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Resumo 

 

O cancro é a uma das principais causas de morte no mundo, e a sua deteção precoce 

aumenta as hipóteses de cura, o que reforça a necessidade de desenvolver dispositivos 

capazes de detetar precocemente biomarcadores de cancro que circulam no organismo. 

Quando a deteção do cancro é demorada, as possibilidades de sucesso do tratamento e de 

sobrevivência diminuem, além de acarretar maiores custos para os sistemas de saúde. 

Apesar da aplicação de exames de imagem e biópsia no diagnóstico do cancro, ainda faltam 

métodos mais rápidos, simples e que possam ser realizados fora de um laboratório para 

deteção do cancro. A deteção de biomarcadores específicos do cancro em programas de 

rastreio no ponto de atendimento (POC) sem a necessidade de equipamentos de alto custo 

e análises laboratoriais continua a ser um desafio.  

Para este efeito, o presente plano aborda o desenvolvimento de dispositivos biossensores 

autónomos, baseados em células de combustível, que oferecem resposta rápida, simples, 

confiável e de baixo custo, com a capacidade de detetar biomarcadores do cancro 

diferentes, numa abordagem não invasiva. Para além disso, esses dispositivos biossensores 

baseados em células de combustível são totalmente independentes eletricamente, o que 

permite o seu uso em qualquer lugar, não exigindo um ambiente laboratorial ou técnicos 

especializados para a sua operação. Neste âmbito, apresenta-se o desenvolvimento de 

camadas de bio-reconhecimento, integradas no ânodo (elétrodo) de diferentes 

configurações de células de combustível de metanol que operam em modo passivo. A 

combinação de duas tecnologias poderosas, como células de combustível e técnicas de 

impressão molecular, permite a criação de dispositivos biossensores compactos que 

integram uma função de bio-reconhecimento seletiva acoplada a um elemento transdutor 

autónomo, o que dispensa o uso de baterias externas e respetivos componentes eletrónicos 

associados. Durante o desenvolvimento da configuração da célula de combustível de 

metanol passiva contendo o biossensor, o papel foi introduzido como uma nova alternativa 

às configurações convencionais das células de combustível, que normalmente envolvem 

diferentes peças plásticas/metálicas. O papel foi utilizado como suporte contendo todos os 

componentes fundamentais de uma célula de combustível de metanol, permitindo a criação 

de uma de célula de combustível em forma de tira de camada única, com possibilidade de 

ser acoplada a uma célula eletroquímica, também desenvolvida em papel, tornando 

possível a incorporação da propriedade de auto-sinalização. A combinação destas 
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tecnologias permitiu o desenvolvimento de diferentes plataformas do conjunto 

biossensor/célula de combustível para detetar três biomarcadores do cancro com relevância 

clínica. No geral, espera-se que os resultados obtidos neste trabalho possam contribuir no 

futuro para abrir novos horizontes, permitindo a disseminação de biossensores em 

programas de rastreio do cancro, mesmo em locais com escassez de energia. 
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Abstract 

 

Cancer is a leading cause of death worldwide, and its early detection increases the healing 

chances, which stresses the need to develop devices capable of detecting cancer biomarkers 

that circulate early in the body. When cancer detection is delayed, the chances of successful 

treatment and survival decrease, leading later to higher costs for the healthcare systems.  

Despite the application of imaging tests and biopsy in cancer diagnosis, faster, simple and 

laboratory-free methods for cancer detection are still lacking. The detection of specific 

cancer biomarkers in point-of-care (POC) screening programs without requiring high-cost 

equipment and laboratory analysis remains a challenge. 

Thus, to overpass this limitation, the present plan addresses the development of rapid, 

simple, reliable, and low-cost autonomous fuel cell-based biosensor devices, with the 

capability of detecting different cancer biomarkers in a non-invasive approach. Besides, 

these fuel cell-based biosensor devices are fully electrical independent which allows their 

use anywhere, not requiring a laboratory environment or expert technicians to its operation. 

Under this scope, the development of sensitive biosensing layers integrated into the anode 

electrode of different passive methanol fuel cell configurations is presented. The 

combination of two powerful technologies, as fuel cells and molecular imprinting strategy, 

allows the creation of compact biosensor devices that integrates a highly selective 

biorecognition function coupled with an autonomous transducer element, eliminating the 

use of external batteries and their associated electronics. During the development of the 

passive methanol fuel cell biosensor assembly, paper was introduced as a novel alternative 

to the conventional fuel cell setups, which typically involves different plastic/metallic 

moving parts. Paper was used as support for all the important components of a methanol 

fuel cell, which allows the creation of a simple single layer fuel cell strip with the possibility 

to be coupled to an electrochemical cell, also paper-based, turning possible the 

incorporation of the self-signalling propriety. This technology merging allowed the 

development of two different biosensor/fuel cell sensing platforms for screening three 

different cancer biomarkers with clinical relevance.  
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Overall, it is expected that the outcomes provided by this work can contribute in the future 

to open new horizons for biosensors dissemination in POC cancer screening programs, 

even in places with energy shortages. 

 

Key-words: Autonomous electrochemical biosensor; Methanol fuel cells; Molecular imprinting 

polymer; Cancer biomarkers; Point-of-care sensing; Paper-based fuel cells. 
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Chapter 1 

 

Framework 

 

 

1.1 Motivation 

 

According to the most recent World Health Organization (WHO) data (WHO, 

2023), one in five people worldwide develops cancer during their lifetime. This upsetting 

statistic turns the prevention and early cancer diagnosis into one of the most significant 

public health challenges. In developed countries, this disease is the leading cause of death 

nevertheless cancer mortality can be diminished through the early detection of tumours. 

In the last 3 years, the diagnosis and treatment of cancer were adversely affected by the 

coronavirus disease (COVID-19) pandemic, and this delay may be responsible for 

increasing substantially cancer mortality worldwide. In this context, arises the need of 

developing cancer biomarkers screening devices that could allow a simple, faster, and in 

loco diagnostic, contributing to an increase in the number of individuals tested in the 

screening programs. Despite all the research efforts that have been made in the last 

decades, simple and quick diagnostic tools for cancer screening that can be used and 

provide results “on time” are still lacking. 

The main motivation of the present work was the development of portable 

electrical independent electrochemical biosensors, for targeting important cancer markers 

involved in different types of cancer diagnosis and progression. The electrical autonomy 

is accomplished by integrating a sensing layer into the anode of a direct methanol fuel 

cell (DMFC), which allows the construction of a simple, and portable DMFC/biosensor 

where it is possible to correlate the electrical signal measured with the concentration of 

the cancer biomarker from patient fluids. Furthermore, to accomplish a configuration that 

is suitable for everywhere usage, a novel flexible paper-based fuel cell strip was 

developed enabling it to improve the portability, miniaturization, sensitivity, and faster 
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results obtained with the first developed DMFC/biosensor prototype. Moreover, these 

paper fuel cell strips can be assembled in a stack, to increase the voltage produced 

allowing the connection to a user-friendly paper electrochromic cell, that acts as a 

signalling device. This simple user-friendly configuration colour readout, works with few 

microliters of a methanol solution and with oxygen from atmospheric air, being 

equipment-free and enabling quick and low-cost readings that are appropriate for POC 

testing. 

  

1.2 Objectives 

 

The development of the biosensor devices results mostly from the work carried 

out at BioMark@ISEP (Polytechnic Institute of Porto, Portugal) in collaboration with 

CEFT (Department of Chemical Engineering, Faculty of Engineering, University of 

Porto, Portugal) for the design of the first developed fuel cell prototype. The final part of 

this work, which consists in the development of an electrochromic cell, was developed in 

collaboration with LEPABE (Laboratory for Process Engineering, Environment, 

Biotechnology and Energy, Faculty of Engineering, University of Porto). 

This work aims to develop an autonomous electrochemical fuel cell biosensor 

assembly for targeting cancer protein markers related to different important types of 

cancer. Achieving this general objective requires fulfilling the following objectives: 

❖ Development and characterization of suitable fuel cell assemblies operating in 

passive mode; optimization of the best conditions for a passive DMFC system 

considering the best conditions for sensor layer integration. 

 

❖ Selection of the cancer biomarkers that are most relevant in cancer diseases; 

 

❖ Design and integration of bio-recognition layers, especially obtained by molecular 

imprinting technology, which are sensitive to the selected cancer biomarkers; 

 

❖  Analysis of the rebinding response of the bio-recognition layers produced, using 

suitable electrochemical techniques to fuel cells characterization; integration 
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(inside/outside) of the most promising bio-recognition layers developed into the 

passive fuel devices and analysis of the corresponding performance. 

 

❖ Calibrations of the developed assemblies containing the fuel cell/biosensor to 

evaluate the performance of the combination of the bio-recognition layer and the 

transducer; different media should be tested (buffer and serum medium) as also 

real samples (such as urine) to assess the selectivity of the response of the final 

devices. 

 

 

❖ And ultimately, the fabrication of a sensing platform, completely electrical 

independent and self-signalled, incorporating a stack of fuel cell paper strips, 

suitable for application in POC. 

 

 

1.3 Thesis outline 

 

This thesis is organized in seven chapters, starting with this chapter, Chapter 1 

which includes the motivation and main goals of this PhD work. The description of the 

structure of the thesis is also presented. A list of publications and communications (oral 

and poster) in the context of this PhD thesis is as well presented. 

Chapter 2 includes a general introduction, providing fundamental background about the 

different topics involved in this work. The principle and design of biosensor devices and 

their importance in the screening of cancer biomarkers are presented. A brief state-of-the-

art related to the selected cancer biomarkers is also given. A description of the fuel cell 

technology as power source is made, emphasizing the DMFCs which are relevant to this 

work. An overview of the most commonly used nanomaterials with application as fuel 

cell components to achieve the best fuel cell performance and their main applications is 

also addressed. 

Chapter 3 presents the main results obtained in the development, characterization, and 

application of a biomimetic plastic antibody film produced by polymer imprinting 

technology, for the detection of carcinoembryonic antigen (CEA, an important biomarker 
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involved in different types of cancer). This biosensing film was integrated into the 

electrical circuit of a DMFC, working in passive mode and used as power supply and 

signal transducer. The results obtained evidenced the possibility of using a DMFC as a 

transducing element in an electrochemical sensor, confirming the sensitive and selective 

readings of the (bio)sensing imprinted film. This configuration can be improved by 

integrating the sensor inside the fuel cell, to obtain a simpler self-powered configuration 

compatible with POC analysis.  

To overcome this limitation and obtain a simpler configuration, Chapter 4 describes an 

all-in-one approach that involves a hybrid methanol fuel cell operating simultaneously as 

biosensor and power source in a single device. The molecularly-imprinted polymer (MIP) 

previously tailored for CEA detection was adapted to be obtained in situ directly in the 

anode electrode of the fuel cell. The overall power of this hybrid system is CEA 

concentration dependent, operating in a simple and effective concept, and is closer to 

meeting POC requirements. Thus, the levels of CEA detection were better in the 

configuration consisting of the biosensor unit externally connected to the fuel cell, since 

methanol molecules keep adsorbed during the stabilization/calibration experiments, 

acting as a background memory signal.  

To further improve the response of the hybrid fuel cell/biosensor device, Chapter 5 

describes the development and characterization of a completely novel fuel cell platform 

paper strip, with an easy and effective method of adding/removing the methanol fuel 

solution and also incubating the patient sample. Besides the novelty of developing a 

flexible paper-based methanol fuel cell, this platform has the advantage of the simplest 

set-up configuration, containing all the components of the fuel cell and the biosensor layer 

in a small square of paper. This novel hand-made methanol fuel cell designed on a paper 

substrate, consists of a miniaturized system, which turns it completely compatible with 

the POC environment since it does not require any toll for its operation. Thus, this self-

powered paper strip PB-DMFC/biosensor can be used for screening and monitoring 

sarcosine biomarkers, herein used as a proof-of-concept. Further improvements of this 

first PB-DMFC/biosensor prototype can be made, mostly in terms of materials and 

fabrication procedures to obtain a higher voltage and sensitivity.  

To enhance both the power produced and sensitivity of the previous approach, a new 

approach was developed and presented in Chapter 6. Herein, the incorporation of 

poly(3,4-ethylenedioxythiophene) (PEDOT) in the anode ink formulation allowed the 
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replacement of the hydrophobic paraffin as impermeabilization agent, and since this 

compound is a semi-conductor polymer, the power, voltage and stability of the paper 

strips was improved. In addition, the presence of PEDOT through the anode electrode 

enabled the creation of a sensing layer whit higher specificity to the final target selected 

for this work - L1CAM recombinant protein. This improved power/sensitivity paper fuel 

cell configuration can operate in two different modes: single-cell device and five-stack 

cell device. The five-stack cell device allowed the connection to a developed 

electrochromic cell (EC) also paper-based containing PEDOT as a colour change 

substance. This final system remains completely flexible and with a simple set-up, acting 

as a fully autonomous and self-signalled sensing system with higher potential and suitable 

for POC applications.  

Finally, Chapter 7 summarizes the main conclusions of the present work, highlighting 

the potential applications and future work. 
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Chapter 2 

 

2. Introduction 

 

This chapter presents a brief background, mainly regarding the fundamental 

principles related to the two important areas approached in this thesis: fuel cells power 

source technology and electrochemical biosensors. The importance and application of 

methanol fuel cells in the achievement of lightweight and portable devices with potential 

applications as point-of-care medical devices were discussed. The biosensor element 

principle and design are presented and related to the possibility of screening some 

important cancer biomarkers with special relevance to the present thesis. An overview 

concerning the selected cancer biomarkers is also performed.  In addition, different fuel 

cell assemblies were explored as simple, low-cost, user-friendly, and electrical 

independent sensing platforms by conjugation with an electrochromic cell. 

 

2.1 Cancer disease 

According to the World Health Organization (WHO), cancer is the term given to 

a vast group of diseases that can affect practically any organ or tissue in the body, 

characterized by an uncontrolled development of abnormal cells, which can also spread 

into the surrounding organs/tissues [1]. This disease was globally responsible for a higher 

number of cases in the 2020 year (Total: 19 292 789 cases) with almost 10.0 million 

cancer deaths (Total: 9 958 153 deaths) according to the data available in GLOBOCAN 

2020, which are adapted and schematically represented in Figure 2.1 [2]. The most 

commonly diagnosed types of cancer are presented in Figure 2.1-A, with breast cancer 

appearing as the most common, followed by lung, colorectal, prostate, and stomach 

cancers. Figure 2.1-B shows the mortality of the different cancer types, with lung cancer 

leading the recorded mortality (18% of the overall cancer deaths), followed by colorectal, 

liver, stomach, and breast cancer. 
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Figure 2.1 – Graphic representation of all new cancer cases (A) and mortality associated to cancer 

disease (B), for both genders and ages in the 2020 year. Figure adapted from GLOBOCAN 2020 

- https://gco.iarc.fr/today/data/factsheets/cancers/39-All-cancers-fact-sheet.pdf. 

 

In the case of men, the lung cancer is the most commonly diagnosed cancer, and 

the leading cause of cancer obits in these individuals, followed by prostate and colorectal 

cancer for incidence and liver and colorectal cancer in terms of mortality; in women, 

breast cancer appears as the most frequently diagnosed cancer and also the leading cause 

of cancer death in the female individuals, followed by colorectal and lung cancer in terms 

of incidence, and inversely in terms of mortality [3]. 
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The cancer incidence seems to be related to several factors, including lifestyle 

(high body mass index, lack of physical activity, tobacco and alcohol) and also population 

growth and ageing [4–6]. One in five persons will be diagnosed with cancer in their 

lifetime [7]. This upsetting statistic turns cancer disease a leading cause of concern 

worldwide, as it is a barrier of increasing life expectancy and life quality, for both men 

and women. Cancer mortality can be sustainably reduced if the disease is detected and 

treated at early stages. As such, early detection is a crucial tool to organize the appropriate 

treatment plan to improve the chances of survival [8]. With the COVID-19 pandemic, a 

decline in cancer screening was observed, due to the overwhelming of the health care 

systems allied to the goal of reducing the risk of spreading COVID-19 in healthcare 

settings. The precise effects at long term of this late cancer screening are difficult to 

predict, but the importance of developing simple, fast and sensitive detection strategies is 

clear, as they increase healing chances while decreasing costs of healthcare systems. 

 

2.2 Cancer biomarkers 

The detection of cancer at its early stages is a fundamental tool to increase the 

cancer survival rate, with the cancer-specific biomarkers playing a fundamental role in 

this field. Cancer biomarkers are specific biological molecules which are released in 

tumour tissues or biological fluids during the first stages of cancer disease in levels not 

found in healthy individuals [9]. Cancer biomarkers may also be tumour specific, thereby 

crucial to identify the cancer type, phase and follow-up clinical treatment [10]. Several 

types of biomarkers were identified in the last years, linked to different cancer diseases. 

Cancer biomarkers can include proteins (e.g. enzymes or receptors), nucleic acids (e.g. 

microRNA, DNA), antibodies and peptides, amongst other categories (Figure 2.2); they 

can be found in the circulation system (blood, serum or plasma) or secretions (urine, 

saliva, or nipple discharge) [11]. The main goal of the cancer biomarker field is the 

development of simple, low-cost, reliable and sensitive detection and monitoring 

approaches, for early disease screening, tumour identification, cancer risk assessment and 

evaluation of the disease progression, regression and recurrence [12]. 
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Figure 2.2 – Schematic illustration of different types of cancer biomarkers and their role in the 

five main areas of controlling cancer disease: diagnosis, therapy follow-up, risk evaluation, 

screening and prognosis. 

 

This PhD thesis involves the detection of different cancer biomarkers, for which 

specific bio-recognition layers were developed. The selected biomarkers were 

carcinoembryonic antigen (CEA), sarcosine aminoacid and recombinant human L1CAM 

protein. These molecules are involved in the screening of different cancer diseases, and 

alterations in their values of reference may be a strong indication of the presence of cancer 

disease. Each of these molecules has a particular importance and role in cancer disease 

detection and follow-up. 

 

2.2.1 Carcinoembryonic antigen (CEA) 

CEA is a complex glycoprotein with approximately 150–180 kDa that was 

identified as the first human cancer-associated antigen in the colon rectal cancer in 1965 

by Gold and Freedman [13,14]. CEA protein is not found in significant amounts after 

birth, therefore higher levels may indicate pathologic events, especially colon and rectal 
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cancer [15]. CEA is also a tumour marker and CEA levels >10 ng/mL are frequently 

associated with malignant conditions; CEA levels >20 ng/mL may be suspicious for 

metastatic disease [15]. 

 CEA can be measured in serum and has been one of the most extensively used 

clinical tumour biomarkers for colorectal and some other cancer diseases due to the 

restricted expression in healthy individuals and expression at high levels in positive 

tumour, being considered a broad-spectrum cancer biomarker [16]. Hence, the CEA level 

can be measured before and after surgery, to monitor the level of surgical success and 

predict recovery. In addition, CEA levels can be measured during chemotherapy 

treatment to follow-up the disease progression [17]. Thus, detecting CEA has great 

importance in diagnosis, as well as in monitoring and therapeutic adjustments made 

throughout the cancer treatment [17]. 

CEA structure consists of a polypeptide chain with variable carbohydrate components 

and high degree of glycosylation. It can attach to the cell membrane, modulating the 

intercellular adhesion and also playing a role in intracellular signalling (Figure 2.3-

A/B)[18]. 

 

Figure 2.3 – Schematic representation of CEA structure (A) displaying insertion of CEA into the 

plasma membrane (down arrow) (adapted from [19]) and (B) 3D structure of the N-terminal 

domain of CEA (adapted from [20]). 
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Currently, immunological assays are the fundamental tool to target CEA in the 

field of clinical diagnoses and biochemical studies. Several detection methods are 

developed in the last years, such as, enzyme-linked immunosorbent assay (ELISA) [21], 

electrochemiluminescent immunoassay (ECL) [22], chemiluminescence immunoassay 

(CEL) [23] and the radiation immunological assay [24]. These methods are usually linked 

to sensitive and selective results, due to the high affinity of antigen/antibody interactions. 

However, most of these methods are not so simple, involving pre-treatment of the 

samples, highly qualified personnel to operate sophisticated and expensive 

instrumentation, long assay times, higher volume samples and the high price of the 

reactants used [25]. 

 Recently, the research in electrochemical biosensors for targeting CEA has 

attracted widespread attention, due to their simple architecture, non-invasive, low cost, 

rapid response and high sensitivity. Several research works can be found in literature 

concerning the development of electrochemical biosensors to detect CEA biomarker 

making use of different bio-recognition entities, such as antigens or antibodies [26,27], 

aptamers [17] and MIPs [28,29]. The extensive efforts devoted to CEA detection endure 

the importance of this biomarker in cancer disease [30]. 

 

2.2.2 Sarcosine 

Sarcosine (SARC), also known as N-methyglycine, is a derivative of the amino 

acid glycine and was identified as a potentially important biomarker related to prostate 

cancer progression and aggressivity  [31]. The presence of SARC in the human urine was 

also suggested as a promising biomarker for prostate cancer diagnostics [32]. SARC 

occurs in the body as a product of the metabolism of glycine by the glycine N-

methyltransferase (GMT) and is metabolized by sarcosine dehydrogenase (SARDH) 

enzyme (Figure 2.4) [33].  

 

Figure 2.4 – Chemical structure of glycine and the derived amino acid sarcosine. 
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SARC can be found in human body in the skeletal muscles and prostate. In the laboratory 

environment, the analytical techniques commonly employed for the determination of 

SARC include chromatography [34–36] and mass spectrometry [37,38]. Therefore, these 

techniques require specific and high-cost equipment, specialized personnel to operate the 

equipment and also a complex pre-treatment of the samples to analyze. As an alternative, 

SARC can be quantified indirectly, using colorimetry, fluorimetry and electrochemical 

biosensors. These methods involve the same principle which is related to the reaction 

between SARC and SARC oxidase (SOX) enzyme [39]. The enzyme SOX catalyzes the 

oxidative demethylation of SARC into glycine, formaldehyde and hydrogen peroxide  

[40]. While the use of SOX enzyme in analytical systems may offer advantages in terms 

of selectivity, the chemical modification employed for its immobilization is critical, as it 

may cause enzyme denaturation or conformational changes affecting reproducibility and 

sensitivity  [41]. 

The role of SARC in cancer diagnosis and prognosis has been extensively discussed in 

different works and some contradicting studies can be found reporting that this metabolite 

should not be used as a diagnostic marker  [42,43]. Therefore, the overexpression of 

SARC observed in patients with prostate cancer and also the association of SARC with 

other potential metabolites in the patient's urine may be useful in improving the diagnostic 

values, helping in the identification of cancer-related metabolic abnormalities [44,45]. In 

addition, SARC has an important role in controlling immunity, acting as cell marker and 

being recognized by a high number of receptors [46], which increases the importance of 

SARC detection and quantification in clinical trials. 

 

2.2.3 Recombinant human L1CAM protein 

The recombinant human protein (L1CAM) is a cell adhesion molecule that belongs to the 

immunoglobulin superfamily of cell adhesion molecules (IgCAM) and was initially 

identified on the neuronal system [47]. Later, its overexpression of L1CAM in various 

types of cancer was reported, mainly in advanced stages of tumours and metastases [48]. 

This relation with cancer progression makes L1CAM an important target to be 

considered. A general schematic topology of L1CAM is represented in Figure 2.5. The 

extracellular portion is subject to membrane cleavage generating a soluble L1CAM with 

a molecular weight in the range of [200- 220 kDa] [49]. The extracellular region is 
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composed of six immunoglobulin-like domains and five fibronectin domains and an N- 

glycosylation site located at the first fibronectin domain [50]. The L1CAM cleavage and 

release of the soluble molecule is involved in the promotion of migration, invasion and 

protection from apoptosis of cancer cells [51]. 

 

 

Figure 2.5 – General schematic topology of human L1CAM, evidencing the fibronectin domains 

as green squares, the Ig-like domains as blue circles and the potential N-glycosylation site. 

Adapted from [50]. 

 

 The L1CAM molecule can be found in serum and the most commonly employed 

approaches for its detection are the enzyme-linked immunosorbent assay (ELISA), 

radioimmunoassay and real-time polymerase chain reaction (RT-PCR) [52,53]. Recently, 

the role of L1CAM outside the nervous system has been extensively investigated and has 

been reported that this molecule is a key factor during the progression of human cancers 

[54]. L1CAM molecule has many advantages as a valuable target, since it is important for 

tumour progression and promotes cell invasion and metastatic formation, being 

overexpressed in several cancer types, such as ovarian and pancreatic carcinomas [54]. 

For these reasons, LCAM is considered an important and suitable biomarker for 

diagnostic/prognostic protocols and also an attractive target for cancer therapy [55].  
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2.3 Biosensors 

 Biosensors are analytical devices that integrate a recognition element coupled to 

a physicochemical transducer, with the ability of converting a biological response into a 

detectable signal. Their development has started in 1960 with the invention of the first 

enzymatic biosensor, by Clark and Lyons, for detection of glucose from blood samples 

[56], in response to the limitations of the conventional methods involved in routine 

analytical testing procedures. Conventional methods are, in general, of high complexity 

(specialized technicians are required, as well as complex equipment) and time consuming, 

requiring also high sample volume. In contrast, biosensors offer the possibility of 

performing clinical analysis outside the laboratory with a simple, quick, and relatively 

inexpensive procedure. The combination of different materials (biologic entities, 

synthetic polymers, electronic components) has further opened new horizons into the 

development of biosensors with exceptional analytical features, and wide range of 

applications. Biosensors can today be applied to a wide range of targets, from small to 

large molecules (including body fluids, food samples and cell cultures). 

The signals produced by biosensors are of electronic or optical nature and are 

proportional to the specific interaction between the analyte and recognition element [57]. 

Signals are measured and analyzed rapidly and with high sensitivity/selectivity, making 

biosensors ideal tools for POC applications. Biosensors are also robust and easy to use, 

enabling in specific conditions portability and real time analysis, being therefore 

important and suitable tools for detecting cancer biomarkers routinely. 

There are various types of biosensors, according to the receptor element and 

transducer employed [58]. A general scheme of a biosensor is represented in Figure 2.6, 

concerning the most common sensing layers employed and the different transducer 

modes. According to the transducer employed, biosensors can be divided into different 

categories, as electrochemical, optical, thermometric, piezoelectric and magnetic. There 

are also several groups of compounds that may be used as recognition element. A brief 

description concerning different transducer modes and recognition elements are presented 

in the next topics, with special emphasis to electrochemical detection and biomimetic 

materials, since these are involved in the methodologies adopted in this PhD thesis. 
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Figure 2.6 – Schematic representation of a biosensor and common recognition elements and 

transducers employed in this context. 

  

2.3.1 Recognition element 

 Recognition elements are responsible for the recognition of the target analyte and 

plays a key role in the performance of the biosensor, as it significantly impacts the 

selectivity and the sensitivity of the analytical response. The most common ones are 

enzymes, nucleic acids, antigens or antibodies [59]. Synthetic nanomaterials with 

artificial recognition sites specifically created to bind to the target analytes may also be 

used, as biomimetic recognition elements, as MIPs or aptamers [60].  

The recognition element of a given biosensor is selected according to the target 

analyte and other parameters such as cost or storage stability (temperature, pH, oxidizing 

environments) [59]. 

 

2.3.1.1 Biological recognition elements and aptamers 

 In terms of biomolecules employed as sensing elements, enzymes are widely used 

because of their high selectivity. As they are involved in catalytic reactions, there are 

several features that may be monitored and related to concentration. This includes 

protons, electrons, and heat [61]. However, enzymes have some drawbacks such as the 

need of high purification levels, great impact from small pH and/or temperature changes, 

or easy denaturation upon chemical manipulation, such as immobilization [62]. The most 
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important example of enzyme-based biosensors is the glucose biosensor employing 

glucose oxidase. This enzyme has been extensively studied and stabilized to ensure a 

response with good reproducibility and stability. 

Nucleic acids are another class of biomolecules suitable for biosensors 

development because of their chemical stability. The stability and specificity of the 

binding between DNA or RNA targets and support-bound probe molecules are crucial 

factors for this based type of biosensors [63]. The sensing of the target analytes occurs 

through the hybridization of the DNA or RNA recognition element (DNA or RNA probe) 

due to the high natural affinity between these molecules [62]. The hybridization process 

occurs only with specific regions of the target DNA sequence due to the complementary 

DNA base pairing [62].  

Synthetic materials of nucleic acids in a given sequence have also been designed 

and used as recognition elements, known as aptamers. Each aptamer contains a specific 

sequence of nucleotides that organizes itself in a given tertiary structure that favours 

binding to an intended target compound. Aptamers are primarily generated using the so-

called SELEX procedure, an iterative in vitro selection in which aptamers are isolated 

from a random library using a targeted in vitro evolution. This in vitro selection process 

determines the sequence of the aptamers that best binds the target analyte. Once their 

sequence is established, aptamers can be easily and inexpensively synthesized and 

reproduced [64]. In a biosensor application, their performance is evaluated in terms of 

selectivity and sensitivity against an intended target compound [65]. 

 

2.3.1.2 Synthetic recognition elements - MIPs 

MIPs are polymeric materials that contain imprinted sites, formed when the 

polymer is growing in the presence of a given compound that is later extracted from the 

polymeric network. This technology allows the generation of biomimetic polymeric 

recognition sites or ‘‘plastic antibodies/receptors’’ with tailor-made binding sites 

complementary to a selected template molecule [66].  These polymer materials can mimic 

the natural antibody/antigen and enzyme/substrate systems, overpassing the stability 

problems of using natural bio-receptors in non-physiological conditions with high 

selectivity and specificity [67]. MIP technology is viewed today as a highly promising 

technology with rapidly attracting interest to improve the conventional bio-recognition 
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methodologies, due to their beneficial features, including high surface area, low price and 

easy preparation and handling.  

The typical steps involved in the production of MIPs are schematically 

represented in Figure 2.7. This involves suitable functional monomers and cross-linking 

agents which are polymerized in the presence of a target analyte (the imprint molecule), 

considered as a molecular template. Firstly, the functional monomers form a complex 

with the template, in order to self-organize their functional groups, forming a pre-

polymerization complex. Then polymerization proceeds immobilizing this complex into 

a cross-linked polymer matrix. Subsequent removal of the imprint molecule reveals 

binding sites that are complementary in size, shape and orientation to the target analyte 

[68]. In other words, a molecular memory is introduced into the polymer, conferring the 

ability to selectively recognize the target molecule. 

 

 

Figure 2.7 – Schematic representation of the synthesis of molecularly imprinted polymers. 

 

A wide variety of polymerization approaches can be employed to synthesize 

MIPs. They are generally obtained by radical polymerization, which includes initiation 

by electrical, chemical or optical stimulus. The polymer growth may occur in different 

modes, with the final polymer being produced by precipitation [69]. Using biosensors, 

MIPs may be assembled in-situ, directly on the substrate that composes the biosensor by 

undergoing electropolymerization. 
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Electropolymerization has attracted increasing attention from the scientific 

community mainly because it enables the generation of ultrathin polymer films, in situ on 

different surfaces, by controlled application of an electrical stimulus to the system. The 

advantages of this methodology over the other methods are the high control of the layer 

thickness and the possibility of direct grafting onto the electrode surface, resulting in a 

rapid, homogeneous, and highly reproducible method to obtain coated surfaces with MIP 

layers [70]. This method enables the tuning of a polymer film thickness and morphology 

by varying the electrical parameters and deposition protocol mode, allowing the 

production of coatings in the order of micro and nano-structure sizes [70].  

Electropolymerization was used through all the works contained in this thesis to 

produce the MIPs, since it is the best approach to obtain polymeric films directly on the 

electrodes surface. Although electropolymerization may have a limited choice of electro-

active monomers and a low degree of cross-linking, it can be performed in an aqueous 

electrolyte, which is compatible when proteins are used as templates. Yet, many variables 

have to be studied to obtain the appropriate optimal conditions for the production of a 

MIP by electropolymerization, such as temperature, pH, solvent, monomers, cross-

linking elements, the interaction between monomer and template, and the template 

removal protocol, as well as the electrochemical variables by which the polymer chain 

grows and reticulates. Each ingredient added or conditions alteration within the 

polymerization process has its particular influence over the properties and performances 

of the final MIP [71].  

In general, two approaches for MIP development are commonly employed in an 

electropolymerization process, concerning the template interaction with the working 

electrode. The template can be added within the polymerization mixture (bulk imprinting) 

or added before to the surface of the working electrode where the polymerization takes 

place (surface imprinting). Both strategies allow the development of a polymer matrix 

with selective recognition sites and have advantages and disadvantages.  When working 

electrodes have high surface areas (as those used in the works contained in this PhD 

thesis) and the template to be imprinted is expensive, the use of surface imprinting allows 

using less volume of template, which reduces the cost of MIP electrodes production. 

Electropolymerization of monomers on conducting substrates can lead to the 

formation of conducting/non-conducting polymer films depending on the selection of the 

monomers and experimental conditions [72]. Some examples of representative monomers 
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employed in the electrosynthesis of MIPs are represented in Figure 2.8-A/B, evidencing 

in Figure 2.8-B the monomers that can polymerize into conductive films. The electrically 

conducting polymers can be grown in thicker and highly controlled films, which is 

beneficial to the design of nanostructured MIPs, contrasting with the insulating polymer 

films that are self-limited in terms of thickness, since the insulating polymer layer affects 

the electron transfer between the electrode and the monomer [72]. 

 

 

Figure 2.8 -A)- Representative monomers applied for the electrosynthesis of MIPs, B) with some 

examples of monomers that can polymerize to developed conductive films. 

 

Generally, MIPs do not own signal output ability, meaning that they need to be 

coupled to an appropriate transducer technology to translate the rebinding event into a 

readable signal. Different works have demonstrated the successful integration of the 

polymers with several readout technologies, including, but not limited to, the heat-transfer 

method (HTM) [73], quartz crystal microbalance (QCM) [74], surface plasmon resonance 

(SPR) [75], surface-enhanced Raman scattering (SERS) [76], and various 

electrochemical and optical transducers [77]. 

Owing to their unique properties of structure predictability and recognition 

selectively, MIPs found application in a wide range of fields, including chemistry analysis 

(purification and separation), biosensing, drug delivery and catalysis. The long-term 

chemical and physical stability allied to the easy and low-cost synthesis procedure turn 

MIPs into an attractive technology with the ability to detect from small to large molecules, 

such as proteins [78]. 

 

2.3.2 Signal transducer 

 Biosensors can also be classified according to the type of transducer mechanism 

selected. Thus, based on the detection method and transducer system, biosensors can be 
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divided into four categories: electrochemical, optical, piezoelectric and thermometric [79] 

as schematized in Figure 2.9. 

 

 

Figure 2.9 - Types of biosensors with basis on the transducer operation. 

 

The optical transduced biosensors are based on light emission or light–matter 

interaction, such as fluorescence, absorbance, or photoluminescence (PL) of an 

appropriate indicator and changes in the refractive index. The fundamental idea of optical 

biosensors is to produce a signal proportional in frequency or intensity to the 

concentration of a specific target to which the biosensor element was conceived [79]. The 

main advantages of these systems include a direct, faster and real-time visual response 

related to the presence of the target analyte [80]. In addition, these systems have high 

selectivity, sensitivity, reliability and potential to be miniaturized and integrated on a 

single chip [81]. A wide variety of non-invasive optical detections have been developed, 

from absorption, fluorescence, Surface-Enhanced Raman Scattering (SERS) and SPR 

(surface plasmon resonance) [81]. These different optical configurations have different 

working principles, features, and properties and can be applied in diverse fields such as 

clinical diagnostics, environmental monitoring, food quality control, and drug discovery 
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[82]. Some optical based biosensors have been introduced into the market, but most 

research is necessary to obtain mechanically stable, reproducible, low-cost and user-

friendly optical devices [82]. 

Other transducers include piezoelectric or thermometric configurations. 

Piezoelectric transducers are mass-sensitive sensors mostly represented by a quartz 

crystal microbalance, which consists of a thin circular quartz plate with metallic 

electrodes placed on the opposite side [83]. In the biosensors field, the electrodes 

employed are typically made of gold. Their working principle is based on an alternating 

potential that produces a standing wave in a crystal at a defined frequency, with the 

thickness of the quartz plate defining the basic resonance frequency [83]. This frequency 

is very sensitive and can be related to the surface properties of a crystal; if the crystal was 

modified with a bio-recognition element, the binding of the target analyte to the sensory 

element will produce a variation in the resonant frequency [84]. A variety of materials 

exert a piezoelectric effect, such as inorganic, and organic and even some biomolecules 

like nucleic acid can provide piezoelectricity [84]. Piezoelectric transduced biosensors 

can work in different modes, in direct and real-time interaction with the analyte which 

provides a simple, reliable and low-cost piezoelectric platform. In addition, antibodies 

and antigens can be employed as promising biomolecules with high compatibility with 

piezoelectric sensors [85]. Thus, piezoelectric biosensors are suitable devices for the 

determination of a wide variety of analytes, such as proteins, nucleic acids, viruses and 

bacteria [85–87]; they can also be employed in the detection of small molecules such as 

drugs, hormones and pesticides [88,89]. The simple manufacture of these biosensor 

devices, without the application of any further reagents, turns them economically 

attractive approaches, especially for diagnosis. Furthermore, more research concerning 

innovation in piezoelectric materials is needed to enhance their potential for routine 

applications.  

Thermometric transduced biosensors are based on the quantification of the 

absorbance or release of thermal energy during a biochemical reaction. Thermal activity 

is a fundamental phenomenon of biochemical reactions, thus thermal biosensing founds 

a broad application [90]. Thermometric biosensors are based on the combination of 

enzymes with temperature sensors, relating the heat of the enzymatic reaction with the 

target analyte concentration [90]. These systems allow the analysis of small volumes of 

sample with higher sensitivity, being especially advantageous when multiple reactions 
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are involved [91]. Thermometric sensors can include different types of temperature 

transducers such as thermocouples, thermopiles, thermistors and diodes [92]. 

The thermistor configuration is the most commonly employed in medical wearable 

devices and industrial monitoring systems [93]. Thermistors are consisted of resistors 

with a negative temperature coefficient of resistance and are mainly based on ceramic 

semiconductors, made by sintering mixtures of metal oxides from different metals 

(cobalt, copper, iron, manganese, nickel, and uranium) [94]. Currently can be employed 

in a wide variety of formats, sizes and resistance values using different types of 

fabrication technologies which make this technology easily accessible [95]. However, 

thermometric methods play an important role in sensing physical parameters.  

Finally, the electrochemical transduced biosensors approach involves the 

measuring of the variation in current, potential and/or impedance signals allowing to 

relate these variations with the interactions that occur in the interface of the sensor 

electrode/ analyzed sample. Currently, the electrochemical biosensors appear as the best 

suited for point of care applications, since they can be easily miniaturized in portable 

configurations with fast in-place analysis and higher sensitivity responses. These 

advantages turn electrochemical-based biosensors the most promising approach for the 

development of autonomous biosensors as intended in this PhD thesis. The 

electrochemical transduced approach was selected for the development of different self-

powered biosensors configurations taking into view their usage in point of care 

applications for cancer biomarkers determination. 

In general, optical and electrochemical systems are the most common transducers 

in biosensors aiming a biomolecule target, since they represent high sensitivity and easy 

miniaturization in simple and user-friendly devices. Between these two systems, 

electrochemical transduction allows a smoother interface with fuel cells for sensing 

purposes as it operates with electrical-based elements. This justifies the use of 

electrochemical transduction throughout this thesis and the description of its main 

principles in the following section. 

 

2.4 Electrochemical biosensors 

The principle of electrochemical biosensors is based on the change in the current 

or voltage of a system when the analyte is recognized by the biorecognition element. The 

interest in electrochemical biosensors by the scientific community is constantly 
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increasing, focused on the development of new detection platforms with higher 

sensitivity, selectivity and reproducibility. 

In the last decades, a huge variety of electrochemical (bio)sensors have been 

successfully developed as promising tools for the detection of multiple compounds, 

including cancer biomarkers [96], viral/ bacterial infections [97,98], pesticides [99] or 

antibiotics [100]. The concerns around the development of simple user-friendly 

electrochemical set-ups with electrical autonomy are currently a great challenge. Great 

interest and attention in electrochemical wearable devices have been explored for health 

monitoring, allowing to use of saliva, sweat, tear and even interstitial fluid [101]. In the 

next sections, the composition of electrochemical biosensors, including electrodes, 

materials and supports was discussed. The most common electrochemical techniques 

used to date were also discussed with special emphasis on the more relevant techniques 

employed in the works contained in this thesis. 

 

2.4.1 Electrochemical cell configurations  

The composition of electrochemical biosensors comprises two or three electrodes 

(working, reference, and counter or auxiliary electrodes) depending on their configuration 

(Figure 2.10). In a common 3-electrodes system, the working electrode (WE) consists of 

a chemically stable solid conductive material, such as carbon, platinum, or gold; the 

reference electrode (RE) has a steady potential (nonpolarizable, meaning that none or 

little current passes through it), and normally includes a silver metal coated with a layer 

of silver chloride (Ag/AgCl); and the counter electrode (CE) records the current in the 

system and normally involves a conductive material such as carbon or platinum [102]. 

In a 2-electrodes configuration, the system consists of working and 

counter/reference electrodes combined [102]. In this, CE and RE are connected forming 

one electrode while the WE are connected on the opposite electrode (Figure 2.10-A). This 

configuration allows measuring the potential across the complete cell system, including 

contributions of the electrolyte interface. This setup is appropriate when the behaviour of 

the whole cell is being investigated and is commonly employed in the study of energy 

conversion devices such as fuel cells, photovoltaic panels and batteries and also in the 

evaluation of energy storage devices. The 3-electrodes configuration (Figure 2.10-B) is 

the most common electrochemical setup used in the electrochemistry area, including in 
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electrochemical biosensors. In this configuration, the current flow between CE and WE 

and the potential difference is measured and controlled against the RE. 

 

 

Figure 2.10 – Schematic view of the 2-electrodes (A) and 3-electrodes (B) configuration, with an 

example of application of each system. 

 

The format of the electrodes is variable. They may present a conventional 

configuration, as that of the typical pH electrode existing among chemistry laboratories, 

or they may be designed in a planar format. A common example of the later are the 

commercial screen-printed electrodes (SPEs), which are widely used to obtain a wide 

range of electrochemical biosensors. They can be applied in different fields, such as 

pharmaceutical detection, clinical diagnosis and environmental analysis, being promising 

tools for a prominent commercialization [103]. 

 

2.4.2 Electrodes composition 

During the fabrication of electrochemical biosensor platforms, different support 

and electrode materials can be employed. While RE and CE are displaying common roles 

(A) 2 electrodes configuration

(B) 3 electrodes configuration
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among different electrochemical biosensors, the WE is providing the required selectivity 

against a given target analyte. Thus, the materials employed to produce WEs should be 

carefully selected. While gold and mercury were used often in the past, carbon has 

emerged as an important alternative to these metals, being rather inexpensive and 

displaying little toxicity. 

In terms of electrode materials, carbon nanomaterials are widely used in electrochemistry 

as support materials in the WE development and the final design can vary according to 

the specific requirements of the sensing application and technology products (e.g. SPEs, 

fuel cells) [104].  Recent advances in nanotechnology have evidenced that carbon 

nanomaterials have the capacity of enhancing the sensing performance of biosensors due 

to their nanoscale size, which makes them unique for various biosensing applications. In 

addition, their properties can be tailored to achieve optimal biosensor responses  [105]. 

Nanomaterials possess high surface area, which can enhance the sensitivity and 

detection range of the fabricated biosensors, allowing for example the immobilization of 

higher concentrations of enzymes or electroactive compounds [105]. Thus, the high 

electrocatalytic activity of nanomaterials is crucial for both enzymatic and non-enzymatic 

biosensors. The selection of the ideal electrode should consider a suitable active 

nanomaterial and a suitable nanomaterial deposition technique, which are crucial 

parameters to fabricate a biosensor device. Thus, the discovery of new carbon 

nanostructures, such as graphene, carbon nanotubes, and carbon nanofibers with unique 

properties, has contributed largely to the development of innovative electrochemical 

(bio)sensors with low-cost fabrication methods. Some of the most commonly employed 

methods in electrochemical biosensors’ fabrication include drop casting, dip coating, spin 

coating and blade coating, due to their simplicity and low cost [106]. 

In terms of support materials, paper arises as an innovative and low-price 

alternative to the conventional support materials of synthetic polymers usually employed 

in the electrode systems. The biocompatibility and renewability of cellulose paper, allied 

to the chemical and biological inertness, turns cellulose into an attractive option for 

electrochemical sensing. An important example of this approach is the commercial 

glucose meter, which may combine paper-based strips with SPEs, where electrodes are 

directly printed on the paper support  [107]. 

 To select a paper substrate, some features should be considered to obtain a sensor 

with a good sensitivity, and stability. The specific features required for the paper support 
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depend on the application selected, including the thickness, pore size, permeability, and 

capillary nature. To this end, the most common paper-based biosensors developed in 

recent years use Whatman paper filter, which has been a popular choice. Whatman paper 

filter can be found with different grades, thicknesses, and pre-treatments, with good 

hydrophilic properties, mechanical strength, and easy degradability. 

The properties of cellulose paper can also be tuned by the addition of different 

compounds, such as polymers and surfactants. Cellulose surface modification can 

improve the physical and chemical properties of the paper substrate, such as surface area 

and adsorption capacity [108]. One of the common modifications employed concerns the 

hydrophobization of cellulose. This is required to avoid electrical short-circuit among the 

several printed electrodes. This is typically done with hydrophobic polymers, such as 

wax, PVC, or PDMS [109]. 

Overall, paper-based analytical devices offer cost-effective solutions for POC 

diagnostics, providing to the end-users a simple and inexpensive healthcare tool. They 

can be developed, for example, for the detection of biomarkers related to infectious 

diseases, as commercial COVID-19 rapid tests, and for monitoring health conditions, as 

the widespread paper-based glucose strips. 

 

 

2.4.3 Electrochemical techniques 

Electrochemical techniques are suitable for achieving low-cost, simple and 

miniaturized portable devices for application in a wide range of fields, particularly 

medical diagnosis and monitoring. To date, various electrochemical techniques, such as 

cyclic voltammetry (CV), differential pulse voltammetry (DPV), square-wave 

voltammetry (SWV), and electrochemical impedance spectroscopy (EIS), have been 

successfully employed in biosensing devices. Furthermore, depending on the type of 

transducer selected, electrochemical techniques can be divided into amperometric, 

potentiometric, voltammetric biosensors and impedimetric biosensors [110]. 

In a simple description, amperometric devices measure currents formed by the 

reduction or oxidation of electroactive species. The potentiometric devices measure 

potential variations of an electrochemical cell, operating in open circuit potential (near-

zero current conditions). In voltammetric based-biosensors, the current is measured in 

relation to the oxidation or/and reduction reactions of electroactive species at the 



Chapter 2 
 
 

59 
 

electrode surface. Impedimetric-based devices involve measuring the impedance of the 

system upon immobilization of sensing layers in the electrode surface [111].  

Amperometric based-biosensors attracted great attention due to their widespread 

application in glucose monitoring. These types of devices are suitable to study the charge 

transfer between the interfaces of phases, for example, between two electrodes separated 

by an electrolyte [111]. Commonly, to describe the system of phases and interfacial 

boundaries the term electrochemical cell is adopted. Two types of processes can conduct 

current across an electrode/solution boundary:  faradaic and non-faradaic processes. The 

Faradaic processes are governed by Faradays law (which refers that the amount of 

chemical reaction at an electrode being proportional to the current). A Faradaic process 

involves a direct transfer of electrons through an oxidation reaction in one electrode and 

a reduction reaction at the other.  The resulting currents are named faradaic currents [112]. 

The other processes (such as the formation of a double layer) that change the interfacial 

surface but do not cause charge transfer across the interfacial boundary are called non- 

Faradaic processes, resulting in non-faradaic currents [111]. 

Both faradaic and non-faradaic processes can take place at an electrode, and their 

differences are important since the two processes represent two fundamentally different 

modes of how an electrode operates and their distinction determines how an electrode 

(process) can be characterized experimentally [113]. 

In the next sub-section, two important electrochemical techniques for the work 

developed in this thesis are discussed. These are CV and EIS. CV was employed to 

develop the sensing layers directly in the surface of the electrode and EIS was employed 

in the transducer fuel cell characterization. 

 

2.4.3.1 Cyclic Voltammetry 

The most widespread electrochemical technique for developing protein MIPs is 

CV.  CV is a simple, fast and possibly the most straightforward electroanalytical 

technique for obtaining qualitative and quantitative information about any electroactive 

species (species that can be oxidized and/or reduced) [114]. This electrochemical method 

allows monitoring the current variation as a function of the voltage applied on the working 

electrode, under a fixed scan-rate value. Varying the scan rate and the number of scan 

cycles, it is possible to control the thickness and compactness of the immobilized polymer 
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film. Thus, the scan rate must be sufficiently long to let the chemical reactions occur in a 

significant degree [114].  

A voltage is measured between the RE and WE, whereas a current is measured between 

the WE and CE. A typically obtained voltammogram is represented in Figure 2.11, 

consisting of a representation of the measured current as a function of the applied 

potential. The resulting current at the electrode surface is measured at each applied 

potential. 

 

 

Figure 2.11– Schematic cyclic voltammogram obtained for a reversible system, including the 

peak cathodic potential (Epc), peak anodic potential (Epa), cathodic current (ipc), and anodic 

current (ipa). Adapted from [114]. 

 

Normally, the voltammogram includes two peaks: a peak related to the oxidation 

process and a peak related to the reduction process. As the potential applied increases 

from V1 to V2, the current increases, resulting in the anodic peak potential (Epa). In the 

reverse cycle, the current decreases and the applied potential goes into the negative 

direction until reaching the electrochemical reductive potential of the analyte. When the 

applied potential exceeds this point, a cathodic peak potential (Epc) can be measured. The 

differences between the cathodic and anodic current from the remaining current are called 

ipc and ipa, respectively [115]. As the reaction proceeds, an approximation of the oxidative 

C
u

rr
en

t
(A

)

Potential (V)

Oxidative peak

Reductive peak

V1

V2

Faradaic

current

Capacitive current

ipa

ipc

Epc

Epa



Chapter 2 
 
 

61 
 

and reductive CV curves is observed, which indicates that the reaction is close to 

completion.  

The reversibility of a redox process is related to the electron transfer kinetics 

between the electroactive species and the electrode surface. When there is a low barrier 

to the electron transfer, the Nernstian equilibrium is immediately established upon any 

change in applied potential. On the opposite, when the barrier to electron transfer is 

higher, the electron transfer reactions are slow and more negative (positive) potentials are 

required to observe reduction (oxidation) reactions, causing an electrochemical 

irreversibility process [116]. The scan rate selected in one experiment controls how fast 

the applied potential is scanned, which leads to a decrease in the size of the diffusion layer 

and causes higher currents. 

Figure 2.12 represents a comparison between the two electrochemical processes. 

When the process is irreversible, the concentrations of the oxidized and reduced species 

do not follow the Nernst equation and the individual peaks appear widely separated and 

size reduced. Depending on the system, increasing the scan rate can restore reversibility. 

[116] (as seen in the simulation shown in Figure 2.12, from the red, and green to the blue 

curve). 

 

 

Figure 2.12– Schematic simulation of a reversible (blue curve) and irreversible (red curve) 

electrochemical processes, evidencing the effect of increasing the scan rate to restore reversibility 

(dashed arrow). 
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2.4.3.2 Electrochemical Impedance Spectroscopy 

EIS is a powerful technique, increasingly used for the detection of relevant 

chemical and biological species due to its ability to detect variations in resistance, 

capacitance, and binding events without causing disturbance in the electrochemical 

system. EIS undergoes the application of a small sinusoidal potential (U) to the WE, while 

the resulting current response is measured [117]. Varying the excitation frequency (f) of 

the applied potential over a range of frequencies, makes it possible to calculate the 

impedance which is the sum of the real and imaginary impedance components of the 

system as a function of the frequency (called angular frequency w). Thus, EIS combines 

the analysis of real and imaginary components of impedance, specifically the electrical 

resistance and reactance, as shown in Equation 2.1 [118]. 

 

 

𝑍 (𝑗𝑤) =  
𝑈 (𝑗𝑤)

𝐼 (𝑗𝑤)
=  𝑍𝑟(𝑤) + 𝑗𝑍𝑖(𝑤):     𝑤 = 2𝜋𝑓                                (2.1) 

 

In electrochemical sensing, EIS techniques are important to follow changes in the 

electrical properties derived from the bio-recognition events that occur in the electrode 

surface. The impedance expression is achieved by the “Nyquist plot”, the most frequently 

employed in impedance measurements regarding its simplicity, not requiring additional 

calculations [119]. An example of a Nyquist plot was schematically represented in Figure 

2.13, which consists of the plot of the real part of impedance (Z´ or ZRE) on the x-axis and 

the negative value of the imaginary part of impedance (Z´´ or ZIm) on the y-axis.  

The different characteristic features of Nyquist plots define the applied equivalent 

circuit model, which represents any process that occurs in an electrochemical cell. The 

Nyquist plots are commonly applied to evaluate the performance of electrochemical 

biosensors, normally by monitoring the dependence of the charge transfer resistance (Rct) 

of the system on the analyte concentration [119]; the Rct is inversely proportional to the 

electron transfer kinetic. 
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Figure 2.13– Schematic representation of a Nyquist plot. 

 

Other components collected and displayed in the Nyquist plots include the 

solution resistance (Rs), which depends on the electrode area and ionic concentration, and 

the Warburg impedance (W) which is related to the diffusion coefficients of molecules or 

redox species (W may not exist and is frequency dependent). On the Nyquist plot shown 

in Figure 2.13, the Warburg impedance is displayed as a dotted line with a slope of 45◦. 

 

2.5 Fuel cells 

The contents presented in this section were partially published in Liliana P.T. Carneiro, 

Nadia S. Ferreira, Alexandra M.F.R. Pinto, M. Goreti F. Sales, " Smart Multifunctional 

Nano-inks: Fundamentals and Emerging Applications ", Elsevier, 1 st Edition - October 

26, 2022 – Chapter 13 - Nano-inks for fuel cells application, 333-343. ISBN 978-0-323-

91145-0. doi.org/10.1016/B978-0-323-91145-0.00008-6. 

 

2.5.1 Fuel cells overview 

Fuel cell technology was designed to convert the chemical energy of a fuel directly 

into electrical energy, operating until the fuel is continuously supplied to the device (not 



Chapter 2 
 
 

64 
 

rechargeable as batteries). The first developed fuel cell operating with hydrogen and 

oxygen was conceived by Francis Bacon in 1932 [120]. Since then, fuel cell technology 

has had an important journey of evolution and development. 

This technology could be a main electrical energy source in the future. The most 

important applications for fuel cell technology are related to the transportation sector 

(e.g., fuel cell vehicles and buses) [121] and power systems (e.g., power plants and 

residential generation) [122] as a sustainable response to the increased demand for the 

dependence on fossil fuels. Also, in the portable market sector, fuel cells have received 

much attention because they can easily be adapted and miniaturized to passive compact 

microfuel cell configurations [123]. 

A simplified structure of a fuel cell is represented in Figure 2.14, displaying the 

two component electrodes (anode and cathode) separated by an electrolyte polymer 

membrane (permeable to protons and insulant to electrons). The fundamental working 

principle of different types of fuel cells is similar. Thus, different reactants can be used 

as fuels involving different chemical reactions occurring in the anode/cathode electrodes. 

 

 

Figure 2.14– General scheme of a fuel cell assembly including typical reactions in different types 

of fuel cells, including proton exchange membrane fuel cells (PEMFCs), alkaline fuel cells 

(AFCs), phosphoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs), and molten carbonate 

fuel cells (MCFCs). Reactions expected in each electrode depend on the type of cell, as identified 

for each electrode. 
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Typical reactants used in fuel cells are hydrogen and oxygen (in most cases, 

oxygen comes from atmospheric air, and therefore the cell can also be continuously 

supplied) that undergo electrochemical reactions at the anode/cathode electrodes, to 

produce an electric current [124]. At the anode, hydrogen molecules are oxidized, 

producing protons and electrons. The protons migrate to the cathode side through the 

electrolyte membrane and electrons flow through an external electrical circuit. The 

oxygen reduction reaction occurs in the cathode electrode among electrons, protons, and 

oxygen molecules, generating electricity, heat, and water (fuel cell by-products). 

The fuel cell efficiency ranges from 40% to 60%, but it can be improved to higher 

values (85%) when the released waste heat is captured and used [125]. Besides H2, other 

fuels can be used to feed fuel cells, such as methane, butane, and natural gas [126]. Liquid 

fuels can also be employed, such as alcohol solutions (methanol and ethanol) and 

nonalcohol compounds such as hydrazine, dimethyl ether, ammonium borane, and 

sodium borohydride aqueous solutions [127]. These direct liquid fuel cells have 

advantages regarding hydrogen fuel cells because liquid fuels are easier to transport and 

do not require high pressure for operation, which are considerable benefits in terms of 

safety. 

Fuel cell technology involves a wide variety of options in terms of operating 

temperatures, fuels, and nanomaterials. Depending on the type of electrolyte used, they 

can be classified as proton exchange membrane fuel cells (PEMFCs), alkaline fuel cells 

(AFCs), solid oxide fuel cells (SOFCs), phosphoric acid fuel cells (PAFCs) and molten 

carbonate fuel cells (MCFCs) [128]. 

PEMFCs have attracted increased interest as a promising energy-conversion 

technology, first with hydrogen fuel cells and later when methanol fuel cells joined the 

group, because they include a proton exchange membrane (PEM). PEM fuel cells use a 

solid electrolyte membrane (normally Nafion®) and are considered low temperature fuel 

cells (below 100 ºC), an operating condition favourable for implementation in the 

transport and portable sectors. The higher power density and faster start-up are also 

advantages of this type of fuel cell, but some barriers need to be overcome, namely those 

related to the catalyst price and device durability. The higher technological innovation 

and commercial interest of this group of fuel cells make them an important subject of 

debate. A section part of this chapter will be dedicated to DMFCs devices since is the 

power source technology selected for the biosensor integration. 
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 Another main innovative fuel cell technology involves the SOFCs group with a 

much higher operating temperature range (reaching 1000 ºC) and a ceramic electrolyte 

adapted to this range (normally yttrium-stabilized zirconia (YSZ). Thus, this type of fuel 

cell requires electrodes composed of extremely resistant materials, which makes this 

technology expensive [129]. Nevertheless, the higher efficiency and performance make 

it appropriate for stationary applications compared with PEMFCs. The main 

disadvantages are the high starting time needed and material degradation due to the high 

operating temperatures.  The development of SOFCs technology is still growing, mainly 

related with the production of novel materials and deposition methods, to turn this type 

of fuel cell technology into a suitable candidate for high power applications, such as 

industrial and large-scale central electricity generating stations. 

Other types of fuel cell technologies were developed, such as alkaline fuel cells, 

PAFCs, and MCFCs. AFCs use an alkaline electrolyte, an aqueous solution of potassium 

hydroxide (KOH). They can operate between 60 ºC and 250 ºC, depending on the 

concentration of KOH in the electrolyte. They need pure H2 and pure oxygen as fuels. 

The presence of CO2, even at atmospheric levels, degrades the KOH electrolyte. This 

intolerance is the main disadvantage, as is the effective decrease in OH- concentration in 

the electrolyte with the increase in operating times. Although not economically viable for 

most terrestrial applications, AFCs have high electrical efficiencies and are mostly used 

in the aerospace industry. In PAFCs, liquid phosphoric acid electrolyte (pure or highly 

concentrated) is contained in a thin SiC matrix. Pure hydrogen as fuel and air or oxygen 

as oxidant are involved in electrochemical reactions similar to those occurring in 

PEMFCs. Because of the solidification temperature of phosphoric acid (42 ºC), PAFCs 

must operate above this temperature. Optimal performance occurs at 180-210 ºC (twice 

the optimal PEMFC temperature range). Compared to PEMFCs, PAFCs have a slightly 

lower electric efficiency (40%) and a longer start-up time. The electrolyte in the MCFC 

is a molten carbonate mixture of alkali carbonates immobilized in an LiOAlO2 matrix and 

the carbonate ion acts as the mobile charge. The relatively high operating temperature 

(650 ºC) provides fuel flexibility and enables the use of nonnoble metal catalysts (nickel-

based materials in the electrodes). They have higher efficiencies, but corrosion of the 

components is a major limitation. Despite their importance and potential, the difficulties 

of finding appropriate materials for AFCs, PAFCs, and MCFCs to improve and/or hinder 
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the poisoning and corrosion phenomena make the development of novel nanomaterials 

more restricted. 

 

 

2.5.2 Direct methanol fuel cells  

DMFCs are a special form of low-temperature fuel cells based on the PEM 

technology that generates electricity by direct oxidation of methanol and reduction of 

oxygen. This type of fuel cells, a particular case of the PEMFC class described in the 

previous section, uses a solid polymer membrane as electrolyte. The operating principle 

of a typical DMFC is represented in figure 2.15. 

 

   

Figure 2.15– General scheme illustrating the working principle of a typical DMFC fuel cell. 

 

An aqueous solution of methanol is oxidized in the anode side of the DMFC 

producing carbon dioxide, protons and electrons; the protons produced migrate through 

the polymer electrolyte to the cathode side, where the reduction reaction with oxygen 

occurs producing water. The produced electrons travel to the cathode through  the external 

circuit, where they can power a device [130].  

When compared to the hydrogen oxidation reaction, the methanol 

electrooxidation reaction is a considerably slower process, since it involves the transfer 

of six electrons to the electrode for complete oxidation to carbon dioxide. The 
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electrochemical reactions in direct methanol fuel cells are represented by the following 

equations [131] : 

 

Anode reaction:              CH3OH + H2O            CO2 + 6 H+ + 6 e-                          (2.2) 

Cathode reaction:            O2 + 4 H+ + 6 e-             2 H2O                                 (2.3) 

Overall reaction:              CH3OH + 3/2 O2           CO2 + 2 H2O                     (2.4) 

 

The free energy associated with the overall reaction at 25 ºC and 1 atm and the 

electromotive force are:  

                        ΔG = - 686 kJ/mol              ΔE = 1.21 V                                                (2.5) 

 

The maximum thermodynamic voltage of a DMFC is approximately 1.21 V at 25 

˚C, thus in practice the real cell voltage is much lower than the theoretical value (0.5 V-

0.6 V). This difference is a result of several types of voltage losses, such as the slow 

kinetic of methanol-oxidation and oxygen-reduction at the anode and cathode, 

respectively, the occurrence of methanol crossover from the anode to the cathode side 

together with ohmic and mass transport losses [130]. This information can be extracted 

by obtaining a polarization curve, which involves simultaneously the measurement of the 

voltage and current delivered by the fuel cell, generating a voltage-current curve. A 

typical representation of a polarization curve evidencing the voltage losses found in a 

DMFC operation is shown in Figure 2.16.  

 

 

Figure 2.16– Polarization curve evidencing the voltage losses found in a DMFC operation. 
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The activation region or kinetic control region is governed by the sluggish 

methanol oxidation kinetics at the anode as well as the oxygen reduction kinetics at the 

cathode. This phenomenon occurs all over the polarization curve but has a deeper impact 

for low current density values [132].   

The area where the cell voltage decreases near linearly is assessed as the ohmic 

control region and occurs mainly due to the resistance of the flow of protons through the 

membrane. This polarization can be minimized by good hydration of the DMFC 

electrolyte membrane. The linear fit of ohmic law to this region enables the estimation of 

the fuel cell ohmic resistance [132]. 

The last part of the curve is referred to as the mass transport control region where 

either the methanol transport at the anode represents a mass transfer limiting current and 

the oxygen supply at the cathode becomes a limiting step. This loss is more significant  at 

higher currents when the fuel and oxidant are used at higher rates [132]. 

The methanol crossover and slow methanol kinetics lead to a decrease in power 

density which difficult DMFC commercialization, in comparison with hydrogen fuel 

cells.  Methanol oxidation is a more complex anodic reaction that involves the transfer of 

six electrons, thus the power of a DMFC is three to four times lower compared with the 

power produced by a hydrogen fuel cell. However, DMFCs present several advantages 

over their direct competitor H2-O2 fuel cells. The main advantage is the use of a liquid 

fuel, which strongly simplifies handling and storage. In particular, for portable 

applications, mostly due to the lack of effective miniaturized hydrogen storage 

technologies, the use of a liquid fuel, requiring less ancillary equipment, is the best option 

to achieve a high-power density with an attractive cost-to-power ratio [132]. 

The voltage required to power a portable device is at least 1.5 V, thus for practical 

applications fuel cells must be connected in a stack, to can deliver enough voltage and 

power. The fuel cell stack consists of individual cells displayed in a setup that allows 

electrical contact between the anode and the cathode of one cell to the other. The final 

stack configuration ensures that the same current is passed throughout the stack. Fuel cells 

can be developed with different active areas, been the active area of the fuel cell is directly 

proportional to the power output required. 

The reactions of the DMFC take place in the catalyst layers (CL). The core of a 

DMFC is called the membrane electrode assembly (MEA) which consists of a polymer 

electrolyte membrane (PEM) sandwiched between an anode and cathode electrode 
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(Figure 2.17). Generally, a sulphonated fluoropolymer (Nafion®) is employed as an 

electrolyte membrane; the electrodes are typically made of a random matrix of carbon 

fibers (carbon cloth or carbon paper), commonly referred to as a porous diffusion layer.  

 

 

Figure 2.17– General scheme illustrating the membrane electrode assembly (MEA) scheme, 

complemented with a real image of the assembly. 

 

 

The catalyst layer includes noble metals such as platinum (Pt) and ruthenium (Ru) 

as electro-catalysts in the electrodes. The Pt-Ru binary alloy electro-catalyst appears as 

the most promising formulation for anode incorporation; the Ru combination with Pt 

forms a binary catalyst, which is fundamental to preventing carbon monoxide poisoning 

during the methanol oxidation reaction.  

Until the current knowledge, the best catalysts for fuel cell electrodes are the PtRu 

alloy for the anode and the Pt for the cathode; these electrodes normally were supported 

on carbon black materials; Nafion® is the most used and suitable solid polymer 

electrolyte. The research in other combinations of carbon supports, metal catalysts, and 

electrolyte/ionomers is in constant growing, with the target to improve the best materials 

found so far. In the next section, the development of novel nanomaterials for DMFCs 

application is approached and explored taking into view the improvement of the 

performance and widespread dissemination of these power source devices. 
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2.5.3.  Fuel cell electrodes: carbon support, metal catalysts, and ionomer 

As referred, the anode/cathode electrodes and electrolyte comprise the membrane 

electrode assembly (MEA), which is considered the heart of a fuel cell. It hosts 

electrochemical reactions involved in energy production.  

 

 

Figure 2.18– Principal components of a general proton exchange membrane fuel cell, including 

the flow field plates (FFPs), gas diffusion layer (GDL), microporous layer (MPL), catalyst layer 

(CL) and proton exchange membrane (PEM). (A) Basic and common catalyst nano-ink 

components for application fuel cell electrodes. (B) Structure and transport processes of 

components forming CLs: Transmission electron microscopy image of a CL. (1) Scheme of 

distribution of ink components and transport processes of oxygen molecules between carbon 

aggregates. (2) General scheme considering transport processes of oxygen through ionomer layer 

to Pt catalyst surface (C). ((A), reproduced with permission from [133] and (C) with permission 

of [134]). 
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The MEA includes a gas diffusion layer (GDL) with a microporous layer (MPL) 

and an anchored catalyst layer (CL) (Figure 2.18- A/B) that normally include a carbon 

support, a metallic catalyst, and an ionomer binder (Figure 2.18- C).   

The components of the catalyst layer form an ink dispersion which is integrated 

in the carbon MPL; the inks developed to the fuel cell electrodes can be denominated in 

the recent research as particle-based nano-ink systems, since are consisted for carbon and 

carbon-metallic nanostructures dispersed in a solvent medium.  

The GDL and MPL are designed to manage heat, water, and electron flow and to 

ensure the supply of reactants  [135]. CLs are involved in transport phenomena and 

electrocatalytic activity [136]. These fuel cell components are found in all types of fuel 

cells. Their selection is closely related to the type of fuel and oxidant employed, and to 

electrolytes and operation temperatures. Different carbon supports, metals and alloys, and 

ionomers have been used, depending on fuel cell requirements. 

The carbon support is a key parameter in fuel cell technology. It has an important 

role in mass transport and electronic conductivity, improving the access of reactants to 

catalysts, maximizing catalyst activity, and contributing to avoiding aggregation during 

fuel cell operation. The performance of catalysts strongly depends on the characteristics 

of the support. Carbon black (CB) is a material with conductive properties, it is made of 

spherical aggregated carbon nanoparticles and is the most extensively used support for 

PEMFC electrodes. Its most common commercial form is Vulcan XC-72R [130], owing 

to the higher surface area, good electrical properties, great availability, and low price 

[131]. However, its resistance against corrosion is limited, leading to a limited durability 

of the electrocatalytic activity of metal catalysts and subsequent fuel cell deterioration 

[132].  

With the advent of nanotechnology, more noble and advanced carbonaceous 

materials have been explored, such as graphene and its derivatives as carbon nanofibers 

(cylindrical graphene nanostructures) or carbon nanotubes (rolled sheets of graphene) 

[133]. Graphene and other related materials attract significant interest for replacing 

traditional materials and enhancing fuel cell performance when they are used as 

electrocatalysts and or conductive fillers in protonic membranes [133]. The key features 

of graphene-based nanomaterials are related to their high surface area, chemical stability, 

and high electronic conductivity. They are able to enhance the dispersion, catalytic 

activity, and durability of catalyst nanoparticles [134]. Thus, most graphene-based 
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nanomaterials require prior modification (chemical or thermal treatments and/or a 

surfactant combination) to improve solubility and processability as solvent dispersions. 

To this end, functionalization may be performed, which increases the number and/or 

diversity of functional active sites on the surface of these nanomaterials [134]. The 

structure of these described carbon nanomaterials is represented in Figure 2.19.  

Carbon nanostructure-based materials are widely applied to support Pt and Pt 

alloy electrocatalysts in fuel cell electrodes. They can be found in several works 

employing optimized nano-inks involving these materials [137].  

Pt-based catalysts are conventional metal catalysts used in low-temperature fuel 

cells, mostly because Pt offers an excellent catalytic activity toward methanol 

decomposition. However, these catalysts are expensive and not widely available. 

 

 

Figure 2.19– Schematically representation of the most common carbon supports employed in fuel 

cell electrodes development, complemented with real SEM images of their structure. 

 

Therefore, efforts to lower Pt catalyst loading [137] or replace it with other 

nonprecious metals or metal oxides in both fuel cell electrodes are undertaken by the 

scientific community, because they may decrease the cost and disseminate fuel cell 
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technology [138]. Other methods to replace Pt-based catalysts include combining them 

with conducting polymers, as described in the section 2.5.4. 

Carbon-supported metal nanoparticles are mixed with an ionomer that completes 

the triple-phase boundary between the carbon support/metal catalyst/ionomer (Figure 

2.20), which is essential for the mass transport pathway of protons, electrons, and gas 

reactants [140]. The ionomer has the double function of keeping the CL together and 

providing pathways for ion mass transport. Ionomers are polymers with the backbone of 

ionized side-chain groups in their structure. The most common ionomers in DMFCs 

contain perfluorosulfonic acid (PFSA) group, including different types of backbone 

structures, such as Nafion® [141]. 

 

 

Figure 2.20– Schematically representation of the triple-phase boundary between the carbon 

support/metal catalyst/ionomer, displaying also the Nafion® binder chemical structure. 

 

Nafion® is extensively used in fuel cell electrodes as an ionomer, but it also acts 

as a binder for all components in fuel cell inks [142]. Normally, Nafion® ionomer is used 

to prepare PEMFC electrodes with a mixture of isopropanol and water as solvent. 

Different ratios of isopropanol and water may be employed because the solvent has an 

important role in dispersing and agglomerating the ink components [143]. Thus, the 

commonly used Nafion® still needs improvements, such as dispersion and mass transport 

limitations, and attempts to modify the intermolecular structure are emerging. This 

includes, as example, using short-sidechain PFSA ionomers [144] and incorporating 
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dioxolane homopolymers (2-methylene-4-methyl-1.3-dioxolane) into the PFSA 

backbone [145].  

Modification of these materials composing fuel cell electrodes is essential to 

reduce the cost and boost the commercialization of this environmentally friendly energy 

production technology. Novel strategies to improve or replace these materials are 

described in the next section, highlighting the conducting polymer-based metallic nano-

inks, since it is the approach selected to modify the anode electrodes integrated in the 

DMFCs developed into this work. 

 

2.5.4 Conductive nano-inks for fuel cell application 

Electrochemical reactions in fuel cell systems occur in CLs, and their development 

involves several nano-ink fabrication methods, including the deposition of catalyst inks 

in different carbonaceous materials. As described in the previous topic, CLs were formed 

by the set support-metal/alloy-ionomer dispersed in a solvent, originating catalyst 

conductive inks in suspension forms.  

Metallic nanoparticles are widely employed to fabricate conductive nano-inks 

owing to their unique properties in terms of a low melting point and high conductivity. In 

addition to metallic nanoparticles, mixed metal oxides can also be employed, and finally 

the combination with conducting polymers can result in many advantages to enhance the 

development of fuel cell electrodes. 

 As described earlier, the catalyst is a fundamental component in any nano-ink 

formulation for fuel cell electrode applications. Pt-based catalysts are the most common 

and commercially employed metallic electrocatalysts, because of the higher 

electrocatalytic activity. Therefore, to widen the commercialization of this power source 

technology, it is essential to overcome barriers associated with the nearly exclusive use 

of Pt and Pt-based nano-catalysts in both anode and cathode fuel cell electrodes. In turn, 

their combination with transition metals forming alloy structures decreases the amount of 

Pt in ink formulations, improving long-term durability and the stability of the material 

against intermediate product poisoning while lowering the cost. Combinations with Co 

[139], Cu [140], Ni [141], Pd [142], Fe [143], and, more commonly, Ru [144] have been 

investigated. PtRu is the best binary catalyst used to enhance methanol oxidation in direct 

methanol fuel cells (DMFCs) [145]. Pd is a close alternative to Pt because it is less 
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expansive and has better resistance by CO poisoning. Nevertheless, it is unstable in acidic 

media and displays higher activity in alkaline media [146].  

Pt nanoparticles are more suitable materials for operating under acidic media. For 

acid media PEMFC applications, a catalyst ink containing synthetized nanoparticles of 

PtPd alloy was obtained with higher stability and electrocatalytic activity for 

electrooxidation reactions of methanol and formic acid fuels. This shows the importance 

of the cubic shape of metallic nanoparticles [147]. The replacement of Pt in fuel cell 

electrodes is an interesting research target in fuel cell electrode optimization in the 

cathode electrode, where less expensive options were found. Composites of transition 

metal/nitrogen/carbon catalysts (M/N/C) appear to be promising candidates owing to their 

higher activity, low price, and durability [148]. Among different combinations, composite 

Fe/N/C-type catalytic inks are promising for Pt replacement. They have similar 

electrocatalytic performance in reducing oxygen species [149]. The development of other 

nonprecious metal catalysts of metal/N/C has attracted attention; they are composed of 

different metallic structures such as Co, Ni, and Mn. However, their implementation 

remains challenging compared with the performance of commercial Pt/C catalysts [150]. 

In addition to the electrochemical activity of nonnoble low-cost metals such Fe and Ni, 

corrosion problems usually affect their practical implementation, with a drop in the 

stability and durability of anode electrodes. Incorporating Ag [151] and Au [152] noble 

metals in the Pt structure is a promising approach among the low-cost alternatives, owing 

to their excellent conductivity and stability. A favorable synergetic effect is observed in 

PtAg alloy, improving catalytic activity and the stabilization of Pt and decreasing CO 

poisoning. Incorporation of PtAu electrocatalysts with different atomic Pt/Au ratios in 

reduced graphene oxide was tested. It produced different metal catalytic inks with higher 

methanol oxidation currents than pure Pt catalysts and showed that incorporating Au in 

the Pt core catalyst significantly improves the catalytic properties and CO tolerance of Pt 

[153].  

Furthermore, the design of inexpensive Pt-based and non-Pt-based catalysts is 

interesting to researchers because of the economic advantages and the limited availability 

of Pt. Studies on this topic reveal examples of common approaches already developed, in 

which different metal combinations were tested to reduce or replace Pt nano-catalysts for 

both the oxidation and reduction of electrochemical reactions. The different combinations 

tested include also combination with conductive polymers.  
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Polymer-based materials can be broadly applied in practically all types of fuel 

cells. Developments in polymer-based conductive inks revealed their relevance for fuel 

cell applications, owing to their high surface area, high thermal stability, easy 

manipulation, environmentally friendly, and tunable electrical properties [154]. 

Conducting polymers have the ability to form nanocomposites with metallic 

nanoparticles, enabling the production of unique nanomaterials that combine the 

characteristics of each element [155]. These hybrid catalysts offer numerous pathways 

for electrocatalyst improvement, because it is possible to obtain multiple composite 

electrocatalytic active sites, which is promising for fuel cell implementation, and to 

improve the life cycle of fuel cells. Catalytic inks with conducting polymers containing 

polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) (PEDOT), polyaniline (PANI), 

and/or polythiophene (PTh) were investigated as conducting catalyst support materials in 

different fuel cell types, to integrate the unique electroactive properties and high 

conductivity of the conducting polymer materials.  

In this thesis, the anode electrodes of the DMFCs were combined with the 

conductive polymers made of PEDOT and PPy. The idea of developing sensing layers 

making use of the combination of conductive polymers have the goal of developed a 

biosensor platform with dual function: power source and biosensor unit.  

Some works can be found in literature considering the DMFCs electrodes 

modification by these materials. PPy nano-capsules were developed and used as support 

material for PtRu catalysts to improve the electrocatalytic activity [156]. Modified 

composite PtRu electrocatalysts inks were developed (PteRu@PPyeMWNT) by 

anchoring the PtRu nanoparticles on the surface of the polymer-coated multi walled 

carbon nanotubes (MWCNT) for DMFCs application. The catalysts obtained were 

suitable for methanol electro-oxidation, conferring protection to CO poisoning [157]. A 

cobalt-PPy-MWCNT composite ink was developed and tested as a cathode catalyst in 

DMFCs, with promising results in terms of the improvement in power density for 

hydrogen, methanol, and ethanol-based fuel cells. This highlights the importance of none 

Pt based electrocatalysts as inexpensive and available alternatives [158]. A PPy/graphene 

oxide (PPy/GO) nanosheet-based composite was developed that showed a high 

conductivity, thermal stability, and surface area, with potential for use as improved 

catalyst supports in PEMFCs [159]. 
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PEDOT and PEDOT/poly(styrenesulfonic acid), PEDOT/PSSA were studied as 

Pt supports in PEMFC electrodes, evidencing an increase in fuel cell performance 

compared with the Pt supported in Vulcan XC-72R. The presence of PEDOT/PSSA 

enabled better dispersion of the Pt nanoparticles on the electrodes and facilitated 

electronic and ionic conduction within the catalyst. Other important findings are related 

to the reduction of Nafion® loading in PEMFC electrode inks and the reduction of Pt 

corrosion compared with commercially available CB-Vulcan XC-72R carbon [160]. 

Compared with the conducting polymer, the employment of conducting polymer-

carbon composites appears to improve the overall conductivity. Thus, different 

nanocomposites involving mesoporous carbon (MC) and conducting polymers were 

investigated. A nanocomposite of Pt/MC-PEDOT was developed as Pt nanoparticle 

support in the cathode electrode, which improved stability and durability (resistance to 

corrosion) compared with commercial Pt/carbon [161]. Conductive inks of Pt/PEDOT/C 

nanocomposites were prepared with different carbon ratios to understand the influence of 

the carbon ratio in the performance of developed composites in fuel cell electrodes. The 

results obtained showed that PEDOT/C materials were promising support materials and 

that the carbon ratio in the composite material has a key role in the morphology and 

electrocatalytic activity, affecting the overall PEMFC performance [162]. 

The polymer-based nano-inks are good candidates to improve or replace the 

current metal catalysts used in fuel cell electrodes and thus reduce the cost of fuel cell 

production. 

  

2.5.5 Passive DMFCs 

DMFCs can be classified as active, semi-passive, or passive based on the fuel 

supplying mode. In the active mode, the reactants are fed with the use of pumps, fans, 

sensors, heaters and humidity components. In this system, the fuel and oxidant supply 

rates can be controlled having the advantage of obtaining higher performance. Semi-

passive DMFCs have a passive anode and active cathode or an active anode and a passive 

cathode [163]. 

In a passive mode, no auxiliary components for the supply of methanol and 

oxygen are used; the reactants are passively transported from the methanol chamber and 

ambient air to the MEA, by capillary forces, gravity and concentration gradients. 

Although the passive DMFCs systems displayed lower power than the active version, 
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they possess a much simpler and compact structure, thus more suitable for miniaturization 

and portable applications that have low power requirements. Hence, passive DMFCs are 

suitable for application in devices with low power requirements, such as biosensor 

platforms devices, whereas the active setups are more suitable for higher power and 

continuous operation devices such as laptops and cell phones. 

The passive DMFCs systems are good candidates to replace the currently used 

batteries in portable applications, turning electronic devices much lighter due to the higher 

energy content per unit mass in comparison with conventional batteries [163]. The 

powered DMFCs systems are smaller, less costly, and environmentally friendly, with fast 

methanol refuelling. Apart from the fuel refilling, the batteries need to be replaced 

periodically since the voltage of the battery degrades with a decrease in charge, although 

the fuel cell system can maintain a constant voltage, as long the fuel is supplied.  

The prototype design and fabrication of micro passive DMFCs systems depend on 

the intended application, since each application has different requirements, such as power, 

voltage and geometric assembly. Miniaturization is a challenging process and not a 

simple scaling down of a larger system. Hence, each component of the fuel cell must be 

readapted and redesigned taking into view the final application and specifications. The 

most critical challenges to overcome in passive configurations are related to methanol 

crossover and mass transport of the different species [164]. 

The methanol crossover rate is related to the use of membranes that have 

permeability to methanol, along with water. Hence, methanol can pass through the 

membrane to the cathode side and consequently the voltage of the DMFC decrease and 

also fuel is wasted, contaminating also de Pt in the cathode electrode. To minimize this 

problem, small methanol concentrations can be used; thus, the methanol concentration 

should not be too low, since an insufficient methanol concentration in the anode CL leads 

to a large mass-transport loss and consequently to a lower cell voltage.  

In passive set-ups, additional fans/compressors were not employed, so the primary 

transport mechanisms for the species delivering in the CLs are diffusion and natural 

convection. This condition limits the rate of electrode reactions and can be minimized by 

a suitable fuel cell design and nanomaterials employed, been adapted to improve the 

reduction of the mass transfer resistance, water management and also CO2 removal. 

As discussed in this section, there are many challenges to the development of 

passive DMFC systems. The miniaturization also adds more challenging and crucial steps 
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to obtain a device that fulfills the intended final application. In this thesis, two different 

passive prototypes were developed and successfully applied to the biosensor application. 

This field of application is almost not explored, with very few works published 

considering biosensing application. Therefore, another prototype considering methanol 

fuel cells were successfully developed and presented in the next section. 

 

2.5.6 Applications of Direct methanol fuel cells 

DMFCs have been receiving much attention in recent years as an alternative to 

fossil fuels-based energy sources, owing to their high efficiencies and very low emissions. 

There are three main fields of application where fuel cells can be employed, being more 

specifically divided into stationary, portable and transportation fields. Presently, the most 

appealing applications for DMFCs are in the portable sector, with the potential to replace 

everything that uses a battery, such as computers, mobile phones, or personal organizers. 

Some prototype examples involving the DMFCs technology in portable applications are 

shown in Figure 2.21.  

To date, DMFCs have shown that they can be successfully produced on a 

commercial scale, as seen in the last presented prototypes. Therefore, the dependence on 

high-load expensive catalysts, allied to the performance enhancement in terms of fuel 

crossover limits their dissemination in the commercial market. The research interest by 

the scientific community in improving the features of this technology is increasing 

through the last decade as can be seen in Figure 2.22. 
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Figure 2.21 – Direct Methanol Fuel Cell portable prototypes, including a methanol fuel cell 

mobile phone launched by ©Toshiba (A), a portable laptop powered by a methanol fuel cell 

launched by ©Ultracell (B), a methanol fuel cell MP3 player launched by ©Toshiba (C), and a 

hybrid fuel cell system integrating a DMFC and a Li-ion battery launched by ©Sony (D). 

 

 

Figure 2.22 – Total publications search using keywords of all types of alcohol fuel cells found 

from 2010 to 2020. Adapted from [127]. 
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Numerous topics of study have been identified to address some of the problems 

of the DMFC promising technology, and the development of new catalysts and 

membranes plays a key role in the enhancement of the performance of these devices. 

Thus, the development of new and low-cost materials is not the only topic to consider; 

the commercialization proposes into broad commercial markets brings new challenges in 

terms of the development of different fuel cell configurations, with the capability to keep 

the higher efficiency, reliability, with a competitive producing cost. The continuous 

research and development in this area will certainly contribute to the dissemination of this 

technology as a powerful power source, contributing to satisfy the worldwide energy 

demand. 
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Chapter 3 

 

 

3. A passive direct methanol fuel cell as transducer of an 

electrochemical sensor, applied to the detection of 

carcinoembryonic antigen 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter were published in Liliana P.T. Carneiro, Nadia S. 

Ferreira, Ana P.M. Tavares, Alexandra M.F.R. Pinto, Adélio Mendes, M. Goreti F. Sales, 

" A passive direct methanol fuel cell as transducer of an electrochemical sensor, applied 

to the detection of carcinoembryonic antigen ", Biosensors and Bioelectronics (2021), 

175, 112877. doi: https://doi.org/10.1016/j.bios.2020.112877. 
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3.1 Introduction 

The ability of monitoring cancer biomarkers in biological fluids by means of 

electrochemical biosensors has emerged as a fundamental tool for disease diagnosis and 

also for monitoring of the progression of disease [165,166]. Thus, the advantages of 

biosensors are vast, since they are easy to use and offer fast responses with high sensitivity 

and selectivity [167,168]. Despite all the advantages of biosensors so far, their autonomy 

still needs to be improved, in order to promote and disseminate their use among healthcare 

systems, especially in places where electrical power may not be promptly available or in 

times of natural disasters or global crises. Considering electrochemical biosensors in 

particular, this would mean having an electrical power source. To this end, other 

biosensors have been interfaced with dye-sensitized solar cells (DSSC) as an electrical 

power source [169,170]. Despite their advantages in terms of environmental impact, 

DSSC-based biosensors do not operate at night, because they do not integrate a battery as 

they are of single use.  

As an alternative innovative approach, we propose herein the interface of a 

biosensing unit in the electrical circuit of a passive direct methanol fuel cell (DMFC), in 

which the DMFC acts as the transducer of the sensing element. The combination of 

DMFCs and sensors results in off-grid devices, opening new opportunities to the 

development of autonomous sensors, which are particularly important in times of global 

crisis. 

The sensing element considered for this purpose is a MIP layer, obtained to detect 

carcinoembryonic antigen, CEA. Suitable monomers and crosslinking agents are selected 

and polymerized in appropriate conditions, in order to obtain a polymeric layer that 

displays high and selective affinity for the given target molecule.  

Aiming at a simple integration of the sensor on the DMFC electrical circuit, the 

MIP layer was produced on the transparent conductive oxide (TCO) of FTO-glass, by 

electropolymerizing in-situ EDOT and Py. When CEA binds to the binding sites formed 

therein, the electrical resistance of this layer increases. As the number of binding sites 

occupied by CEA on the MIP film depends of the concentration of CEA in solution, the 

resistance increase is also concentration dependent. In turn, as this FTO/MIP film is 

integrated in the electrical circuit of the DMFC, the power of the fuel cell is also 

concentration dependent. This integrated DMFC/sensing element is therefore a new kind 

of integrated (bio)sensor. 
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In this work, the DMFC was set-up with a passive configuration, to allow its use 

outside the laboratory. In this device, few drops of an aqueous methanol solution were 

added to the initially dry DMFC anode; at the anode, the added methanol is transported 

passively by capillarity and concentration gradients [171]. Overall, these passive set-ups 

are suitable to operate at room temperature, allowing miniaturization and portable 

applications [172]. The single work published so far employing DMFCs for a similar end 

was operated in a non-passive environment, which means that the system required 

constant mechanical feeding of the reagents (methanol and oxygen) [173]. This particular 

configuration depends of many accessories (pumps, auxiliary tubes and pressure 

requirement), which makes impossible its future application as an autonomous and 

portable device. In addition to this, the cell set-up used there required special tools to open 

and close, because the pressure exerted into the cell needed accurate control to avoid 

irreproducible data. 

Thus, to the best knowledge of the authors, this is the first work reporting a MIP 

sensing element transduced by a passive DMFC device, and actually allowing its use as 

portable unit. The selection of CEA as target biomarker was due to the fact that it is a 

very important biomolecule in cancer disease diagnosis and follow-up, being most 

especially related to colorectal cancer disease [174,175]. There are several methods 

described in the literature for CEA determination, but no one of these employs the 

technical approach proposed herein. 

In detail, the integrated device contained the DMFC and the sensor units 

integrated in the series in a closed electrical circuit. The passive DMFC unit was 

developed as described in [172] and optimized in the absence of auxiliary components 

for the supply of methanol and oxygen. The sensor unit contained an imprinted CEA film 

assembled on a Fluorine doped Tin Oxide (FTO) glass with a layer of PEDOT [170]. This 

electrode was sandwiched with another FTO-glass with Pt nanoparticles, having electrical 

contact by means of a suitable electrolyte solution. The final set-up was tested against 

CEA in different media (buffer, synthetic fluid model, Cormay® serum), transduced by 

the electrical power of the DMFC. 
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3.2 Experimental section 

3.2.1 Reagents and solutions 

All chemicals were of analytical grade and water was ultrapure Milli-Q laboratory 

grade. MES buffer, 10 mM, pH 6.0, was obtained by dissolving 2-

morpholinoethanesulfonic acid buffer grade (obtained from AppliChem). This buffer was 

used throughout. CEA stock solutions (obtained from MyBiosource) were prepared in the 

previously prepared MES buffer, and less concentrated standards were obtained by 

accurate dilution of the previous solution in the same buffer, ranging from 0.1 ng/mL to 

100 μg/mL. 

The electrolyte solution used in the biosensing unit consisted of 0.05 M iodine 

(Riedel-de-Häen), 0.1 M lithium iodide (anhydrous, beads, ~10 mesh, 99.999% trace 

metals basis, Sigma-Aldrich), 0.6 M 1-hexyl3-methylimidazolium iodide (HMII, 98%, 

Alfa Aesar), and 0.5 M 4-tertbutylpyridine (TBP, >96.0%, from TCI) in acetonitrile, as 

described in [169]. The monomers used in the synthesis of the MIP film were 3,4-

ethylenedioxythiophene (EDOT, 97%, Alfa Aesar) and Py, obtained both from TCI. 

For selectivity studies, a physiological Synthetic fluid model and Cormay® serum 

(PZ Cormay S.A) were used with a dilution of 1000 x. The Synthetic fluid model was 

prepared using 145 mM sodium chloride (Panreac), 4.5 mM potassium chloride (Merck), 

32.5 mM calcium chloride (VWR chemicals), 0.8 mM magnesium chloride (Riedel-de-

Häen), 2.5 mM urea (Fagron), and 4.7 mM glucose (Alfa Aesar) as described [176]. These 

media were spiked with the same biomarker concentrations, as previously described for 

the buffer.The selectivity study used ascorbic acid (0.02 mg/mL; Riedel-de-Häen ), D-

Glucose Monohydrate (1.3 mg/mL; Alfa Aesar), Urea (0.2 mg/mL;Fagron), Cancer 

Antigen 15–3 (150 U/mL; MyBiosource), and Cancer Antigen 125 (150 U/mL; HyTest) 

were used with the mentioned concentrations (in buffer). 

 

3.2.2 Preparation of the sensing unit 

The sensor unit combines two conductive FTO-glass electrodes interfaced in the 

electrical circuit. One was de anode (Figure 3.1-A) and acted as the sensing unit and the 

other was the counter electrode, allowing the electrical flow through the overall set-up 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mes-buffer
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and completing the electrical circuit by means of an electrolyte solution between these 

two electrodes (Figure 3.1-C).  

 

 

Figure 3.1- Schematic representation of the constituents of the final biosensor device, including 

(A) the different steps for the sensing layer development (B) the methanol fuel cell device and 

membrane electrode assembly (MEA) (B) integrated DMFC/Sensor electrically coupled (C). 

 

The counter electrode consisted of a FTO-glass with Pt nanoparticles, deposited 

by spin-coating and subsequent annealing. It was obtained as described in [169], by 

coupling gold nanoparticles to Dye-Sensitized Solar Cells, for an increased efficiency. 

Briefly, the FTO-glass was cleaned in acetone, followed by ethanol and deionized water. 

The active area of the FTO-glass was covered by a Pt film obtained by a dissolved 

platinum salt in ethanol, which was deposited by spin coating at 2000 rpm for 20 s. 

Afterwards, the glass with Pt was annealed in the oven at 450 ◦C for 15 min. To grant a 

good electrical contact, silver ink was painted on one edge of the glass.  

The sensing electrode consisted of a FTO-glass modified with a PEDOT layer was 

prepared by electropolymerization in-situ of an EDOT solution. The MIP film was 

assembled on top of the PEDOT by co-electropolymerization of Py and EDOT in the 

presence of CEA (CV, 10 cycles) [170]. CEA was after removed by incubating the 

electrode in Proteinase K (500 μg/mL) overnight. A control non-imprinted polymer 

electrode (NIP) was obtained in parallel, using the same steps, but without CEA.  
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The MIP sensing electrode was discarded after each respective calibration (single 

use). The Pt coated counter electrode was reused several times, as it was not modified 

during the readings of the sensing layer.  

 

3.2.3 Fuel cell unit 

The passive DMFC device used herein was set-up as indicated in Figure 3.1-B, 

according to [172]. The actual set-up may be seen in Figure 3.2 (A and B). It contains 

two acrylic cover plates, one for each electrode. The anode side is represented in Figure 

3.2-A and contains a specific storage deposit for methanol solution refueling, with easy 

access to allow fast introduction of the fuel into the system. The cathode is represented in 

Figure 3.2-B and has an “open” grid area for allowing oxygen from atmospheric air to 

enter the cell. 

 

 

Figure 3.2 - Designed passive DMF device: (A) Anode side of the fuel cell, which contains a 

reservoir for the methanol solution insertion into the system; (B) Cathode side of the fuel cell, 

with a grid open to the atmosphere, in order to allow that the O2 present in the atmospheric air 

reaches the electrode.  

 

The overall set-up also includes two metallic end plates, working as current 

collectors, and a rubber gasket, that works as an insulating element, in order to avoid 

electrical short-circuit (technical drawings showed in Figure 3.3). 
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Figure 3.3 - Technical drawings of the DMFCs used in this work. 

 

The assembly of this DMFC was made in a single cell, using a passive fuel cell 

operation mode. It is important to highlight that the added fuel percolates to the anode by 
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capillarity and diffusivity, without the need of an active pump. These characteristics allied 

to the compact structure of this device make it suitable for a portable application, such as, 

power a sensor. Inside the DMFC set-up there is the membrane electrode assembly 

(MEA), consisting of two commercial carbon cloth electrodes, separated by a solid 

Nafion® membrane (115). The active area of the MEA was 2.25 cm2. The cathode 

consisted of a carbon cloth layer containing 1 mg Pt/cm2 and the anode was a carbon cloth 

with 2 mg PtRu/ cm2 content.  

The DMFC cell was operated at room temperature and atmospheric pressure. The 

anode was feed by a 2 M methanol aqueous solution and the cathode used O2 from the 

atmospheric air. Before use, fuel cells were activated by measuring consecutively 

polarization curves, until OCP values reached 0.63–0.66 V, depending of the DMFC, and 

current values changed less than 1–2%. After the feeding the DMFC with the fuel and its 

activation, three different type of polarization curves (Sampled DC technique) were 

obtained: a) for the DMFC alone; b) for the DMFC/ Sensor without the target protein, in 

blank assays; c) for the DMFC/Sensor with the target protein (calibrations). Figure 3.4 

shows the typical polarization curves obtained throughout the overall process, reflecting 

the behavior of the DMFC before and after the MIP integration, including the blank assay 

response (after MES buffer incubation) and protein incubation response.  

 

 

Figure 3.4 - Power curves obtained during an experimental assay: for the DMFC alone, for the 

DMFC/Biosensor without the target protein (after buffer incubation) and for the 

DMFC/Biosensor with the target protein (after incubation of a CEA standard with concentration 

of 100 mg/mL). 

DMFC + Biosensor (blank assay)               

DMFC + Biosensor (CEA incubation)               
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The DMFCs used in this work were not directly modified through the sensing 

analysis, and therefore they may be reused for a long period. Between reutilization, the 

DMFCs were stored by replacing the methanol solution in the container by water and 

sealing it with Parafilm®, to avoid evaporation. 

 

3.2.4 Apparatus and integrated device set-up 

Electrochemical measurements were conducted in a potentiostat/ galvanostat from 

Metrohm Autolab and a PGSTAT302N, controlled by Nova software (NOVA 2.1). All 

electrochemical measurements were performed at room temperature and atmospheric 

pressure. The set-up of the integrated DMFC/Sensor is shown in Figure 3.1-C. The anode 

of the DMFC was feed with an aqueous 2 M methanol solution, loaded in the reservoir. 

The cathode used O2 from atmospheric air. The sensor element was electrically integrated 

with the external electrical circuit of the passive DMFC. To this end, the electrical 

crocodile connectors were used to connect both systems (Figure 3.1-C, bidirectional 

arrows). 

 

3.2.5 Electrochemical assays 

The response of the passive DMFC with the integrated sensor was evaluated by 

Sampled DC. Before coupling with the sensor, the DMFC was activated running few 

polarization curves. The calibrations of the integrated system were made by incubating 

CEA standard solutions of increasing CEA concentrations on the anode sensing electrode, 

for 20 min; this solution was carefully washed out with Milli-Q water and dried with 

nitrogen and closed again using the previously described electrolyte. After integrating 

this biosensing cell in the electrical circuit, the performance of the DMFC integrated 

system was evaluated. This procedure was repeated for increasing concentrations of CEA, 

prepared first in MES buffer and after in diluted Cormay® Serum (1000 ×) to assess the 

ability of the MIP film to discriminate CEA (selectivity). 
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3.3 Results and discussion 

3.3.1 Normal operation of the passive fuel cell 

The resolution, the response time and stability of the sensor response are related 

to the power supply potential and stability [177]. The DMFC was then optimized to 

provide a stable power at optimized potential by checking essentially the effect of the 

methanol aqueous concentration, ranging from 0.25 to 2.0 M. The obtained polarization 

curves and power curves were shown in Figure 3.5-A/B. 

 

 

Figure 3.5 - Electrochemical data of the passive DMFC in the form of (A) polarization and (B) 

power density curves of the passive DMFC device operating with different MeOH concentrations; 

Electrochemical data of the passive DMFC device using different reading times (30 s – 180 s) in 

each potential, using 2.0 M MeOH concentration, plotted as (C) polarization curves and (D) power 

curves. 
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As expected, results indicated that both current density and power density 

increased with increasing MeOH concentrations. The highest MeOH concentration 

yielded a maximum power of 2.5 mW/cm2 and a maximum potential of 0.66 V (OCP), 

which are acceptable values for a passive DMFC operating at room temperature [164]. 

Increasing methanol concentrations were also linked to faster, sharper and stable 

responses of the sensor unit. Thus, the maximum concentration tested, 2.0 M, was 

selected for further studies. Although having the risk of some methanol crossover, this 

condition yielded the best performance of the DMFC, guaranteeing the highest energy 

possible to the sensor and directly impacting upon the sensitivity of the integrated sensor 

response. 

For obtaining the polarization curve, the time given for each reading was 

optimized, varying from 30 s to 180 s, with steps of 30 s. The optimal reading time was 

set to 60 s, compromising the quality of the readings and the time needed for obtaining 

the overall polarization curve. At least 5 experimental reads were collected per curve. The 

resulting polarization curves were represented in Figure 3.5-C and the power curves in 

Figure 3.5-D. When the reading time was set to 30 s and 120 s, the reproducibility of the 

sensor was inferior. With the exception of the 30 s of reading time, all other potential 

reading times led to stable power readings, with relative standard deviations ranging from 

0.2% to 3.1% (data showed in Figure 3.6). 

 

3.3.2 Setting the integrated device 

The electrochemical cell of the sensing unit was composed of two electrodes. One 

electrode had the MIP film selective to CEA, similar to that developed in [170], and 

assembled on top of a PEDOT layer on a FTO-glass support. In detail, this MIP film was 

obtained by co-electropolymerization of EDOT and Py, in the presence of CEA. CEA 

was later extracted from the polymeric network, to create vacant positions of high affinity 

for CEA binding (Figure 3.1-A). The electrochemical EIS data of the different steps 

involved in the construction of the sensing unit was compared with the NIP control, as 

represented in Figure 3.7.  
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Figure 3.6 - Polarization curves and power curves obtained for different potential reading times: (A) 30 s, (B), 60 s and (C) 120 s, using 2.0 M of MeOH. Each 

plot contains 3 consecutive measurements.
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In general, the PEDOT layer on the FTO-glass was confirmed by confocal 

microscopy, while being also perceptible to the naked eye (Figure 3.7-A).  

 

 

Figure 3.7 - Electrochemical EIS data of the different steps involved in the construction of the 

different electrodes. (A) FTO-glass with (blue) or without (orange) PEDOT layer and the 

photography of FTO glass after PEDOT layer and respective confocal image of PEDOT layer 

before and after polymerization PEDOT/PPy. (B) MIP film with (green) or without CEA (gray). 

(C) NIP film before (green) or after (gray) proteinase k treatment. (D) Raman Spectra of the 

different construction steps of MIP and NIP. Data in (A), (B) and (C) used 

5.0 × 10−3 M [Fe(CN)6]3−/4− readings in PBS buffer, pH 7.0.  

 

The formation of the MIP/NIP film on top of this PEDOT layer was evident by 

EIS studies, in which the charge transfer resistance displayed a significant increase 

(Figure 3.7–B/C). This increase was more evident on the NIP, because the presence of 

CEA (on the MIP) by the time the polymer was being formed hindered its growth. The 

removal of CEA from the polymeric network was confirmed by a decreasing resistance 

to charge transfer (Figure 3.7–B). The presence of the polymeric MIP/NIP films on the 
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FTO/PEDOT glass was also confirmed by Raman spectroscopy (Figure 3.7-D), although 

the observed changes were not significant, because the MIP/NIP films also contained 

PEDOT. The imprinting factor of the MIP was also calculated as the ratio of the signal 

produced by the same standard CEA solution (the highest concentration tested) in both 

MIP and NIP. Considering the corresponding relative values to the blank and subtracting 

the unitary effect of the blank, this imprinting factor was 2.65, thereby confirming the 

great ability of the MIP to detect CEA by means of its imprinted positions. 

The second electrode of this electrochemical cell was a FTO-glass covered with a 

layer of Pt nanoparticles generated in-situ. A suitable electrolyte between the MIP and 

the Pt layer ensured electrical contact between these two electrodes. The integrated 

DMFC/Sensor is represented in Figure 3.8. 

 

 

Figure 3.8 - Integrated set-up assembly including a (A) Schematic diagram representation of the 

DMFC functioning with the chemical species involved in methanol oxidation-reduction process 

and real image of the set-up of DMFC/Sensor. Electrochemical results of the polarization and 

power densities obtained: (B) before (dark line) and after (blue line) the coupling of the sensor 

with the fuel cell; (C) stability of the DMFC/Sensor assembly in two consecutive assays.  
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This integrated sensor/power supply assembly was never reported before and 

therefore different configurations had to be tested first to achieve an optimized unit. This 

includes checking the response of FTO-glass without Pt and loaded with different 

electrolyte compositions (Figure 3.9), but the conditions described before were the ones 

promoting the lowest resistance upon the external circuit of the DMFC.  

 

 

Figure 3.9 - Scheme of the different setups tested for the (MIP/FTO-glass) electrode integration 

in the external circuit of the DMFC and electrochemical results obtained with the different 

assemblies. 

 

The integration of a single electrode (MIP/FTO-glass) in the external circuit of the 

DMFC was also tested (Figure 3.9), because this configuration would facilitate the 

incubation of the sample. However, the response of the sensor was insensitive to 

concentration changes, as the electrical conduction through the FTO layer prevailed, or 

lead to short-circuit when an electrolyte was present and met the electrical connections. 

The impact of the external sensor upon the DMFC cell output was evaluated by 

incubating buffer only and measuring after polarization and power curves. Comparing to 

the DMFC device, the integrated DMFC/Sensor setup showed lower current and power 

values (Figure 3.8-B/C). The power density of the integrated device was ~5% of the 

power density generated by the DMFC alone (Figure 3.8-B). The mean power of the 

DMFC was 2.50 mW/cm2 (average of four assays), whereas the mean power of the 
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integrated system (DMFC + Sensor) was 0.12 mW/cm2 (average of three assays). These 

results were as expected, considering that the sensing unit integrated in the external circuit 

imposed a very significant resistance to the electrical circuit. This resistance affected, in 

turn, the electron flow along the external circuit. As the electrons migrating through the 

external circuit were required at the cathode for oxygen reduction (Fig. 3.8-A), this 

limited electron flow was translated by a breakdown in the final power of the integrated 

device. 

To serve as a transducer, this integrated set-up should be reproducible and 

generate repeatable data. Thus, four independent units were evaluated for the different 

media tested herein. This includes buffer and synthetic fluid model. The results obtained 

indicated mean power values of 0.12 mW/cm2, with relative standard deviations of ~3%, 

which confirmed the good reproducibility of the integrated set-up in buffer (Figure 3.8-

C). Tests made with the synthetic fluid model incubated in the MIP film yielded mean 

power values of 0.075 mW/cm2, with relative standard deviations of ~6%. This indicated 

that the fluid model could be affecting the inherent performance of the DMFC, but this 

was likely to happen due to the complex composition of this medium, which would lead 

to a higher background resistance of the MIP film. 

 

3.3.3 Response to CEA in buffer 

The calibrations of the integrated DMFC/Sensor device were made after ensuring 

a signal stabilization, in which the necessary incubations of MES buffer were made to 

ensure a repeatable signal output. After this, increasing concentrations of CEA standard 

solutions ranging from 100 pg/mL to 100 μg/mL were incubated consecutively on the 

MIP film and the device performance recorded after each concentration. Each standard 

solution was let stand on the MIP film for 20 min. After this period, the sensing layer was 

washed with buffer, a few drops of electrolyte were casted on top of it and the cell closed 

with the FTO-glass/Pt electrodes. This cell was further integrated in the external electrical 

circuit of the DMFC. After feeding the DMFC unit with 2 M methanol, the performance 

of the cell was recorded by sampled DC (important to note that this solution could sustain 

the sensor response for several hours). Several calibrations were made to assess the 

standard analytical features of operation of this integrated set-up. A typical plot obtained 

is shown in Figure 3.10-A and the normalized average values of power density and the 

standard deviation of all curves (error bars) were represented in Figure 3.10-B. 
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Figure 3.10 - Typical Power-Current Density curves of the DMFC/Sensor device towards CEA 

increasing concentrations in the range of 0.10 ng/mL to 100.0 μg/mL in buffer. Results show: (A) 

a calibration curve obtained during calibrations of crescent concentrations of CEA standards; (B) 

the average value of the maximum power density obtained in each CEA concentration. 

 

In general, the average power density decreases for higher concentrations of the 

CEA, in a concentration dependent mode. The results shown in Figure 3.10-A show that 

after the successive incubations with increasing CEA concentrations, the output power of 

the device also decreased. After an initial value of 0.12 mW/cm2 for stabilization in MES 

buffer, the power decreased to 0.044 mW/cm2 when probing the maximum concentration 

of CEA. This variation was consistent among the different calibrations performed in 

buffer, indicating that after completing the calibration, the power was about ~63% smaller 

than the original for the blank unit. This was consistent with the increasing electrical 

resistance that the MIP film imposes to the circuit, after binding with increasing 

concentrations of CEA, thereby imposing an increasing power consumption. The binding 

of CEA in the MIP layer clearly limits the electronic flow along the external circuit, 

making the DMFC a transductor of this binding event. 

In terms of general performance, the calibration curves displayed a slope of − 

0.085 mW × cm− 2/decade concentration and a squared correlation coefficient of ~0.981. 

This data is shown in Figure 3.10-B, corresponding to normalized power values 

(powersample/powerblank). Overall, the system was highly reproducible, yielding relative 

standard deviations of each standard reading ranging from 0.26% to 5.5%. The resulting 

limit of detection was 0.08 ng/mL. 

Comparing to the previously published setup for this MIP film [170], it is 

interesting to note that this new integrated configuration was able to increase by 100 x 
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the detection capability of the system. The previous work used Electrochemical 

Impedance Spectroscopy (EIS) to yield a linear response range from 10 ng/mL to 100 

μg/mL of CEA standard solutions, while this one used a DMFC power and yielded a 

linear range from 0.1 ng/mL to 100 μg/mL. 

To evaluate the selectivity of the MIP sensor response, selectivity tests were made 

in buffer solutions against common interfering compounds in serum (glucose, urea, 

ascorbic acid) or other cancer biomarkers (CA15-3 and CA125). This was done by testing 

(i) a CEA solution in a sensing unit and (ii) another CEA solution prepared with the same 

CEA concentration and spiked with different interfering species. The obtained data was 

shown in Figure 3.11 and confirmed the high preference of the sensor for CEA, with 

signals changing 6–7%, both in positive and negative directions. 

 

 

Figure 3.11 - Selectivity tests results performed with different possible interferents (glucose, urea, 

ascorbic acid) and similar potential interfering proteins (CA15-3 and CA125) obtained in parallel, 

using independent sensing units integrated in the DMFC device. 

 

3.3.4 Response to CEA in synthetic fluid model and human serum 

Further studies of this set-up proceeded by testing it under similar conditions to 

the biological fluids, considering that the main target of this work was to analyse CEA in 

serum. To this end, several calibrations were made in standard solutions prepared in a 

background medium of two different physiological media, to evaluate the sensing 
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response in a background medium that is similar to real samples, and to determine if there 

is any influence of interfering substances present in real samples. Figure 3.12 shows the 

obtained results from both tested media, synthetic fluid model and Cormay® serum, 

respectively. 

 

 

Figure 3.12 - Typical Power-Current Density curves of the DMFC/Sensor device towards CEA 

increasing concentrations in the range of 0.10 ng/mL to 100.0 μg/mL in physiological medium. 

Results show: (A) a calibration curve obtained during calibrations of crescent concentrations of 

CEA standards in a synthetic fluid model and (B) the average value of the maximum power 

density obtained in each CEA concentration. (C) A calibration curve obtained during calibrations 

of crescent concentrations of CEA standards in Cormay® serum and (D) the average value of the 

maximum power density obtained in each CEA concentration. 

 

As shown in Figure 3.12, both media yielded a decreasing power response when 

incubating increasing concentrations of CEA, evidencing also a concentration dependent 

behaviour. Comparing to synthetic fluid model, the data obtained with Cormay® serum 

y = -0.084x + 0.9019
R2= 0.9947  

y = -0.069x + 0.7365
R2= 0.9891  
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presented a wider linear response range for similar squared correlation coefficients. 

Considering that Cormay® serum has the same composition as real samples, it seems that 

the developed sensor may provide a selective response for the target molecule (CEA). 

In addition, when two independent calibrations with Cormay® serum with two 

independent devices were tested, the concentrations in the CEA standards generated by 

one calibration were calculated by means of using the other calibration, without 

generating significant errors. As an example, Figure 3.13 shows a calibration curve of an 

integrated set-up generated by standard solutions prepared in Cormay® serum and the 

signal generated by a CEA standard solutions in Cormay® serum obtained by another 

independent system (DMFC + MIP sensor) (red dots).  

 

 

Figure 3.13 - Maximum power density in function of log CEA concentrations for a calibration 

with standard solutions prepared in Cormay® serum, and an independent signal of similar 

standards (red dots) obtained simultaneously from another independent calibration (using a 

different DMFC and sensor unit). 

 

The proximity between the red dots and the linear trend confirmed the good 

accuracy of the system. The calculated CEA concentration deviated in a range of 1–5% 

from the expected values present in that specific spiked serum solution, thereby 

confirming the accuracy of the method. 
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3.3.5 Comparison to previous CEA (bio)sensors 

There are several works in the literature targeting CEA, from which the most 

common employ antibodies or MIPs as biorecognition elements (Table 3.1). In general, 

the specific analytical features in each work depend on many variables, but the lowest 

limits of detection achieved so far come from immunosensors. Yet, this was not directly 

linked to the use of antibodies, as there are MIP-based works with better limits of 

detection than some works employing antibodies. 

When comparing to other MIP-based approaches, this work displays the better 

limit of detection (0.08 ng/mL), which is of the same order of magnitude as another work 

using SERS detection [178]. When comparing to the work of [170], it may be said that 

this specific low limit of detection was a particular outcome of the overall configuration, 

in which the sensor was integrated in the circuit of a methanol fuel cell as energy source.  

Considering the MIP systems with electrochemical detection, this work shows a wide 

linear response range, which is an important feature in terms of analytical application, as 

it increased the probability of having clinical samples with levels of interest lying within 

the response range of the sensor. Overall, the combination of a suitable MIP film with a 

methanol fuel cell operating in passive mode compared favorably to other works reported. 

The concentration range for CEA detection within clinical interest and the autonomy of 

the presented work are considered important advantages for point-of-care use. 
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Table 3.1- Previous works reporting molecularly-imprinted polymers for CEA detection in the literature. 

Type Detection Support Bioreceptor element Autonomy Linear response LOD Reference 

Immunosensor SPR 
Gold nanoparticles on Biacore 

Sensor Chip CM5 

Anti-CEA (linked with 

carboxymethylated dextran) 
No 1–60 ng/mL 1.0 ng/mL [179] 

Immunosensor Electrochemical Conductive Paper (PEDOT:PSS) 
Anti-CEA (linked by 

physiological adsorption) 
No 4 to 25 ng/mL - [180] 

Immunosensor Electrochemical 
β-cyclodextrin/multiwalled carbon 

nanotubes 

Anti-CEA (linked by 

physiological adsorption) 
No 

0.0001–0.5 ng/mL 

0.5–10 ng/mL 
0.03 pg/mL [181] 

Immunosensor Electrochemical 

Exfoliated graphite electrode with 

polypropylene imine dendrimer and 

carbon nanodots 

Anti-CEA (linked with 

glutaraldehyde) 
No 0.005 to 300 ng/mL 1.45 pg/mL [175] 

Aptasensor Electrochemical Glassy carbon electrode DNA Aptamer No 0.5 fg/mL to 0.5 ng/mL 0.34 fg/mL [182] 

MIP SERS Gold screen-printed electrode 
MIP, electropolymerization of 

gallic and benzoic acids 
No 1 to 1000 ng/mL 1.0 ng/mL [183] 

MIP SERS Glass slide 

MIP, electropolymerization of 

4-Vinylphenylboronic acid 

and Ethylene glycol 

dimethylacrylate 

No 0.1 ng/mL to 1 mg/mL 0.1 ng/mL [178] 

MIP Electrochemical Silicon wafers coated with gold 

MIP, electropolymerization of 

11-Mercapto-1-undecanol, in 

DMSO 

No 0 to 15 ng/mL 0.5 ng/mL [184] 

MIP Electrochemical 
Hydrophobic Paper (carbon and 

silver/silver chloride inks) 

MIP, electropolymerization of 

Dopamine 
No 1.0–500.0 ng/mL 0.32 ng/mL [185] 

MIP Electrochemical FTO glass 
MIP, electropolymerization of 

EDOT and Py 
Yes 

0.1 ng/mL to 100 

µg/mL 
0.14 ng/mL [170] 

MIP Electrochemical FTO glass 
MIP, electropolymerization of 

EDOT and Py 
Yes 

0.1 ng/mL to 100 

µg/mL 
0.08 ng/mL This work 
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3.4 Conclusions 

In summary, the integrated DMFC/Sensor setup dimensioned for CEA displayed power 

values that were CEA concentration dependent, thereby enabling its use as a transduction 

unit of the MIP sensing film. This was proven feasible in standard solutions prepared in 

different background medium, including buffer and more complex medium compositions, 

yielding accurate and precise data. It is most important to highlight the good performance 

of the integrated setup in Cormay® serum, which in turn confirmed the high selectivity of 

the response of the MIP film for CEA and suggested its ability to perform accurate 

analysis in real samples. In addition to this, the setup proposed hereincould detect 

concentrations of CEA that were 100 × lower than those previously reported for the same 

MIP film, thereby advancing the possibility of introducing additional improvements in 

terms of analytical features just by adjusting the setup configuration and proving that the 

power source carries an important role as the transducer element. Overall, the integrated 

DMFC/Sensor setup is promising and suitable tool for point-of-care use, capable to screen 

CEA in very low concentrations with high selectivity and reproducibility. The final 

DMFC/Sensor set-up could be further improved in a future work, about which the 

development of self-powered electrochemical sensor may place these devices as powerful 

tools in cancer diagnostic/monitoring in a nearby future. 
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Chapter 4 

 

 

4. An all-in-one approach for self-powered sensing: A 

methanol fuel cell modified with a molecularly imprinted 

polymer for cancer biomarker detection 

 

 

 

 

 

 

 

 

 

The results presented in this chapter were published in Liliana P.T. Carneiro, Alexandra 

M.F.R. Pinto, Adélio Mendes, M. Goreti F. Sales, " An all-in-one approach for self-

powered sensing: A methanol fuel cell modified with a molecularly imprinted polymer for 

cancer biomarker detection ", Journal of Electroanalytical Chemistry (2022), 906, 

116009. https://doi.org/10.1016/j.jelechem.2022.116009. 
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4.1 Introduction 

Although miniaturization is creating new dimensions of portability and helping to 

move biosensors from the laboratory to the healthcare setting, commercial 

electrochemical systems remain limited to glucose test strips [186,187]. Apart from 

needing to be connected to an electrical reader, electrochemical biosensors require a 

power source or battery, which limits their autonomy and lifetime. 

Combining electrochemical biosensors with a renewable energy supply can 

overcome the lack of autonomy of these devices and help to extend the limited transition 

from laboratory to PoC. This has been mainly implemented in the literature with 

microbial [188–190] and enzymatic fuel cells [191,192]. While these are excellent 

approaches for developing sustainable devices, the inclusion of compounds/elements of 

biological nature hinders device performance in terms of stability, reproducibility, and/or 

durability. Other approaches to autonomous biosensing use synthetic bio-recognition 

elements such as molecularly imprinted materials (MIPs), limiting the use of biological 

materials. This has been done with dye-sensitized solar cells [169,170] or with direct 

methanol fuel cells (DMFCs) [173]. These are very different autonomous systems that 

generate energy from light and chemical fuel, respectively. 

The interface between MIP sensor films and DMFCs was first explored by Sales 

and co-worker [173]. The system reported by these authors requires a peristaltic pump to 

supply MeOH to the cell, which severely hinders its practical use as an autonomous and 

portable biosensor. This challenge has been overcome with DMFCs operating in a passive 

mode [193]. The passive DMFC was used to power supply the MIP sensor as an external 

device, not as an integrated part of the sensor itself. 

This work reports for the first time a passive DMFC integrating a MIP sensing 

film with a target biomarker printed on it, making the whole cell operation concentration 

dependent. Compared to previous work, the MIP structure was improved here by building 

the MIP film in-situ, on the anode electrode, by electropolymerization. The DMFC device 

used in this work was adapted from [172] and operates with only a few milliliters of a 

dilute MeOH/water solution and atmospheric air, at room temperature, without the need 

for external flow. Since the biosensor film is housed within the passive DMFC, the final 

configuration is compact and easy to use, with the potential to be applied outside the 

laboratory to target CEA, an important cancer biomarker. In the literature, CEA has been 

https://www.sciencedirect.com/topics/chemical-engineering/electropolymerization
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determined using a variety of technical approaches, but none of them include the 

innovative approach proposed here. 

Overall, this work enabled the fabrication of a single, portable, and autonomous 

device that is sensitive to the cancer biomarker CEA and has the potential to be used 

anywhere. The MIP sensor film was fabricated on a commercial carbon fabric (CC) 

loaded with Pt/Ru nanoparticles (CC-Pt/Ru) by electropolymerization of 3,4-

ethylenedioxythiophene (EDOT) and  Py monomers under buffered conditions. The 

biosensor DMFC system was optimized with respect to several variables. The optimal 

setup was characterized in buffer/Cormay® human serum media and showed CEA 

interaction dependence. Selectivity assays were also addressed, confirming the high 

selectivity of the sensing anode electrode for CEA determination. Furthermore, as a 

proof-of-concept test, an ethanol solution was tested as fuel in the developed biosensor 

DMFC system without further modification and provided promising analytical data. 

 

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. 10 mM MES buffer at pH 6.0 was obtained by dissolving 2-

morpholinoethanesulfonic acid buffer grade (AppliChem). A CEA stock solution was 

prepared by diluting the commercial reagent (MyBiosource) in MES buffer, and less 

concentrated standards ranging from 30 ng/mL to 30000 ng/mL were obtained by 

accurately diluting the stock solution. Phosphate buffered saline (PBS) (Amresco) was 

used in the polymerization of the sensor layers. The polymerization mixture consisted of 

0.010 M EDOT (97%, Alfa Aesar) and 0.0050 M Py (TCI) in PBS buffer. CEA was used 

as template during polymerization. Template removal was performed electrochemically 

in a 0.5 M H2SO4 solution. Electrochemical measurements were performed with 2.0 M 

and 0.050 M MeOH aqueous solutions (activation and calibration processes, 

respectively). 

For selectivity studies, human serum (Cormay® HN, PZ Cormay S.A) was used 

with 1000x dilution in buffer and spiked with selected biomarker concentrations. This 

media was spiked with the same biomarker concentrations made in buffer. Selectivity 

assays preparing CEA standards in the presence of interferents were addressed using 

https://www.sciencedirect.com/topics/chemistry/nanoparticle
https://www.sciencedirect.com/topics/chemistry/monomer
https://www.sciencedirect.com/topics/chemistry/fuel-cell-system
https://www.sciencedirect.com/topics/chemistry/phosphate-buffered-saline
https://www.sciencedirect.com/topics/chemistry/pyrrole
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Cancer Antigen 15–3 (13 U; MyBiosource), D-Glucose Monohydrate (0.9 mg/mL; Alfa 

Aesar) and Urea (0.3 mg/mL; Fagron) prepared in the previously described buffer. 

 

4.2.2 Fuel cell assembly 

The structure of the passive DMFC unit was adapted from [172] and characterized 

as described by [194]. Images of the system are shown in Figure 4.1-A, along with the 

corresponding membrane electrode unit (MEA).  

 

 

Figure 4.1 -  Schematic representation of the components of the DMFC sensing device, including 

(A) the MeOH fuel cell device and the membrane electrode assembly (MEA) and (B) the various 

steps in the development of the sensing layer on the anode, which is sensitive to CEA and is 

obtained by a surface electropolymerization process using EDOT/PPy monomers; (C) Schematic 

representation of the soot surface with an anchored MIP polymer film showing the cavities 

(binding sites) and the different pathways limiting the access of MeOH molecules. 

 

https://www.sciencedirect.com/topics/chemical-engineering/electropolymerization
https://www.sciencedirect.com/topics/chemistry/monomer
https://www.sciencedirect.com/topics/chemistry/molecularly-imprinted-polymer
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The device structure includes two acrylic plates (end plates) and two metal plates 

(current collectors), each sealed with a rubber gasket that also serves as an 

electrical insulator to prevent short circuits. The cathode was in contact with atmospheric 

air through several small holes. On the anode side, there was a special deposition unit into 

which the MeOH solution and CEA standards were sequentially introduced. Figure 4.2 

shows the opened DMFC device. 

 

 

Figure 4.2 - Opened fuel cell set-up showing all the constituent components, including the MEA 

(Nafion® membrane and carbon cloth electrode). 

 

The MEA consists of an anode electrode and a cathode electrode separated by a 

solid ion exchange polymer membrane made of Nafion®, Nafion-115 from Quintech. The 

anode electrode consisted of a 2.25 cm2 square of carbon fabric (Quintech) containing 

carbon black (Vulcan XC72) loaded with 2 mg/cm2 Pt-Ru (40:20 wt%) catalyst (C/Pt-

Ru). The cathode electrode consisted of a 2.25 cm2 square of carbon fabric containing 

carbon black (Vulcan XC72) loaded with 1 mg/cm2 Pt (10 wt%). The electrochemical 

reactions take place at the catalyst layers and the (bio)sensing layer was later built directly 

on the surface of the commercial anode electrode by electropolymerization. This modified 

anode was then incorporated into the MEA of the DMFC. 

The passive DMFC device was operated at room temperature and atmospheric 

pressure. The anode was loaded with an aqueous MeOH solution (2.0 M for activation 

and 0.050 M for calibration) and the cathode was exposed to atmospheric air. DMFC and 

https://www.sciencedirect.com/topics/chemistry/gasket
https://www.sciencedirect.com/topics/chemistry/nonconductor
https://www.sciencedirect.com/topics/chemistry/electrochemical-reaction
https://www.sciencedirect.com/topics/chemistry/electrochemical-reaction


Chapter 4 
 
 

111 
 

biosensor DMFC measurements were performed using the corresponding polarization 

curves (obtained by Sampled DC Voltammetry). Polarization curves were recorded 

sequentially at two different times: (1) during activation and (2) during calibration time 

points. Activation was performed by loading the DMFC with a 2.0 M MeOH solution 

until OCV and power output of the device reached stable values (one-time change 1–2%). 

Calibration was performed with a 0.050 M MeOH solution loaded onto the biosensor 

DMFC using a MIP-modified DMFC or a DMFC with a non-imprinted polymer material, 

NIP, as a control. 

 

4.2.3 Preparation of the biosensing element 

The biosensor layer (Figure 4.1-B) was prepared by electropolymerization in a 3-

electrode configuration with the CC-Pt/Ru electrode of the DMFC as the working 

electrode, a leakage-free Ag/AgCl plastic electrode as the reference electrode, and a 

platinum rod electrode as the counter electrode. The electrodes were immersed in a 

solution of EDOT (0.01 M) and Py (0.005 M) in PBS buffer (previously rinsed with N2). 

Before electropolymerization, the working electrode was subjected to a cleaning process, 

by cyclic voltammetry (CV), 5 cycles, from −0.3 V to 1.0 V, in a 0.5 M H2SO4 solution. 

This procedure ensured mild oxidation of the electrode surface and removal of impurities, 

which was an important step to ensure the reproducibility of the electrode properties. 

The preparation of the MIP film began with the incubation of a CEA solution 

(60000 ng/mL) prepared in PBS on the surface of the cleaned CC-Pt/Ru electrode for 2 h 

to adsorb it and serve as a molecular template. After this time, the electrode was washed 

with PBS and the 3-electrode system was immersed in a solution containing the 

monomers (previously rinsed) to perform electropolymerization by CV (10 cycles, 

−0.3 V to 1.2 V, 50 mV/s). After polymer formation, the electrodes were washed with 

PBS buffer and the protein template was removed by incubating the electrode in a 0.5 M 

H2SO4 solution. Then, the same CV procedure was used to remove unreacted monomers 

(10 cycles, −0.3 V to 1.2 V, 50 mV/s) and terminate polymer formation, and the 

electrodes were finally washed with ultrapure water. In parallel, NIP films were prepared 

using a similar procedure, keeping the same steps and protocols, except for the CEA 

template, which was not present. Until use, the modified electrodes were stored in the 

dark, at room temperature and in a dry environment. 

https://www.sciencedirect.com/topics/chemistry/modified-electrodes
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The polymeric layers on the MIP and NIP electropolymerized electrodes were 

visible to the naked eye, translated by a visible homogeneous layer on top of the 

electrodes. This layer had an effect of barrier influencing the access and electrochemical 

activity of MeOH. Special care was paid in preparing a permeable layer for allowing 

MeOH molecules reaching the catalytic Pt nanoparticles. The MIP sensing electrode and 

the respective control (NIP) were assembled as the anode electrode in the DMFC, the cell 

was afterward calibrated and the anode electrode discarded and replaced by a new one 

(not reusable). 

 

4.2.4 Electrochemical assays and equipment 

Electrochemical measurements were performed in a potentiostat/galvanostat from 

Methrom Autolab and a PGSTAT302N, controlled by Nova software (NOVA 2.1). 

Electrochemical data were collected at room temperature and atmospheric pressure. The 

electrochemical performance of the DMFC and DMFC biosensor was evaluated using 

Sampled DC Voltammetry, which allowed the polarization curves to be obtained up to 

signal stabilization (OCV and current density). The DMFC device was previously 

activated by recording several polarization curves with a 2 M MeOH solution until a 

stable response was obtained. Then, the fuel cell was washed several times with Milli-Q 

water and left with water for 24 h to extract the residual MeOH on the electrode surface. 

Calibration curves were established in buffered media, measuring the polarization 

curves (Sampled DC Voltammetry) after incubation of CEA standard solutions (30, 300, 

3000, 30000 ng/mL) prepared in MES buffer. Each sample (250 µL) was incubated on 

the sensor surface of the anode electrode for 30 min, starting with the lowest standard 

concentration. After this time, the anode electrode was washed with MES buffer, and a 

polarization curve was plotted for a 0.05 M methanol loading solution. To analyse the 

DMFC and biosensor DMFC behaviour, all polarization curves obtained during the 

experiments were normalized with respect to the electrode area (2.25 cm2) and the 

maximum power of the system was calculated and used to compare the responses to the 

loaded samples, including the response of the pristine DMFC. Concerning the comparison 

between the different biosensor DMFC assemblies the power values were normalized by 

the corresponding blank signal (powersample/powerblank). 

The anode electrodes (unmodified and modified with MIP or NIP films) were 

characterized by Raman spectrometry with a DXR Raman spectroscope from Thermo 

https://www.sciencedirect.com/topics/chemistry/nanoparticle
https://www.sciencedirect.com/topics/chemical-engineering/spectrometry
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Scientific equipped with a confocal microscope. Spectra were recorded with an excitation 

laser at 532 nm, from 47 to 3500 cm−1, with a power of 2 mW and a 10x objective. The 

confocal aperture was set to 50 μm slit. 

 

4.3 Results and discussion 

4.3.1 Production of the sensing anode electrode 

4.3.1.1 Assembly of the sensing film on Carbon Cloth-Pt/Ru supports 

The sensing layer was built on commercial CC-Pt/Ru electrodes commonly used 

as anodes in MeOH fuel cells. CC was chosen as the support for the MIP film because it 

has a highly macroscale porous structure with a homogeneous distribution that confers 

high permeability properties and allows protein diffusion through its porous structure 

[195]. These properties appeared to be advantageous for combination with imprinted 

polymers and were essential to obtain semipermeable nanocomposite electrodes with the 

dual task of acting as anode electrodes in a fuel cell and as a sensing layer support 

material. 

The sensing layers were prepared in-situ, on the anode electrode, by 

electropolymerization with CV. This was a novel approach in the context of sensing fuel 

cells and used a combination of EDOT and Py monomers to obtain polymeric films with 

good electrical properties. Conductive polymers, such as PEDOT and PPy, show promise 

as non-metallic electrocatalytic materials for energy applications [196]. The conductive 

properties and electrocatalytic characteristics of PEDOT/PPy polymers make these 

materials suitable for direct application on the fuel cell anode. This approach reduces the 

electrical blockage caused by non-conductive polymers and improves the sensing 

capability intended for the anode electrode. 

To maximize the density of CEA-imprinted sites, CEA was incubated on the 

electrode surface before polymerization (t = 2 h). This approach is known as surface 

imprinting and results in a higher number of imprinted sites on the electrode surface. 

Removal of CEA from this polymeric network was achieved by pouring a sulfuric acid 

solution onto the electrode surface. This denatures the adsorbed protein molecules on the 

electrode surface, emptying the imprinted cavities and allowing future rebinding of other 

CEA molecules. Removal of CEA with proteinase k was also tested, but the results 
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obtained indicated intense adsorption of the enzyme on the anode surface, which hindered 

subsequent fuel cell activation. 

The cyclic voltammograms in a 3-electrode configuration of the CC-Pt/Ru 

electrodes and the modified MIP forms are shown in Figure 4.3. Overall, the presence of 

the PEDOT/PPy layer with CEA resulted in a significant decrease in the electrical current 

resistance values over the entire voltage range tested. These increases in ohmic resistance 

were attributed to the presence of the protein, as its removal allowed the recovery of the 

original voltammogram. 

 

 

Figure 4.3 - Cyclic voltammograms obtained in a 3-electrode system in a PBS buffer solution, for 

the different steps involved in the assembly of the sensing polymers on CC-Pt/Ru electrodes. (A) 

Highlights the results of the MIP (CC-Pt/Ru-CEA-MIP) and NIP (CC-Pt/Ru-NIP) electrodes, as 

well as MIP electrodes after removal of the CEA template (CC-Pt/Ru-MIP). (B) Zooms in the 

voltammograms of-CC-Pt/Ru-MIP and CC-Pt/Ru-NIP electrodes. 

 

4.3.1.2 Chemical characterization 

Raman spectroscopy was used to confirm the presence of the polymer film on the 

top of the CC-Pt/Ru electrodes. Spectra were collected at 532 nm for CC-Pt/Ru and CC-

PEDOT/PPy supports, as controls, and for CC-Pt/Ru-MIP and CC-Pt/Ru-NIP materials 

(Figure 4.4-A). 
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Figure 4.4 - Characterization results obtained by (A) Raman analysis of the different electrodes (Carbon Cloth supported EDOT/PPy, untreated Carbon Cloth-

Pt/Ru and Carbon Cloth-Pt/Ru- MIP/NIP) and the corresponding confocal images; scanning electron microscopy analysis (SEM) of different electrodes including 

a (B) Carbon Cloth-Pt/Ru-MIP electrode, (C) Carbon Cloth-Pt/Ru-NIP electrode, (D) unmodified Carbon Cloth-Pt/Ru (control) with the corresponding elemental 

assignment of Pt, Ru and other chemical elements and (E) Carbon Cloth-Pt/Ru-MIP electrode with the corresponding elemental assignment of Pt, Ru and other 

chemical elements evidencing the S peak derivate for the presence of EDOT co-polymer.
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The typical spectra obtained are shown in Figure 4.4-A and evidence clear 

differences between the common carrier (CC-Pt/Ru, dark line) and the polymerized 

materials (CC-Pt/Ru-MIP in purple and CC-Pt/Ru-NIP in green). Two regions marked in 

blue were highlighted, representing the areas in the spectra range where it is possible to 

observe significant differences between the different analysed electrodes. The peaks 

generated by the presence of PEDOT/PPy on the MIP/NIP materials were compared with 

those generated by the same polymer mounted on a CC support used as a gas diffusion 

layer (GDL, without carbon black and Pt/Ru). The clearest peak of PEDOT/PPy polymer 

was at 1435.31 cm−1, but several other peaks with low Raman intensity could be assigned 

to this co-polymer (red spectra), as described in the literature [170,197]. 

In the MIP and NIP CC-Pt/Ru-based materials, not all the characteristic peaks of 

the PEDOT/PPy polymer could be observed. This was apparently due to the presence of 

Pt/Ru, which reduced the overall Raman intensity of the spectra with these metallic 

nanoparticles (Pt and/or Ru) [198]. Overall, it showed well-defined G (1594.23 cm−1) and 

D (1349.27 cm−1) bands, but with a distorted D band and with small bands at 963.57 cm−1 

and 1375.11 cm−1 (marked as arrows) originating from the PEDOT-PPy polymer. The D 

band is related to structural defects in the material and generally indicates changes in the 

structure of the carbon material, while the G band has been associated with the stretching 

mode of graphite [199]. The ID/IG ratios allow an assessment of whether defects are 

present in a particular material and were calculated for all samples (Table 4.1).  

 

Table 4.1- Calculated ID/IG ratio obtained from Raman Spectra for Carbon Cloth-Pt/Ru (control), 

MIP and NIP Carbon Cloth polymerized samples. 

Sample Raman shift Raman intensity ID/IG 

Control 

D: 1351.73  

G: 1593.74 

17.193 

16.763 

1.03 ± 0.01 

MIP 

D: 1375.11  

G: 1590.03 

178.937 

250.153 

0.72 ± 0.02 

NIP 

D: 1359.81  

G: 1584.86 

220.213 

328.565 

0.67 ± 0.01 
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The control has an ID/IG ratio of 1.03, while the polymerized samples have a ratio 

of 0.72 (MIP) and 0.67 (NIP). These values confirm the presence of a polymer anchored 

in the structure of CC-Pt/Ru. The NIP had the lowest ratio, which is consistent with the 

absence of protein within the polymeric network. The presence of PEDOT in the materials 

was further confirmed by confocal microscopy, producing images with blue fibers 

characteristic of PEDOT [200]. 

 

4.3.1.3 Morphological characterization 

The SEM images and EDS analyses of untreated CC-Pt/Ru and CC-Pt/Ru-

MIP/NIP electrodes are shown in Figure 4.4-B/C-E. The morphology of the surface 

analysis of untreated CC-Pt/Ru (control), CC-Pt/Ru-MIP and CC-Pt/Ru-NIP was 

different, indicating different roughness of the samples (Figure 4.4-B/C - E). These results 

indicated the presence of a uniform polymer layer anchored on the surface of the carbon 

support. Analysing the EDS results (Figure 4.4-D/E) is possible to verify that both 

materials showed similar assignments in terms of nanocatalysts (Pt and Ru) and fluorine 

(derived from Nafion® ionomer, which is normally used as a binder in this type of 

materials [201]. Among other common elements, the MIP-CC-Pt/Ru sample also 

contained sulphur, which was assigned to the contribution of the PEDOT polymer, 

confirming the presence of a PEDOT layer on the surface of the carbon-based substrate 

material.  

 

4.3.2 Integration of the anode sensing electrode on the DMFC 

The effect of inserting modified anodes (MIP- and NIP-anodes) into a DMFC 

device was evaluated by recording experimental polarization curves (Sampled DC 

Voltammetry technique) until the electrochemical system reached a stable maximum 

potential (OCV) and power. These polarization curves were compared to a DMFC with a 

commercial unmodified anode (control). Interestingly, the activation and stabilization 

behaviour depends on the type of anode used in the fuel cell system (control, MIP and 

NIP), revealing the great influence of the anchored polymer layer on the surface of the 

electrodes (Figure 4.5). 
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Figure 4.5 - Electrochemical data obtained with 2 M MeOH for the passive DMFCs assemblies 

integrating different anodes in terms of (A) OCV start-up for control, MIP and NIP anodes and 

(B) respective EIS analysis; (C) current and power curve of a DMFC assembly including a control 

anode (without polymer) and (D) current and power curves obtained with MIP and NIP anode 

electrodes.  

 

Figure 4.5-A shows the measured OCV values at the start of the DMFCs, i.e. the 

first measurement after filling an aqueous 2 M MeOH solution into the anode container. 

Overall, there is a time delay in the activation of the DMFCs with the modified anodes 

(MIP and NIP) compared to a DMFC fabricated with a control anode. The potential values 

were also lower for the MIP/NIP-based anodes. In particular, the control anode reached 

an OCV of 0.56 V within 700 s, while the MIP-DMFC reached 0.40 V within 2500 s and 

the NIP-DMFC reached 0.33 V within 3000 s. These results were attributed to the 

presence of the polymeric network that hinders the diffusion and supply of MeOH to the 
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catalyst at the carbon fabric gas diffusion layer. The NIP-DMFC has an anode electrode 

without cavities impressed in the polymeric structure, which presents a higher 

“resistance” to this diffusion process than the MIP. Therefore, the time required to reach 

a steady state for the NIP-electrode was longer than for the MIP, which ultimately could 

not reach the same potential values as the MIP electrode. The MIP-DMFC showed 

intermediate behaviour between the control and the NIP-DMFC, as the cavities allowed 

faster permeation of MeOH and water. The differences observed here were also reflected 

in the time required to perform stable and complete activation of each electrode type.  

The OCV value of a starting DMFC system appeared to be related to MeOH 

permeation at the electrode. This start-up was not instantaneous but required successive 

polarization curves (typically 5 or 6, depending on the cell) until maximum power was 

reached (maximum OCV value and power). After performing all the necessary 

polarization curves, the controls showed average OCV values of 0.66 V (n = 3, for 

independent cells), while the MIP-DMFCs showed 0.48 V and the NIP-DMFCs showed 

0.42 V.  

The EIS analysis of the different DMFC assemblies (unmodified, MIP and NIP 

anode electrodes) were performed using 0.05 M of MeOH solution in the respective OCV 

values, and the results presented in Figure 4.5-B. Some differences were observed 

analysing the EIS plots of the different assemblies studied in terms of change transfer and 

ohmic resistance, evidencing an improvement of the PEDOT/PPy anode electrodes in 

relation to the unmodified commercial anode electrode for both parameters. This 

improvement can be assigned to a synergetic effect among Pt, PEDOT polymer and CC 

electrode evidencing that anchoring a conductor polymer in the anode electrodes has 

potential to improve the electrical conductivity. These effects are already verified in 

another similar combinations of PEDOT-Pt [202] and also PEDOT-Au-CC [203], which 

contribute to enhancing the performance of fuel cells.  

In addition to the differences in OCV and EIS, the power values were also 

dependent on the anode used in the DMFC assemblies. Comparing the polarization curve 

obtained for an unpolymerized control (Figure 4.5-C) with the polarization curves 

obtained for a MIP and NIP-DMFCs integrated anodes (Figure 4.5-D), large differences 

between the different devices can be observed. The control shows a maximum power of 

1.67 mW/cm2, while the MIP-DMFC reaches the maximum value of 0.23 mW/cm2, while 

the NIP-DMFC shows a power value of 0.14 mW/cm2. Overall, the presence of the 
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polymer layer at the anode hinders the MeOH permeation, which restricts the access to 

the Pt/Ru nanoparticles entrapped in the polymeric network, thus affecting the overall 

electrochemical reaction rate. This effect is also observed when a protein enters the 

imprinted cavity, restricting the access of the MeOH molecule to the Pt catalyst. These 

effects are shown schematically in Figure 4.1-C.  

Overall, the control, MIP, and NIP electrodes exhibit very different behaviours 

when integrated as anodes in the DMFC, and these differences reflect the permeance of 

the polymeric network that impedes the access of MeOH to the catalyst. Although the 

polymerization on the electrodes (MIP/NIP) affects the power output of the fuel cell (low 

current, power and OCV), the final signals allow the generation of sufficient power to 

supply the sensor. 

 

4.3.3 Selection of ideal MeOH concentration for biosensor DMFC 

operation 

Normal DMFCs operated under steady-state conditions use concentrated aqueous 

MeOH solutions (between 1 and 5 M) [204,205], most commonly a 2 M solution. 

Therefore, DMFCs were first activated with a 2.0 M aqueous MeOH solution to obtain a 

stable signal in a relatively fast way. This concentration was also confirmed to be ideal in 

a previous work using the same steady-state DMFC with a regular anode [194]; however, 

using a 2.0 M MeOH solution is not ideal for a biosensor DMFC. After performing several 

experiments, including multiple calibrations, it was observed that the power output of the 

MIP-DMFC remained virtually unchanged after successive incubations of CEA standards 

(Figure 4.6). Occasionally, operation of the cell without refueling was tested, and 

surprisingly, the electrical output did not change (Figure 4.7). This was confirmed by 

repeated experiments, and it was concluded that such higher MeOH concentration 

resulted in intense adsorption of MeOH molecules on the electrode surface, which 

remained unreacted and thus masked the response of the sensor. Nevertheless, the hybrid 

biosensor DMFC device proposed here aims to respond to different CEA concentrations. 

Moreover, the response time of the sensor is expected to be only a few minutes, thus 

requiring smaller MeOH concentrations. 
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Figure 4.6 - Power curves of a biosensor DMFC obtained in a calibration experiment with 

consecutive incubations of CEA standards using 2 M of a MeOH solution for the readings. 

 

 

Figure 4.7 - Power curves of a biosensor DMFC after a complete calibration, first with a solution 

of 0.5 M of MeOH until stabilization (dashed line) and later in the absence of the MeOH solution 

(empty container) in consecutively readings. 
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Briefly, the sample is incubated in the anode container for 30 min. Then, the 

container is washed and an electrochemical measurement is performed by adding the 

MeOH solution; after this measurement, the anode is washed again and a new sample is 

incubated, repeating the cycle with measurements for 15–20 min. The methanol 

concentration was optimized between 0.05 and 2.0 M, finding a balance between a fast 

reaction with minimal storage and a reaction strong enough to deliver energy to the 

sensor. The polarization and power curves obtained are shown in Figure 4.8-A/B. 

 

Figure 4.8 - Polarization and power curves of the passive DMFC assemblies using different 

MeOH concentrations for a DMFC with (A) an unmodified anode as a control and (B) a MIP-

assisted anode and (C) the effect on the power in both the DMFC and the biosensor DMFC with 

different MeOH concentrations; (D) simplest scheme representing and visually explaining the Pt-

block by the polymeric layer which conditionate the MeOH oxidation and thus the power output 

recorded for both systems. 
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As expected, as the MeOH concentration decreases, the current/performance of 

both the DMFC and the biosensor DMFC decreases. Figure 4.8-C shows the effect of 

decreasing MeOH concentration on the maximum power of the DMFC. As schematized 

in Figure 4.8-D, some Pt nanoparticles in the biosensor DMFC were trapped in the 

polymeric network, which difficult their catalysis of MeOH molecules in comparison to 

the commercial anode electrode. Therefore, is important that the PEDOT/PPy polymer 

layer grows near Pt nanoparticles, since the signal of the biosensor DMFC arises from the 

efficient blocking of the Pt catalysts, hindering the MeOH oxidation and consequently 

affecting the power produced by the fuel cell. 

It is important to emphasize that the DMFC was washed and refueled after each 

measurement until a steady state was reached. Figure 4.9 shows some successive 

polarization curves obtained for a biosensor DMFC system loaded with 0.5 M and 0.05 

M MeOH solution. Decreasing the MeOH concentration leads to lower performances, but 

all the conditions studied showed good electrical stability. 

 

 

Figure 4.9 - Polarization and power curves of a passive DMFC assembly with a MIP supported 

anode using (A) 0.5 M and (B) 0.05 M of MeOH feed solution until electric signal stabilization. 

 

To determine the best MeOH concentration, calibrations were performed 

incubating progressively higher CEA concentrations and refueling the cell with diluted 

MeOH concentrations (0.5 M and 0.05 M). The results obtained showed that the DMFC 

was more sensitive to CEA concentration changes at more dilute MeOH concentrations. 

At a MeOH solution of 0.5 M, the signal from the biosensor DMFC was less sensitive 

and showed a large background signal, even after washing with water and drying with 
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nitrogen (Figure 4.10). Therefore, to convert the DMFC into an autonomous sensing 

device for CEA targeting, the use of a small amount of MeOH (0.05 M) is an important 

requirement. 

 

 

Figure 4.10 - Power curves of a biosensor DMFC obtained in a calibration experiment with 

consecutive incubations of CEA standards using 0.5 M of MeOH for the readings. 

 

4.3.4 Calibrations of the biosensor DMFC 

All biosensor DMFC devices evaluated were first activated with 2.0 M MeOH 

solution until OCV and power were stabilized. Then, the MeOH was completely removed 

(the DMFC was washed and left in water until the next day). Prior to calibration, the 

device was also incubated sequentially in the same background medium used to prepare 

the CEA standard solutions until stable electrical output was achieved (a stabilization 

example was shown in Figure 4.11). The background medium used to prepare the 

solutions was MES buffer and diluted Cormay® serum. This procedure was fundamental 

to ensure that any electrical signal displayed was indeed due to CEA and not the medium 

in which the standard solution was prepared. In the case of Cormay® serum media, the 

dilution factor was previously studied and evaluated regarding its impact upon the power 

and signal stability of the fuel cells. Two dilution factors were studied herein (100× and 

1000×) and signal stability was only achieved when using a 1000× dilution factor. This 

was due to the presence of a high chloride concentration in Cormay® serum (0.1 M in the 
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sample without dilution). Chloride ions are recognized contaminants of fuel cells 

electrodes for blocking the Pt surface and decreasing the activity of the Pt catalyst, which 

in turn decreases the power of the fuel cell [206]. Therefore, in a real application, the 

sample needs to be pre-treated to remove chloride ions, to allow operating with lower 

dilution factors. 

 

 

Figure 4.11 - Power curves obtained in electric signal stabilization after incubations of (A) buffer 

and (B) Cormay® serum. After 2 incubations of buffer the variation in the power signal is 0.05% 

which agrees with the normally variation observed with buffer before calibrations (0.05-1%). 

After 3 incubations of Cormay® serum the variation in the power signal is 1.4% which is in 

agreement to the variation observed in the system before calibrations (1-1.5%). 

 

After stabilizing the fuel cell electrical signal, increasing concentrations of CEA 

standard solutions ranging from 30 to 30 000 ng/mL were incubated sequentially on the 

biosensor DMFC container and the biosensor performance was evaluated after incubation 

of each concentration. Each standard solution was left on the anode container for 30 min. 

After this time, the biosensor DMFC container was washed with the background medium 

solution and dried with N2 for a few seconds. After filling the anode container with 0.05 

M MeOH, a stabilization step (OCV determination) is performed (the duration of 

stabilization depends on the biosensor DMFC and should be maintained throughout the 

calibration protocol), followed by the recording of the polarization and power curves 

(obtained by the Sampled DC Voltammetry technique). The same procedure was 
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performed (in parallel) with the NIP-DMFC device, to monitor the response of the 

biosensor that corresponds to non-specific binding. 

Several calibrations were performed to evaluate the standard analytical 

characteristics of the operation of this hybrid setup. A typical plot corresponding to 

calibration in buffer is shown in Figure 4.12-A, while Figure 4.12-B shows the 

corresponding calibration in diluted Cormay® serum.  

 

 

Figure 4.12 - Power-Current Density curves and the corresponding calibration curves obtained 

after incubation of CEA-increasing standards in the range of 30–30000 ng/mL prepared in (A) 

buffer and (B) Cormay® serum. Calibration curves for the MIP and NIP anode electrodes were 

traced using the average of the maximum power density obtained at each CEA concentration. 

 

The corresponding calibration curves are also shown in the respective figures 

comparing the average power density values for the biosensor DMFC with those for the 

control DMFC NIP. The calibration curves correspond to the normalized power values 

(powersample/powerblank). From the analysis of the calibration results, one can say that the 
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average power density decreases for higher concentrations of CEA, in a concentration-

dependent mode for both media studied. 

For buffer calibrations (Figure 4.12-A) the DMFC biosensor output power 

decreases from 0.035 mW/cm2 (initial value after buffer stabilization) to 0.028 mW/cm2 

when measuring the maximum CEA concentration, with a squared correlation coefficient 

of ∼0.952. This deviation was generally consistent between different calibrations 

performed in buffer, indicating a signal loss of ∼20% compared to the original biosensor 

DMFC in blank experiments. The limit of detection (LOD) was 4.41 ng/mL, calculated 

using the equation (averageblank + 3SDblank)/slope. Moreover, it was interesting to note 

that the control NIP-DMFC showed a random response in both media studied. 

Compared to a previously published work where the sensing electrode was placed 

as an external element of the fuel cell [194], the loss in power density of the 

Sensor/DMFC was ∼60%, and the LOD of the system was better, being ∼20× lower. 

These results suggest that even when low MeOH concentrations are used, the consecutive 

MeOH adsorption during the stabilization/calibration experiments hinders the LOD of the 

final sensor and acts as a background memory signal. Nevertheless, this innovative hybrid 

device has other important advantages. Since the sensor layer (MIP) is directly attached 

to the anode of the fuel cell, this system is a 2-in-1 device that is much simpler and easier 

to use and requires fewer parts. In addition, the stability of the MIP-CC electrodes is 

higher, as they can be stored under the same conditions as the unmodified commercial 

anodes (room temperature, in any dry location) for several days without affecting the 

analytical response (the electrodes attached to the external circuit were more sensitive to 

storage conditions). For practical considerations, the sensor can be constructed like a 

normal DMFC by replacing the normal anode with another anode modified with a MIP 

polymer layer and printed in situ. 

In calibrations with human serum (Figure 4.12-B), the output power of the 

biosensor DMFC decreased from 0.036 mW/cm2 (initial value, after stabilization with 

Cormay® serum) to 0.027 mW/cm2 towards the maximum CEA concentration, with a 

squared correlation coefficient of ∼0.986. These results confirm the behaviour of the 

biosensor DMFC to maintain sensitivity in more complex media, such as human serum. 

Compared to the buffer calibrations, the data obtained with Cormay® serum showed a 

better correlation coefficient and thus a better linear response. Since Cormay® serum has 

the same composition as real samples, this indicates a good behaviour of the biosensor 



Chapter 4 
 
 

128 
 

DMFC in the analysis of real samples. Therefore, real samples analysis requires a 1000× 

dilution, and consequently limit of detection is 1000 times higher than what is measured 

in the buffer. In terms of signal loss, this system is in the same range as the buffer 

calibrations and varies between 20 and 30% depending on the setup. In terms of 

application, the device can be used to monitor CEA levels in patients above 20 µg/mL, 

operating in an autonomous hybrid biosensor DMFC device. It can be used for screening 

and follow-up of cancers at any site without being limited to the analytical laboratory as 

in conventional methods. 

To evaluate the selectivity of the developed biosensor DMFC, selectivity assays 

were made in buffer solutions against some common interfering compounds (CA15-3, 

glucose, urea). This was done by testing a CEA standard solution incubation (3000 

ng/mL) in one biosensor DMFC and in parallel using different biosensor DMFC 

assemblies the same concentration of CEA is incubated spiked with the respective 

interferent. These assays were repeated 3 times using different sensing MIP anodes and 

different DMFCs assemblies. The data obtained are presented in Figure 4.13. The 

obtained data confirmed the high preference of this sensor for CEA with signals changing 

0–5%, both in positive and negative directions. 

 

 

Figure 4.13 - Selectivity assays results (average of 3 different MIP-anodes with the respective 

standard deviation as error bars) performed with different possible interferents (CA15-3, glucose, 

urea) obtained in parallel, using different DMFC assemblies. 
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4.3.5 Device operation with an alternative fuel: Ethanol 

In addition to MeOH, ethanol (EtOH) was also assessed as a fuel. This was an 

attempt to have an alternative fuel solution that is readily available to the population and 

less toxic than MeOH [207,208]. Both MeOH and EtOH fuel cells are designed to operate 

at ambient temperature and are therefore promising for powering portable electronic 

devices. The new self-powered sensor was then investigated using ethanol as fuel. The 

activation behaviour of the biosensor DMFC powered by EtOH is shown in Figure 4.14- 

A and typical polarization and power curves for the calibration experiments are shown in 

Figure 4.14-B with the corresponding calibration curve.  

 

 

Figure 4.14 - Power-Current Density curves obtained with (A) the fuel cell stack (MIP anode) fed 

with ethanol solution (2 M and 0.05 M) and a (B) calibration test of a MIP-DMFC with the 0.05 

M ethanol solution (including the corresponding calibration curve, inset) against increasing CEA 

concentrations in the range of 30–30000 ng/mL, prepared in buffer. 

 

When replacing the fuel MeOH with EtOH, a 35% decrease in the performance 

of the MIP/fuel cell loaded with a 2 M concentration was observed during the activation 

phase. Using the lowest concentration of 0.05 M, the obtained power remained sufficient 

to calibrate the fuel cell with the MIP modified anode electrode (Figure 4.14-B). 

However, using the lowest concentration, the control (NIP -anode) did not provide 

enough power to proceed with the calibration. However, the results obtained are like those 

obtained using MeOH as fuel in terms of slope and correlation coefficient. The resulting 
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LOD was 3.52 ng/ mL, which was slightly lower than the value obtained with MeOH as 

fuel. The slower electrochemical oxidation of ethanol [209] that involves a higher number 

of electrons (12 electrons per molecule of ethanol) in addition to the difficulty in breaking 

C-C bond, seems to be an advantage that allowed increase the sensitivity of the sensor; it 

seems easier the CEA protein interfering with the ethanol oxidation (by blocking the 

platinum catalyst) in comparison with methanol, traducing in a slight improvement of the 

response and consequently the lower LOD obtained. This find can opens a new door for 

the development of autonomous fuel cell-based sensors powered by EtOH. 

 

4.4 Conclusions 

The developed biosensor DMFC hybrid device showed exceptional performance 

as a function of CEA concentration in a 2-in-1 approach combining in a single unit a 

DMFC cell as energy source and a MIP anode as sensing element. This was confirmed 

by the analysis of standard solutions prepared in different background media, including 

buffers and a complex human serum, resulting in sensitive data and low LOD values. The 

superior performance of this hybrid biosensor DMFC in Cormay® serum confirms the 

high selectivity of the response of this device, indicating that it can be successfully used 

for the analysis of real samples. Moreover, this setup can be operated with EtOH, which 

can be used in dilute concentrations, promoting the possibility of improving the analytical 

properties of the developed hybrid system. To improve the developed biosensor DMFC 

to achieve a full electrical independence, a self-signaled function can be incorporated in 

the biosensor DMFC system, transducing the electrochemical events in a more simple 

and friendly mode, for example by colour change mediated for electrochromic 

compounds, in a similar way to the approach described in [170]. 

Overall, the developed hybrid biosensor DMFC device is promising and suitable 

for application as a tool in point-of-care analysis, as it is capable of screening CEA in a 

wide range of concentrations, even in a complex human medium. The final hybrid 

biosensor DMFC could be further improved by using different fuels and conditions or 

even different setups, opening new opportunities for the development of self- powered 

electrochemical instruments as powerful tools in cancer diagnostics/monitoring. 
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Chapter 5 

 

 

5. Development of an innovative flexible paper-based 

methanol fuel cell (PB-DMFC) sensing platform – Application 

to sarcosine detection 

 

 

 

 

 

 

 

 

The results presented in this chapter were published in Liliana P.T. Carneiro, Alexandra 

M.F.R. Pinto, M. Goreti F. Sales, " Development of an innovative flexible paper-based 

methanol fuel cell (PB-DMFC) sensing platform – Application to sarcosine detection", 

Chemical Engineering Journal (2023), 452, 139563. 

https://doi.org/10.1016/j.cej.2022.139563  
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5.1 Introduction 

Paper-based analytical devices appear to be a promising technology to produce 

simple, low-cost, lightweight, disposable, and portable devices that have greater potential 

for point-of-care (POC) applications [210,211]. Paper is considered a promising and ideal 

substrate for the development of analytical devices because it is inexpensive, available, 

environmentally friendly, biocompatible, flexible, and easily modified [212,213]. 

Compared to plastics and synthetic polymers, the biodegradability of paper substrates 

makes them promising environmentally friendly biomaterials for use in flexible electronic 

applications, combined with the ability to tailor treatments to desired properties 

[214,215]. Since Whitesides and colleagues [216]  combined paper-based devices with 

microfluidic technology, a large number of new multifunctional devices with different 

architectures and detection modes can be found in the literature [217–220]. The 

combination with electrochemical detection is of particular interest as it allows faster 

response with higher sensitivity and selectivity [221]. 

An ideal paper-based electrochemical analyzer should have all functions built 

directly into the integrated instrument, including independence from the power source, so 

that it can be easily operated outside the laboratory [107]. To obtain self-powered paper-

based analytical platforms, paper-based microfluidic fuel cells have shown promise for 

diagnostic and sensing applications [222,223]. These types of devices consist of cellulose 

paper as the support of the electrode/membrane system and are based on the laminar flow 

of anolyte and catholyte side by side, powered by different types of fuels. Several 

examples of these types of systems have been described in the literature, including 

microfluidic fuel cells driven by an ethanol-dichromate fuel oxidant mixture [224], 

hydrogen fuel cells [225,226] , methanol-KOH fuel cells [227] and formic acid fuel cells 

[228,229]. All of these systems appear to be capable of powering small devices for short 

periods of time. However, in most cases, their architecture is not simple and additional 

components such as valves, mixers, separators, and pumps are required. In addition, the 

analysis of samples and the incubation process are poorly understood in terms of the 

design of the platform relative to the energy generated. 

In the work presented here, this drawback has been overcome by developing a 

paper-based methanol fuel cell platform that functions simultaneously as power source 

and biosensor, all combined in a simple square paper layer. A strip was developed to build 

a direct methanol fuel cell using a commercial Whatman paper as the substrate (PB-
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DMFC) that supports all the fuel cell components, such as the electrolyte membrane 

(Nafion®), carbon anode and cathode electrodes, and current collector. No additional 

components are needed; the system works with only 100 µL of an aqueous methanol 

solution added directly to the anode side of the paper device. Since the device is primarily 

made of paper, it is completely flexible and represents an innovative, flexible paper-based 

fuel cell platform. Apart from some similarity to microfluidic fuel cells, the system 

presented here cannot be considered a microfluidic fuel cell as it operates on a completely 

different approach, which is more like conventional passive methanol fuel cells 

(DMFCs). Passive DMFCs appear to be a promising power generation technology that 

can be applied in the field of portable power [230,231], and the simple setup we have 

developed may open up new opportunities to bring biosensors from the laboratory to the 

field. 

Integration of the biosensor function was achieved by developing a biosensor film 

of molecularly imprinted polymer (MIP) directly on the anode of the paper device. This 

sensor film was prepared by electropolymerization of charged poly(3,4-

ethylenedioxythiophene) (PEDOT) and PPy monomers in situ, in the presence of 

sarcosine, which was selected as the target molecule here. The electropolymerization 

approach used here makes it possible to obtain a sensing polymeric layer with cavities 

tailored to sarcosine, capable of affecting the power generated by PB-DMFC in a 

concentration-dependent manner. When the rebinding of sarcosine occurs, the access of 

methanol to the platinum catalyst nanoparticles is hindered and consequently the 

performance of the device decreases, transforming the paper-based fuel cell into a 

biosensor sensitive to the detection of sarcosine. It is important to highlight that this fuel 

cell paper strip allows direct incubation of the sample in the sensing area, indicating that 

this fuel cell setup is suitable as a user-friendly sensing platform. In addition, simple and 

user-friendly self-powered sensor platforms can also be used in resource-limited areas to 

promote the worldwide diffusion of biosensors. 

To the best of the authors knowledge, this is the first work to report on a flexible, 

single-layer, paper-based methanol fuel cell platform that serves simultaneously as an 

energy source and biosensor and can actually be used as a wearable device. The selection 

of sarcosine as a target is related to the increasing importance of this biomolecule in the 

diagnosis and progression of prostate cancer [232]. Sarcosine levels have been reported 
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to increase with progression of prostate cancer [233], from the normal concentration value 

of 0.60 μM to over 2.67 μM which is a strong indication of prostate cancer [234] . 

Thus, a simple paper-based methanol fuel cell (bio)sensor platform was 

developed, to be fed with few microliters of an aqueous methanol solution and 

atmospheric oxygen, without auxiliary components. The sensing element layer is 

developed on the anode side of the fuel cell strip, which is fabricated by an 

electropolymerization process of EDOT/Py monomers. The final sensor platform was 

tested against sarcosine under buffered conditions and in real human urine sample. In 

addition, selectivity studies were performed with various interfering factors to verify the 

reliability of the developed sensor platform. 

 

 

Figure 5.1 – Overview of the PB-DMFC/Biosensor developed in this work with an example of 

the power curves obtained during a calibration against sarcosine (buffer). 

 

5.2 Experimental section 

5.2.1 Reagents and solutions 

All reagents used in this work were of analytical grade and the water was ultra-

pure Milli-Q laboratory water. Liquid Nafion® (20 wt.% in alcohols, Quintech) was 

applied in a 2.25 cm2 paper strip (Whatman filter papers grade 40) and covered both sides 

with appropriate carbon inks consisting of Carbon Black with PtRu (40:20 wt%) catalyst 

(C/PtRu) on Vulcan XC-72R (Quintech), for anode side, and Carbon Black with Pt (10 

wt%) catalyst (C/Pt) on Vulcan XC-72R (Quintech), for cathode side. The inks were 

prepared in 2-propanol (99.8%, Panreac) with Nafion® (20 wt.%) as binder. A solution of 

paraffin (Sigma Aldrich) diluted in propanol (50/50) was applied to the PB-DMFC 
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assembly as an impermeable agent. For electrical connection, conductive silver ink (RS 

Pro) was applied to the edges. Phosphate buffered Saline (PBS) (Amresco) was used in 

the polymerization process to obtain the sensing layers on top of the anode side of the 

PB-DMFC. The polymerization mixture consisted of 0.01 M of 3,4-

ethylenedioxythiophene (EDOT, 97%) (Alfa Aesar) and 0.005 M of Py (TCI) in PBS 

buffer. Sarcosine (Acros Organics) was used as template during polymerization (1.0×10-

3 M). The removal of the sarcosine template was performed electrochemically using 0.5 

M of a H2SO4 solution. MES buffer, 10 mM, pH 6.0, was obtained by dissolving 2-

morpholinoethanesulfonic acid buffer grade (obtained from AppliChem). Stock solutions 

of sarcosine template (Acros Organics) were prepared in MES buffer, and less 

concentrated standards were obtained by accurate dilution of the previous concentrated 

solution. For selectivity studies, human urine of healthy individual was used with a 

dilution of 100×, spiked with the same sarcosine concentrations, tested in buffer. 

Selectivity assays were addressed by preparing sarcosine standards in the presence of 

interferents using histidine (2 mg/mL/Combi-Blocks), glutamic acid (1 mg/mL; Sigma 

Aldrich), creatinine (0.08 mg/mL; Fluka), uric acid (0.06 mg/mL; Sigma Aldrich), and 

Urea (0.3 mg/mL; Fagron), all prepared in the previously described MES buffer. 

Electrochemical measurements were performed with 0.5-2.0 M Merck aqueous 

methanol solutions (HPLC grade) prepared in Mili-Q water. The methanol solution (100 

µL) was added to the PB-DMFC anode side and adsorbed in a square of adsorption paper 

(VWR Spec-wipe of polyester/cellulose blend). A 2.25 cm2 square of glass (FTO) was 

used to cover the anode side of the PB-DMFC assembly and prevent evaporation of the 

methanol. 

 

5.2.2 Apparatus and equipment 

Electrochemical measurements were performed at room temperature and 

atmospheric pressure in a Methrom Autolab potentiostat/galvanostat and a 

PGSTAT302N, controlled by Nova software (NOVA 2.1). The performance of the PB-

DMFC and PB-DMFC/biosensor was evaluated using the Sampled DC technique in terms 

of polarization curves up to OCV, current and power stabilization. In analyzing the 

behavior of PB-DMFC and PB-DMFC /biosensor, all polarization curves recorded during 

the experiments were normalized with respect to the electrode area (2.25 cm2). The 

maximum peak power for each curve was calculated and used to track system 



Chapter 5 
 
 

136 
 

performance and sensor response. For comparison between the calibration results of the 

different PB-DMFC/biosensor assemblies, the power values were normalized to the 

corresponding blank signal (powersample/powerblank). 

The anode electrode layers (modified and unmodified) were characterized by 

Raman spectrometry using a Thermo Scientific DXR Raman spectroscope with a 

confocal microscope. Spectra were recorded using an excitation laser at 532 nm in the 

range of 47 to 3500 cm-1 with a power of 2 mW and a 10× objective. The confocal aperture 

was set to 25 μm slit. Thermogravimetric analysis was also performed in an inert 

atmosphere (nitrogen, 20 ml min-1, heating rate 30 °C/min). The morphology of the PB-

DMFC assembly was evaluated using a scanning electron microscope (SEM) with cross-

sectional and microstructural analysis. 

 

5.2.3 Electrochemical assays 

Electrochemical measurements were performed at room temperature and 

atmospheric pressure. The response of PB-DMFC and PB-DMFC/biosensor was 

evaluated using the sampled DC technique, running some polarization curves until OCV 

and maximum power stabilization (differences in signal < 2%). Prior to running the 

electropolymerization protocol to assemble the biosensor, all fuel cells were checked and 

activated to rule out an electrical problem or significant methanol crossover. Consecutive 

polarization curves were generated and evaluated, and the fuel cells with an OCV value 

between 0.35-0.45 V were accepted for sensor installation (using a 0.5 M methanol 

solution). 

Calibrations of the PB-DMFC/biosensor were performed by incubating sarcosine 

standard solutions ranging from 1.0 × 10-7 M - 1.0 × 10-3 M in MES buffer. Prior to this, 

blank stabilization was performed by incubating the MES buffer until the electrical signal 

was stabilized. During calibration, each solution (200 µL) was incubated on the modified 

anode region of the sensor for 20 minutes, starting with the lowest concentration. After 

each incubation, the sensor area was carefully washed with ultrapure water and dried with 

nitrogen. This procedure was repeated for increasing concentrations of sarcosine prepared 

first in MES buffer and then in diluted human urine (100×) to evaluate the ability of the 

PB-DMFC/biosensor to discriminate sarcosine. For the selectivity assays, a selected 

concentration of sarcosine (1.0 × 10-5 M) was selected and measured. 

 



Chapter 5 
 
 

137 
 

5.2.4 Paper based fuel cell assembly 

The PB-DMFC involves several steps, including electrolyte deposition, anode/cathode 

electrode deposition, impermeability stabilization, and current collector deposition. The 

different steps involved in this setup have been schematically shown in Figure 5.2-A. 

 

  

Figure 5.2 – Schematic representation of the various steps required to obtain an (A) PB-DMFC 

assembly on the paper substrates, which includes: the incorporation of the electrolyte, the 

deposition of the anode/cathode inks, the paraffin impermeabilization and the silver ink current 

collectors; after the fabrication of the PB-DMFC platform and the evaluation of the 

electrochemical reaction (B) a sarcosine-sensitive MIP layer was obtained by 

electropolymerization on the anode side using EDOT/PPy monomers, and later the sarcosine 

template is removed under acidic conditions. 

 

All components form a single layer consisting of a commercial Whatman strip 

paper impregnated with 200 µL of a Nafion® solution (20 wt% in alcohols, 100 µL per 

side of the paper), which acts as a solid protonic electrolyte allowing the protons transport 

and preventing electrons conduction (electron insulator). A square metal mould with an 

area greater than 2.25 cm2 was used to ensure complete distribution of the electrolyte. 

The mould was left at room temperature for 20 min and then at 60 ◦C for 10 min to dry 
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the polymer (not completely). The resulting composite material acts as a proton exchange 

membrane (PEM), replacing the solid Nafion® film used in typical methanol fuel cell 

devices. The impregnated paper was glued to another mould with the desired active area 

of 2.25 cm2 and placed on a hot plate at 60 ◦C. Using an airbrush pen, the composite 

membrane was coated on both sides with two different carbon inks prepared in propanol, 

which also contained 20% Nafion® as a binder. For the anode side, an ink containing 

carbon black with Pt/Ru (40:20 wt%) was used, and for the cathode side, an ink containing 

carbon black with Pt (10 wt%) was used. The catalyst inks were stirred overnight to obtain 

a homogeneous solution and to avoid clogging of the airbrush. The Pt/Ru alloy in the 

anode and the Pt nanoparticles in the cathode are the best catalysts for the oxidation of 

methanol and the reduction of oxygen in the respective electrodes used in methanol fuel 

cells [235]. 

A solution of diluted paraffin in propanol (50/50) was added surrounding the 

active area of the PB-DMFC, at 90 ◦C, in order to waterproof the paper and avoid the 

paper breakdown. On top of the anode surface, a thin layer of a diluted solution of paraffin 

(~10%) was added to slightly hydrophobized the surface, in order to hinder the MeOH 

crossover from the anode to the cathode side. 

Later, the system was electrically connected with a silver conductive ink on the 

upper edges of the device (one connecting the anode and the other the cathode) in different 

paths. The setup was left at 60 ◦C for 10 min to cure the silver ink. To complete the paper 

device, tape was placed on the back of each electrical connection to prevent short circuits, 

and it was also placed around the entire anode side to delineate the active area. 

The PB-DMFC works with aqueous methanol solutions with concentrations 

between 0.5 and 2 M (adsorbed in adsorbent paper) and with atmospheric O2. The 

adsorbent square paper covers the entire anode surface and distributes the methanol 

solution homogeneously over the entire surface of the electrode (which also prevents 

methanol leakage). During the electrochemical measurements, a square glass (FTO) was 

used to cover the anode side of the PB-DMFC unit to prevent the methanol from 

evaporating. The fuel cell device can also be operated without the cover glass and without 

the adsorbent paper, but with these two components the system reaches stability in a 

shorter time, so that several consecutive measurements can be performed without 

changing the methanol solution. 
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5.2.5 Biosensor element preparation 

The Pt nanoparticles in the anode are the material directly related to the sensing 

capability, because the obstruction of the Pt nanoparticles by sarcosine molecules affects 

the methanol oxidation rate, which is key to the sensing capability of the fuel cell. To 

incorporate this sensing capability, a suitable PEDOT/Py semiconductor polymer was 

developed on the anode in the presence of sarcosine, which allows specific sites to be 

obtained in the polymer after the release of sarcosine by acid electrochemical treatment. 

The incorporation of the sensing element into the system PB-DMFC (Figure 5.2-B) was 

achieved by an electropolymerization process (in a 3-electrode system) of a solution of 

EDOT (0.01 M) and Py (0.005 M) in PBS buffer (previously flushed with N2) directly on 

the anode side of the fuel cell unit. First, a solution of sarcosine (1.0×10−3 M) was 

incubated in the anode for t = 2 h. Then, the PB-DMFC was carefully washed with 

ultrapure water and dried with nitrogen and incorporated into the 3-electrode system; in 

this configuration the anode layer of the PB-DMFC is the working electrode, a leakage-

free Ag/AgCl plastic electrode is the reference electrode, and a platinum rod electrode is 

the counter electrode. Electropolymerization was performed by cyclic voltammetry (CV) 

(10 cycles, − 0.3 V to 1.2 V) at a scan rate of 25 mV/s. The same CV protocol was used 

to remove the sarcosine template, but a 0.5 M H2SO4 solution was used instead of the 

monomer solution.  

In parallel, the non-imprinted fuel cells (PB-DMFC/NIP) were prepared using 

exactly the same steps and protocols, except for the incubation of the sarcosine template. 

The polymer layer was a barrier to the spread of methanol on the anode surface. 

Therefore, special care was taken to ensure that the polymer was semipermeable enough 

to allow the methanol molecules to reach the catalytic Pt nanoparticles and maintain the 

electrochemical activity (hence, in the unprinted PBDMFCs, the electrochemical signal 

is attenuated by the presence of the polymer film). The polymer-modified PB-DMFCs 

(printed and unprinted) were not reusable and were discarded after calibration.  
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5.3 Results and discussion 

5.3.1 Assembly of the paper-based fuel cell device 

5.3.1.1 Configuration 

The design of the paper-based fuel cell includes all components necessary for 

operation, which are built into the paper strip. Several prototypes were tested to find a 

suitable design that would provide a simple and durable configuration with a stable 

electrical signal. Figure 5.3 shows and describes all the prototypes that were studied 

during the work, as well as the changes that were made to each setup until the final 

prototype presented here, PB-DMFC, was found. 

 

 

Figure 5.3 Paper based methanol fuel cell prototypes tested during this work until meet the 

appropriate prototype nº 4. 

 

Prototype paper-based methanol fuel cells (PB-DMFC) were assembled in a 

square of Whatman paper (2.25 cm2 area), and various setups were evaluated for 



Chapter 5 
 
 

141 
 

durability, electrical stability, and OCV/power. In an initial experiment, after the 

electrolyte was added and the anode and cathode were deposited, the active region was 

insulated with a layer of hot glue, and the current collectors were pulled out of the 

assembly, formed with silver ink, and reinforced on the opposite side with tape to prevent 

short circuits (1). This setup was abandoned because the electrical connections became 

brittle during long-term experiments. To solve this problem, the current collectors were 

placed inside the square fuel cell unit and reinforced to prevent breaking or damaging the 

electrical connections (2). To isolate the active area, the adhesive layer was replaced with 

a rubber layer on the anode side and a plastic layer on the cathode side, which was 

attached with two clips. This setup was abandoned because it was not possible to prevent 

the methanol from penetrating the paper, resulting in methanol leakage and, in some 

applications, paper degradation. To address this deficiency, a solution of paraffin (diluted 

in propanol) was applied as an impermeable agent to both sides of the fuel cell paper strip 

surrounding the active anode/cathode region. This step was critical to prevent the 

methanol from spreading in the paper and also strengthens the structure of the paper so 

that it can be used multiple times without damaging it. In addition, the paraffin/paper 

arrangement forms a kind of flexible "composite" that gives this sensitive platform a 

suitable property for use in POC systems. 

Final improvements were made to the system to narrow the sensor area and 

optimize electrical stability (4). The anode was wrapped with tape and insulated, as it is 

the part of the fuel cell platform where the sensor is integrated, in a fully flexible and self-

powered platform. To improve electrical stability, the methanol solution was impregnated 

into a square of cellulose fibers that allowed efficient distribution of the methanol solution 

over the entire active anode area. A glass square was used to cover the anode and prevent 

evaporation of the methanol during electrochemical measurements. It is important to 

emphasize that setup number 4 works perfectly without these additional components in a 

single layer setup. However, to ensure that any external interference would affect the 

system performance (temperature/vibration), this setup was used as a simple, stable and 

flexible self-powered paper-based methanol fuel cell strip. 

Additional studies were performed on the selected prototype to improve the 

measured OCV and output power. The ideal amount of Nafion® electrolyte impregnated 

into the paper and the amount of paraffin solution to efficiently hydrophobize the fuel cell 

system were evaluated in terms of the overall performance of the PB-DMFCs by tracking 
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the polarization and power curves for all assembled systems. Figure 5.4-A/B shows the 

obtained results normalized to the active area (2.25 cm2) of the assemblies recorded with 

2 M MeOH.  

 

 

Figure 5.4 Electrochemical data of PB-DMFCs in terms of polarization (empty symbols) and 

power curves (full symbols) obtained under different test conditions: (A) the Nafion® electrolyte 

incorporated into the paper matrix; (B) the paraffin amount used as an impermeabilizing agent; 

(C) operation of the device using various methanol concentrations in the range of 0.5–2.0 M; and 

(D) electrochemical impedance spectroscopy measurements under open-circuit conditions (OCV) 

using 0.5 and 2.0 M methanol concentrations. 

 

The ideal amount of Nafion® electrolyte incorporated into the paper was studied 

and the results are shown in Figure 5.4-A. As one can see, using a small amount of 

Nafion® solution (200 µL) gives better results in terms of power/current density and OCV 
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of the different PB-DMFCs assemblies tested. The use of larger amounts of Nafion® 

electrolyte makes it difficult to produce a homogeneous layer, resulting in some 

roughness on the surface of the electrolyte dry film. This roughness, achieved with larger 

amounts of Nafion®, can affect the proton conductivity of the system, resulting in lower 

performance, which is more evident in the 400 µL impregnated PB-DMFC. Considering 

these results, the selected volume of Nafion® electrolyte was set at 200 µL, which is the 

minimum volume required to cover the entire active area of the paper substrate. 

The paraffin-impermeabilizing agent was first tested without dilution (100%) and 

later diluted in isopropanol (10% and 50%), as shown in Figure 5.4-B. The results 

obtained show a significant difference when the paraffin amount was varied from 10% to 

100 %, with the ideal value being in the middle (50%). These results are easily understood 

considering the important and crucial role of the paraffin component. With only 10% of 

this compound, the transfer of methanol from the anode to the cathode cannot be avoided, 

resulting in a lower OCV value and lower power. The poisoning of the cathode electrode 

by methanol molecules is a problem of DMFCs that lowers their performance and makes 

their conversion difficult so far. In a system of this type, composed mainly of paper, it is 

even more difficult to limit the methanol crossover, but a compromise was found with a 

solution of 50% paraffin and a stable system with a fairly acceptable OCV (≈0.55 V) and 

a reasonable performance was obtained. Paraffin works very well in preventing methanol 

crossover, but it has an insulating behaviour (no conductive link) that was observed when 

a pure paraffin solution was spread in the PB-DMFC array. When undiluted paraffin is 

used, the conductivity of the system is severely compromised, resulting in the lower 

measured OCV (0.22 V) and power output. Based on these results, the selected amount 

of impermeabilizing agent was set at 50% (paraffin/IPA) and adopted in the work. It is 

important to emphasize that this paraffin/IPA ratio refers to the vicinity of the active 

anode/cathode region. A light layer of 10% (paraffin/IPA) was applied to the anode side 

of the PB-DMFC to limit the transfer of methanol. 

 

 

5.3.1.2 Selection of ideal MeOH concentration 

Passive direct methanol fuel cells are usually operated with concentrated MeOH 

solutions (between 1 and 5 M) [205]. A compromise between the ideal MeOH 
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concentration in the anode layer and the rate of MeOH transfer from the anode to the 

cathode layer is essential to maximize cell voltage and reduce power losses. This 

compromise strongly depends on the fuel cell structure and design [164]. Thus, in this 

PB-DMFC setup, the generated power is mainly limited by the simplest arrangement, and 

the use of higher methanol concentrations can lead to higher methanol crossover, which 

affects the performance of PB-DMFCs, especially the useful life, since the methanol 

crossover poisons the Pt nanoparticle catalysts on the cathode side. In addition, the 

interface between the fuel and the Nafion® paper-based electrolyte is very narrow in this 

developed setup, so the ideal methanol concentration to achieve a stable electrical signal 

in successive measurements was investigated. Various methanol concentrations were 

tested, ranging from 2.0 to 0.5 M. The corresponding polarization and power curves are 

shown in Figure 5.4-C. These results were obtained using the same PB-DMFC starting 

with the higher MeOH concentration to the lowest MeOH concentration, washing with 

ultrapure water, and drying with N2 after stabilization at each concentration.  The results 

show that both the power density and current density increase with increasing MeOH 

concentration, and the MeOH concentration varies more in the range of [2.0–1.0 M]; in 

the range of [1.0–0.5 M], the difference in power density and current density is very small. 

Therefore, after successive measurements (washing and changing the MeOH fuel), the 

electrical signal is more stable when using 0.5 M MeOH than when using the 2 M 

concentration (results obtained with different PB-DMFCs), with relative standard 

deviations ranging from 2% to 4% for the lowest concentration, while the relative 

standard deviations range from 10% to 14% for the 2.0 M MeOH concentration (data in 

Figure 5.5). 

Therefore, when using the less concentrated MeOH solution (0.5 M), the loss in 

performance is compensated by the gain in long-term stability of the PB-DMFC 

platforms, as the MeOH crossover is significantly reduced (fewer MeOH molecules 

involved in the reaction also means fewer MeOH molecules passing through the 

Nafion®/paper membrane to the cathode side). 

Electrochemical impedance spectroscopy (EIS) measurements were also 

performed to record the resistance of the PB-DMFCs under open circuit voltage (OCV) 

in two different methanol concentrations. The obtained results are shown in Figure 5.4-

D, normalized to the active area of the PB-DMFC assembly (2.25 cm2). 
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Figure 5.5 Polarization and power curves obtained in consecutive electrochemical readings of two PB-DMFCs assemblies using (A) 0.5 M of MeOH and (B) 2 

M of MeOH.
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The EIS data was also fit to obtain the equivalent circuits of each individual fuel 

cell set-up (Figure 5.6), to estimate the ohmic resistance (Rohm), activation resistance 

(Ract) and mass transfer (Rmt) of the whole fuel cell.  

 

 

Figure 5.6 EIS data with the equivalent electric circuits (EEC), under open-circuit conditions 

(OCV) using 0.5 and 2.0 M methanol concentrations. 

 

The measured resistance values are quite high compared to a complex typical 

DMFC array consisting of all components [236]. However, higher values have been 

observed in simpler arrays with micro-DMFC systems because the simplicity of the 

system conditions the various mass transport phenomena [237,238]. This measured 

electrical resistance is related to the electrical resistances of the two anode/cathode 

electrodes, the proton transfer of the membrane, the current collector pathways and also 

the resistances between the individual components. Since the PB-DMFC contains all the 

components in a simple paper square without hot pressing and additional components, 

these resistance values in the order of 100–150 Ω/cm2 are quite acceptable for a first 

simple prototype. When the highly concentrated 2.0 M MeOH solution is used, a lower 

resistance is measured compared to the dilute 0.5 M MeOH concentration. Therefore, the 

difference in measured resistance using the two different MeOH concentrations is not 

significant and considering that this platform needs to be activated and calibrated in a 
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process with several consecutive measurements, higher signal stability is very important, 

so the lowest methanol concentration of 0.5 M is selected for further studies.  

 

5.3.2 PB-DMFC device characterization 

The PB-DMFC assemblies (unmodified and modified with polymer sensing 

material) were analysed with a scanning electron microscope (SEM) to evaluate the 

distribution of the different assembled layers (anode, electrolyte, and cathode) and to 

obtain evidence of the anchored polymer layer in the anode-side surface. The SEM 

diagrams of a PBDMFC and a PB-DMFC/MIP in cross-section and surface topography 

are shown in Figure 5.7A–F.  

Analysing the cross-sectional images of PB-DMFC (Figure 5.7-A) and PB-DMFC 

/MIP (Figure 5.7-B), a clear difference in the 3-layer anode/electrolyte/cathode 

distribution can be seen. In PB-DMFC without modification, the layers were not so well 

defined because they were easily damaged by breaking with liquid nitrogen. In the 

polymer modified PBDMFC/MIP, the 3 layers were very well defined, indicating that 

some kind of reinforcement protected the layers during fracture with liquid nitrogen. In 

the polymer modified PBDMFC/MIP, the 3 layers were very well defined, indicating that 

some kind of reinforcement protected the layers during fracture with liquid nitrogen. The 

same results were obtained in the PB-DMFC/NIP samples (Figure 5.8-A/C), indicating 

the presence of a modification consisting of a homogeneous polymer layer in both the 

MIP and NIP assemblies. In addition, a higher, well-defined thickness of the anode layer 

can be seen, indicating the presence of the EDOT-PPy polymer (Figure 5.8-C/D). When 

analysing the surface topography of the PB-DMFC samples (Figure 5.8-E/F), a 

differentiated roughness is observed in the PB-DMFC/MIP sample compared to the 

unmodified PB-DMFC. These results could indicate the presence of a uniform polymer 

layer anchored on the surface of the PBDMFC/MIP sample. 

Both fuel cell configurations showed similar assignments in terms of 

nanocatalysts (Pt and Ru) and fluorine (from Nafion®, which was used as a binder). 

However, an increase in the sulphur element was observed, which could be another 

indication of the anchoring of PEDOT in the carbon surface (Figure 5.8-D/E). 

 



Chapter 5 
 
 

148 
 

 

Figure 5.7 Characterization results of the paper fuel cells developed in this work: SEM Cross-sectional images of a (A) control cell PB-DMFC and a (B) polymer 

modified PB-DMFC /MIP; (C) overview of the anode layer of PB-DMFC and (D) PB-DMFC /MIP showing differences in the structure of the catalytic layer; 

topography analysis of (E) PB-DMFC and (F) PB-DMFC /MIP showing different roughness. Raman analysis at 532 nm for a control sample PB-DMFC, PB-

DMFC /MIP and a sample with EDOT carbon support for comparison; confocal images of a PB-DMFC and PB-DMFC /MIP assemblies highlighting the color 

difference (blue) (G). TGA and DTG curves of different paper fuel cell units (PB-DMFC, PB-DMFC /MIP, PB-DMFC / NIP) in an inert atmosphere (nitrogen, 

20 mL min− 1, heating rate 30 ◦C/min) (H). Overview of a PB-DMFC strip showing the chemical reactions responsible for the dual function (power and sensor) 

of the developed platform (I).
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Figure 5.8- SEM images of the polymer modified PB-DMFC/NIP in: (A-B) cross-section and (C) 

topography surface analysis. EDS analysis of a (D) non-modified PB-DMFC assembly and a (E)) 

PB-DMFC/MIP configuration, evidencing the sulphur percentage detected in the sample. 

 

It is important to highlight that the amount of Pt and Ru catalysts was similar in 

both samples, indicating that the anode electrode was structurally damaged by the 

electrochemical polymerization/removal cycles applied to fabricate the PB-

DMFC/biosensor. 

The PB-DMFC and the PB-DMFC/MIP assemblies are also tracked using the 

Raman technique (Figure 5.7-G). The spectra obtained for the anode side of the 

unmodified PB-DMFC show the two broad G-bands (1592 cm− 1) and D-bands (1344 

cm−1) typical of carbon black nanostructures, usually around 1585 cm− 1 and 1350 cm−1 

[239]. Significant differences are observed when comparing with the spectra obtained for 

PB-DMFC/MIP, which can be attributed to the polymer anchor in the 

electropolymerization protocol. The results show a significant distortion of the D-band 

(1346 cm− 1) and the overlapping of some characteristic peaks of the PEDOT polymer 

(green line, polymer obtained by electropolymerization under the same conditions as the 

sensors anchored on a square of commercial carbon for comparison). The overlapping 

peaks of PEDOT appear in the PB-DMFC/MIP spectra at 992 cm−1, 1117 cm−1 and 1433 
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cm−1. Moreover, when analysing the confocal images, one can also observe the difference 

in the surface colour of PB-DMFC and PBDMFC /MIP (see Figure 5.7-G). This shows 

that the polymer-modified sample has a stronger blue hue, which is characteristic of 

PEDOT-based polymers [200]. The relative intensity of the D and G bands can be an 

indicator of the disorder present in a sample, and the ratio ID/IG can be calculated to 

evaluate the defects present in a particular carbon material [240]. The ID/IG ratios for the 

PB-DMFC and the PB-DMFC/MIP sensor were calculated and the final values are the 

average of 3 independent measurements at different points on the anode surface (Table 

5.1).  

 

Table 5.1- Calculated ID/IG ratio obtained from Raman Spectra for the PB-DMFC and 

polymerized PB-DMFC/MIP samples 

Sample Raman shift Raman intensity ID/IG 

PB-DMFC 

D: 1343.65  

G: 1592.97 

14.161 

15.502 

0.91 

PB-DMFC/MIP 

D: 1369.02  

G: 1585.38 

18.278 

27.006 

0.68 

 

 

The PB-DMFC (control) has an ID/IG ratio of 0.91, while the sensor 

PBDMFC/MIP sensor has a ratio of 0.68. This ratio difference is significant and supports 

the presence of a uniform polymer layer anchored to the anode surface PB-DMFC. 

The TGA thermograms and DTG curves of PB-DMFC and polymer modified PB-

DMFC/MIP-NIP fuel cells are shown in Figure 5.7-H. When analysing the corresponding 

weight loss curves, a differential thermal decomposition behaviour of the different 

analysed samples can be observed, with PB-DMFC/NIP showing the sharpest mass loss 

profile. This result is to be expected since PB-DMFC/NIP is the sample with a more 

homogeneous upper polymer layer, which also has a “protective effect” that causes a shift 

in the temperature range of decomposition and delays the thermal decomposition of this 

sample. Thus, the cavities presented in PB-DMFC/MIP do not cause significant 

differences in the decomposition profile compared to the control (PB-DMFC) because 
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the polymer layer is not as homogeneous due to the presence of the sarcosine template 

during electropolymerization. All samples can be considered thermally stable, with 

minimal percent weight loss occurring up to 200 ◦C, including the Nafion® layer 

(membrane adsorbed in the paper separating the anode and cathode sides) and the paraffin 

hydrophobic agent. The results of comparing a PB-DMFC, a Nafion® impregnated paper 

and a paraffin impregnated paper are shown in Figure 5.9 and demonstrate the stability 

and thermal decomposition of these materials in isolated form. 

 

 

Figure 5.9- TGA thermograms of a control PB-DMFC in comparison with a paper impregnated 

with Nafion® electrolyte (Paper + Nafion®) and a paper impregnated with the paraffin 

hydrophobic agent (Paper + Paraffin) performed in an inert atmosphere (nitrogen, 20 mL min−1, 

heating rate 30 °C/min). 

 

Moreover, the described PB-DMFC platforms are stable for several weeks and 

can be stored at room temperature in a dark and dry environment until use. They can be 

reused several times without degrading performance if stored under proper conditions. 

These properties are completely novel for a system of this type and combined with the 

very simple structure of this assembly (a square of paper) makes this system very 

promising for use as a portable biosensor that can be used in any location.  

In summary, the characterization results of this innovative methanol fuel cell yield 

a stable, durable, and robust system that can be modified with a sensory polymer, 
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transforming this simple, low-cost paper platform into a self-powered system that serves 

as both an energy source and a sensor (Figure 5.7-I). Thus, this platform is user-friendly 

and easy to transport, which is an important requirement for a point-of-care application.  

 

5.3.3 Integration of the sensing area on the PB-DMFC 

5.3.3.1 Imprinted film layer development 

The sensor layer was built on the surface of the anode layer of the PB-DMFC, 

creating the PB-DMFC/biosensor. The combination of the imprinted polymers with the 

anode carbon catalysts makes it possible to obtain a hybrid nanocomposite electrode with 

a dual function: methanol catalytic activity and sensing property. In fact, this dual 

function is closely related, since both steps involve the oxidation of methanol in the Pt 

catalyst sites: in the PB-DMFC the Pt active sites are fully available to react with the 

methanol molecules, while in the PB-DMFC/biosensor the Pt catalyst sites are less 

accessible (polymer film) and can be hindered by the incubation of the template or even 

in a control experiment (nonimprinted polymers, NIP) the Pt active sites are partially 

blocked by the polymer layer (Figure 5.10-A). The SEM images also show the 

modifications in the surface of the different anode electrodes. 

The sensory area in PB-DMFCs was obtained in situ by electropolymerization 

using cyclic voltammetry (10 cycles in PBS buffer) of EDOT and Py monomers. This 

electropolymerization approach was investigated and validated in a previously published 

work [241] in the context of (bio)sensory methanol fuel cells. In this work, a carbon fabric 

containing PtRu nanoparticles (C/PtRu) was directly modified by the 

electropolymerization of EDOT/Py and later assembled in a typical passive methanol fuel 

cell configuration, which showed good electrical properties and sensitive responses to 

CEA detection. 

The PB-DMFCs developed in this work are very simple systems compared to the 

conventional passive fuel cell units used in previous works [193,241]. The advantages of 

this innovative PB-DMFC strip compared to previous fuel cells developed with a passive 

configuration [193,241] are based on the simplicity of this new single-layer configuration. 

The single-layer PB-DMFC allows easy insertion and removal of the methanol fuel and 

sample for analysis, the volume required for the fuel was very small (100 µL) compared 

to the volume required to operate the first setup (1500 µL), and no special tools or screws 
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were required to open and close the device. The disadvantage of this simpler fuel cell 

setup is its low power density compared to the fully passive system developed previously.  

 

 

Figure 5.10- Analysis of the behavior of the different fuel cell platforms with respect to (A) 

general scheme complemented with surface SEM images evidencing the possible different 

methanol pathways in the fuel cell anode electrode and showing the blocking effect of the catalytic 

Pt active sites in the polymer modified fuel cells (PB-DMFC/Biosensor and PB-DMFC/NIP). The 

CB-PtRu is covered by a sarcosine imprinted film in the PB-DMFC/Biosensor, shown in blue 

color, or a control film without printed sites in the PB-DMFC/NIP, shown in gray color. The voids 

in the anode of the PB-DMFC/Biosensor allow a faster and more efficient reaction of the methanol 

fuel on the surface of the Pt catalysts compared to the polymer layer of the control (without voids), 

which acts as a barrier for the reaction of the methanol molecules. Comparison of the measured 

polarization and power curves recorded for the different paper fuel cell systems (PB-DMFC, PB-

DMFC/Biosensor, PB-DMFC/NIP) (B) and evaluation of the EIS analysis of a PB-DMFC before, 

after polymerization and at the end of a calibration (C).  
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The lower power density of the PB-DMFC system is compensated by its higher 

sensitivity and user-friendly approach (since the sensor can only be used once, a higher 

power output was not a requirement for it to work well). This new design is also less 

expensive and more environmentally friendly, considering all the materials needed to 

build the system. 

The good conducting and electrocatalytic properties of the PEDOT/ PPy polymer 

are important to improve the stability of the PB-DMFC/ biosensor compared to the 

unmodified PB-DMFC. The hydrophobic nature of the PEDOT/PPy polymers also 

contributes to the signal stabilization of the paper-based systems by acting as a barrier to 

methanol penetration through the anode surface (methanol crossover) and also reduces 

the electrical blockage caused by the small amount of paraffin added to hydrophobized 

the anode surface. Therefore, these types of conductive materials have been widely 

explored to improve the performance and durability of fuel cell systems, which makes 

them suitable for fuel cell electrode applications [242]. Among the common conductive 

polymers, PEDOT polymer is particularly attractive and suitable for use in fuel cell 

electrodes because it is stable and exhibits high electronic conductivity (between 1 and 

100 S/cm, depending on whether a dopant has been added) [243]. 

To obtain a higher density of sites impregnated with sarcosine on the anode 

surface, the surface was incubated (t = 2 h) before polymerization. Removal of sarcosine 

from the polymeric network was achieved electrochemically in a sulfuric acid solution. 

This procedure allows the adsorbed sarcosine molecules to be removed and the imprinted 

cavities to be emptied for subsequent rebinding. In addition to releasing the imprinted 

molecules from the polymeric network, this removal step in acid also allows the removal 

of unreacted monomers from the surface and of the paraffin added for the previous 

activation of the fuel cells (paraffin solution is not acid resistant). Interestingly, the sensor 

layer obtained in situ is sufficient to control the methanol crossover, resulting in a faster 

and more durable PB-DMFC system where the right polymer layer takes over the role of 

paraffin and the sensing property (in the case of PB-DMFC/MIP). 

An example of a cyclic voltammogram (last n◦10 cycle) in a 3-electrode 

configuration of the PB-DMFC/biosensor and control PB-DMFC (NIP) are shown in 

Figure 5.11, as are the corresponding removal steps. These voltammograms were 

referenced to a pair of PB-DMFCs that were fabricated on the same day and had similar 

performances. 
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Figure 5.11- Cyclic voltammograms obtained in a 3-electrode system in a PBS buffer solution 

(10 cycles, −0.3 V to 1.2 V, 25 mV/s), for the assembly of the PEDOT/PPy sensing polymer on 

the anode layer of PB-DMFCs (MIP and NIP) and corresponding removal step in sulfuric acid 

solution. 

 

Exceptional care was taken in the selection of the PB-DMFCs to ensure that they 

had similar electrical characteristics, despite the “handmade” process involving the 

various steps in the fabrication of the PB-DMFCs. The analysis of the obtained 

voltammograms shows that the presence of sarcosine in the PEDOT/PPy 

electropolymerization leads to a decrease in the electrical resistivity values over the whole 

applied voltage range. The presence of sarcosine seems to hinder the polymer formation 

in the anode surface PB-DMFC and its removal allows a significant increase in the electric 

current, while for the non-printed PB-DMFC /NIP the effect of removal is in the opposite 

direction; this decrease in PB-DMFC/NIP current could be due to over-oxidation of the 

PEDOT polymer layer in acidic media causing a decrease in the electrical conductivity 

[244,245]. Overall, the PB-DMFC/NIP samples allow us to evaluate the influence of the 

polymer layer on the PB-DMFC performance and also the nonspecific behaviour in 

sarcosine target binding. 
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5.3.3.2 Impact of the imprinted film in the PB-DMFC 

The effect of modifying the anode side of the PB-DMFCs with the EDOT/PPy 

polymer was evaluated by recording and comparing the experimental polarization curves 

(sampled DC voltammetry technique) until the electrochemical system reached stable 

maximum potential (OCV) and power. Different paper fuel cell units with similar initial 

values (before modification) were used for the studies. The obtained results are shown in 

Figure 5.10-B.  Analysis of the polarization curves (blank points) and power curves (filled 

points) of the two PB-DMFC units indicates that adding the EDOT/PPy polymer on the 

anode side causes the measured maximum OCV and generated current/power to decrease 

more significantly for the control (PB-DMFC/NIP). These results were expected since 

the polymer layer has a blocking effect on the Pt catalyst nanoparticles, which is more 

pronounced for the sample without voids (PB-DMFC/NIP) than for the PB-

DMFC/Biosensor, which is in the middle range in terms of current and power. In terms 

of maximum power, the initial PB-DMFCs produce 22–25 µA/cm2 until the PB-DMFC/ 

biosensor produces 16 µA/cm2 and the control PB-DMFC/NIP produces only 8 µA/cm2 

after stabilization (successive polarization curves were followed for all systems until the 

signal deviation is less than 1%). Therefore, the effect of PEDOT/PPy is more pronounced 

for PB-DMFC/NIP because it does not have imprinted cavities in the polymer structure 

that only partially hinder the diffusion of methanol/water to the electrode surface. The 

different assemblies also show differences in OCV values, with PB-DMFC/NIP having 

the lower OCV value (0.35 V) compared to PB-DMFC/Biosensor (0.41 V) and the 

unmodified PBDMFC (0.43 V). Therefore, the time for stable and complete activation is 

longer for the PB-DMFC/NIP assembly than for PB-DMFC/Biosensor and the 

unmodified PB-DMFC. The PB-DMFC/NIP could not reach the same potential values 

due to the barrier effect of the PEDOT/PPy polymer. 

In the EIS analysis (Figure 5.10-C), the same PB-DMFC was analysed 

before/after the polymerization protocol and after calibration. The equivalent electric 

circuits of these samples were shown in Figure 5.12. Analysis of the results shows an 

increase in ohmic resistance and charge transfer after the electropolymerization 

procedure. After calibration, the PB-DMFC with the sensing layer (PB-DMFC + MIP) 

shows an increase in ohmic resistance, which could be related to the presence of the 

sarcosine binding in the polymer cavities. 
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Figure 5.12- EIS data and equivalent electric circuits (inlet) of a PB-DMFC before polymerization 

protocol (A), after polymerization (B) and after calibration (C). Measurements conducted under 

open-circuit conditions (OCV) using 0.5 M methanol concentrations. 

 

5.3.4 Calibrations of the PB-DMFC/biosensor 

The various PB-DMFC/biosensor assemblies were activated by running multiple 

polarization curves until the systems reached maximum OCV and power levels (the 

number of polarization curves required for full activation depends on PB-DMFC and can 

range from 5 to 10 consecutive trials). After running a polarization curve, the 

PBDMFC/biosensor was washed with water, dried with N2, and 100 µL of a 0.5 M 

methanol solution was added. This procedure was repeated continuously throughout the 

calibration experiment. Prior to calibration, stabilization was performed in the same 

background medium used to prepare the sarcosine standards by incubating the sensor 

surface sequentially with the same volume used to incubate the standards (200 µL). This 

procedure was repeated until stable electrical performance was achieved for both media. 

Two background media were used to prepare the sarcosine standards: MES Buffer and 

diluted healthy human urine. This stabilization procedure was essential to ensure that the 

measured electrical signal was due to the sarcosine interaction and not to the medium in 

which the standard solution was prepared. In the case of the medium containing healthy 

human urine, a dilution factor (10× and 100×) was previously investigated for its effects 

on signal stability and final performance of the PB-DMFCs assemblies. An example of 

the stabilization of the PB-DMFC /biosensor assemblies with MES buffer and human 

urine is shown in Figure 5.13 in the form of power curves, which show that the successive 

MES incubations cause little disturbance to the signal (Figure 5.13-A) compared to the 

urine incubations (Figure 5.13-B/C). 
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Figure 5.13- Power curves obtained in consecutive electrochemical readings using independent PB-DMFCs assemblies after stabilization and prior incubation 

with MES buffer (A), human urine 10x times diluted (B) and human urine 100x times diluted (C) using 0.5 M of MeOH solution for the readings. 
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Therefore, to obtain a smaller effect on the initial current of the PB-

DMFC/biosensor, a 100-fold dilution was chosen for the urine calibrations.  

After stabilizing the electrical signal of the PB-DMFC/biosensor in the appropriate media, 

successively increasing concentrations of sarcosine standard solutions in the range of [1.0 

× 10− 7 M – 1.0 × 10− 3] were incubated directly on the surface of the anode sensor, and 

the polarization curve was followed after incubation of each concentration (from the OCV 

potential to the predefined final potential of 0.1 V). It is important to highlight that the 

initial OCV potential of the polarization curve is not the same after each sarcosine 

standard incubation but decreases over the course of the calibration experiment as the 

sensor loses the ability to return to initial values when sarcosine is bound in the polymer 

cavities. The time required to reach a stable OCV potential must be determined at the 

beginning of the experiment and maintained until the end of the calibration (depending 

on PB-DMFC, t = 100 s is sufficient to reach a stable OCV value). The response of a 

methanol fuel cell biosensor is determined by the oxidation of methanol at the active sites 

of the Pt catalyst. The kinetics of this reaction is time-dependent and is favored by the 

fact that methanol is a small molecule that can easily penetrate through the polymer, 

depending on the contact time. The major advantage of this system over previously 

published systems [193,241] is that the methanol solution can be completely removed 

from the anode sensor region, ensuring that the system is in a similar “true steady state” 

for all measurements. Each sarcosine standard solution was left on the anode surface for 

20 min and covered with a square glass to prevent evaporation and ensure efficient 

distribution of the sample over the entire sensor area. After this time, the PB-

DMFC/biosensor was washed with ultrapure water, dried with nitrogen, and 100 µL of a 

0.5 M MeOH solution was distributed on the anode side, followed by an electrochemical 

measurement (OCV stabilization + sampled DC voltammetry technique). This procedure 

was performed in parallel with a PB-DMFC/NIP to monitor the non-specific interactions 

of sarcosine in the non-imprinted polymer. 

Several calibrations were performed to evaluate the standard analytical response 

of this hybrid paper biosensor. A typical plot of the performance curves obtained during 

a calibration is shown in Figure 5.14-A for buffer media, with the average calibration 

curves in Figure 5.14-B, for PB-DMFC/biosensor compared to the control (PB-

DMFC/NIP). Figure 5.14-C shows a typical calibration obtained in diluted healthy human 

urine, with the corresponding average calibration curves in Figure 5.14-D. The calibration 



Chapter 5 
 
 

160 
 

curves correspond to the normalized maximum peak power calculated for each standard 

(power standard/powerblank).  

 

 

Figure 5.14-Power-current density curves obtained during calibration after incubation of 

sarcosine standards of increasing concentrations prepared in buffer (A), with the respective 

calibration curve compared with a control experiment (NIP) in the range 1.0 × 10− 7 − 1.0 × 10− 3 

mol/L (B); Power-current density curves obtained during calibration with sarcosine standard 

solutions prepared in healthy human urine in the same concentration range used in buffer (C), 

with the respective calibration curve compared with the NIP sample (D). All calibration curves 

were traced using the average of the maximum power density obtained at each sarcosine 

concentration. 
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Analysis of the calibration results shows that the average power density decreases 

with successive concentrations of the sarcosine standards for both media studied, 

confirming that it is possible to transform the PB-DMFC activity into a PB-

DMFC/biosensor with an operating mode dependent on the sarcosine concentration. 

For calibrations performed in MES buffer media (Figure 5.14-A), the final PB-

DMFC /biosensor output power decreases by ~ 50 % compared to the initial value after 

blank (background stabilization) experiments against the maximum sarcosine 

concentration, with a squared correlation coefficient of ~0.997. This variation was 

generally consistent between different calibrations performed in buffer when the PB-

DMFCs assemblies have similar initial power values. The limit of detection (LOD) was 

6.6 × 10− 8 M calculated using the equation LOD = (yblank3SDblank)/Slope. Comparing the 

PB-DMFC/biosensor with the nonimprinted, PB-DMFC/NIP, a random response can be 

observed (Figure 5.14-B), indicating minor nonspecific interactions of sarcosine 

molecules. 

In the calibrations with human urine (Figure 5.14-C), the final PB-DMFC/ 

biosensor output decreases by ~ 75% (compared with the initial value after stabilization 

of the blank) toward the maximum concentration of sarcosine with a squared correlation 

coefficient of ~0.986. These results demonstrate the good performance of this paper-

based biosensor, which can maintain its sensitivity in more complex media such as human 

urine. Indeed, the results obtained in human urine are more meaningful in terms of impact 

on fuel cell performance, since the behavior of the PB-DMFC depends entirely on the 

sarcosine concentration, with a higher impact on the potential, current density, and 

performance. This behavior highlights that the developed PB-DMFC/biosensor is suitable 

to target the sarcosine molecule in real samples and can be used in a wide range of 

concentrations. Considering the non-specific interactions, some differences were 

observed in the performance curves obtained after the incubation of sarcosine in the non-

imprinted anode (PB-DMFC/NIP) in this medium. However, the response can be 

considered negligible when compared to the response obtained for the PB-DMFC/ 

biosensor. Thus, this self-powered paper strip PB-DMFC /biosensor can be used for 

screening and monitoring sarcosine biomarkers without being limited to standard 

analytical laboratory methods. Common sarcosine oxidase assays can achieve a LOD of 

1.18 × 10−6 mol/L with a linear range of 2.05–125.65 × 10−6 mol/L. It is generally 

accepted that the diagnosis of prostate cancer is associated with elevated levels of 
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sarcosine in body fluids (even in early stages of the disease) [246]. Considering these 

findings, this autonomous paper platform may be a useful tool to detect abnormal 

sarcosine levels that may be associated with a prostate cancer diagnosis. 

 

5.3.5 Selectivity studies 

To evaluate and complete the selectivity of the designed PB-DMFC/ biosensor, 

selectivity assays were performed in buffer solutions against some common interfering 

compounds [urea (U), uric acid (UA), creatinine (C), glutamic acid (GA), and histidine 

(H)]. The assays were performed with different PB-DMFCs units, incubating a sarcosine 

standard solution (1.0 × 10-5 M) in a PB-DMFC/biosensor. In parallel, the same procedure 

was repeated with different PB-DMFC/biosensor units by incubating the same 

concentration of sarcosine with the respective interfering substance. Both PB-

DMFC/biosensors were analysed by following their respective polarization curves. An 

example of one set of selectivity assays is shown in Figure 5.15-A with the corresponding 

interference analysis in Figure 5.15-B. 

The data presented in Figure 5.15-A show that the different PB-DMFCs prepared 

in the same batch for performing the selectivity assays exhibit a consistent response to 

the detection of sarcosine, with little signal variation in the presence of interfering factors. 

These data confirm the high preference of this sensor for sarcosine with signal changes 

of 1–10%, in both positive and negative directions (Figure 5.15-B). Urea and uric acid 

are the interfering factors that cause the largest deviations from the sarcosine signal 

(10%), while the other interfering factors cause almost no signal change (~1%). The 

concentrations of all tested interfering factors are compatible with the average values 

found in real human urine samples, which can support the exceptional performance of 

this hybrid autonomous fuel cell paper strip. 
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Figure 5.15- Selectivity assays in buffer using independent PB-DMFCs after incubation of a sarcosine standard solution (1.0 × 10− 5 M) and sarcosine spiked 

with interfering compounds [urea (U), uric acid (UA), creatinine (C), glutamic acid and histidine (H)], recording of the respective power curves (A) and the 

respective interference analysis in normalized values (B).
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5.4 Conclusions 

The developed PB-DMFC/biosensor prototype showed promising results as a self-

powered sensing platform for the detection of sarcosine in a hybrid approach combining 

the potential of a paper methanol fuel cell as an energy source with a MIP sensing 

element. The improvement in the response of the PB-DMFC/biosensor in real samples 

(human urine) confirms the high selectivity of the response of this array, which is also 

confirmed by the different selectivity assays performed. Overall, the presented PB-

DMFC/biosensor can be considered as a promising and suitable instrument for point-of-

care applications, capable of analysing sarcosine in a wide concentration range, even in 

complex real samples. The developed PB-DMFC/biosensor opens the doors to a novel 

strategy in the development of autonomous electrical biosensors by combining two 

powerful technologies (fuel cells and MIPs). Further improvements of the current 

prototype in terms of materials used (catalysts, carbon support, electrolyte, 

impermeabilization), fabrication process, and even different fuels can be explored, 

opening new opportunities for the expansion of self-powered electrochemical instruments 

as powerful tools in health diagnostics/monitoring. 
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Chapter 6 

 

 

6. Portable and autonomous PEDOT modified flexible 

paper-based methanol fuel cell sensing platform applied to 

L1CAM recombinant protein detection 

 

 

 

 

 

 

 

 

The results presented in this chapter are currently submitted as Liliana P.T. Carneiro, 

Alexandra M.F.R. Pinto, Dzmitry Ivanou, Adélio M. Mendes, M. Goreti F. Sales, 

"Portable and autonomous PEDOT modified flexible paper-based methanol fuel cell 

sensing platform applied to L1CAM recombinant protein detection", accepted to Applied 

Polymer Materials.  
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6.1 Introduction 

Rapid and accurate quantification/monitoring of circulating biomarkers is an 

urgent need for point-of-care and/or point-of-use systems, where the combination of 

portable and flexible disposable electrochemical systems and biosensors is emerging as a 

promising alternative [247–249]. The growing interest in portable point-of-care sensing 

devices is supported by their advantageous features such as cost-effectiveness, compact 

structure, sensitive readings, and the possibility of online detection that allows real-time 

measurements of various biological entities [250]. Among the different types of 

biosensors, electrochemical-based systems emerge as the most promising technology that 

can meet all the requirements of flexible biosensors. This bioelectronic technology 

requires a recognition element, a transducer, and an energy source. It involves the 

interaction between the recognition element and the transducer being the generated signal 

directly related to the analyte concentration and later displayed via an output system  

[59,251]. 

Various materials and manufacturing techniques are used to produce portable and 

wearable electrochemical devices [252–254]. To improve the detectability and suitability 

of these devices, flexibility is a key factor in the fabrication of each component, including 

a flexible output display and flexible power sources [255,256]. Among the other 

substrates that can be used for the production of flexible and disposable biosensors, the 

paper seems to be the most promising  as it is cheap ,  abundant, biodegradable, 

biocompatible, flexible, and can be easily modified [257,258]. The combination of paper-

based substrates, conductive nanoinks, and electrochemical detection has recently 

emerged as a trend in the development of a larger number of bioelectronic devices with 

different setups, configurations, and detection modes [259,260]. The nanoinks for 

incorporation into bioelectronic sensors consists of three components: a conductive 

material, a binder, and a solvent [261,262] all can be produced biocompatible. Conductive 

materials typically include metallic nanoparticles (e.g., platinum, silver, copper) [263] 

and/or carbon structures (e.g. carbon black, carbon nanotubes, graphene) [264,265]; 

chemical modifiers, such as conductive polymers, can be also added to improve 

conductivity and performance of electrochemical sensors [266]. Apart from the large 

number of configurations developed so far, a lack of self-sufficient devices is still 

observed in the available electrochemical biosensors with simpler setups, so it is still 
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necessary to use a potentiostat to perform the measurements and track the response of the 

sensor. 

In the work presented here, the requirement for an energy source was met by 

developing paper-based methanol fuel cells (PB-DMFCs) that can act simultaneously as 

a biosensor and energy source and integrate a signaling function, all in simple, flexible, 

lightweight, and user-friendly modified paper strips. Several methanol fuel cells have 

been built using a commercial Whatman paper as a substrate, which combines all fuel cell 

components in a single strip layer. A similar system PB-DMFC was recently published 

by the authors in a single cell mode prototype that integrates a biosensor for the detection 

of sarcosine with excellent sensitivity and selectivity results [267].  Thus, the power and 

voltage output of these PB-DMFCs/biosensors is quite low, which limits their 

implementation as a fully portable biosensor system. In this work, the power and output 

voltage of the PB-DMFCs were improved by developing a hybrid sensor anode electrode. 

The combination with the conductive PEDOT polymer and MWCNTS-COOH enables to 

obtain a system with higher stability, current, voltage and sensitivity to the target. This 

higher voltage and stability also enable the fabrication of a PEDOT/PB-DMFC/biosensor 

stack with sufficient potential to connect and trigger a PEDOT electrochemical cell. This 

cell was designed here to monitor the interaction of the recombinant protein (L1CAM) 

with the PEDOT/PB-DMFC/biosensor stack by color change. The L1CAM protein is a 

cell adhesion molecule originally identified in the neuronal system and currently 

associated with advanced stages of various cancers [47,48,50]. Overexpression of 

L1CAM in advanced tumor stages and metastases has been reported [53–55], and this 

association with cancer progression makes L1CAM an important target. 

The combination of self-power/self-signal features in a methanol fuel cell paper 

strip system has never been described before. This concept was recently investigated 

using a stack of conventional passive methanol fuel cells, which have a complex 

mechanical structure, in combination with an inorganic electrochromic system of 

tungstate and tungsten oxide nanoparticles. In this work, a promising system for the 

detection of a small metabolite (sarcosine) was demonstrated using conventional 

assemblies and materials [268]. In the work presented here, the PEDOT/PB-

DMFC/biosensor stack was connected to an organic electrochemical cell made of 

PEDOT:PSS, which was also developed on a single-layer paper strip, required no 

additional components, and was operated with a few microliters of an aqueous electrolyte 
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(lithium perchlorate 0.1 M). This PEDOT/PB-DMFC/biosensor- EC allows to obtain a 

completely flexible, innovative and portable paper-based fuel cell sensor platform with a 

very simple structure. This approach works like a conventional passive direct methanol 

fuel cell (DMFC), but with a simpler, more compact and miniaturized configuration that 

is more suitable for POC applications. Passive DMFCs are considered a promising and 

suitable technology for portable power generation, especially for small devices with low 

power requirements  [269–271], such as the system presented here. 

To the best knowledge of the authors, this is the first work to report on a hybrid 

paper-based methanol fuel cell system in a 5-stack configuration and in conjunction with 

a EC for visual display (PEDOT/PB-DMFC/biosensor- EC). The various properties of 

PEDOT as a conductive  [272] and electrochromic material [273] have been explored in 

novel experimental setups suitable for fabricating medical fully wearable devices for POC 

use. This approach was optimized with particular attention to the composition of the 

anode sensor electrode, which consists of a novel PEDOT/carbon nanocomposite material 

that has not been previously described. The assembly was characterized for analytical 

performance against L1CAM using two different media (buffer and Cormay® serum). 

Operation of the system was tested in a single cell array connected to a potentiostat and 

in a 5-stack array using the EC display. 

 

 

Figure 6.1 – PEDOT/PB-DMFC/biosensor strips assembled in a 5-stack configuration to produce 

a voltage of ~1.5 V, to allow the color change of the paper based PEDOT:PSS electrochromic 

cell. 
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6.2 Experimental and methods 

6.2.1 Reagents and solutions 

The reagents used in this work were of analytical grade and the water was an 

ultrapure Milli-Q. A solution of Nafion® [20 wt%, alcohol based (propanol/ethanol) 

Quintech] was applied to a ≈ 2.2 cm2 square paper strip (Whatman grade 40 filter papers) 

and covered on both sides with carbon-based inks consisting of: Carbon Black with PtRu 

(40:20 wt%) catalyst (C/PtRu) on Vulcan XC-72R (Quintech) mixed with oxidized Multi 

Walled Carbon Nanotubes (MWCNT-COOH) (Sigma Aldrich) for the anode side, and 

Carbon Black with Pt (10 wt%) catalyst (C/Pt) on Vulcan XC-72R (Quintech) for the 

cathode side. The inks were prepared using 2-propanol (IPA) (99.8%, Panreac) as solvent 

and Nafion® (20 wt%.) as binder using a microtip ultrasonic system. A solution of 0.01 

M EDOT (97%, Alfa Aesar) in IPA/H2O (4/1) was added to the anode ink and sonicated 

in ultrasonic bath for 60 s. Titanium (IV) oxide (anatase, Sigma Aldrich) was also added 

to the formulation for evaluating TiO2 applicability as conductive component in ink. 

Different amounts of MWCNT-COOH were also tested in the ink formulation.  

A paraffin solution (Sigma Aldrich) was diluted in 2-propanol (50/50) and applied 

around the active area of the PB-DMFC assembly (on both sides of the paper). It 

hydrophobizes and strengthens the paper substrate. Conductive silver ink (RS Pro) was 

applied to the top edges for electrical connection (each side with an independent terminal, 

insulated with tape on the non-electrical side to avoid short circuits). Two buffer media 

were used in this work: 10 mM MES buffer (pH 6.0) obtained by dissolving 2-

morpholinoethanesulfonic acid buffer (AppliChem) and PBS buffer with (pH 7.2) 

obtained by dissolving phosphate-buffered saline (Amresco). A recombinant human 

L1CAM protein (His-tag) (MyBiosource) stock solution was prepared by diluting the 

commercial reagent in buffer; less concentrated standards were prepared by accurately 

diluting the stock solution in the range of 1.0 × 10-12 – 1.0 × 10-8 M.  

The polymerization solution consisted of 0.01 M EDOT (97%, Alfa Aesar) prepared 

in PBS (25 mL solution for each electrode), and L1CAM protein was used as a template 

during polymerization. Template removal was performed electrochemically in 0.5 M 

H2SO4 (Sigma Aldrich). Electrochemical measurements were performed using an aqueous 

methanol solution (Honeywell) of 0.5 M for calibrations and 1.0 M for initial stabilization 

of the fuel cell. A pretreated human serum (Cormay® HN, PZ Cormay S.A) was used for 
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the selectivity studies. The pretreatment consisted of adding silver nitrate (AgNO3, 0.1 M) 

to the pure serum, to reduce the effect of chloride ions (0.1 M Cl-). In this procedure, 10 

mg of AgNO3 was added to 1 mL of pure serum and left in a stir plate for 30 min. The 

mixture was then centrifugated at 10 000 rpm for 10 min, and a solid white precipitate 

(AgCl) was deposited at the bottom of the flask (Figure 6.2). This treated serum was 100x 

diluted in MES buffer and spiked with selected target concentrations. This medium was 

spiked with the same biomarker concentrations that were prepared in the buffer.  

 

 

Figure 6.2 – Pre-treatment steps of the human serum (Cormay®) for L1CAM standards preparation: 

(1) – add AgNO3 to the pure Cormay serum; (2)- stir in a stirring plate for 30 minutes until a 

yellow/white turve solution is formed; (3) – centrifugation at 10000 rpm during 10 minutes until the 

solution appears light yellow with a white precipitate in the bottom of the flask, indicating the 

removing of  the chloride ions present in the initial serum; (0.1 M of Cl- present in the initial serum) 

(4) – Cormay serum pre-treated is compatible for incubation in the anode side of the PEDOT/PB-

DMFC with a 100x MES buffer dilution; (5)- example of a stabilization protocol using the diluted 

pre-treated serum in a PEDOT/PB-DMFC assembly containing the MIP sensor, evidencing a stable 

system  after 4/5 incubations. 

 

For the selectivity tests, L1CAM standard solutions were prepared in the presence 

of interfering species. These were carcinoembryonic antigen CEA (30 ng/mL), D-glucose 

(1.2 mg/mL; Alfa Aesar), and urea (1 mg/mL; Fagron) prepared in the buffer. 

The paper-supported EC was developed on top of baking paper, modified with 

polydimethylsiloxane (PDMS commercial kit SYLGARDTM). After curing the PDMS, 

a promotor for gold adhesion, 3-Mercaptopropylmethyldimethoxysilane, MPTMS 

(Sigma Aldrich), was spin-coated on the surface of the paper/PDMS. A commercial 

dispersion of poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS) 
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(Sigma Aldrich) was diluted in dimethyl sulfoxide (DMSO, 95/5(%)) and spread in the 

middle ring of the EC.  0.1 M solution of lithium perchlorate (Sigma Aldrich®) was used 

as the electrolyte in the EC paper device. 

6.2.2 Equipment and apparatus 

Electrochemical measurements were performed at lab-ambient conditions (21±2 oC) 

using a Methrom Autolab potentiostat/galvanostat with a PGSTAT302N, controlled by 

Nova software (NOVA 2.1). The electrochemical characterization and performance 

evaluation of the different PEDOT/PB-DMFCs were assessed using Sampled DC 

technique in the form of polarization curves, until OCV, current and power stabilization 

(single cell assembly). First, the PEDOT/PB-DMFC devices were activated by running 

several polarization curves using 1 M MeOH solution; polarization cycles were applied 

until a stable response of the cell (deviation of the obtained power   1%). A solution of 

0.5 M MeOH was used for the calibration procedures. After each measurement, the 

PEDOT/PB-DMFC was washed with ultrapure water and dried with nitrogen to remove 

the unreacted methanol solution. Electrochemical impedance spectroscopy (EIS) was used 

to evaluate the electrical resistance of the PEDOT/carbon matrix/catalyst interface in OCV 

mode.  

All electrochemical measurements recorded in the different experiments were 

normalized with respect to the area of the electrodes (2.2 cm2). To follow and compare the 

electrochemical behaviour of the PEDOT/PB-DMFC assemblies, the maximum peak 

power was calculated.  The calculated power values were normalized by the corresponding 

blank signal (powersample/powerblank) to allow a better comparison between the different 

calibration experiments. 

The anode and cathode nanoinks were performed using a Sonic Dismembrator 

(Fisherbrand™), with an operation frequency of 20 KHz, coupled to a 3 mm microtip. 

The PEDOT/PB-DMFC, PEDOT/PB-DMFC/MIP, and PEDOT/PB-DMFC/NIP 

anode layers were characterized by Raman spectroscopy, with a Thermo Scientific DXR 

Raman spectroscope equipped with a confocal microscope. Spectra were recorded with a 

532 nm excitation laser in the range of 50 to 3500 cm-1 at a power of 7 mW with a 50× 

objective. The confocal aperture was set to 50 μm pinhole. The ultrasonically polymerized 

PEDOT/CB-PtRu powder was analysed with FTIR/ATR spectra in a Thermo Scientific 

iS10 in the range of 550 to 4000 cm-1 with a germanium (Ge) crystal at 250 scans. For 
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comparison, spectra of the unmodified commercial CB-PtRu and EDOT monomer were 

also analysed (all solid samples were first dried in an oven at 37 ◦C before reading). 

Thermogravimetric analysis (TG) was used to follow the different steps of the anode ink 

nanocomposite formulation, in an inert atmosphere (nitrogen, 20 mL min−1, heating rate 10 

°C/min, from 30 to 800 ◦C), using a Hitachi (TG/DTA7200) instrument. The morphology 

of the PEDOT/PB-DMFCs was studied using a scanning electron microscope (SEM) with 

cross-section and microstructure analysis. 

 

6.2.3 PEDOT Paper Based Fuel Cell (PEDOT/PB-DMFC) assembly 

 

The paper-based PEDOT fuel cell platform (PEDOT/PB-DMFC) developed here 

was based on a first simple assembly published prototype [267]. The innovative idea of 

this study implies busting significantly the output power of the fuel cell by combining it 

with conductive materials such as conductive polymers or other conductive materials 

such as carbon nanotubes (MWCNTs) or titanium (IV) oxide (TiO2) nanoparticles. In the 

first developed assembly [267] a layer of a paraffin solution diluted in IPA (10%) was 

applied to the anode electrode to hydrophobized the surface and reduce methanol 

crossover, which is not the ideal solution because it is an insulating compound that affects 

the final performance of the paper fuel cell platform. The development of this improved 

PEDOT/PB-DMFC involves several steps, including the incorporation of the electrolyte, 

the preparation and deposition of the anode/cathode electrodes, the impermeability of the 

surrounding paper region, and the integration of the electrical connections (Figure 6.3). 

A general scheme for the fabrication of anode and cathode inks under ultrasonically-

initiated polymerization is presented in Figure 6.4-A. It is known that carbon materials 

(carbon black, carbon nanotubes) have free radicals in their structure [274] which under 

the high frequency ultrasound initiate the polymerization of EDOT monomer [275–277]; 

nanocomposite is formed in a simple and fast way (60 s). 
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Figure 6.3 – Steps in the PEDOT/PB-DMFC development. (1) – the Nafion® electrolyte 

incorporation in the Whatman paper, (2) inks deposition (anode/cathode) in both sides of the 

electrolyte, (3) paraffin impermeabilization in the surrounding area of the electrodes (50/50 

paraffin/IPA), and (4) electrical connector’s integration on the top edges with silver ink.; (5) this 

final assembly is isolated with glue tape to avoid leaking of the methanol solution and avoid short 

circuit; (6) the final  PEDOT/PB-DMFC operates with a solution of methanol (0.5 M – 1 M) 

which is adsorbed in a square of adsorbent paper and with the cathode exposed to Air; (7) a typical 

polarization and power curves after signal activation and stabilization; PEDOT/PB-DMFC 

contains a MIP sensor for L1CAM detection. 

 

Interestingly, the presence of Nafion® in the ink formulation can also trigger the 

polymerization of EDOT when exposed to the ultrasound treatment (Figure 6.4-B). Using 

two different substrates (Whatman paper and FTO glass), a few microliters of two EDOT 

solutions (0.01 M) were poured into drops: EDOT/IPA/Nafion® and EDOT/IPA (in the 

absence of carbon materials and sonicated at the same time and frequency as the ink 

containing the carbon materials). When analyzing the results, the formation of blue color 

in the sonicated solution with the Nafion® compound is observed for both substrates, both 

at room temperature and on a hot plate at 60 ◦C (the coloration becomes more intense with 

temperature).   
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Figure 6.4 - Schematic representation of the preparation of the anode/cathode inks for the PB-

DMFC assembly using a ultrasound with microtip: the anode ink is composed by a mediated 

ultrasound synthetized nanocomposite of PEDOT/MWCNT-COOH/CB-PtRu dispersed in IPA 

in the presence of Nafion®, and the cathode ink is obtained by ultrasonication of a solution of CB-

Pt, Nafion® and IPA(A). Polymerization tests using two different substrates (Whatman paper and 

FTO glass) to drop-cast two ultrasonicated solutions: Nafion®/EDOT/IPA and EDOT/IPA, 

evidencing the formation of a blue color in the sonicated solution containing Nafion® compound, 

both at room temperature and at 60 ◦C (with temperature the coloration was more intense) In the 

absence of Nafion® no coloration was observed in any substrate (at least in the 30 min of the 

experience duration) (B). General scheme of a typical PB-DMFC evidencing the Whatman paper 

impregnated with the Nafion® electrolyte, which separates the anode and cathode, applied in both 

sides of Whatman/Nafion® electrolyte using the airbrush method (C). Maximum power density 

recorded using different PB-DMFCs assemblies in relation to the amount of MWCNTs (0-10 mg) 

in the ink formulation (D); Top-view SEM image of PB-DMFC with PEDOT/MWCNT-

COOH/CB-PtRu composite (E). 

 

In the absence of Nafion® in solution, no coloration was observed for any of the 

substrates (at least during the 30 minutes of the experimental period), so in addition to the 

initiation of EDOT polymerization by the free radicals in the carbon materials, a 

contribution from Nafion® was also observed. Indeed, this observation makes sense since 

PEDOT:PSS was stabilized by the sulfonic groups present in the PSS polymer through 

charge balance [278]. The Nafion® also contains sulfonic groups in its structure, which 

may increase the affinity of these two compounds in the solution [279]. Therefore, this 
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interaction alone is not beneficial for the best performance of the developed PEDOT/PB-

DMFCs because the EDOT/Nafion® interaction and/or Nafion® degradation hinders the 

good functioning of the fuel cell system. The Nafion® solution added to the inks has a 

dual function in fuel cell devices (conventional fuel cells or this particular paper fuel cell): 

it serves as a binder and also as a proton conductor [280]. Modification of the Nafion® by 

ultrasound or by interaction with EDOT affects the proton conductivity of the anode, 

resulting in low power fuel cells that are very difficult to activate (Table 6.1). To avoid 

this problem, the Nafion® solution was added to the anode ink after sonication of all 

components and sonicated for only 10 seconds to prevent interaction with the 

unpolymerized EDOT. For the cathode ink, a mixture of CB -Pt, Nafion® and IPA was 

sonicated, mixing all components simultaneously without affecting the fuel cell 

performance. 

Both the anode and cathode inks were airbrushed onto Whatman paper modified 

with Nafion® electrolyte to separate the anode and cathode electrodes. A general 

schematic to better understand the experimental setup and the chemical reactions taking 

place is shown in Figure 6.4-C. During preparation of the anode ink, gelation occurs due 

to the presence of EDOT in the ink; EDOT polymerizes under ultrasonic impact. 

Therefore, a volume of 300 µL of IPA was added before printing the anode ink to reduce 

the viscosity of the ink and prevent clogging of the airbrush. The cathode ink was painted 

on the other side of the Whatman/Nafion® directly from the ultrasonic device (without 

IPA dilution). Apart from the precautions taken in the preparation of the anode ink, an 

increase in hydrophobicity was observed in the anode electrode, limiting the spread of 

methanol on the surface of the electrode and thus the adsorption of methanol molecules 

on the Pt catalyst. To address this issue, the integration of "spacers" into the ink 

formulation was investigated, testing TiO2 nanoparticles and MWCNTs-COOH.   
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Table 6.1- Summary of the electrochemical characterization of the different PB-DMFCs assemblies produced in this work and comparison with prototype 1. 

PB-DMFC OCV (V) PowerMax(µW/cm2) Ohmic resistance (Ω) Hydrophobic element Activation Stability 

PB-DMFC-[267] 0.49 22.9 355 Paraffin layer faster good 

PB-DMFC/PTFE-1 0.46 23.8 900 PTFE layer (50 µL) fast good 

PB-DMFC/PTFE-2 0.38 18.5 360 PTFE layer (25 µL) fast good 

PB-DMFC/PEDOT-1 0.44 18.7 1300 PEDOT layer (chrono) moderate good 

PB-DMFC/PEDOT-2 0.47 28.3 450 PEDOT layer (CV) moderate good 

PB-DMFC/PEDOT-3 0.40 11.8 480 
Nano-ink (CB-PtRu+ PEDOT + 

Nafion®) + CV (PBS) 
moderate good 

PB-DMFC/PEDOT-4 0.35 4.60 1550 
*Nano-ink (CB-PtRu + EDOT 0.02 

M + IPA + H2O) 
slow moderate 

PB-DMFC/PEDOT-5 0.38 8.50 500 Nano-ink 4* - 2x diluted in IPA  slow moderate 

PB-DMFC/PEDOT-6 0.48 23.4 190 

Nano-ink 4* - 3x diluted in IPA 
and Nafion® added after 

sonication (10 s) 
slow moderate 

PB-DMFC/PEDOT-7 0.42 16.5 570 
PEDOT layer on anode surface 

(100 µL in H2O) 
slow moderate 

PB-DMFC/PEDOT-8 0.28 12.4 710 
PEDOT layer on anode and 

cathode surface (100 µL in H2O) 
moderate moderate 

PB-DMFC/PEDOT-9 0.41 29.9 165 
Nano-ink 4* - 2x diluted in IPA + 

5 mg Tio2 
moderate moderate 

PB-DMFC/PEDOT-10 0.38 12.0 420 
Nano-ink 4* - 2x diluted in IPA + 

10 mg Tio2 
moderate moderate 

PB-DMFC/PEDOT-11 0.40 67.1 95 
Nano-ink 4* - 2x diluted in IPA + 

10 mg MWCNTs-COOH 
fast good 

PB-DMFC/PEDOT-12 0.41 125.7 75 
Nano-ink 4* - 2x diluted in IPA + 

5 mg MWCNTs-COOH 
fast good 

PB-DMFC/PEDOT-13 0.40 31.0 280 
Nano-ink 4* - 2x diluted in IPA + 

1 mg MWCNTs-COOH 
fast good 
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The best results in terms of generated power of PEDOT/PB-DMFCs were 

obtained with the integration of 5 mg of MWCNTs-COOH into the ink formulation, 

comparing the power density output in a range of (0-10 mg) integration of this 

nanomaterial into the anode inks (Figure 6.4-D). In a SEM image topography, it is clear 

that the nanotubes are uniformly distributed on the surface of the anode electrode and act 

as "spacers" to help limit the interaction between EDOT-Pt and Nafion® and improve the 

conductivity of the system (Figure 6.4-E). The results of these tests are summarized in 

Table 6.1 and discussed in section 6.3.1. 

 

6.2.4 PEDOT biosensor element preparation 

 

 The biosensor for L1CAM detection was anchored to the top of the anode 

electrode of the PEDOT/PB-DMFC assembly using a 3-electrode system to perform 

electropolymerization of a solution of EDOT (0.01 M) in PBS buffer (previously rinsed 

with N2). The electropolymerization protocol should be performed immediately after the 

preparation of PEDOT/PB-DMFC to allow any free EDOT present on the anode surface 

to react with the polymerizing EDOT. This process results in a stable system where 

methanol crossover is controlled, eliminating the need of a paraffin layer [267]. This 

developed biosensor was made of PEDOT polymer, which comprises functions of a 

semiconductor, hydrophobic agent, and biorecognition element. 

 The first step of biosensor element preparation is incubation of L1CAM (1.0 ×10-7 M) in 

the freshly prepared anode for t = 2h. Then, the PEDOT/PB-DMFC was carefully washed 

with ultrapure water, dried with N2, and incorporated into the 3-electrode system. 

Electropolymerization was performed by applying 5-10 cycles of electrode potential 

sweep (50 mV/s) from -0.3 V to 1.2 V and back to -0.3 V as sweep rate of 50 mV/s. The 

same CV protocol was used to remove the L1CAM template, but instead of EDOT 

solution, a 0.5 M H2SO4 solution was used, resulting in PEDOT/PB-DMFC/MIP with 

binding sites for L1CAM rebinding. In parallel, a non-imprinted PEDOT/PB-DMFC/NIP 

was developed using the same conditions and steps, except for the incubation of the 

L1CAM template. The polymer layer obtained by electropolymerization is porous and 

requries more time for the methanol to reach the Pt catalyst. Therefore, the polymer-

modified MIP and NIP samples need more time for activation and stabilization. In 

addition, the PEDOT/PB-DMFCs modified with the MIP and NIP were not reusable after 
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calibration. The original current density was not retained; the electrodes were discarded 

at the end of each calibration. 

 

6.2.5 Electrochromic cell (EC) preparation 

 

The paper substrate EC was developed on a translucid baking paper selected for its 

suitable properties, such as homogeneity, light transparency and flexibility. The steps for 

the proper modification of the paper substrate are schematically shown in Figure 6.5.  

Paper strips (5 cm × 5 cm) were PDMS covered by spin coating (1500 rpm, 60 s) 

of PDMS precursor solution and leaving in an oven at 60 ◦C for 1 h to cure the polymer 

(Figure 6.5-A). The PDMS provides a hydrophobic layer (Figure 6.5-B) which later 

supports the electrical connections and electrochromic material. After PDMS curing, the 

gold adhesion promoter (MPTMS) was spin-coated in the surface of the paper/PDMS (50 

µL, spin coating: 800 rpm, 30 s) and the final paper/PDMS/MPTMS was dried at room 

temperature for 24 h (Figure 6.5-C). Metallic contacts were deposited by sputtering ca. 120 

nm gold layer throughout a glass mask attached to the paper (Figure 6.5-D). After gold 

deposition, plasma treatment (2 min) was performed (Figure 6.5-E), to reduce the 

hydrophobicity of the surface, and a few microliters of a PEDOT:PSS dispersion diluted in 

dimethyl sulfoxide (DMSO,95/5(%)) was dispersed into the middle ring of the EC. Finally, 

the ECs were dried on a hot plate at 120 ◦C for 15 min and stored in a dark environment at 

room temperature before use.  
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Figure 6.5 - Schematic representation of the steps for EC device preparation and its 

characterization. The steps involved consist: of PDMS spreading in the paper surface by spin 

coating (1500 rpm, 60 s) and curing at 60 ◦C (A) to obtain a hydrophobic paper/PDMS compared 

to the untreated paper (B). Adhesion promotor (MPTMS) anchoring in the paper/PDMS to 

improve binding of gold and PEDOT/PSS (C); gold electrical connections obtained after 

sputtering using a glass mask (D); a plasma treatment (inclusion of hydroxide groups) was applied 

in the EC surface to decrease hydrophobicity of the support, essential to bind PEDOT/PSS 

electrochromic compound (E). Differences observed in the presence and absence of MPTMS, 

after an electrochemical reading in terms of gold adhesion (F). FTIR-ATR analysis was used to 

follow the chemical modifications observed in the untreated paper, paper + PDMS, and paper + 

PDMS + MPTMS (G).  Contact angle determination was also used to follow the water wettability 

and stability of the untreated paper and modified treated papers (H).  
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6.2.6 Electrochemical and electrochromic assays 

 

The electrochemical performance of the PEDOT/PB-DMFCs was evaluated using 

the typical polarization curves used to characterize fuel cell systems (obtained by 

Sampled DC technique).  

Calibrations of the PEDOT/PB-DMFCs/biosensor and the PEDOT/PB-

DMFCs/NIP were performed by incubating L1CAM standard solutions in the range of 

1.0 × 10-12 – 1.0 × 10-8 M in MES buffer. Prior to this, blank stabilization was performed 

by incubating the MES buffer on the modified anode until electrical signal stabilization 

was reached. During calibration, each solution (100 µL) was incubated on the anode 

surface for 20 minutes, starting with the lowest concentration. The system was covered 

with a glass square to efficiently distribute the solution over the entire active area and 

avoid evaporation. After each incubation and electrochemical measurement, the anode 

sensor area was carefully washed with ultrapure water and dried with nitrogen. This 

procedure was repeated for increasing L1CAM concentration standards prepared in MES 

buffer and diluted Cormay® serum (100 ×) to evaluate the ability of the PEDOT/PB-

DMFC/biosensor to discriminate L1CAM. For the selectivity assays, 1.0 × 10-10 M 

L1CAM concentration was selected and incubated directly in the PEDOT/PB-

DMFCs/MIP and the signal was measured. The same L1CAM concentration was doped 

with the different selected interferents and later incubated in the sensor area using 

different PEDOT/PB-DMFC assemblies (L1CAM standard + interferent for PEDOT/PB-

DMFC/biosensor unit).  

Calibrations with the hybrid PEDOT/PB-DMFC/biosensor-stack connected to the 

EC were performed in buffer after the hybrid stack stabilized to the maximum voltage 

(≈1.5 V). The anode region of the different PEDOT/PB-DMFCs electrically connected to 

each other was incubated with the same concentration standards of L1CAM used in the 

single-cell calibrations. After washing the sensing anode with ultrapure water, methanol 

was added to the fuel cells anodes. After 5 minutes of stabilization, a 48 Mp smartphone 

camera (Samsung) was used to take a photo of the EC center ring and the color 

coordinates of these images were analyzed using ImageJ software (blue coordinate 

selection). 
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6.3 Results and discussion 

6.3.1 PEDOT/PB-DMFC device 

6.3.1.1 Set-up assembly configuration and characterization 

The PEDOT/PB-DMFC developed herein involves an innovative anode nanoink 

formulation which was modified by a nanocomposite containing MWCNTs-COOH and 

EDOT obtained in situ by a ultrasonic process. Figure 6.3, schematically shows the 

different steps for preparing the PB-DMFCs in this work. The focus in this part of the 

work is on the development of a suitable nanoink to modify the anode to obtain an 

assembly able to deliver a higher power density. The improvement in power density is 

related to the requirement of connecting the fuel cell stack to a signalling platform to get 

a fully portable, self-powered, and self-signalling paper-based device. The composition 

of the anode ink was selected as a target for improvement because it has the important 

function of hosting the biosensor element on its surface. Prototypes made from different 

formulations of the anode ink were tested to find the best combination that would provide 

PB-DMFC with higher electrical performance, stability, and ease of application by brush 

painting. The results are displayed in Table 6.1 and the polarization/power curves are 

shown in Figure 6.6 A-D. 

Various attempts have been made to improve the electrochemical parameters 

(OCV, maximum power/current density, ohmic resistance) by combining hydrophobic 

compounds (polytetrafluoroethylene, PTFE) and conductive polymers (PEDOT). When 

applying a layer of the hydrophobic agent PTFE, the electrochemical parameters are 

similar to those obtained when using paraffin (Figure 6.6-A). 
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Figure 6.6 - Electrochemical data of PB-DMFCs in terms of polarization (empty symbols) and 

power curves (full symbols) obtained with different (nano)-ink formulations combining: 

hydrophobic components- layer of paraffin and PTFE (A) and the EDOT monomer in the ink 

formulations before applying ultrasonication in different concentrations of EDOT (B), doped with 

different amounts of TiO2 (C) and doped with different amounts of MWCNTs-COOH (D); 

Characterization results by  FTIR-ATR of the PEDOT-CB-PtRu powder nanocomposite obtained 

by ultrasonication  in comparison with EDOT monomer and commercial CB-PtRu powder (E).  

Thermogravimetric analysis of the different steps involved in the anode nanoink preparation: 

commercial CB-PtRu powder (unmodified), CB-PtRu-MWNTs-EDOT ultrasonicated in IPA 

until gelification of the sample (30 s), and CB-PtRu-MWNTs-EDOT-Nafion® upon 

ultrasonication during 15s (F). 
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These results were expected since PTFE contributes to surface hydrophobicity, 

but its insulating properties are negatively reflected in the final performance of the 

system. Although the use of PTFE in the regular PEM fuel cell inks seems to be promising  

[281], in this PB-DMFC system the combination with hydrophobic insulating compounds 

was not the best choice. 

 Several configurations with conductive PEDOT polymer were tested. Conductive 

layers obtained by in-situ electropolymerization or by preparing different PEDOT-based 

nanoinks. The developed PB-DMFC/PEDOT-1,2 modified by conductive layers obtained 

by in situ electropolymerization did not show higher improvements in terms of OCV, 

power output and stability. As observed during the development of the biosensor layer, 

the PEDOT film on the anode electrode seems to block some platinum nanoparticles; 

methanol oxidation is delayed. When the EDOT monomer was added directly to the 

nanoink formulation, opposite behavior was observed. The presence of EDOT in the ink 

formulation leads to PB-DMFCs with poor electrochemical performance and very 

difficult to activate (Figure 6.6-B). This result seems to be confusing when compared with 

the previously obtained ones. The analysis of all parameters and fuel cell behaviour shows 

that the hydrophobicity of the EDOT monomer and the interaction with the sulfone groups 

of the Nafion® binder affect the MeOH oxidation and proton conductivity, respectively. 

These interactions have also been confirmed in other studies [282]. To compensate these 

undesirable interactions, two dopants (TiO2, MWCNTs-COOH) were selected and added 

to the nanoink formulations. The idea of these dopants is to act as spacers and prevent the 

undesirable interactions that affect the electrochemical performance of the anode. With 

the combination of 5 mg TiO2, a considerable improvement in the electrochemical 

parameters is observed compared to the first PB-DMFC prototype, but a larger difference 

is observed compared to the ink without TiO2 dopant (Figure 6.6-C). When 5 mg of 

MWCNTs-COOH was added to the ink, a huge improvement in performance (Figure 6.6-

D), and faster start-up of the paper fuel cell was observed. This final nanoink formulation 

was characterized by FTIR-ATR (Figure 6.6-E) and TG (Figure 6.6-F). Comparing the 

spectra of the CB -PtRu-MWNTs-EDOT (red line) with those of the CB -PtRu sample 

(blue line), one can observe the appearance of low intensity bands in the nanocomposite 

spectra (Figure 6.6-E), mainly due to the contribution of the EDOT molecule (pink line), 

since the carbon species have almost no characteristic vibrational bands (only carbon-

carbon bonds). Analysing the spectra of the CB-PtRu-MWNTs-EDOT sample, one can 
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observe the appearance of weak, intense bands at 848 cm-1, 1050 cm-1, 1150 cm-1, 1480 

cm-1, and 1509 cm-1, which are characteristic of the vibrational spectra of the EDOT 

[283]; a small band at 1700 cm-1 also is perceptible and can be derived from the -COOH 

of the oxidized MWCNTs  [284].  

The TGA thermograms of CB-PtRu, CB-PtRu-MWCNTs-EDOT, and CB-PtRu-

MWCNTs-EDOT-Nafion® were also performed to follow the different steps of the 

nanoink formulation. The results are shown in Figure 6.6-F, evidencing the different 

thermal decomposition behaviour of the different analysed samples. Analysing the 

corresponding weight loss curves, it can be observed that the CB-PtRu-MWCNTs-

EDOT-Nafion® sample shows higher weight loss, when compared to the unmodified CB-

PtRu and CB-PtRu-MWCNTs-EDOT. This result is to be expected since in the other two 

samples investigated the major component is carbon, which has a low degradation profile 

in the range of temperatures evaluated. Thus, all samples can be considered thermally 

stable, with a minimum percentage weight loss occurring up to 200 ◦C. 

 These results support the preparation of a solid nanocomposite 

(PEDOT/MWCNT-COOH/CB-PtRu) formed by ultrasound technique, which allows a 

perfect combination of the desired properties of each component. In this case, the inherent 

hydrophobicity of the PEDOT polymer  [279] replaces the insulating paraffin element 

and helps to control the methanol transfer from the anode to the cathode electrode and 

also increases the electrical conductivity of the anode surface. This discovery is important 

for the improvement of this simple paper fuel cell system, but it could also be significant 

for the application in regular DMFC systems, since methanol crossover is still a current 

problem of this type of alcohol cell, which hinders its application and diffusion as an 

energy source [285]. MWCNT-COOH, added to the ink, contributes as a spacer and 

radical donor and also increases the electrical conductivity. To achieve these better 

performance results, the PEDOT/MWCNT-COOH/CB-PtRu nanocomposite should be 

synthesized in a 3-step ink fabrication method: 1 - stabilization of CB -PtRu + MWCNT-

COOH in IPA (24 h); 2 - addition of EDOT solution and sonication for 30 s to form a 

solid material; 3 - addition of Nafion® and IPA (100 µL) and sonication for 10s to form a 

new solid matrix. This last step avoids unwanted interactions of Nafion® with EDOT, as 

Nafion® is essential for assure the proton conduction of the fuel cell system. The final 

PEDOT/MWCNT-COOH/CB-PtRu nanocomposite is then diluted in an appropriate 

amount of IPA before brush application. The volume required to obtain the better 
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properties of this material was also investigated and it was found that a higher dilution 

factor (5x) results in a low viscosity ink with medium performance and a lower dilution 

factor (1x) results in a high viscosity ink that is difficult to spread using the brush 

technique. To obtain a processable and well-tolerated nanoink for anode electrode 

fabrication, the nanocomposite must be diluted 3x in IPA. 

 

6.3.1.2 Sensory layer development and characterization 

The sensing layer was built up on the surface of the PEDOT/MWCNT-

COOH/CB-PtRu anode immediately after the electrode was painted (Figure 6.7- A). The 

idea is that the free EDOT monomer present on the anode surface can react with the 

EDOT solution monomer in the electropolymerization protocol, resulting in the 

PEDOT/PB-DMFC/biosensor. This process makes it possible to obtain a hybrid 

nanocomposite carbon electrode with a dual function: methanol oxidation for energy 

production and sensing properties. The working principle of this hybrid system is related 

to the ability of methanol molecules to reach the catalytic sites of platinum. In a 

PEDOT/PB-DMFC, the active sites of the Pt are fully available to react with the methanol 

molecules, while in the PEDOT/PB-DMFC/biosensor the sites of the Pt catalyst are less 

accessible due to the presence of the polymer film. The voids present in the polymer film 

allow the methanol to spread on the Pt catalyst surface, but when the protein rebounds in 

the voids, the methanol molecules are prevented from reaching the catalyst and being 

oxidized. This phenomenon leads to a decrease in the potential and performance of the 

system, which can be correlated with the biosensor response [241]. 

The different developed PEDOT/PB-DMFCs were analyzed by Raman 

spectroscopy to follow the surface changes of the different anode electrodes (Figure 6.7-

B). The spectra obtained show differences in the intensity of bands G (1570 cm-1) and D 

(1340 cm-1), which are more pronounced for the PEDOT/PB-DMFC/NIP control, the 

anode electrode with higher PEDOT loading. For the PEDOT/PB-DMFC/MIP, the 

anchoring of the electropolymerized PEDOT is hindered by the presence of the L1CAM 

previously incubated on the anode surface. 



Chapter 6 
 
 

186 
 

 

Figure 6.7 - Steps involved in the development of a PEDOT/PB-DMFC/biosensor by 

electropolymerization, evidencing the interactions of the PEDOT based anode with the EDOT 

solution in the MIP formulation (A) and characterization results obtained by Raman analysis at 

532 nm of the different PEDOT/PB-DMFC assemblies (PEDOT/PB-DMFC/MIP and 

PEDOT/PB-DMFC/NIP) with the corresponding ID/IG calculated ratios (inset) (B); SEM images 

in cross-section and topography of a PEDOT/PB-DMFC (C), and electropolymerized samples to 

obtain the biosensor function (PEDOT/PB-DMFC/MIP) (D) and the control (PEDOT/PB-

DMFC/NIP) (E). 
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These results were also confirmed by analysing the cyclic voltammograms of 

PEDOT/PB-DMFC/NIP and PEDOT/PB-DMFC/MIP obtained during the 

electropolymerization protocol (Figure 6.8). 

 

 

Figure 6.8 - Steady-state cyclic voltammograms obtained in a 3-electrode system in a PBS buffer 

solution (the 5th cycle is presented, −0.3 V to 1.2 V, 50 mV/s), for the assembly of the PEDOT 

sensing polymer on the anode layer of PEDOT/PB-DMFC-MIP in comparison with the control 

PEDOT/PB-DMFC-NIP and corresponding removal step in sulfuric acid solution. 

 

The relative intensity of the D and G bands can be an indicator of surface 

modifications in a given carbon material and reveal the degree of disorder in a sample. 

The ID/IG was calculated for both fuel cells and an ID/IG ratio of 1.38 was obtained for the 

PEDOT/PB-DMFC. This value is significantly higher when compared to a PB-DMFC 

without EDOT in the ink formulation (0.91), which is further evidence that this newly 

developed nanoink is significantly different than the ink applied in the first prototype  

[267]. he ID/IG calculated for the PEDOT/PB-DMFC/MIP is 1.45, while it is 1.49 for the 

PEDOT/PB-DMFC/NIP. These results show that a higher percentage of PEDOT polymer 

on the surface leads to a more uniform and homogeneous surface, so the presence of the 

polymer anchored in the surface also prevents the interference of the PtRu metals present 

in the anode in the Raman spectra. Since the PtRu metals interfere with the intensity of 

the recorded bands, the sample with a higher PEDOT loading shows a higher intensity in 
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both the G, D, and 2D bands. This difference in the intensity of the ratios is significant 

and originated form a uniform polymer layer anchored to the anode surface of both 

PEDOT/PB-DMFC arrays. 

To evaluate these surface modifications, a SEM analysis is performed to assess 

the topography of the surface of the different anode electrodes as well as a cross-sectional 

analysis evaluation of the different PEDOT/PB-DMFCs. The analysis of the cross-section 

obtained by SEM for all the fabricated experimental setups shows a uniform and well-

defined 3-layer (anode-electrolyte-cathode) distribution for all the fabricated fuel cells. 

Interestingly, a decrease in layer thickness is observed for the PEDOT/PB-DMFC/MIP 

and PEDOT/PB-DMFC/NIP samples, indicating a more homogeneous surface. In the 

case of PEDOT/PB-DMFC, the presence of a network of MWCNTs-COOH is readily 

apparent. In the analysis of the electropolymerized samples for the sensor (PEDOT/PB-

DMFC/MIP) and the control (PEDOT/PB-DMFC/NIP), a visible surface change is 

observed, with less distinction between the different network components, especially in 

the case of PEDOT/PB-DMFC/NIP. 

 

6.3.2 Calibrations of the PEDOT/PB-DMFC biosensor (single cell 

configuration) 

The PEDOT/PB-DMFC/biosensor and PEDOT/PB-DMFC/NIP assemblies were 

first activated by running multiple polarization curves until the systems reached 

maximum OCV and power density (the number of polarization curves required for full 

activation depends on the PEDOT/PB-DMFC set-up and can range from 3 to 5 

consecutive trials). In the single cell configuration, the calibrations were performed with 

the potentiostat. Once a polarization curve was established, the PEDOT/PB-

DMFC/biosensor was washed with water, dried with N2 and 100 µL of a 0.5 M methanol 

solution was added to the anode layer. This procedure was repeated continuously 

throughout the calibration experiment. A prior stabilization in the background medium 

used was performed to ensure that the measured electrical signal was due to the L1CAM 

interaction and not to the medium in which the standard solutions were prepared. Two 

background media were used to prepare the L1CAM standards: MES Buffer and pre-

treated human serum (Cormay®). In the case of human serum (Cormay®), a 100-fold 

dilution in buffer was performed to achieve signal stability. This stability procedure was 

performed by incubating the sensory layer successively with the same volume of 
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background medium used for the incubation of the L1CAM standards (100 µL) until a 

stable electrical signal was achieved (deviations of less than 2%). Figure 6.9 S4 shows an 

example of a stabilisation protocol with MES buffer and diluted Cormay® serum. It shows 

that the successive MES incubations hardly affect the signal, unlike the Cormay® serum, 

which needs to be pre-treated before use in the sensor area. It is therefore important to 

emphasise that the pre-treatment of the Cormay® serum serves to remove excess of salts 

and to preserve the proteins. This pre-treatment of a real sample does not limit the use of 

this system as a portable POC instrument, as it is a simple procedure to remove the salts 

and dilute the sample. For example, the COVID test strips developed by homemade 

analyses also require dilution in a buffer medium before use in the sensor area. Therefore, 

selectivity tests were also performed to evaluate the performance of this PEDOT/PB-

DMFC/biosensor in the presence of interfering proteins. 

 

 

Figure 6.9 - Power curves obtained in consecutive electrochemical readings using independent 

PEDOT/PB-DMFCs assemblies after stabilization and prior incubation with MES buffer (A), pre-

treated diluted (100x) Cormay® serum (B) using 0.5 M MeOH solution for the readings. 

 

After stabilising the signal from the PEDOT/PB-DMFC/biosensor and, in parallel, 

the control PEDOT/PB-DMFC/NIP in appropriate media, successively increasing 

concentrations of L1CAM standard solutions in the range of [1.0 × 10−12 M – 1.0 × 10−8 

M] were incubated directly on the surface of the anode sensor layer; the polarization curve 
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was followed after incubation of each concentration (from the OCV potential to a 

predefined stop potential of 0.1 V). It is important to note that the initial OCV of the 

polarization curve decreases as the calibration experiment progresses, while the sensor 

loses the ability to return to initial values when L1CAM is trapped in the polymer voids. 

However, the time required to reach a stable OCV varies during the calibration, but must 

be determined at the beginning of the experiment and maintained until the end of the 

calibration, as the kinetics of methanol oxidation are time-dependent and a long contact 

time favours that a small molecule such as methanol can easily enter the polymer and 

influence the results. This does not affect the sensor analysis and response, especially in 

this developed PEDOT/PB-DMFC/biosensor, as the pregnancy tests and COVID tests 

were also time dependent (the result is only valid for a short and specific period of time). 

Each L1CAM standard solution was left on the anode surface for 20 minutes and covered 

with a square glass to ensure efficient distribution of the sample over the entire sensory 

surface and also to prevent evaporation. After this time, a 0.5 M MeOH solution was 

spread on the anode side, followed by the electrochemical measurement (OCV 

stabilization + sampling DC voltammetry technique). This procedure was performed in 

parallel with a control fuel cell (PEDOT/PB-DMFC/NIP) to monitor the non-specific 

interactions of L1CAM with the non-imprinted polymer. Several calibrations were 

performed to evaluate the analytical response of this hybrid paper biosensor strip. Figure 

6.10-A, shows a typical plot of the performance curves obtained during a calibration 

procedure in buffer media of a PEDOT/PB-DMFC/biosensor, and Figure 6.10-B shows 

the average calibration curves compared to the control (PEDOT/PB-DMFC/NIP). Figure 

6.10-C, shows the differences in performance values recorded for a pair of PEDOT/PB-

DMFC/biosensor and PEDOT/PB-DMFC/NIP from the same batch. This illustrates the 

differences between a paper fuel cell with a sensory anode integrating a polymer with 

cavities (PEDOT/PB-DMFC/biosensor) and without cavities in the polymer 

(PEDOT/PB-DMFC/NIP). The power generated is 5 times higher with the PEDOT/PB-

DMFC/biosensor, as the cavities enable more efficient methanol enrichment and 

oxidation in the Pt catalysts. 
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Figure 6.10 - Power-current density curves obtained during a calibration after incubation of 

L1CAM standards of increasing concentrations prepared in buffer (A), with the respective 

calibration curve compared with a control experiment (PEDOT/PB-DMFC/NIP) in the range 

1.0×10−12 − 1.0×10−8 M (B); Comparison of the recorded power-current density curves of a pair 

of PEDOT/PB-DMFC/biosensor and PEDOT/PB-DMFC/NIP obtained in the same batch, 

showing the effect of the polymer cavities in the power produced by the two different set-ups (C).  

Power-current density curves obtained during a calibration with L1CAM standard solutions 

prepared in Cormay serum® in the same concentration range used in buffer (D), with the 

respective calibration curve compared with the control PEDOT/PB-DMFC/NIP sample (E). All 

calibration curves were drawn using the average of the maximum power density obtained at each 

L1CAM concentration. Selectivity assays results (buffer) obtained using independent 

PEDOT/PB-DMFC/biosensor strips after incubation of a L1CAM standard solution (1.0 × 10−10 

M) and L1CAM spiked with interfering compounds [carcinoembryonic antigen (CEA), glucose 

(GLU) and urea] with the respective interference analysis presented in normalized values (F). 
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 Figure 6.10-D shows a typical calibration graph obtained in pre-treated Cormay® 

serum with the corresponding average calibration curves in Figure 6.10-E. Calibration 

data show that the average power density decreases linearly with successive 

concentrations of the L1CAM standards for both media studied. Therefore, PEDOT/PB-

DMFC can be tuned into a PEDOT/PB-DMFC/biosensor with activity dependent on 

L1CAM concentration. Analysis of the calibrations performed in MES buffer (Figure 

6.10-B) shows that the PEDOT/PB-DMFC/biosensor performance decreases by ~70% 

compared to the maximum L1CAM concentration, compared to the initial value after the 

blank experiments (background stabilisation), with a squared correlation coefficient of 

~0.998. This variation was generally consistent between the different calibrations 

performed in buffers using PEDOT/PB-DMFCs with similar initial power values. This 

result, compared to the first PB-DMFC prototype developed for sarcosine targeting [267], 

proves that this new system integrating EDOT into the ink allows a higher impact in terms 

of power density dependence on target concentration, which  traduces in a higher 

sensitivity of the system.  

The limit of detection of this PEDOT/PB-DMFC/biosensor was 1.17 × 10-13 M 

and was calculated by applying the equation LoD = (yblank- 3SDblank)/Slope. Comparing 

the results of the PEDOT/PB-DMFC/biosensor with the non-imprinted PEDOT/PB-

DMFC/NIP, a random response is observed, indicating minor nonspecific interactions of 

L1CAM molecules. 

Analysis of calibrations performed in pre-treated Cormay® serum shows that the 

final PEDOT/PB-DMFC/biosensor signal output decreases by ~ 50% (compared to the 

initial value after stabilisation of the background medium) towards the maximum 

concentration of L1CAM. These results demonstrate the good performance of this paper-

based biosensor, which also shows good sensitivity in more complex media such as 

Cormay® serum. Therefore, the sensitivity in this complex matrix medium is not as high 

as in buffer media, which is also a price to pay in more sensitive systems. The L1CAM 

target is thus a more complex molecule than sarcosine, so this result can be considered 

very promising, as the performance of the PEDOT/PB-DMFC/biosensor strip retains a 

higher impact on the potential, current density and performance of the fuel cell strip. The 

analysis of the non-specific interactions in the control fuel cell (PEDOT/PB-DMFC/NIP) 

shows that the behaviour of this system is random and the interactions are negligible in 

this medium.    
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Thus, this self-supplied paper strip PEDOT/PB-DMFC/biosensor can be used for 

screening and monitoring the L1CAM biomarker, with the possibility of connecting it to 

a EC cell for outdoor use, without being limited to standard analytical laboratory 

procedures.  A cut-off value of 5.4 ng/ml for soluble L1CAM has been reported in the 

literature to define clinical risk groups associated with tumor progression  [51]. This 

concentration (2.6 × 10-11 M) can be detected on paper strips using PEDOT/PB-

DMFC/biosensor, suggesting that this autonomous paper platform may be a useful tool 

for detecting abnormal L1CAM levels associated with tumour diagnosis. 

Selectivity tests of the PEDOT/PB-DMFC/biosensor were performed in buffer 

solutions against 3 major interfering species (carcinoembryonic antigen-CEA, glucose 

and urea). The assays were performed with different PEDOT/PB-DMFC units, incubating 

a standard L1CAM solution (1.0 × 10-10 M) in a PEDOT/PB-DMFC/biosensor area. In 

parallel, the same procedure was repeated with different PEDOT/PB-DMFC/biosensor 

units by incubating the same concentration of L1CAM in the presence of the respective 

interfering substance. Both PEDOT/PB-DMFC/biosensors were analysed using their 

respective polarization curves. The corresponding interference analysis is obtained from 

the normalized peak power between the average L1CAM response/average L1CAM + 

interference response. These data are shown in Figure 6.10-F. They show that the signal 

deviation is low in the presence of the interfering species CEA and glucose, with the urea 

species causing the largest deviation from the L1CAM signal (20%). Therefore, these 

data confirm the high preference of this sensor for the L1CAM target molecule with signal 

changes of 8-20%, both in the positive and negative directions. 

 

6.3.3 EC assembly and characterization 

The electrochromic device was mounted in a single-layer semi-transparent paper 

strip previously modified with PDMS (hydrophobic treatment and reinforcement) and 

MPTMS (adhesion promoter for Au and PEDOT:PSS). In the absence of the adhesion 

promoter MPTMS, the gold layer is not stable in the presence of the electrolyte and leaves 

the paper during the measurements. Figure 6.5-F, shows a real image after prolonged use 

of the ECs in the absence/presence of MPTMS and illustrates the differences in the 

adhesion of sputtered gold film. The chemical characterization of the EC paper support 

and the final assembly was conducted using the FTIR-ATR (Figure 6.5-G). In the 

unmodified paper strip sample, the characteristic absorption bands of cellulose are visible 
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at 3330 cm-1 (stretching of hydroxyl groups), at 2906 and 1373 cm-1 (stretching and 

deformation vibrations of C-H) and the strong, intense band at 1027 cm-1 (stretching of -

C-O group) [286]. When analysing the paper modified with the PDMS layer, all the 

characteristic absorption bands of the PDMS molecule can be observed: 1257, 1008 and 

786 cm-1, representing the functional groups of Si-CH3, O-Si-O and Si-(CH3)2, 

respectively [287]. The paper modified with PDMS and MPTMS shows two small bands 

around 2917 and 2849 cm-1, which can be assigned to the C-H stretching vibration of -

CH3 of the MPTMS molecule [288]. These results confirm that the paper was successfully 

modified for EC. To evaluate the waterproof properties of the EC paper strip, the dynamic 

contact angles were determined and the results are shown in Figure 6.5-H. When 

analysing the results for untreated paper, paper + PDMS and paper + PDMS + MPTMS 

(after plasma treatment), differences in the water contact angle for the different paper 

strips can be observed. For untreated paper, the contact angle of the droplet in the first 30 

s is 94.9◦. After 30 minutes, the drop thus spreads to the inside of the paper and damages 

the paper surface. The sample of paper + PDMS shows higher hydrophobicity with an 

increase of the contact angle to 104.8◦ , which decreases to 99.5◦ after the plasma treatment 

protocol. These results show that the PDMS treatment increases the hydrophobicity of 

the paper strip, which helps to obtain a durable, resistant and reusable EC paper strip. 

After the layer of electrochromic PEDOT:PSS polymer was built up, 

electrochemical characterization was carried out in a 3-electrode system with LiClO4 as 

electrolyte. A colour change from dark blue (-2 V) to light blue was observed, with a 

colour gradient between the tested potentials (-2 V to 2 V) (Figure 6.11-E) with a 

reversible behaviour. An example of an obtained voltammogram corresponding to one 

cycle is shown in Figure 6.11-F. This single layer EC was suitable for integration with 

PEDOT/PB-DMFC/biosensor, resulting in a fully flexible, self-powered and self-

signalling paper-based sensor with potential application as a wearable biosensor (Figure 

6.11-H). 
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Figure 6.11 - PEDOT/PB-DMFC/biosensor assembled in a 5-stack configuration to produce a 

voltage of ~1.5 V (recorded with a multimeter) (A), connected to the EC cell (B) to promote the 

colour change of PEDOT:PSS polymer (C) from light to dark blue (inversion of polarization) (D). 

Colour variation of PEDOT:PSS polymer obtained in three electrodes system (E) and the  

respective voltammogram in the range of -2V to +2V (F). Calibration of PEDOT/PB-

DMFC/biosensor-EC showing the RGB colour coordinates extracted from image J software 

(using blue coordinates) in three different spots (G). Schematic representation of the PEDOT/PB-

DMFC/biosensor and EC evidencing the flexibility of each component and the overall properties 

suitable for wearable devices (H). Example of the pictures recorded during a calibration protocol 

after L1CAM incubation in the range of 1.0 × 10-12 – 1.0 × 10-8 M (I).  
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6.3.4 Assembly of the portable system – PEDOT/PB-DMFC/biosensor-

stack interfaced with the EC 

The PEDOT/PB-DMFC/biosensor-EC combines a stack with the ability to hold 

up to 5 fuel cell paper strips modified with the sensor function (Figure 6.12) and a 

PEDOT-based electrochromic cell. This portable prototype functions as a unique and 

fully autonomous sensing device and is lightweight, disposable and potentially 

inexpensive to commercialize. 

 

 

Figure 6.12 - Photographs of the PEDOT/PB-DMFC-stack; the electrical set-up (A), the anode 

sensing side(B), and connected to the cathodes (C). 
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The conductivity and electrochromic properties of PEDOT were explored to 

develop a simple, flexible and device-free paper-based fuel cell biosensor (Figure 6.11-

A/B). Since the films prepared from the commercial PEDOT:PSS dispersion show a 

colour change from light to dark blue (Figure 6.11-C), with different shades of blue 

observed over a wide range of potentials (-1.5 V, +1.5 V), the PEDOT/PB-DMFC should 

generate enough potential to trigger the electrochromic device. The colour change of 

PEDOT:PSS is related to two different states: an oxidized state, which is light blue, and 

a reduced state, which is dark blue  (Figure 6.11-D) [289]. With the developed 

PEDOT/PB-DMFC stack, it is possible to promote this colour change by simply 

connecting the EC to the PEDOT/PB-DMFC stack.  

In order to achieve a voltage of at least 1.5 V, a stack of fuel cell strips had to be 

used, as each one produces ca. 0.3 V. The stack was assembled and connected to the EC. 

Then methanol solution was added to the anode layers and left for 30 minutes until a 

stable potential (~1.5 V) was reached, which was measured with a multimeter (Figure 

6.11-A). After this stabilization, the multimeter was replaced with the EC and a few 

microliters of lithium perchlorate were added to the EC. After 2 minutes, a photo was 

taken to record the initial state of the system; then, each PEDOT/PB-DMFC/biosensor 

was washed, dried with nitrogen and incubated with the buffer (the incubation of the 

buffer and standards was set to 20 minutes). After washing and adding the methanol fuel 

again to the PEDOT/PB-DMFC/biosensor anodes, a new photo was taken after 2 minutes. 

This time is more than sufficient to observe the complete colour change (normally the 

EC, which is connected to the stack, changes colour in less than 1 minute). This procedure 

was repeated throughout the calibration and the standard concentrations tested were the 

same as those used in the single cell setup. The captured images were analysed using 

Image J software. The quantitative data obtained from the colour calibration are shown 

Figure 6.11-G. An example of the images taken during calibration is shown in Figure 

6.11-I. The colour coordinates were determined at three different locations and the blue 

coordinate values were selected.  When the blue RGB coordinates are plotted against the 

logarithm of the L1CAM concentration, a linear curve with squared correlation 

coefficient of R2 = 0.9904 is obtained. Although the colour change is subtle and not ideally 

visible to the naked eye (the blue tone became slightly darker due to the calibration), the 

programme is sensitive to the changes and it is possible to observe the linear behaviour 

of the system with L1CAM detection by the developed sensor. In a future improvement, 
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a dopant can be used in the PEDOT:PSS formulation to shift the dark blue colour 

observed at negative potentials to the positive potentials where the colour change is less 

pronounced. 

 

6.4 Conclusions 

 The developed PEDOT/PB-DMFC/biosensor-EC device is a new promising self-

sufficient platform for clinically relevant L1CAM detection; it exploits methanol fuel 

cells as an energy source, a MIP sensing element, and an electrochromic indicator. The 

developed device is self-powered and self-signaling, with all components fully assembled 

on paper substrates for the first time.  

 The PEDOT/PB-DMFC/biosensor shows a linear sensing response within 

diagnostically significant L1CAM concentration of 2.6 × 10-11 M. High sensing 

selectivity of the developed system was proved in the assays in Cormay serum®. Overall, 

the presented PEDOT/PB-DMFC/biosensor-EC prototype can be considered as a 

promising and suitable tool for portable point-of-care applications and wearable 

biosensors with the ability to analyse L1CAM in a wide range of concentrations. This 

developed PEDOT/PB-DMFC/biosensor-EC can be classified as a novel strategy in the 

development of device-free and portable electrochemical biosensors, combining three 

emerging and powerful technologies (fuel cells, MIPs and electrochromic materials). 

 Further improvements to the current platform (catalysts, fabrication processes, 

fuels) could enable a low-cost and publicly available paper-based fuel cell biosensor for 

health monitoring and diagnostic applications. 
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7. Conclusions and Future Perspectives 

 

 

 

Overall, the development of electrical independent electrochemical biosensors 

achieved in this thesis showed that it is possible to merge the advantages of two current 

important research areas: biosensors and fuel cells. This technology merging allowed the 

design and development of two different biosensor/fuel cell sensing platforms for three 

cancer biomarkers screening. These biosensor/fuel cell assemblies were devices free of 

external batteries and their associated electronics, which was achieved by the successful 

coupling of bio-recognition functions with an autonomous transducer element. The final 

devices are compact, lightweight, disposable, low-cost, and user-friendly with good 

sensitivity, reproducibility, and selectivity.  

The creation of a flexible paper-based fuel system allows the miniaturization of the 

first developed prototypes, evidencing that it is possible to create a fuel cell strip 

completely suitable for POC integration. This assembly was made in a single layer, 

completely settled on paper, which has the advantage of being environmentally friendly, 

requiring less amount of fuel for its operation and also less amount of sample to analyse. 

Thus, the simplicity of this paper fuel cell strip turns possible to improve the cost-

effectiveness relation of this type of self-powered biosensor systems.  

Nevertheless, despite the important and challenging scientific discoveries obtained 

with the works contained in this PhD thesis, some limitations remain, mainly associated 

with the function and “real” application of these self-powered sensing devices. In the 

future, several improvements in the last designed paper prototype can be achieved, to 

transpose this fuel cell paper strip sensor from the laboratory to commercialization. Thus, 

the prototype optimization can be made in several aspects, being the most important 

elements to optimize the precious rare electrocatalysts replacement and the alcohol 
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employed as fuel.  In terms of setup configuration, some improvements can also be done 

with more sustainable nanomaterials and fabrication techniques.  

In terms of electrocatalysts, currently the platinum is regarded as the most 

effective catalyst for the methanol oxidation in the DMFCs. Therefore, the high cost of 

this metal and the need to combine it with another metal, as ruthenium, to obtain PtRu 

alloy, which is required the prevent the platinum poisoning, still blocking the widespread 

of this power source technology. To overcome this shortfall, it is mandatory to developed 

non-Pt catalysts, which are suitable for application in devices with low power 

requirements and single readings (as biosensors). So far, the DMFCs technology has been 

developed to be power sources of diverse types of devices, but none of them are 

disposable devices, such the fuel cell biosensors developed in this thesis. Thus, the power 

requirements and time of operation of the fuel cells must be optimized for this specific 

application. Another non-precious metals or alloys can be studied to replace the PtRu 

alloy used as anode electrode and the Pt used in the cathode electrode, allowing 

decreasing costs and availability problems. 

The alcohol fuel employed is another limitation that can be overpassed with more 

research in the nanomaterials selected for the fuel cell development. The modification 

methods include, the metal catalysts and the electrolyte selected, as the production 

methods. Ethanol, urea, glucose and even hydrogen can be employed as biosensor fuels, 

allowing to obtain a non-toxic and completely environment friendly sensing platform, 

Thus, depending on the selected path, more research is crucial to adapt the fuel 

cell/biosensor devices developed in this thesis to these novel conditions. 

With the advent of nanotechnology, more noble and advanced carbonaceous 

materials have been explored, such as graphene and its derivatives as carbon nanofibers 

or carbon nanotubes. These novel nanomaterials seem to have high potential to replace 

the traditional materials and enhance the fuel cell performance, keeping a high electronic 

conductivity and decreasing the metal catalyst content required for fuel cells operation. 

The combination of these novel nanomaterials with non-precious catalysts is a higher 

scientific challenge pathway to disseminate the sensing fuel cell transduced platforms, as 

the developed herein. 

The deposition methods available for the production of all the components of fuel 

cells (as anode, cathode, and electrolyte) are vast and represent a key role in the final 

features of the produced fuel cell assemblies. Also, the formulation of the different layers 
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is another key parameter involved in the performance of the fuel cells, and more research 

is needed to find the suitable formulation/deposition method relation for each type of fuel 

cell and application. Currently, the printing methods attracts great attention, since they 

allow the design of high reproducible electrodes with a cost-efficient and simple process 

with the advantage of easily scaling up to fabrication. 

Overall, the research future in this area is massively vast, since the integration of   

fuel cell technology in the production of POC sensing devices is very recent. This 

possibility is explored in an exceptionally low number of works, so much work needs to 

be done to meet the best suitable fuel cell/biosensor assembly with marketable interest, 

tackling the worldwide dissemination of self-powered/signalled biosensors. Finally, the 

innovative work developed in this PhD opens new pathways in the design of novel self-

powered biosensors and novel fuel cell configurations with application in the near future. 
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