltammetry is used as a term for the techniques where the potential is scanned over a 

set potential range, such as linear sweep voltammetry (LSV), cyclic voltammetry (CV), 

square-wave voltammetry (SWV), differential pulse voltammetry (DPV), among others. 

These methods are commonly used in sensing platforms, since they are cost-effective, 

high sensitivity, and are useful for low level quantification [76,159]. In this case, the 

concentration of the analyte in the sample is proportional to a current peak or plateau 

obtained [73,163]. Normally, the output current of the sensor is analysed and used for 

the sensing process, which is determined by comparing the obtained current for the 

different analyte concentrations [159]. 

Potentiometric techniques determine the potential of the working electrode when 

compared to the reference electrode, operating under current zero or near-zero. This 

means that this technique indicates the ion activity in an electrochemical reaction. For 

this type of measurements, the relation between the analyte concentration and the 

obtained potential is supported by the Nernst equation: 
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𝑬 = 𝑬𝟎 − 
𝑹𝑻 

𝒍𝒏 𝑸 (Eq 1) 
𝒄𝒆𝒍𝒍 𝒄𝒆𝒍𝒍 

 

𝒏𝑭 

 
 

In this equation, Ecell represents a constant potential (the observed cell potential at 

zero current), R represents the universal gas constant, T the temperature in degrees 

Kelvin, n is the charge number of the electrode reaction, F is the Faraday constant, and 

Q is the ratio of ion concentration between anode and cathode [163,164]. Unlike with 

the amperometric measurements, the measured species are not consumed, and its 

response is proportional to the concentration of the studied analyte by comparison of 

its activity to the reference electrode. The biggest advantages of this kind of 

measurements are the sensitivity and quickness. The sensors that use potentiometric 

methods can be easily fabricated in a cost-effective manner, and a reduction of their 

size does not affect their performance [159]. 

Impedimetric techniques measure the resistive and capacitive properties of 

materials upon perturbation of a system. They are powerful methods because of their 

capability of sampling electron transfer at high frequencies and mass transfer at low 

frequencies. This kind of detection uses mostly affinity-based biosensors, such as 

antibody (Ab) – Antigen (Ag) binding on the electrode surface, where there are small 

changes in impedance that are proportional to concentration changes. During the 

detection step, the electron transfer resistance at the interface between the electrode 

and the solution changes when the analyte binds [76]. The most commonly used 

technique is electrochemical impedance spectroscopy (EIS) where, at slow electron 

transfer, a semi-circle region is obtained and the resistance of the electron transfer is 

equal to the diameter of the semi-circle (Nyquist plot) [159]. 

Electrochemical biosensors are particularly suitable in PoC analysis, for being easily 

miniaturized, simple, and low-cost devices. In addition, relying on electrochemical 

principles, they are well tuned with regular energy sources as photovoltaic cells or fuel 

cells, which are also of electrochemical nature. Thus, electrochemical sensing is 

observed as a main target in this work. 
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2.2.2. Autonomous biosensors 

 
The development of autonomous bioelectrochemical devices was achieved in the 

early 21st century by research work conducted on enzymatic biofuel cells (BFCs) that 

used enzymes as recognition elements [165–167]. In this way, the generated power by 

the biofuel cell is easily used to enable a self-sustained means of operation, as shown by 

the first autonomous biosensor applied to the detection of glucose and lactate [168]. 

Since then, autonomous biosensors have gained considerable attention within various 

research areas and have been used mainly for sensing applications in the detection of 

various important analytes [169–172]. 

Since the first publication, there have been some advances in the field of 

autonomous biosensors to miniaturize the PoC devices and reduce the cost of analysis. 

One example is the use of biofuel cells used for implantable devices [173], which is based 

on the detection of enzyme substrates that act as fuel/oxidant, microbial fuel cells [174]. 

In addition, autonomous sensors operating with dye-sensitized solar cells were also 

developed in the research group where this PhD work was implemented [175], as well 

as a proof-of-concept of this thesis using active direct methanol fuel cells [176]. 

Fuel cell-based (enzymatic, microbial, and methanol fuel cells) self-powered 

electrochemical biosensors have several advantages, such as the simplified electronics 

because no potentiostat is required; improved construction and miniaturization due to 

the use of two electrodes instead of three; improved stability since a reference electrode 

is not needed; and the possible development of low-cost screening devices based on 

printed electronics [177]. 

Moreover, the implementation of electrochromic devices has facilitated the 

development of self-powered biosensors. The electrochromic device changes coloration 

when the current output of an autonomous device reaches in the presence of the 

analyte, provided that sufficient voltage is achieved by the biodevice. This achieves the 

possibility of providing sensitive biosensors, even at low power outputs, and for naked 

eye quantitative discrimination [178–180]. 
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2.3. Fuel Cells 
2.3.1. Brief history and basic operating principles 

 
Although the first fuel cell was invented in 1838 by Sir William Grove, when he 

discovered the generation of electricity by reversing the electrolysis of water using 

hydrogen and oxygen [181], the term fuel cell was only established nearly 50 years later 

by Mond and Langer [182]. In 1959, Francis Bacon demonstrated the first fully- 

operational fuel cell, that was used by NASA in the 1960s in the Apollo and Gemini space 

programs (Proton Exchange Membrane Fuel Cell, PEMFCs and Alkaline Fuel cells , AFCs) 

[183,184]. This drove the research in fuel cells to a whole new level, with many research 

groups starting to focus on fuel cells for different applications, being commercialized 

since 2007 [185]. 

Research has been focused to implement Fuel Cell technology in stationary 

applications, such as the use of Phosphoric Acid Fuel Cells (PAFCs) in cogeneration 

applications. For small stationary applications, PEMFCs and Solid Oxide Fuel Cells 

(SOFCs) are being studied [186], although the fuel cell type and size depend on the 

needed power for the application, ranging from simple back-up systems to large 

facilities [187]. 

Currently, the need for better source of power regarding portable electronic devices 

is rapidly increasing. Therefore, fuel cells are a very good alternative to other sources 

that are more pollutant, and fossil fuel dependent. A good example for a portable power 

source is the Direct Methanol Fuel Cell (DMFC), which has gained a lot of attention as 

the more viable candidate compared to hydrogen feed fuel cells (PEMFC), due to the 

higher energy density, compact configuration, and convenient operation. These FCs can 

be easily recharged, which is essential for different electronic devices, such as laptops, 

mobile phones and power appliances [188]. 

Fuel Cells are electrochemical devices that convert chemical energy (fuel) into 

electrical energy. These devices consist of a few main parts: the anode, cathode, and 

electrolyte, which combined forms the Membrane Electrode Assembly (MEA). In case of 

a hydrogen supplied fuel cell, at the anode, the supplied hydrogen undergoes an 

oxidation releasing protons and electrons. The pathway between anode and cathode is 

separated by a solid electrolyte (in the case of these fuel cells, Nafion®). The presence 
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of this electrolyte only allows the movement of the positive ions to the cathode, 

hindering the electrons to migrate by functioning as an insulator. Therefore, the 

negative charged particles move to the cathode by an external circuit [189,190]. At the 

cathode, oxygen undergoes a reduction and combined with the positive ions coming 

from the anode through the electrolyte generates water. Compared to other power 

sources, fuel cells are environmentally friendly due to the simple and non-toxic products 

of the chemical reactions. 

 
 
 

2.3.2. Types of Fuel Cells 

 
Fuel cells require a fuel and an oxygen source to produce energy. There are different 

types of fuel cells, already referred in the previous section, as shown in Table 2.3, 

depending on their fuel and function: 1) Alkaline fuel cell (AFC); 2) Phosphoric acid fuel 

cell (PAFC); 3) Molten carbonate fuel cell (MCFC); 4) Solid oxide fuel cell (SOFC); 5) 

Proton exchange membrane fuel cell (PEMFC); and 6) Direct methanol fuel cell (DMFC);. 

AFCs use an alkaline electrolyte (sodium hydroxide or potassium hydroxide 

solution) and use pure hydrogen and oxygen as fuel [185]. Although these cells have the 

best performance, they are very intolerable to impurities and their short lifetimes hinder 

their role for terrestrial applications [184]. Therefore, they are mainly used for 

aerospace applications. 

Phosphoric acid fuel cells (PAFCs) have an operation very similar to the PEMFC, 

using platinum or platinum alloys as catalyst at both electrodes, and same anode and 

cathode reactions. However, the electrolyte is an inorganic acid (concentrated 

phosphoric acid), which is also a proton conductor. The optimal temperature for PAFCs 

use is between 180 0C and 250 0C, leading to an increase of the anode tolerance to CO 

poisoning (reduced CO adsorption). 

Molten Carbonate Fuel Cells (MCFCs) use a molten mixture of alkali metal 

carbonates (usually a mixture of lithium and potassium, or lithium and sodium 

carbonates) in a ceramic matrix as electrolyte. At high temperatures (600 – 700 oC) the 

alkali carbonates form a highly conductive molten salt. Unlike all the other fuel cells, 
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carbon dioxide needs to be supplied to the cathode as well as oxygen, and coal-derived 

fuel gas, methane, or natural gas as fuel. 

Proton Exchange Membrane (or Polymer Electrolyte Membrane) Fuel Cell (PEMFC) 

use hydrogen gas as fuel and run at a low temperature (30- 100 0C). The problem of slow 

reaction rates due to low temperatures is addressed by using catalysts at the electrodes, 

such as platinum (the most commonly used catalyst) [191]. This type of cells have a 

problem in terms of fuel delivery processes, since pure hydrogen needs high-cost fuel 

transmission infrastructure [189]. PEMFCs are the most promising fuel cells because of 

their low operating temperatures, low noise, quick start-up capability, light mass, and 

high-power densities. A specific type of PEMFCS – the DMFCs, using methanol or 

aqueous methanol solutions as the hydrogen source, have been used in portable devices 

(e.g. laptops, mobile phones, video recorders) because they are lighter and smaller than 

batteries, have longer operating and faster response time compared to batteries 

[184,190]. However, PEMFCs that use H2 as fuel, are mostly used on applications with a 

need of higher power, such as transportation, and stationary uses. 

DMFCs present several advantages over their direct competitors, the hydrogen 

PEMFC. Due to the difficulty of producing and storing pure hydrogen, DMFCs are a good 

alternative, since methanol is a readily available and low-cost liquid fuel that has a high 

energy density. Additionally, for portable applications, mostly due to the lack of effective 

miniaturizing hydrogen storage technologies, the use a liquid fuel, requiring less 

ancillary equipment is the best option. Besides this, the system is simpler to use and 

very quick to refill. In summary, all these advantages of DMFCs assisted in its selection 

for this thesis. DMFCs have already been studied in the form of active and passive feed, 

depending on its applications, showing the suitability of these devices in biosensor 

research. However, the fuel anode reaction rate is low since the oxidation of methanol 

is a much more complex reaction than the hydrogen oxidation, resulting in fuel cells with 

lower power. Also, the membrane used as electrolyte is not completely impermeable to 

the methanol molecules, thus resulting in the crossover of some fuel with a consequent 

loss of performance [191]. 

Another main innovative fuel cell technology involves the SOFCs group with a much 

higher operating temperature range (reaching 1000 ◦C) and a ceramic electrolyte 

adapted to this range. Thus, this type of fuel cell requires electrodes composed of 
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extremely resistant materials, which makes this technology high-cost. Nevertheless, the 

higher efficiency and performance make it appropriate for stationary applications, when 

compared to the PEMFCs. 

 

Table 2.3 - Data for the different types of fuel cells. Adapted from [191]. 
 

Fuel cell type Mobile ion Temperature Applications 

AFC OH- 50 – 200°C Used in space vehicles 

PAFC H+ ~ 220°C Large number of 200-kW CHP 

systems 

MCFC 
2- 

CO3 ~ 650°C Suitable for medium to large CHP 

systems 

PEMFC H+ 30 – 100°C Vehicles and mobile applications 

DMFC H+ 20 – 90°C Suitable for portable electronic 

systems of low power 

SOFC O2- 500 - 1000°C Suitable for all sizes of CHP systems 

AFC: Alkaline Fuel Cell; DMFC: Direct Methanol Fuel Cell; MCFC: Molten Carbonate Fuel Cell; PAFC: Phosphoric Acid 
Fuel Cell; PEMFC: Proton Exchange Membrane Fuel Cell; SOFC: Solid Oxide Fuel Cell. 

 
 

The increasing need for environmental protection, and reduction of fossil-fuel 

energy sources are leading towards an increase in research on alternative and 

renewable energy sources. Fuel cells with their advantages of being non-pollutant, and 

high efficiency are being used in different applications: mostly stationary and portable 

energies [192]. 

Combining the characteristics of the types of fuel cells and the requirements for this 

work, DMFCs were then chosen to develop the biosensor. These features make this fuel 

cell the best choice for the targeted biosensing device, since it removes the need for an 

outside power supply to read the signal. 

 
 
 

2.3.3. Direct Methanol Fuel Cells (DMFCs) 

 
When comparing to other liquid organic fuels, methanol has an advantage regarding 

the reactivity at low temperatures, storage, and handling. As referred, a methanol-feed 

proton exchange membrane fuel cell alleviates the issues of the hydrogen production 
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and storage. These type of fuel cells are promising to use in portable, transportation, 

and stationary systems. Methanol is a cheap organic fuel and can be obtained both from 

fossil fuels (natural gas or coal), and sustainable sources (fermentation of agricultural 

products and biomass). Some disadvantages such as the sluggish methanol oxidation 

kinetics and methanol crossover from the anode to the cathode, were already presented 

in the previous section [193]. 

In a DMFC, methanol or a methanol aqueous solution is fed to the anode 

compartment. The reactant diffuses through an anode diffusion layer (AD) toward the 

anode catalyst layer (AC) where it is converted to carbon dioxide, protons and electrons 

(Figure 2.8) according to 

 

CH3OH + H2O → CO2 + 6H+ + 6e- (Eq 2) 

 

The protons obtained in the methanol electro-oxidation reaction are transported 

through the membrane and the electrons migrate to the cathode through the external 

circuit. Simultaneously, air (or oxygen) is fed to the cathode and oxygen is transported 

through the cathode diffusion layer (CD) to the cathode catalyst layer (CC). Here, oxygen 

combines with the protons and electrons to produce water, according to the reduction 

reaction represented by: 

O2 + 4H+ + 4e- → 2H2O (Eq 3) 

 

The two electrochemical reactions occurring at each side are combined in an overall 

reaction given by 

 

CH3OH + 
𝟑 
O2 → CO2 + 2H2O (Eq 4) 
𝟐 

 
 

A proton exchange membrane (commercially called Nafion®) separates the two 

electrodes. This combination of the two electrodes and the membrane is called 

Membrane Electrode Assembly (MEA). Each electrode (anode and cathode) is composed 

of a diffusion layer (AD and CD), which can be an adequate carbon substrate (e.g. carbon 

paper, carbon cloth, etc.), and a catalytic layer (AC and CC), constituted by carbon with 

Platinum and Ruthenium particles – anode and carbon with Platinum particles – 
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cathode. The reactions that occur in the anode (methanol oxidation) and in the cathode 

(oxygen reduction), can only occur in confined spatial sites where the proton-conducting 

electrolyte, the fuel, and the electrically connected catalyst nanoparticles are all at the 

same time in contact, which is called the triple phase boundary (TPB). The optimal 

electrochemical activity at these sites depend on different factors, namely a good supply 

of the fuel, a low electronic resistance, and a good ionic conductivity [194]. 

 
 

 

Figure 2.8 - Representation of the MEA and the reactions occurring in both anode and cathode. 
 

 

The proton exchange membrane typically used in this type of fuel cell is made of 

perfluorinated-sulfonic acid ionomer which results from the combination of 

tetrafluorethylene with perfluorosulfonate monomers. These were developed by 

DuPont and are sold under the commercial name Nafion®, presenting an excellent 

proton conductivity and chemical stability. This membrane has hydrophilic regions 

absorbing large amounts of water. Also, these materials are proton conductive because 

of the H+ ions movement within the hydrated regions. 

The reactions occur at the catalyst layers at both sides and demand for all the 

involved species. Thus, the electrodes need to be porous to allow the reactants to travel 

to the reaction sites and provide product removal to keep allowing the reactants access. 

The electrode supports are named, as previously referred, Diffusion Layers (DL). 
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Although not actively participating in the reactions, they have important roles. Besides 

facilitating the reactants access and removal of products they provide mechanical 

support for the MEA. Additionally, due to their flexibility, these layers help maintaining 

good electrical contacts with the catalyst particles and to enhance current collection 

they need to be electrically conductive. The most widely used DL responding to these 

conditions are carbon-based materials, such as carbon fibre paper and carbon cloths. 

Carbon cloth is more porous and less tortuous than carbon paper, and both materials 

are normally hydrophobic by treating them with PTFE (polytetrafluoroethylene) to avoid 

flooding of the fuel cell. 

The theoretical ideal potential (given by thermodynamic principles) of a DMFC is 

around 1.2 V. However, when a real cell is used, the Open Circuit Potential (OCP) value 

is much lower, mostly due to the methanol crossover, where the energy is lost due to 

some methanol passing through the electrolyte toward the cathode where it is oxidised, 

competing with the oxygen reduction reaction. Figure 2.9 shows a schematic 

representation of a typical polarization (Voltage-Current density) curve observed when 

using a DMFC. The current density is used instead of current for the sake of a better 

comparison between fuel cells. 

There are three major losses responsible for the shape of the real DMFC 

performance, moving away from the ideal behaviour: activation losses, ohmic losses and 

mass transport losses. The different types of losses have regions in the curve where their 

impact is higher. The polarization curve begins by having a high drop in voltage in the 

so-called activation losses region corresponding to a kinetic control regime, caused by 

the slow methanol oxidation kinetics at the anode and slow oxygen reduction kinetics 

at the cathode. Some of the generated voltage is sacrificed while driving the chemical 

reaction that transfers the electrons from the anode to the cathode. The area where the 

cell voltage decreases nearly linearly with increasing current density is the ohmic losses 

control region. At higher current densities, the voltage decreases sharply near a limiting 

current density. This region called the mass transport control region (with concentration 

losses) is the result of the high methanol transport rate at the anode and effective 

oxygen supply at the cathode which at this current density levels are limiting steps [193]. 
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Figure 2.9 - Schematic representation of a typical polarization curve in DMFCs. 
 

 

Methanol crossover occurs, as referred, due to the inability of the membrane to 

prevent methanol from permeating through its structure to the cathode platinum 

catalyst. The methanol reacts with the platinum catalyst from the cathode, leading to a 

mixed potential, which decreases the cell voltage and the fuel efficiency, lowering the 

energy density of the system [195,196]. To avoid this, it is necessary to reduce or 

eliminate the loss of fuel across the membrane. 

The effects of methanol crossover have been widely studied in the literature by 

assessing different conditions, such as methanol concentration, air pressure, 

temperature, fuel flow rate, membrane thickness and catalyst morphology. One 

alternative that has been studied to reduce methanol crossover is to obtain a methanol 

impermeably polymer electrolyte [197–200]. 

In literature, there is a distinction made between active and passive operation 

mode. In the active mode, there is an active feed of fuel and air (or oxygen) to both 

anode and cathode, using auxiliary equipment, such as pumps to supply the reactants 

and optimize/maintain the working conditions. Under this operating mode, the fuel cells 

achieve the best efficiency and performance. When using the passive mode, no auxiliary 

equipment is required for the fuel cell function, and the reactants reach the catalytic 

sites by natural convection. This system is simpler, and no significant amount of power 

is dissipated on auxiliaries. The lower efficiency and performance obtained is due to the 

higher anode activation overpotential due to the slow methanol oxidation reaction 
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kinetics. This negatively affects the rate of electrochemical reactions, reducing the 

obtained voltage and efficiency of the system [201]. Also, a passive DMFC needs higher 

catalyst loading to compensate the slow methanol electro-oxidation reaction kinetics 

and severe crossover to the cathode side. Since the most used catalyst is a noble metal 

(platinum), this type of fuel cells tends to have a higher cost and tends to discourage the 

commercialization of portable devices. There is, however, intense active research in the 

last years on DMFCs, aiming at developing new and less expensive materials and 

reduction of the amount of noble catalyst used, together with mass-production 

methodologies to reach the cost level compatible with commercialization. 

In this thesis, passive DMFC were used for the integration of different types of 

biosensors, since this work aims for autonomous and equipment free biosensing 

devices. DMFCs were chosen for this project since the power need for an autonomous 

and functional biosensor is low and achievable with these cells, and as referred they are 

easier to miniaturize considering the liquid fuel for their operation. Therefore, passive 

DMFCs, to accommodate the different biosensors, were fabricated according to 

previous studies [201], and are shown in Figure 2.10. The passive DMFC used contained 

two acrylic plates, one for each electrode, where the anode side contains a specific 

storage for methanol solution and with easy access for refuelling (Figure 2.10c), and the 

cathode has an open area to allow the oxygen from the atmospheric air to enter the cell 

(Figure 2.10b). The set-up also includes two metallic plates, used as current collectors, 

and a rubber gasket on each side, acting as insulating elements to avoid electrical short- 

circuit. These DMFCs were used throughout the presented work in this thesis. 
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Figure 2.10 - Passive DMFCs to integrate biosensors. (a) Schematic representation of the passive 
DMFC (cathode, current collectors, and anode); (b) The actual open DMFC produced to integrate 
the biosensors with a MEA; (c) The actual closed DMFC with methanol in the anode reservoir. 

 
 
 

2.4. Scope of the present work 

 
The provided state of the art showed an increasing tendency and need for quick, 

low-cost and accurate biosensors not only in medicine and healthcare, but also in other 

fields, such as food quality control, and environmental monitoring. The great advantage 

of these biosensors is the results of the test are almost instantly (needing only a few 

minutes of waiting time) and decreasing the need for laboratory procedures. Although 

this applies mostly in healthcare, this is also advantageous for detecting toxins in food 

for human/animal consumption (e.g. presence of toxins in shellfish in the Portuguese 

coast on certain times of year), and for pesticides detection in wastewater and/or 

agriculture soil. 

In this thesis, we will focus on the healthcare field and in the cancer biomarker 

detection, that is a widespread disease that still lacks quick, non-invasive, and low-cost 

screening and diagnostic methods. 

The main goal of this work was not only to develop biosensors for cancer detection, 

but also to improve this into a self-powered device, needing no external power, 
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(b) 

Current 
collector MEA 

Cathode 
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collectors 

(c) Methanol 

Anode Anode 
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electricity, solar light, or any external equipment to be fully functional. This would be a 

very useful tool as a widespread and low-cost device that would be feasible to be used 

in the day-to-day diagnosis, used in low-income countries, and in world crises as can be 

now seen all over the World. To accomplish that, we used a passive DMFC as power 

source so it would be easily miniaturized and used only with a few millilitres of liquid 

fuel, without any storage problems, that could be used at every moment without the 

need for solar power or being dependent on electricity. 
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3. FUEL CELLS AS AN IMMUNOSENSOR FOR CANCER 
BIOMARKER SCREENING 

 

3.1. Introduction 

 
Biosensor research dates back several decades and has now established itself as a 

growing area of interest for point-of-care (PoC) health monitoring. These are analytical 

devices that convert a response obtained through a biological or biomimetic material - 

biorecognition element - into a measurable electrical signal-transducer [1]. The need for 

PoC biosensors is increasing day by day and is becoming more and more important for 

quick, easy, and cost-effective screening of various diseases. In response to the specific 

needs of underdeveloped countries and in case of global crisis or war scenarios, it is 

important that biosensors can operate autonomously and use readily available energy. 

In search for autonomous devices, some research works make use of microbial fuel 

cells [2], enzymatic fuel cells [3], Dye-sensitized solar cells [4] or Direct Methanol Fuel 

Cells (DMFCs) [5]. Although these approaches offer autonomy features, microbial and 

enzymatic fuel cells are very delicate systems that require specific conditions of 

operation and have difficulties in terms of reproducibility, limiting their application to 

quantitative measures. Moreover, dye-sensitized solar cells (DSSCs) are not functional 

at night limiting their operation in places where there is no electrical power. 

A power source that favours the operation of autonomous biosensors at any time 

and with higher performance are DMFCs. DMFCs convert chemical energy into electrical 

energy and are now widely used, including in commercial applications. These cells are 

simple, environmentally friendly, highly efficient, reliable, have a long lifetime and can 

be easily miniaturized. They use methanol as fuel, which can be easily stored and 

transported compared to hydrogen-fed fuel cells, which simplifies the fuel cell system 

[6]. In addition, they offer high power, meaning that only a small volume of methanol 

(few mL) is enough for their operation. To date, DMFCs have been interfaced with plastic 

antibodies as biorecognition layer [7–10] but no work has been conducted with 

antibodies, which in general are a guarantee of the production of a selective response. 

Thus, this work presents for the first time a combination of antibodies and DMFCs 

aimed at producing an autonomous immunosensor. This principle was applied to cancer 
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antigen 15-3 (CA15-3), a cancer biomarker circulating in the blood. Healthy individuals 

contain 25 U/ml of CA15-3 [11], and higher levels indicate a cancer diagnosis, including 

breast cancer, the most common cancer in women worldwide [12]. To date, there are 

several biosensors for the determination of CA15-3. These include various concepts and 

approaches, many of which are electrochemical [13–16], optical [17], or lateral flow 

assays [18–20]. Electrochemical sensors offer high sensitivity but are electrically 

powered devices, thereby being energy dependent. This limits their use to locations 

where a power source is available, which may not always be the case. Excluding coloured 

systems detected by naked eye, optical sensors are also powered by an electrical device 

to measure the generated signal [21]. Lateral flow assays are energy independent, but 

they provide a simple "yes" or "no" response and are not able to quantify the 

concentration of the biomarker, which is important in this case to determine whether a 

particular individual has a normal or high CA15-3 level. 

In detail, this work describes the design of a hybrid DMFC system (hDMFC) 

consisting of two carbon-based electrodes on commercial carbon cloth, one of which is 

modified with antibodies against CA15-3. In this way, the performance of the cell 

becomes concentration dependent, because when more CA15-3 is bound to the 

antibodies, less energy is generated by the hDMFC. The system was optimised with 

respect to key variables and calibrated under buffered conditions to define the linear 

reaction range and detection limit (LoD) of the hDFMC. Selectivity studies and 

calibration in serum-based solutions were also performed to anticipate the behaviour 

of the hDMFC under realistic conditions. 

 
 
 

3.2. Experimental section 
3.2.1. Reagents, solutions, and materials 

 
All chemicals were of analytical grade and water was ultrapure. MES buffer, 1 mM, 

pH 6.0, was obtained by dissolving 2-morpholinoethanesulfonic acid (MES, AppliChem) 

in water. The immunosensor was prepared using the following solutions: cysteamine (50 

mM, Merck, prepared in ultrapure water), EDC (1-Ethyl-3-(3- 

dimethylaminopropyl)carbodiimide, 25 mM, Alfa Aesar, prepared in MES buffer), NHS 
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(N-Hydroxysuccinimide, 50 mM, Merck, prepared in MES buffer), Anti-CA15-3 (10× 

diluted in MES buffer, St Johns Lab), ethylenediamine (20 mM, VWR, prepared in 

ultrapure water), BSA (1 mg/mL, Sigma-Aldrich, prepared in MES buffer). To purify the 

antibody, Amicon® Ultra-2 mL Centrifugal Filters for DNA and Protein Purification and 

Concentration (Merck) were used. 

The fuel cell was constructed using a commercial carbon cloth with a carbon black 

PtRu catalyst (40:20 wt%, 2 mg/cm2) as the anode and a commercial carbon cloth with 

a carbon black Pt catalyst (0.5 mg/cm2) as the cathode (both from Fuel Cells Etc The 

membrane electrode assembly (MEA) contained a Nafion® 115 membrane (Fuel Cells 

Etc) between the anode and cathode. The fuel cell was operated with a methanol 

solution of 0.5 or 0.1 M prepared in ultrapure water. 

To obtain the ferrocyanide redox probe for three-electrode analysis, Potassium 

hexacyanoferrate III (K3[Fe(CN)6]) and potassium hexacyanoferrate II (K4[Fe(CN)6]) 

trihydrate (Riedel-de Haen) were used at concentration of both intervenient species of 

5 mM, prepared in PBS at pH 7.3. 

Stock solutions of 750 U/mL CA15-3 (17.42 kU/mL, MyBioSource) were prepared in 

MES buffer, and less concentrated standards were obtained by accurate dilution of the 

previous solution, also in MES. For selectivity studies, CA125 (150 U/mL, HyTest), CEA 

(100 ng/mL, EastCoastBio), glucose (1.3 mg/mL, Alfa Aesar), and ascorbic acid (0.02 

mg/mL, Riedel-de-Haen) were prepared in MES buffer. 

The antibody solution was purified before use, by diluting a small amount of 

commercial antibody solution (30 µL) in MES buffer (1.0 mL). The antibody solution was 

then purified using dedicated centrifuge filters (Amicon® Ultra-2 mL Centrifugal Filters) 

and centrifuged according to the centrifuge filter instructions. In this case, a 10-minute 

centrifugation at 7500× g was performed to capture the antibody in the filter network. 

To recover the purified antibody from the filter, it was inverted and a 2-minute 

centrifugation at 1000× g was performed. This procedure was repeated twice to ensure 

the purity of the antibody. 

 
 
 

3.2.2. Immunosensor assembly 
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The anode electrode was used as support for the antibodies to create an 

immunosensitive region. For this purpose, it was first oxidized to remove impurities and 

reduce the hydrophobic properties of the surface. This oxidation was performed by 

cyclic voltammetry (CV, 10 cycles, -0.3 V to 1.2 V, scan rate 0.1 V/s) in 0.5 M of H2SO4. 

The overall structure of the immunosensor is shown in Figure 3.1a. This included 

the binding of the antibody to the Pt/Ru metal nanoparticles on the carbon cloth. First, 

a cysteamine solution was added to the support surface for 1 hour (to bind -SH groups 

to Pt). The antibody was modified before it was anchored to the Pt surface. To do this, 

the antibody solution (1 µL for each electrode) was mixed with EDC/NHS (1 µL of 25 mM 

EDC and 1 µL of 50 mM NHS) and MES buffer (7 µL) to obtain a final volume of 10 µL for 

each electrode (final concentration of 25 mM EDC and 50 mM NHS and a 10-fold dilution 

of the antibody). This mixture was allowed to react for 30 min to activate the carboxyl 

groups of the antibody. The third step was incubation of the activated antibody on the 

aminated support surface for 2 hours. Then, ethylenediamine was added to the carbon 

cloth for 1 hour to deactivate the reactive carboxyl groups. BSA was then added to the 

carbon cloth for 1 hour to minimize non-specific binding. Between each of these 

immunosensor assembly steps, the carbon electrode was washed with ultra-pure water 

and dried with nitrogen. 

 
 
 

3.2.3. Apparatus 

 
Electrochemical measurements were performed using a Metrohm Autolab 

potentiostat/galvanostat and a PGSTAT302N equipped with the FRA module and 

controlled by the NOVA 2.1 software. Scanning electrode microscope analysis (SEM) was 

performed using a Quanta 400 FEG ESEM from FEI, and energy dispersive X-ray 

spectroscopy (EDS) was performed using a Genesis X4M from EDAX. This analysis was 

performed with Electron Backscatter Diffraction (EBSD) analysis. Raman spectroscopy 

was performed using a Thermo Scientific DXR Raman microscope system with a 532 nm 

excitation laser. Spectra were acquired with a 50× objective magnification, a maximum 

laser power of 5 mW, and a slit aperture of 50 μm. The photobleaching time was set to 

10 minutes. Data analysis was performed using OMNIC software. 
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3.2.4. Hybrid Fuel Cell assembly and operation 

 
The hDMFC was constructed in a single cell, shown in Figure 3.1b, operating at 

steady state, as previously described [3]. The cell was constructed with a commercial 

cathode (0.5 mgPt/cm2 - used area: 2.25 cm2), a Nafion® membrane (115), and the 

previously modified Carbon Cloth with Carbon Black PtRu (40:20 wt%) as anode (used 

area: 2.25 cm2). Fuel cell measurements were performed at room temperature and 

atmospheric pressure. The anode was fed with a 0.5 M methanol solution inside the 

reservoir during cell activation (see Figure 3.1b) and with a 0.1 M methanol solution for 

sensor calibration. The excess methanol that was in the fuel cell after activation was 

removed by soaking the cell in ultrapure water overnight (the initial OCP reduces to 

almost zero). 

To evaluate the response of the fuel cell with the immunosensor, electrochemical 

measurements were made. The electrochemical technique used to evaluate the fuel cell 

was Sampled DC. This measurement was performed starting from the OCP value of the 

fuel cell to 0.1 V, with time interval of 30s, and step of -0.05 V. The fuel cell activation 

was accomplished by measuring the cell consecutively until stabilization of the signal. 
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Figure 3.1 – (a) Schematic representation of the immunosensor assembly: integration of the 
immunosensor on the anode of the Membrane Electrode Assembly (MEA) from the passive 
Direct Methanol Fuel Cell (DMFC); (b) Real passive DMFC that was used throughout this work, 
where the immunosensor was assembled. 

 
 
 

3.2.5. Three-electrode system 

 
To evaluate the immunosensor construction, a three-electrode system was used. 

For this, an Ag/AgCl reference electrode and a platinum counter electrode were used. 

As working electrode, a fuel cell anode electrode (as described in section 2.4) was used 

for the construction and analysis of the immunosensor. All electrodes were emerged in 

10 mL of a ferrocyanide redox probe of [Fe(CN)6]3- and [Fe(CN)6]4- to measure 

Electrochemical Impedance Spectroscopy (EIS) on all immunosensor construction steps. 

EIS assays were performed at open current potential (OCP), using a perturbation 

amplitude of 0.01 V and a frequency range from 0.1 to 100 kHz in ferrocene redox probe 
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(5 mM). An Ag/AgCl reference electrode and a platinum counter electrode were used. 

As working electrode, a fuel cell anode electrode (as described in section 3.2.2) was used 

for the construction and analysis of the immunosensor. Firstly, the fuel cell anode was 

cleaned with 0.5 M H2SO4, Cysteamine (0.05 M) was incubated on the electrode. During 

this incubation, the antibody was incubated with EDC/NHS (0.025 M and 0.05 M, 

respectively) for 30 minutes (previous to the incubation on the working electrode). The 

antibody was incubated for 2h, and afterwards, the reaction was blocked by incubating 

1h with ethylenediamine (0.02 M). The final step was an incubation of BSA (1 mg/mL) 

for 1h. Measurements were performed between each step. Analysis of Nyquist plots 

was performed by using an equivalent electric circuit fit. Obtained Rct values after the 

different construction stages are shown in the table next to the Nyquist plots. The 

obtained data was analysed by NOVA Software, by Metrohm. 

 
 
 

3.2.6. Calibration of the immunosensor 

 
The calibration curves of the hDMFC used sampled DC measurements, made in 0.1 

M methanol solution. Calibration was performed by first cleaning the sample reservoir 

with MES buffer, incubating the lowest concentration of the target protein for 15 

minutes, cleaning the reservoir again with MES buffer, and then measuring the signal 

output of the cell by adding the methanol solution in the reservoir. This procedure was 

repeated for each target protein concentration from the lowest concentration (46.8 to 

750 U/mL of CA15-3) prepared in MES buffer. All standards in the calibration were 

incubated on the same electrode, as this is a cumulative calibration. 

 
 
 

3.3. Results and discussion 
3.3.1. Assembly of the immunosensor electrode 

 
The immunosensor electrode was constructed as described in the experimental 

section, having each modification step followed by a three-electrode system with a 

ferrocyanide redox probe and EIS measurements. The first step of the modification 
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consisted of the addition of cysteamine, which binds to the Pt nanoparticles. This 

binding decreases the intrinsic conductivity properties of Pt, leading to an increase in 

charge transfer resistance. The positive charge on the surface generated by the 

cysteamine could also have reduced the resistance to charge transfer of the negatively 

charged probe, but this effect was less pronounced than the effects on reducing the 

conductivity properties of Pt. Then the activated antibodies, previously modified with 

EDC/NHS chemistry, were added to the electrode with the amine layer. The activated 

carboxyl groups were capable of mild reaction with the amine groups and covalently 

bound the antibodies to the electrode surface. This modification contributed to an 

additional increase in resistance. Deactivation of the activated carboxylic groups that 

did not react was necessary to stabilize the electrode, and this was done by adding 

ethylenediamine. Since ethylenediamine carries positively charged amino groups, the 

resistance to charge transfer of the negatively charged probe decreased. The final step 

of the modification was the addition of BSA to reduce the nonspecific binding of CA15- 

3 to the electrode surface. The presence of BSA contributed to an additional increase in 

resistance to charge transfer (Figure 3.2). Overall, these results showed a similar trend 

to a previous immunosensor construction using a similar strategy [22], indicating that 

the immunosensor was successfully constructed. The amplitude of the observed 

resistance changes was smaller than when an immunosensor was built on commercial 

carbon electrodes, but this was already observed by us when Pt nanoparticles were 

added to these commercial carbon electrodes. 
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Figure 3.2 - Construction of the immunosensor followed by Electrochemical Impedance Spectroscopy (EIS) 
at open current potential (OCP). Analysis of Nyquist plots was performed by using an equivalent electric 
circuit fit (used circuit in Figure). Obtained Rct values after the different construction stages are shown in 
the table next to the Nyquist plots. 

 
 
 
 

 

3.3.1.1. SEM and EDS analysis 

 
Figure 3.3 shows the results of SEM (Figure 3.3a, b) and EDS (Figure 3.3c, d) analysis 

of the Carbon Cloth/PtRu carbon black electrode before (Figure 3.3a) and after 

modification with the antibody (Figure 3.3b). As expected, the SEM images showed 

different light contrasts [18,19], because when the platinum is more exposed (control 

sample – Figure 3.3a) the brightness is more intense than when the antibody is bound 

to the platinum nanoparticles (Figure 3.3b). These differences in image contrast indicate 

that a change has occurred at the electrode, due to the attachment of the antibody to 

the platinum on the electrode surface. When analysing the EDS spectra (Figures 3.3c, 

d), the control sample shows similar results to previous studies [20, 21] with high Pt and 

Ru element peaks, mostly between 2 and 3 keV. For the electrode with the antibody, a 

slight increase in nitrogen (N) is observed in the modified sample. This indicated that an 

increased amount of this component was present, due to the presence of the amino 
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groups (-NH2) of the antibody and the cysteamine on the surface. Overall, the data 

obtained confirmed the modification of the electrode, both in terms of image contrast 

and changes in EDS. 

 
 

 
Figure 3.3 - SEM images of the Carbon Cloth PtRu carbon black (CCPtRu) anode electrode using 
Electron Backscatter Diffraction (EBSD) analysis of: (a) without any modification, (b) after 
binding the immunosensor construction protocol (H2SO4 cleaning, cysteamine bin binding the 
immunosensor construction protocol (H2SO4 cleaning, cysteamine binding to cleaned surface, 
and antibody anchorage to cysteamine after EDC/NHS activation), and (c) and (d) the 
corresponding EDS spectra. 

 
 
 

3.3.1.2. Raman Spectroscopy 

 
When excited at a wavelength in the visible region of the Raman spectrum, both D 

and G bands are typically found in graphite spectra, and the D band indicates defects or 

disorder in the carbon structure. Quantification of disorder is obtained by calculating 

the ratio between the G (related to the sp2 carbon bonding) and D (related to the sp3 

carbon bond) bands (ID/IG) [22,23]. Looking at the overall spectra, the Raman intensity 
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was low compared to similar spectra from carbon black only, which was already 

expected [24]. This was consistent with previous studies of the group, which indicated 

that the presence of Pt/Ru quenches the Raman signal. In terms of ID/IG ratio, there are 

small differences between the immunosensor assembly steps (Figure 3.4). Since the 

overall intensity was low, it meant that the assembly of the immunosensor was 

successful, which is consistent with the SEM and EIS data. 
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Figure 3.4 - Raman spectra obtained during immunosensor construction. All immunosensor construction steps were analysed (support without any 
modification, after cysteamine binding, after antibody binding to the surface, ethylenediamine, and BSA). The quantification of the disorder of each 
immunosensor construction was obtained by calculating the ratio between the G and D bands (ID/IG), which is shown in the table. 
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3.3.2. Selection of methanol concentration 

 
An optimally functioning passive DMFC using the same design as in this work 

achieves power densities and currents around 2.5 mW/cm2 when operated at high 

methanol concentrations (3 to 4 M) [3,25]. These high concentrations ensure that the 

cell also delivers the maximum possible energy because the amount of methanol is in 

excess compared to what can be consumed by the cell. However, while high 

concentrations promote high electrical output from the cell, high methanol 

concentrations can compromise the quality of the hDMFC analytical response for two 

reasons. One reason is that if the cell is operated with an excess of methanol, it will not 

detect when a small amount of methanol has not reached the PtRu particles, making it 

insensitive to CA15-3 binding. 

The other reason is the possible denaturation of the antibody in the presence of a 

large amount of methanol, which in turn impairs the ability of the antibody to bind its 

target antigen. Therefore, in order to maintain the antibody-antigen reaction and ensure 

electrical autonomy and operational sensitivity, a medium methanol concentration had 

to be used. In addition, two methanol concentrations should be considered, one for the 

activation phase and the other for the operation of the cell. In this work, methanol was 

not in direct contact with the serum that was incubated in the fuel cell, since the 

reservoir was thoroughly washed with water between each step, leaving, only the 

antibody and antigen in direct contact with methanol. However, there are already some 

studies regarding the denaturation of proteins in methanol mixtures (with water or with 

other solvents) that show little effect of methanol on proteins conformation on 

concentrations lower than 25-30% (v/v), ̴ 6 M [31–34], indicating that our molecules are 

not denatured in the low methanol concentrations used in this work. 

In previous studies 0.05 M of methanol was shown to be the best performing 

methanol concentration to achieve a functional and sensitive biosensor, which is why in 

this work this concentration was firstly tested. Since 0.05 M methanol was not enough 

to power the DMFC with the immunosensor, 0.1 M methanol was therefore tested to 

obtain the achieved results. It was the minimal methanol concentration to be used for 

DMFC powering without losing the biosensor response [7]. 
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Initially, the DMFC was activated with a methanol concentration of 0.5 M. This 

activation is done by leaving the fuel cell with the methanol solution for several hours 

(3-4h), so that the liquid penetrates through the fibres of the carbon fabric and starts to 

react with the platinum particles. Then several sampled DC measurements were 

performed until the stability of the system was reached. Higher concentrations lead to 

an excessive amount of methanol adsorbed on the electrodes, which is subsequently 

very difficult to remove. 

The performance and difference between an unmodified and a modified cell after 

the first activation (with 0.5 M) are shown in Figure 3.5. Figure 3.5a shows a clear 

difference in the starting potential of the cell with or without the immunosensor 

electrode. The presence of the sensor material at the anode hindered the access of 

methanol to the platinum and consequently the initial OCP and power densities were 

lower than for the unmodified cell (Figure 3.5b). After completing fuel cell activation 

with 0.5 M methanol, the excess was removed by filling the anode reservoir with Milli- 

Q water overnight. As a result, the fuel cells had near zero OCP at the start of calibration. 

At this point, a compromise had to be made between fuel cell performance and a 

sensitive biosensor for methanol concentration during calibration. The methanol 

concentration had to be high enough for the fuel cell to provide consistent performance 

and stable readings, but low enough to ensure antibody activity and selectivity. To find 

the best compromise, two different methanol concentrations were tested: 0.050 and 

0.10 M. At 0.05 M, the fuel cell showed no response and kept its OCP close to zero, as 

at start-up (Figure 3.6a). When 0.10 M methanol was used, the cell began to produce 

energy until stable readings were obtained (Figure 3.6b, c). Since the fuel cell did not 

generate current signals when 0.05 M was used, a concentration of 0.1 M methanol was 

used in the calibrations in this work. 
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Figure 3.5 - Obtained performance and differences between a non-modified (control) and a modified cell (immunosensor) after initial activation (with 0.5 M). 
(a) clear difference in the starting potential of the cell, which hindered the access of the methanol to the platinum and consequently the initial OCP and (b) 
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(b) (a) 
P

o
te

n
ti

al
 (

V
) 

P
o

w
e

r 
d

en
si

ty
 (

m
W

/c
m

2 ) 

P
o

te
n

ti
al

 (
V

) 



81  

3.3.3. Calibrations in buffer 

 
The calibration of the system consisted in incubating consecutively standard 

solutions of increasing concentration and checking the electrical output of the hDMFC. 

After each incubation, the system reservoir was washed with ultra-pure water and the 

measurements of sampled DC were performed using the selected methanol solution. To 

be sure that the hDMFC was providing stable readings, various incubations in measuring 

buffer were performed first (three to four times), until a stable response was achieved. 

Having standard solutions prepared in MES buffer, the first incubations were made with 

MES. About 3 to 4 incubations were necessary prior to calibration. 

Several calibrations of CA15-3 were performed with independent electrodes to 

determine the typical analytical characteristics of the calibration of hDMFC. The typical 

data obtained in one calibration run of the sample DC are shown in Figure 3.7a and the 

calibration curve is shown in Figure 3.7b, where the normalized values of the power 

density of hDMFC are plotted against the log concentration of CA15-3 (U/mL) and each 

standard of each concentration value (in the form of error bars). The lower 

concentrations of CA15-3 are able to reduce the power signal, but not with sufficient 

sensitivity to produce a linear trend. The linear trend is observed only from 281.5 and 

562.5 U/mL. The average power density changed within this linear range from 0.078 to 

0.042 mW/cm2, with this last value obtained by incubating the highest protein 

concentration. This corresponded to a deviation of about 54% between the initial and 

final power output, which was consistent across the different calibrations with buffered 

standard solutions. This decrease in power with increasing CA15-3 concentration 

reflects decreasing methanol oxidation at the platinum surface. The increasing number 

of CA15-3 proteins bound to the antibody increases the steric hindrance of methanol at 

the metal catalyst. This decreases the power generated by the cell as the electron flow 

is restricted by the external circuit. 

The representative calibration curve obtained by normalizing the power curve 

values (power sample/power blank) had a slope of -0.6105 and a squared correlation 

coefficient (R2) of 0.9773, as shown in Figure 3.7b. The system was highly reproducible, 
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with standard deviations of individual standards ranging from 0.04% to 5.0%. The 

detection limit achieved was 39.8 U/mL. 

 
 
 

3.3.4. Calibrations in Cormay® serum 

 
To verify the functionality of the fuel cell integrated immunosensor in the analysis 

of human samples, CA15-3 standard solutions were prepared in diluted Cormay® serum. 

This is a commercially available human serum that can be used to evaluate the effects 

of a real serum on the operation of the immunosensor. The high quantity of salts and 

ions present in this matrix made it difficult to test this sample and avoid poisoning of the 

catalyst and membrane of the fuel cell. Therefore, this serum was 1000x diluted in MES 

buffer, to minimize the poisoning of the system due to the small molecules that are not 

of interest for our biosensor. The concentrations of CA15-3 used for this purpose ranged 

from 46.8 to 750 U/mL. The results obtained are shown in Figure 3.8. The response of 

the sensor in serum was similar to that obtained in buffer. In this case, the initial 

concentrations of CA15-3 used in the calibrations showed no or very little response and 

an initial plateau, followed by a decreasing in the power of the fuel cell as the standard 

concentration was increased, with linear response from 187.5 to 750U/mL. The system 

was also highly reproducible when calibrated with this sample, resulting in low standard 

deviations between 1.1% and 3.6%. 
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Figure 3.7 - (a) Representation of a typical calibration plot obtained from the polarization curves from the Fuel Cell when using MES buffer as medium; (b) 
Calibration curves with normalized values of the obtained power curves of the modified fuel cells and its respective standard deviation (error bars; n=3). 
Standards from 46.8 U/mL to 750 U/mL of CA15-3 in MES buffer were used. 
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3.3.5. Analytical recovery 

 
Recovery is defined by IUPAC as the “Proportion of the amount of analyte, present 

in or added to the analytical portion of the test material, which is extracted and 

presented for measurement” [35]. In electrochemical sensors this is usually estimated 

by spiking, meaning that known amounts of analyte are added to the blank or suitable 

medium. These are then analysed an unspiked portion of the medium. The difference of 

these two allows to estimate the recovered part of the added analyte. This is called the 

“surrogate recovery” [36,37]. 

In this work the analytical recovery was determined by the surrogate recovery, by 

spiking buffer and Cormay® serum with known amounts of analyte. The obtained 

calibration curves were then used to calculate the % of recovery that are shown in Table 

3.1. The immunosensor shows a good performance in detection of CA15-3 with a very 

good recovery values (ranged from 98.5% to 104.7%) suggesting the possibility of the 

proposed sensor for real sample analysis. 

 
Table 3.1 - Recovery study in Buffer and Cormay® serum calibrations. 

 

 Buffer   Cormay® serum  

Added CA15-3 

(U/mL) 

Calculated 

CA15-3 

(U/mL) 

 
% Recovery 

Added 

CA15-3 

(U/mL) 

Calculated 

CA15-3 

(U/mL) 

 
% Recovery 

187.5 239.4 104.7 187.5 204.9 101.7 

281.5 283.1 100.1 281.5 260.5 98.6 

375.0 387.0 100.5 375.0 344.7 98.6 

562.5 512.3 98.5 562.5 580.7 100.5 

750.0 794.3 100.9 750.0 778.9 100.6 

 
 

 

3.3.6. Selectivity studies 

 
To evaluate the selectivity of the immunosensor response, tests were performed in 

which potentially interfering species that may be present in human serum (at biological 

concentrations) were added to a known concentration of CA15-3. This selectivity study 

was made against common species in serum, such as glucose and ascorbic acid, and 
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other cancer biomarkers, such as CA125 and CEA. For this purpose, different 

independent fuel cells were assembled and tested with different species: a known CA15- 

3 concentration and the same known CA15-3 concentration spiked with an interfering 

substance (one fuel cell for each interfering substance). The concentrations of each 

interfering cancer biomarker was high, implying illness, concentrations that would be 

found in a cancer patient: 100 ng/mL CEA, and 150 U/mL CA125. For the interferents 

that are a part of the human blood, the used concentrations were within the normal 

range in the blood: 1.3 mg/mL glucose, 0.02 mg/mL ascorbic acid, 0.2 mg/mL urea, and 

0.06 mg/mL uric acid. 
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As expected, the results reveal the selectivity of the immunosensor for CA15-3, with 

the interfering substance changing the signal between 0.7 and 5.9. Figure 3.9 shows the 

influence of the interfering species on the fuel cell signal, with the smallest influence 

observed in the analysis with ascorbic acid (0.7% decrease in signal compared to control 

- fuel cell with only CA15-3 standard). The interfering species that had a greater effect 

on fuel cell power output was the use of CA125 (5.9% increase in signal) and urea (5.2% 

increase in signal), which can be explained by the similarity of CA125 to CA15-3 in terms 

of structure, since they are both members of the mucin family glycoproteins. Urea is an 

interfering species for this system, since it also is used in electrocatalysis, and can be 

used as fuel in fuel cells with platinum catalyst. Therefore, it is expectable to have a 

change in fuel cell power when adding urea to the system [38]. CEA was also tested and 

had a minor effect on fuel cell power output (2.2% decrease in signal). Overall, these 

results show that the interfering species had a small effect on fuel cell performance. 

 
 

 

Figure 3.9 - Response of the immunosensor for potential interfering species: other cancer 
biomarkers (CA125, CEA) and common interfering substances found in the Human serum 
(ascorbic acid, glucose, urea, uric acid). All values were normalized against the blank (MES 
buffer), and standard deviation (error bars; n=2) were added for each interfering species. 
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3.3.7. Comparison to previous CA15-3 biosensors 
 

Some biosensors from the literature targeting the detection of CA15-3 were used 

for comparison with this work. Table 3.2 lists other immunosensors from recent years 

and their differences from this work. Although we can see that the analytical 

performance of the other immunosensors is superior to this work (LoD values and linear 

response), this work has a broader linear range for CA15-3 concentrations, and this 

range includes the concentration of interest in the clinical setting (patients with cancer). 

Another novel feature of this work is the ability to turn the system into an autonomous 

sensor, which has the great advantage of being able to be used anytime, anywhere, 

without the need for power or other devices. The potential autonomy and response to 

the biomarker CA15-3 in the clinical setting are beneficial for PoC analysis. 
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Table 3.2 - Previous works reporting biosensors for CA15-3 detection in the literature. 
 

Type Detection Support Bioreceptor element Autonomy Linear response LOD Reference 

MIP Electrochemical Au SPE MIP No 0.25 to 10.00 U/mL 0.05 U/mL [29] 

MIP Electrochemical Au SPE MIP No 5 and 50 U/mL 1.5 U/mL [30] 

MIP/Immunosensor Fluorescence 
Magnetic graphene 

oxide 
MMIP 

Anti-CA15-3 
No 0.0005–40 U/mL 50 μU/mL [31] 

Immunosensor Electrochemical 
RGO and CuS placed on a 

SPGE 
Anti CA15-3 No 1.0 to 150 U/mL 0.3 U/mL [32] 

Immunosensor 
Electrochemiluminescence 

(ECL) 
PAMAM-QDs Anti CA15-3 No 

0.1 to 
100 U/mL 

10 µU/mL [33] 

Immunosensor Electrochemical CysA/GQDs Anti CA15-3 No 0.16–125 U/mL 0.11 U/mL [34] 

Immunosensor Electrochemical 
CoS2-GR and AuNPs 

composites 
Anti CA15-3 No 0.1 to 150 U/mL 0.03 U/mL [35] 

Immunosensor Electrochemical Dual SPCE Anti CA15-3 No 0 to 70 U/mL 5.0 U/mL [36] 

Immunosensor Electrochemical Gold electrode Anti CA15-3 No 15 to 50 µU/mL 15 µU/mL [37] 

Immunosensor Electrochemical Graphite ink Anti CA15-3 No 15 to 250 U/mL 15 U/mL [38] 

Immunosensor Electrochemical Cu-MOF Anti CA15-3 No 
10 μU/mL to 10 mU/mL 
10 mU/mL to 100 U/mL 

5.06 μU/mL [39] 

Immunosensor Electrochemical CBPtRu Anti-CA15-3 Yes 187.5 to 562.5 U/mL 39.8 U/mL Chapter 3 work 

Au SPE: Gold Screen Printed Electrode; MMIP: Magnetic molecularly imprinted polymer; RGO: Reduced Graphene Oxide; CuS: Copper Sulfide; SPGE: Screen Printed Graphene Electrode; PAMAM-QDs: Polyamidoamine 

dendrimer-quantum dots; CysA/GQDs: thiolated graphene quantum dots; SPCE: Screen Printed Carbon Electrode; Cu-MOF: Copper-based metal-organic framework nanoparticles; CBPtRu: Carbon Black with Platinum and 

Ruthenium nanoparticles. 
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3.4. Conclusions 

 
In conclusion, the hDMFC exhibits a concentration-dependent response to the 

presence of the target molecule, such that the fuel cell can be used as an autonomous 

sensing device in conjunction with an electrochromic device that changes colour in the 

presence of the target analyte. This was demonstrated by using different background 

media and assessing the selectivity of this sensor with molecules in blood plasma and 

other relevant cancer biomarkers. The results obtained demonstrate a well-functioning 

immunosensor that responds to higher CA15-3 concentrations relevant to early cancer 

detection, and the selectivity performed showed negligible interference by other 

molecules present in blood plasma. 

This work demonstrates a biosensor that can be used as a potentially autonomous 

device and still be able to detect relevant concentrations of cancer biomarkers and a 

response of interest for PoC analysis with high selectivity and reproducibility. This setup 

can be further improved for a point-of-care device by adding an electrochromic cell to 

indicate the presence and/or amount of the biomarker in the sample. 
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4. PASSIVE DIRECT METHANOL FUEL CELLS ACTING AS 
FULLY AUTONOMOUS ELECTROCHEMICAL BIOSENSORS: 
APPLICATION TO SARCOSINE DETECTION 

 
4.1. Introduction 

 
Electrochemical biosensors provide analytical data by combining a biorecognition 

unit with an electrochemical transduction element [1,2]. They are among the most 

popular biosensors because they are low cost, offer fast response,are potentially 

portable, and can be miniaturised - all attractive features for point-of-care (PoC) 

applications [3,4]. Despite all these advantages, the direct application of biosensors 

remains challenging for many reasons. One of them is their lack of autonomy [5,6]. 

This lack of self-sufficiency has been addressed in the past by the development of 

several approaches to self-powered biosensors described in the literature, including 

biosensors powered by dye-sensitised solar cells [7–10], and microbial/enzymatic fuel 

cells [11–14]. Despite the advantages of these transduction methods, there are still 

limitations in their application. Dye-sensitized solar cells cannot be operated at night 

and their performance is still low. Microbial and enzymatic fuel cells are very delicate 

systems that require more care in handling, and the performance to date is so low that 

this hinders their application, even for a small device. 

Another approach for self-powered biosensors is the use of direct methanol fuel cells 

(DMFCs). DMFCs are electrochemical devices that generate electricity from methanol 

fuel and oxygen with high efficiency and vestigial emissions [15–17], which can be used 

for portable applications [15,18,19]. The first approach consisted of a heavy/large cell 

operated with flowing methanol solutions [20]. This operation under flow conditions 

provides good electrochemical performance of the fuel cell but hinders its application in 

PoC. Therefore, this design was recently developed into a cell that operates under 

steady-state conditions. It was designed in a previous report [21] and optimized to 

operate in passive mode, requiring only a few mL of a methanol solution. Although it 

had a lower electrochemical output, it provided enough energy to evaluate the effect of 
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a target analyte, a cancer biomarker [22]. In this configuration, the biosensor was placed 

as an external element of the cell to reduce its impact on fuel cell performance. 

Therefore, the work developed here is an innovative approach to the latest 

configuration in which the biosensor layer is integrated into the stationary DMFC [23]. 

This biosensor was directly attached to the surface of the anode catalyst that is 

commonly used in this type of Fuel Cell [24] and contains a molecularly imprinted 

polymer (MIP) as a sensing element for a target compound. This polymer was tailored 

by radical polymerization with suitable vinyl monomers (acrylamide, bis-acrylamidevinyl 

phosphonichonic acid) and radical initiators [25,26]. Upon removal of sarcosine, a 

potential cancer biomarker, from the polymeric network, binding sites are formed. As 

expected, these sites have a complementary shape to the imprinted molecule and allow 

complementary electrostatic interactions [27]. Since this MIP layer was located on the 

carbon-based anode electrode, which contained carbon fabric and Pt/Ru as metal 

catalysts, the sarcosine bond prevented the methanol from accessing the catalysts and 

thus hindered the fuel cell performance. This makes the operation of the DMFC 

concentration-dependent, leading to a new integrated DMFC biosensor device. 

The autonomy of this platform also requires the elimination of all electronic 

components, since they require additional energy, and the electrochemical readings are 

usually collected by potentiostats. This limitation of autonomy has been solved in the 

past by coupling an electrochromic cell to the external circuit of the platform [8,9]. This 

cell has a colour that depends on the energy that passes through it. Since the energy 

arriving from the hybrid DMFC/biosensor depends on the concentration of sarcosine, 

the observed colour is concentration dependent. The electrochromic cell (EC) used in 

these works was organic and was made from PEDOT. However, we aimed at a more 

stable system for which we used an EC of inorganic nature prepared from tungstate, as 

tungsten oxide nanoparticles, as previously reported [28]. Since the inorganic ECs 

require more energy to show a colour change, the DMFC/biosensor cells were arranged 

in a 4-stack configuration. 

As a proof-of-concept, this stand-alone biosensor was used to detect sarcosine, 

which has been reported in the literature as a potential biomarker for early detection of 

prostate cancer [29–31]. Sarcosine can be measured in urine and serum and can be used 

to study the progression of prostate cancer, as it is absent or present in negligible 
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concentrations in healthy individuals [29]. Several approaches for screening sarcosine 

have been described in the literature (Table ), including enzymatic assays [32–35], and 

molecular imprinted polymers (MIPs) [36–38]. None of these approaches offers the 

possibility of complete autonomy when used at the PoC. 

Thus, this is the first work reporting on a DMFC/biosensor hybrid in a 4-stack 

configuration and in conjunction with an EC for visual transmission. This approach has 

been optimized under various conditions, with particular attention to the composition 

of the MIP layer, which is a novel material that has not been described before. The setup 

was characterized for analytical performance against sarcosine using two different 

media (buffer and synthetic serum). Operation of the system was tested with a single 

passive DMFC connected to a potentiostat and a 4-stack DMFC using the EC. 
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Table 4.1 - Literature review of Sarcosine biosensors with electrochemical detection. 
 

Type Detection Support Bioreceptor element Autonomy Linear response LOD Reference 

Enzymatic Electrochemical Gold electrode Sarcosine oxidase No 0.1 – 100 µM 0.01 µM [51] 

Enzymatic Electrochemical Gold electrode Sarcosine oxidase No 0.1 – 100 µM 0.10 pM [50] 

Enzymatic Electrochemical Pt/MNP Sarcosine oxidase No 5 - 40 µM 0.24 µM [60] 

Enzymatic Electrochemical OECTs Sarcosine oxidase No 50 nM - 100 µM 50.0 nM [61] 

Enzymatic Photoelectrochemical ITO/NiO/PbS/Au electrode Sarcosine oxidase Yes 50 nM – 0.05 M 17.0 nM [62] 

Enzymatic Electrochemical CSPE Sarcosine oxidase No 10 – 400 µM 0.66 µM [53] 

MIP Electrochemical AuSPE Electropolymerization of p-ATP No 0.12 – 1.2 µM 8.50 nM [54] 

MIP Electrochemical Au electrode MOFs No 1 - 100 pM 0.40 pM [55] 

MIP Electrochemical Hydro-MeC-M Electropolymerization of MAA No 0.56– 22.5 µM 0.11 µM [56] 

MIP Electrochemical CB/PtRu Acr/Bis-Acr/VPA Yes 3.2 - 2000 μM 0.04 µM 
Chapter 4 

work 
Pt/MNP: platinum loaded mesoporous nickel phosphonate; OECTs: Organic electrochemical transistors; CSPE: Carbon Screen Printed Electrode; AuSPE: Gold Screen-Printed Electrode; p-ATP: poly-aminothiophenol; 

MAA: Methacrylamide; MOFs: metal–organic frameworks; Hydro-MeC-M: metal-coded hydrogel magnetic; CB/PtRu: Carbon Black/Platinum Ruthenium; Acr/Bis-Acr/VPA: Acrylamide/Bis-Acrylamide/Vinylphosphonic 

Acid. 
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4.2. Experimental section 
4.2.1. Reagents and solutions 

 
All chemicals were of analytical grade and the water was ultra-pure Milli-Q 

laboratory water. Measurements were performed in a buffer consisting of 2- 

morpholinoethanesulfonic acid (MES, AppliChem), 10 mM, pH 6.0. Sarcosine (Acros 

Organics) was used as the target compound, and standard solutions were prepared in 

MES buffer. For polymerization, 0.1 mM acrylamide (Acr - 99%, Sigma Aldrich) and 0.5 

mM bis-acrylamide (Bis-Acr - 99%, Sigma Aldrich) in MES buffer were used, including 0.1 

mM vinyl phosphonic acid (VPA - 97%, Sigma-Aldrich) as a negatively charged monomer. 

Ammonium persulfate (APS, VWR Chemicals) and tetramethylethylenediamine (TEMED 

- from TCI) were used as initiators at a concentration of 1% of the total concentration of 

monomers. For selectivity studies, fetal bovine serum (FBS) from Gibco was used at a 

1000-fold dilution. 

Carbon Black (CB) with PtRu (CB /PtRu, 40:20 wt%) catalyst (from Vulcan XC -72R, 

Quintech) was used as polymerization support. Liquid Nafion® (20 wt% in alcohols, 

Quintech) and 2-propanol (99.8%, Panreac) were used for ink preparation. Solutions of 

2.0 and 0.5 M methanol (Merck, HPLC grade) were used in the activation and calibration 

phases, respectively. Untreated plain carbon cloth (FuelCellsEtc) was used to apply the 

modified biosensor material (the anode of DMFC) and Pt carbon cloth (10 wt% Pt on 

Vulcan XC -72R, 1 mgPt/cm2, Nafion coated, Quintech) was used as the cathode. 

The EC material was prepared as WO3 nanoparticles obtained with 0.15 M sodium 

tungstate dihydrate (99%, ACROS Organics) and 3.0 M hydrochloric acid (37%, Fluka). 

The resulting nanoparticles were dispersed in a 1:1 mixture of distilled water/ethylene 

glycol butyl ether. The electrolyte for the EC was a solution containing 1.0 M lithium 

perchlorate and propylene carbonate (PC). 

 
 
 

 
4.2.2. Fuel Cell units 
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(a) (b) 

(c) 

The passive DMFC devices were developed following [18] and are shown in Figure 

4.1. The single cell configuration includes the anode side (Figure 4.1a) with a container 

to feed the methanol solution and the cathode side (Figure 4.1b) with an "open" grid 

region to allow reaction with atmospheric oxygen. These electrodes were part of a MEA 

containing the MIP-modified anode and a commercial cathode (Pt carbon mesh), 

separated by a solid Nafion® 115 membrane. The active area of this MEA was 2.25 cm2. 

The DMFC also contained two metal plates that acted as current collectors and a rubber 

plate to insulate the system and prevent an electrical short. The 4-stack fuel cell 

configuration was achieved by connecting four DMFCs in series (Figure 4.1c). 

Both passive systems use natural capillary forces, diffusion, and convection for their 

operation, without the additional power consumption and without additional 

components such as pumps to feed the reactants. These features and advantages of this 

type of systems make them suitable for portable applications, as they can be 

manufactured in a small and compact structure. 

 
 

 

Figure 4.1 - Pictures of the passive DMFC device: (a) anode side of the fuel cell, containing a 
reservoir for introducing the methanol solution into the system; (b) cathode side of the fuel cell, 
with a grid opened to the atmosphere to allow the O2 present in the atmospheric air to reach 
the electrode; (c) cell stack with the devices placed in series. 
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The CB containing PtRu (40:20 wt%) catalyst (1 mg/mL) was suspended in MES 

buffer (pH ~ 6.0) by sonicating the mixture for 15 minutes. The target molecule (0.1 

mM), sarcosine, and the negatively charged monomer (vinyl phosphonic acid) were 

previously incubated together for 1 hour at 30 ºC, then added to the previous mixture 

of CB and MES and incubated for 1 hour at 30 ºC with agitation. The polymerization 

mixture was then added to the flask. To initiate polymerization, both APS and TEMED 

were added to this suspension and stirred at 30 ºC for 1 hour. After the polymerization 

time, the mixture was centrifuged (so that the sensor material settled) and the 

supernatant was removed. The solid was washed by stirring in 0.5 M H2SO4 for 30 min 

to remove the template protein. To remove and neutralize residual monomers/proteins, 

the sensor material was washed with Milli-Q water (4×) and ethanol (1×) and dried 

overnight at 60 ºC. 

A control non-imprinted polymer (NIP) was also synthesized under the same 

conditions as the biosensor material, but without the template protein. 

Special care was taken in the addition of the polymer layer around the catalytic 

particles because of its effect on the electrochemical activity of methanol. The polymer 

obtained should be permeable enough to allow some of the methanol to reach the 

catalytic particles, thus maintaining the operation of the fuel cell and the function of the 

biosensor. 

 
 
 

4.2.3. Ink and electrode preparation 

 
The MIP-CB -Pt/Ru nanoparticles were cast onto a carbon cloth support by 

incorporating them into a suitable ink formulation, spraying and drying. The ink 

suspension consisted of the biosensor material, 20 wt% Nafion® in alcohols (relative to 

the biosensor material), and 2-propanol. To apply the material with an airbrush, the solid 

should only make up to 10% of the suspension to avoid clogging. The obtained 

suspension was sonicated for 30 minutes and applied to the support. 

The application of the ink to the gas diffusion layer (GDL) of the fuel cell - the carbon 

cloth - was done by heating the carbon cloth to 60ºC (on a hot plate), applying the 
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material to it with an airbrush, and letting it dry. The mass of the catalyst on the carbon 

cloth was controlled by weighing the support before and after deposition. 

 
 
 

4.2.4. Electrochemical cell (EC) 

 
The electrochromic device was produced according to Marques, et al. [7] with minor 

modifications. Briefly, the device was designed in image processing software (Adobe 

Illustrator, Adobe Systems Software, San Jose, CA, USA) with a planar 2-electrode 

configuration defined as working and counter electrodes (WE and CE, respectively). To 

pattern these electrodes and the electrical tracks, a CO2 laser device with a wavelength 

of 10.6 µm (VLS3.50, Universal Laser Systems, Scottsdale, AZ, USA) was used to 

selectively remove the ITO layer from a PET/ITO foil with a sheet resistance of 30 

Ω/square (Kintech Company, Shenzhen, China) with 10 W laser power at a scan rate of 

1.27 m/s. Silver ink (Conductive compounds, Inc., New Hampshire, USA) was applied to 

the electrical tracks, followed by a curing process at 120 ºC for 20 min, for ink’s solvent 

evaporation. Then, 3 µL of 0.04 g/L WO3 nanoparticles dispersed in water: ethylene 

glycol butyl ether were drop casted onto the WE and allowed to dry at 50 ºC for 20 min. 

The WO3 nanoparticles were prepared using an oven-assisted hydrothermal method 

according to Santos, et al [19] and Marques, et al. [7]. Finally, the EC device was 

encapsulated using a home-version laminator with a hydrophilic Whatman paper grade 

4 (GE Healthcare, Chicago, IL, USA) placed on top of the WE/CE electrodes to obtain a 

simple configuration for easy integration into the DMFC/biosensor. A lithium-based 

electrolyte (LiClO4: PC 1 M) was used in the EC. 

The EC was integrated into an external circuit connected to the 4-stack DMFCs. At 

the time of use, the electrolyte was dropped onto the paper pad to first perform a 

control test (blank). In this case, the unit EC renders a blue colour at ≥ 1.5 V when fuel is 

added to the fuel cells. To test this unit, MeOH was removed from the container and 

replaced with the buffer solution, which was incubated there for 30 minutes. This 

solution was then removed and replaced again with methanol to check the electrical 

properties of the system. Then the MeOH solution was removed, and the container was 

filled with the less concentrated sarcosine standard solution; this solution was incubated 



103  

for 30 minutes, then removed and replaced with MeOH to recheck the electrical 

properties and operation of EC. Then a bleaching process of the device was performed, 

followed by the test with the sarcosine sample. With increasing sarcosine incubation 

concentration, the fuel cell was unable to generate 1.5 V and the EC device could not 

achieve a colored state. 

 
 
 

4.2.5. Apparatus and Fuel Cell assembly 

 
Electrochemical measurements were performed using a Metrohm Autolab 

Potentiostat/Galvanostat and a PGSTAT302N equipped with an FRA module and 

controlled by Nova software (NOVA 2.1). The cells were monitored at room temperature 

and atmospheric pressure. The anode was fed with 2.0 or 0.5 M MeOH solution 

(depending on whether it was used during activation or calibration) deposited on the 

reservoir, and the cathode used the O2 of air. 

The DMFC/biosensor assemblies are shown in Figure 4.2. The biosensor element 

was first developed by free radical polymerization (Figure 4.2a) and then placed on the 

anode side of the 4-stack DMFCs (Figure 4.2b-c). These 4-stack/ DMFCs integrate the 

electrochemical cell (EC), which is electrically connected to simulate a single device 

without connecting a potentiostat. The generated energy powers the EC and promotes 

color change according to the concentration of the biomarker present. 

Generally, the polymer layer at the anode slows MeOH penetration, which limits 

access to the Pt/Ru nanoparticles that are trapped in the polymeric network and 

influences the rate of the electrochemical process. This outcome is also seen when a 

protein blocks the MeOH molecule's path to the Pt catalyst by entering the imprinted 

cavity, which is schematically represented in Figure 4.3. 

 
 
 

4.2.6. Electrochemical assay 

 
For DMFC measurements, the cell was used at room temperature and atmospheric 

pressure. To evaluate the response of the DMFC with the modified imprinted anode, 
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(a) Biosensing unit 

electrochemical measurements were performed using Sampled DC. This technique can 

be used to generate polarization curves, which are typically used for characterization 

when studying DMFCs. This involves entering a series of potentials and recording the 

corresponding current values. All measurements obtained were normalized to the 

catalyst mass (Pt/Ru) on the surface of the carbon cloth. The polarization curves of the 

DMFC and the DMFC/biosensor were normalized to obtain the maximum output of the 

system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 - Schematic representation of the various components of the final biosensor device, 
including (a) the synthesis of the MIP material around the CB-Pt/Ru; (b) the methanol fuel cell 
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device and the membrane electrode unit (MEA); (c) and the 4-stack DMFC cells with biosensor, 
coupled with the signaling electrochromic cell. 

 
 
 

 

DMFC anode 

 
 

Pt/Ru nanoparticle 

 
 

 

Figure 4.3 - Simple schematic representation of Pt/Ru blocking by the MIP layer, conditioning 
the access of MeOH, and consequent oxidation, reducing the power output of the system. 

DMFC anode with MIP layer 

Methanol 
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The fuel cell was previously activated by recording the polarization curves with 2.0 

M MeOH solution until the power of the cell reached a stable value. Then, the fuel cell 

was left in Milli-Q water overnight to remove the excess MeOH on the electrode surface. 

Calibration curves in buffered media were established by Sampled DC in sarcosine 

standard solutions (3.2, 16.0, 80.0, 400, 2000 µM) prepared in MES buffer. During 

calibration, each solution was incubated on the sensor surface (in the fuel cell anode 

reservoir) for 30 minutes, starting with the lowest concentration. After each incubation 

period, the sensor surface was washed with MES buffer; electrochemical measurements 

were performed with 0.5 M methanol. Selectivity studies were performed by 

calibrations in 1000-fold diluted FBS and spiked sarcosine standard solutions to evaluate 

the influence of serum on electrochemical readings. 
 
 
 
 
 

4.3. Results and discussion 
4.3.1. Operation of the passive Fuel Cell device and optimization 

 
The performance of the passive DMFCs systems was evaluated prior to MIP 

assembly to identify the most suitable conditions. For this purpose, several polarization 

curves were measured with two different MeOH concentrations of 0.5 and 2.0 M, 

respectively, until signal stabilization. The polarization curves monitored the variation of 

cell potential against current density. 

Figure 4.7 shows the typical polarization curves of the DMFCs used in this work 

compared to the results obtained with different concentrations of MeOH. As expected, 

both current and power density were strongly affected by the MeOH concentration. 

However, considering that this system will function as a biosensor and the overall 

influence of the MIP film on the fuel cell results from it hindering the access of methanol 

to the Pt/Ru catalyst, using too much MeOH would result in a less sensitive system 

(experimental data not shown). Since MeOH is a small molecule, it can easily diffuse 

through the catalyst surface at higher concentrations and consequently affect the 

sensitivity of the final sensor (it would become insensitive to low concentrations of CEA). 



107  

With respect to the use of the DMFC with the MIP film as a biosensor, it is important 

that the signal is stable and that the power generated by the DMFC with the MIP can 

trigger the EC, which requires at least 1.5 V. Figure 4.4 shows that the DMFC with the 

sensing polymer on the anode operated with a 0.5 M MeOH solution and generates 

enough cell power to feed the EC when operated in stack mode. It was important to 

note that the system did not require a high MeOH concentration and the MeOH solution 

was only fed at specific times. The DMFC/biosensor device was very stable with a low 

MeOH concentration (Figure 4.4), which was also confirmed by calibrations with 

sarcosine solutions from independent cells. 

 
 
 

 
4.3.2. Biosensing unit characterization 

4.3.2.1. Spectroscopy analysis 
 
 

To confirm the presence of the polymer on the surface of the carbon black catalyst 

(CB-Pt/Ru), the MIP films and the control materials (NIP) were analyzed by FTIR-ATR 

spectroscopy (Figure 4.5a) and Raman analysis (Figure 4.5b). 

Quite similar spectra were obtained in the analysis of FTIR-ATR (Figure 4.5a), which 

was expected since these materials are mainly carbon-based, making it difficult to 

visualize the functional groups that might be present in the MIP/NIP samples [40]. 

However, the spectra of the polymerized MIP/NIP samples show significant differences 

compared to the unmodified CB-Pt/Ru. The observed differences are related to the 

vibrations of the functional groups of the monomers used in the polymerization and can 

be approximately assigned to the acrylate and amide groups (N-H, C-N, C=O) at 647 cm- 

1,750 cm-1, 870 cm-1 and 1000-1100 cm-1 At 1260 cm-1, a small band can be seen in 

the MIP/NIP samples, which can be associated with the P=O group of the 

vinylphosphonic acid, and at about 1400 cm-1, a band with strong intensity appears in 

the modified polymer samples, which can be assigned to the carbonyl group insertion 

(C=O) [41]. The observed spectra differences are consistent and provide evidence for 

significant modification of the CB -Pt/Ru matrix support with the sensitive polymer. 
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Figure 4.4 - Polarization curves of the DMFC-Biosensor assembly after MES buffer incubations using 0.5 M MeOH. Bar chart to show the stability of the 
electrical signal obtained after consecutive MES buffer incubations. 
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Raman spectroscopy analysis (Figure 4.5b) also proves the presence of the polymer 

on the surface of CB -Pt/Ru. All the samples examined showed the D and G peak of 

carbon. The D peak was located between 1200 and 1400 cm-1 and G peak between 1500 

and 1600 cm-1. The D peak is related to the disorder of the carbon structure (structural 

defects), while the G peak is related to the graphite present in the structure. In addition 

to these two peaks, one can observe other peaks between 100 and 800 cm-1 that 

probably indicate the presence of platinum [42] and ruthenium [43] in the samples. The 

ratio between the intensity of the D and G peaks was used to evaluate the carbon 

surface modifications [44]. The obtained ID /IG values can be found in the attached table 

in Figure 4.5b. Analysis of these results shows that the ratio (ID /IG) of the MIP and NIP 

samples was significantly lower than that of the control sample, indicating that the 

presence of the polymer affects the Raman spectra of CB-Pt/Ru. 

 
 
 

4.3.2.2. Calibration in a single passive cell 

 
Prior to calibration, the DMFC was activated with 2.0 M MeOH, as the use of a high 

concentration of MeOH allowed for rapid activation of the fuel cell. However, since the 

quantity of MeOH used for activation (2 M) was higher than the one used for calibrations 

(0.5 M), some of the adsorbed MeOH on the carbon cloth electrode was removed. The 

complete removal of MeOH that was absorbed on the carbon cloth was not possible. 

Therefore, the partial removal of adsorbed MeOH was accomplished by leaving the 

activated cell with water in the fuel compartment, as shown in Figure 4.6. 
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Figure 4.5 - FTIR (a) and Raman (b) spectra of the materials CB -Pt/Ru (control) and polymerized (MIP and NIP) CB -Pt/Ru. Important areas are highlighted in 
blue. 
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Figure 4.6 - Polarization and power curves of the DMFC after activation with 2 M MeOH, and 
after removal of the excess amount of MeOH and stabilization with 0.5 M MeOH. 

 
 
 
 

 
4.3.2.3. Calibration in buffer 

 
 

Calibrations were always performed using sampled DC as electrochemical 

measurement and with sarcosine standard solutions prepared in MES buffer. Initially, 

only MES was incubated two to three times to check the influence of buffer solution on 

DMFC performance. This procedure was repeated until signal stability was achieved. The 

results obtained are shown in Figure 4.7 and confirm the good stability of the system 

after several buffer incubations. 

Each standard solution was incubated in the fuel cell for 30 minutes, after which the 

cell was washed with buffer. The performance of the cell was then measured using a 0.5 

M MeOH solution at the anode compartment. The standard solutions incubated there 

had increasing sarcosine concentrations, namely 3.2, 16, 80, 400 and 2000 µM. 
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Figure 4.7 - Polarization curves of the passive DMFC device with (a) different MeOH concentrations (2M and 0.5M); (b) stability of a DMFC with a printed 
anode using 0.5 M MeOH solution. The bar graphs are representative of the data obtained in both plots to better observe the stability of the system. Calibration 
data show (c) and (d) normalized calibration curve for the MIP shown compared to a control (NIP) obtained under the same conditions, and typical polarization 
curves of the DMFC biosensor device (MIP and NIP, respectively) for sarcosine with increasing concentrations ranging from 3.2 to 2000 µM in buffer. 
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Figure 4.7a shows the current and power densities obtained when calibrating a MIP, 

and Figure 4.7b shows the calibration curve of the same MIP compared to the control 

(NIP). The MIP shows decreasing power with increasing sarcosine concentration and 

exhibits a logarithmic concentration-dependent behavior from 3.2 to 2000 µM. This 

concentration interval mainly encompasses the sarcosine concentration in the blood of 

prostate cancer patients, which ranges from 2.0 to 10 μM, whereas the normal sarcosine 

level in healthy individuals is approximately 1.4±0.6 μM. [12]. The NIP also showed 

decreasing performance like the MIP, but with lower intensity and only at higher 

concentrations. This different response of the MIP proves the binding of sarcosine to 

the imprinted binding sites and the subsequent blocking of the access of MeOH to the 

catalyst for its oxidation. 

An additional control was performed to evaluate possible nonspecific adsorption of 

sarcosine on the carbon material. For this purpose, a calibration was performed using 

only the catalyst material (CB -Pt/Ru) under the same conditions as described previously. 

Figure 4.8 shows the results of this control calibration. There is no significant change in 

the obtained performance after the incubation of sarcosine. These results show that the 

non-specific adsorption of sarcosine on the carbon surface is negligible. The limit of 

detection (LOD) was determined as described in [45], using linear regression method. In 

this case, LOD can be expressed as: 

𝑺𝒂 
𝑳𝑶𝑫 = 𝟑 ( ) 

𝒃 
 

Where, Sa means the standard deviation of the response of the curve, which can be 

obtained by the standard deviation of the regression line, and b is the slope of the 

calibration curve obtained from the equation of the calibration line. The calculation of 

LOD was performed using this equation, and the obtained LOD for this work was 0.04 

µM. 
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Figure 4.8 - Calibration data of the carbon support showing (a) typical polarization curves of the DMFC device with an unmodified anode (commercial) for 
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4.3.2.4. Calibration in serum 

 
After optimization of the biosensor in the DMFC with standard solutions prepared 

in buffer, the selectivity of the biosensor was evaluated with standard solutions 

prepared in foetal bovine serum (FBS). FBS was used to mimic human samples and 

understand the effects of this fluid on the system. This FBS was diluted 1000-fold to 

reduce the presence of ions that could interfere with the Nafion® membrane in the 

DMFC. 

The obtained results of a calibration in serum medium (Figure 4.9) show the 

changes in the performance of the cell with the increasing concentrations of sarcosine, 

with linearity from 3.2 to 2000 µM. The MIP reacts according to the previous calibrations 

with buffer (slope of 0.07, and correlation coefficient of 0.997), and the 1000-fold 

diluted serum has no significant interference in the cell, having a similar slope and 

correlation value of the calibration curve (slope of 0.0394, and correlation coefficient of 

0.986). On the other hand, the NIP shows a random behavior with a decrease in 

response when using the highest concentration of sarcosine, which could be the 

adsorption of the molecules present in the FBS. These results suggest that the biosensor 

is selective for sarcosine in the presence of FBS. 
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Figure 4.9 - Normalized calibration curves were obtained during the calibration of a DMFC- 
Biosensor device with a MIP modified anode (blue dots and line) and with a NIP modified anode 
(orange dots and line) in Foetal Bovine Serum. 
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4.3.3.Final assembly DMFC-EC/Biosensor 

 
The final DMFC-EC/biosensor combines the DMFC device, the biosensor unit, and 

the electrochromic cell, which operates as a unique and fully autonomous device. 

Following a previous work by some of the authors [7], where color modulation at ±2 V 

was achieved, an optimization process was performed to reduce the electrical potential 

and power consumption of the device. For this purpose, the deposited volume of WO3 

nanoparticles in the WE was increased from 1.5 to 3 µL, achieving coloration at ±1.5 V 

and reducing the current density from 2.7 to 0.4 µA cm2 (Figure 4.10). The hydrophilic 

paper encapsulated in the device, covering both WE and CE, served only to soak up the 

electrolyte during the time of use. Several hydrophilic papers were tested (data not 

shown). Due to its high porosity, the grade 4 Whatman paper proved capable of 

absorbing a large amount of electrolyte and allowing good contact with the 

nanoparticles, resulting in increased ionic charge. 

Given the behavior of the EC, the DMFC biosensor should generate enough current 

to power the electrochromic device, which in this case required a voltage of 1.5 V. To 

achieve this voltage, a stack of DMFCs had to be used, since each one generates only 

about 0.5 V. It is important to note the fine line between the initial cell potential and the 

potential reached after incubation of the target molecule. While there are potential 

differences that can be observed during calibration (with a potentiostat), the sarcosine 

molecule is small, and the potential variation is not so large that a cell stack with a very 

high initial potential can drop off so that it does not trigger the EC. This means that a cell 

stack with an initial potential as close as possible (slightly higher) to 1.5 V is necessary 

to obtain the desired colour change after incubation of the target molecule. 

Originally, a stack of 5 DMFCs was to be used, but it turned out that a stack of 4 was 

sufficient to trigger the EC. Figure 4.11a shows the EC in its initial state (white) and 

Figure 4.11b-c shows the colour change of the EC, when interconnected with 4 and 5 

cells, proving that a stack of 4 cells was sufficient to promote the colour change from 

white to blue. The colour change was fast and took about 20 seconds to reach full 

stability. It was also very stable and reproducible when different cells were compared. 

The colour reversal can also be easily achieved by simply switching the polarity, and two 

reversals can be performed while maintaining the effectiveness of the system. 
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Figure 4.10 - Optimized electrochromic device operating at 1.5 V: Chronoamperometry coloration/discoloration cycle, cyclic voltammogram showing the 
obtained current density (0.4 µA.cm 2), and photographs of the device during coloration/discoloration. 
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Figure 4.11 - Images of the electrochromic cell (EC) in operation: (a) in the initial state before 
coupling with the DMFC biosensor (white colour); (b) after coupling with a 5-stack DMFC; and 
(c) 4-stack DMFC that was able to trigger the EC from white to blue; (d) colour gradient obtained 
with a 4-stack DMFC biosensor from incubation in MES buffer (blank signal) to increasing 
sarcosine concentrations, showing the colour change from blue to very light blue. 

 
 

After evaluating the electrical properties of EC, the stack of 4 DMFCs was incubated 

with MES buffer (during 30 min), as was done previously with the single DMFC. The 

influence of the buffer was small, as previously observed with the single cell, and the 

color produced by EC was the same as that of the empty MeOH solution before buffer 

incubation. Then, the sarcosine standard solutions were incubated at the lowest 

concentration and the color variation obtained is shown in Figure 4.11d compared to 

the color of the buffer. Analysis of the images shows that the color produced by the 

buffer was intense. After incubation of the sarcosine standards, the color loses intensity 

and almost disappears in the highest concentrated solution. Thus, as the sarcosine 

incubation concentration increased, the overall power of the 4-stack DMFC decreased 

and it was no longer able to generate 1.5 V, so the device EC did not receive any color. 

The EC in combination with the DMFC biosensor made it possible to obtain a self- 

powered and self-signaling system that does not require a potentiostat to enable 

quantification of the sarcosine target by a color change in the gradient that is perceptible 

to the naked eye. 
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4.4. Conclusion 

 
Using a passive DMFC as a power supply, a MIP as a biosensor unit, and an EC as a 

signalling element, a self-powered and self-signalling biosensor was developed to 

determine sarcosine. 

The self-powered approach was achieved by developing a MIP film on the catalyst 

material of the fuel cell operating under steady-state conditions. Calibrations in buffer 

and FBS confirmed the good selectivity and sensitivity of the combined device for 

sarcosine. The electrochemical performance of the DMFC-modified biosensor showed a 

linear trend with the log concentration of sarcosine ranging from 3.2 to 2000 µM in both 

buffer and FBS (compatible with the concentrations expected in real samples). 

The self-signalling approach was achieved by coupling an EC to the DMFC-EC 

/biosensor. This EC showed an intense blue coloration at maximum cell power and this 

coloration decreased with decreasing power values. The DMFC-EC /biosensor showed a 

naked eye detectable colour change in the presence of sarcosine standards, proving that 

it is possible to obtain a self-sustaining and self-signalling system capable of detecting 

sarcosine within seconds. 

Overall, this type of setup may prove to be a promising approach that has never 

been reported before to achieve sensitive analytical analysis using instrument-free 

methods. The final DMFC-EC /biosensor setup could be improved in a future work by 

miniaturizing the four stack DMFCs and using another EC with lower potential 

requirement, allowing the use of a single DMFC. 
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5. CONCLUSIONS AND FUTURE PERSPECTIVES 
 

This thesis aimed to develop biosensors for cancer biomarker detection and 

integrate them into a modified DMFC to accommodate the biosensors and act as a 

potential power supply. Based on this, different biosensors were developed using 

different techniques: an immunosensor (described in detail in Chapter 3), and a MIP- 

based biosensor (described in detail in Chapter 4). This work was motivated by the 

increasing need for cancer detection and screening in a World with more and more 

mortality derived from this disease. 

The work done during this thesis showed the possibility to develop different 

biosensors with analytical responses in the range of normal to high biomarker values in 

the Human body, with the possibility to be a self-powered device with biomarker 

quantification by color change. This kind of autonomous sensing device would be very 

useful as a diagnosis but also as a screening tool not only as a widespread and low-cost 

method, but also used in low-income countries and in case of a World crisis, pandemics, 

and Wars. 

Although there is great potential for this research to be used in the future, there is 

still some need for improvement. This device is still a proof-of-concept and in the future, 

it is important to achieve full autonomy by developing a miniaturized stack involving all 

components. To accomplish that, it is necessary to adapt and optimize a stack of DMFCs 

with the integrated biosensor, and an electrochromic device that has a wide range of 

color changes to be sensitive to the shift in biomarker concentration. 

One of the major problems encountered by these fuel cells is the reduction of cost 

without losing reasonable power density. Therefore, different optimizations on the final 

device can be made, such as the used catalysts, the fuel, and even the setup can be 

modified to achieve lower cost and the best performance of this biosensing device. 

The normally used catalyst for the anode of the DMFC is a Pt/Ru alloy, and for the 

cathode Pt. both are described in the literature as the best-performing catalysts. 

However, the cost associated with the DMFC when using these catalysts is high, not only 

because of the metals themselves but also because of the high quantity of these that 

are needed for the synthesis (only a small percentage will be attached to the carbon 
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support). Therefore, the use of low-cost catalysts for methanol oxidation and oxygen 

reduction, without losing reasonable power density is an important step towards a 

device able to be produced for PoC diagnosis. 

Methanol is known to be a toxic and dangerous alcohol. Although the methanol 

solution used in these works is in low concentration and can be used safely outside the 

laboratory, this fuel could be switched by some greener and safer options, such as 

ethanol or even glucose. Both kinds of fuel cells are already being researched and have 

promising results. However, the achieved power is far lower than the DMFC, and, in the 

case of the glucose fuel cell, the best performance is achieved in very alkaline media, 

which is not a good fit to integrate a biosensor. Thus, a fuel cell would need to be 

adapted to perform in a similar way as the DMFC. Also, miniaturization and fuel cell 

printing on a high scale needs to be achieved in the future to make this device market 

friendly and low-cost. 

This work with further optimizations has a good perspective of being a viable and 

low-cost device that may be used in PoC evaluation of cancer biomarkers, and even can 

be modified to detect other substances of interest. 


