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The lack of non-invasive methodologies for accurate detection of carcinogenic 

biomarkers in the bloodstream is a real concern. Minimizing patient pain and reducing 

the time required to obtain the analysis result is of the utmost importance. Breast cancer, 

a malignant lesion commonly diagnosed in women, has become a serious health 

problem. In the era of new targeted therapies, challenges include diagnosis, definition of 

high-risk recurrence population, early diagnosis of recurrence and guidance through the 

different lines of treatment in the management of the disease. Despite the use of 

conventional methodologies for screening and early detection, namely mammography, 

the advance of non-invasive analytical techniques can lead to a remarkable evolution.  

The development of biosensors alongside technological progress allows the 

improvement of portable and miniaturized diagnostic platforms. Biosensors, defined as 

small devices composed of a transducer (an electrode, in the case of electrochemical 

biosensors), a bioreceptor (an antibody, in the case of immunoassays) and signal 

amplifiers and processors, are alternative analytical tools for biomarker detection in 

diagnosis and follow-up.  

Cancer biomarkers present on the cell surface and/or their Extracellular Domains 

(ECD) are important targets for a specific breast cancer detection. The ExtraCellular 

Domain of the Human Epidermal growth factor Receptor 2 (HER2-ECD) was selected 

as the target analyte for this thesis and high-performance electrochemical non-

competitive (sandwich) immunoassays for its determination were developed. The assays 

were performed either directly (immunosensor) or indirectly (magnetic immunoassay) on 

the transducer surface (screen-printed carbon electrode, SPCE). Besides the 

determination of HER2-ECD in human serum, the developed assays were tested for the 

analysis of HER2-positive (SK-BR-3) and HER2-negative (MCF-7 and MDA-MB-231) 

cancer cells.  

The electrochemical immunoassays were grouped according to the applied detection 

strategy: (i) assays based on metalloenzymatic detection and (ii) assays using Quantum 

Dot (QD) detection labels. In each of the strategies immunosensors and magnetic 

immunoassays were included. To improve the method’s performance, nano- and micro 

materials were applied in the construction of the transducer and/or the detection label.  
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In the metalloenzymatic detection, the SPCE was modified with carboxylic acid-

functionalized multiwalled carbon nanotubes and electrodeposited gold nanoparticles 

(MWCNT/AuNP). A magnetic immunoassay was also performed using carboxylic acid-

functionalized magnetic beads (HOOC-MBs). After the capture antibody immobilization, 

a solution containing the antigen and a detection (biotinylated) antibody was added, 

followed by a streptavidin-alkaline phosphate (Strep-AP, signalling probe). 3-indoxyl 

phosphate (3-IP, enzymatic substrate) and silver nitrate were added to detect the 

immunological interaction through the voltammetric analysis, using linear sweep 

voltammetry (LSV), of enzymatically generated metallic silver. 

In the detection strategy involving QDs, bare SPCEs were selected for the 

immunosensor’s construction and HOOC-MBs were used for the magnetic 

immunoassay. After the capture antibody’s immobilization and the addition of a solution 

containing the antigen and the biotinylated antibody, the affinity process was detected 

using core/shell strep-CdSe@ZnS QDs as electroactive label. The analytical signal was 

obtained after QD dissolution (Cd2+ ions were released through acidic dissolution of the 

QDs) through differential pulse anodic stripping voltammetry (DPASV). 

The developed assays provided accurate and precise results, and excellent limits of 

detection, that were well below the cut-off value of the biomarker (15 ng/mL), in assays 

times of about 2 h. The hands-on times for each assay was about 20-30 min. Selectivity 

studies were carried out with other cancer biomarkers and possible serum interferents 

(cancer antigen 15-3 (CA 15-3), alpha-fetoprotein (AFP), Cystatin C (CysC) and human 

serum albumin (HSA)).  

This thesis encompasses the development of several distinct voltammetric 

immunoassays for the complex task of detecting and quantifying a breast cancer 

biomarker using two main detection strategies. The accomplishment of such analytical 

challenges has been demonstrated in practical terms using human serum and live cancer 

cells, with nanomaterials and bead-based approaches. Overall, the developed assays 

have  point-of-care (POC) detection possibilities and can be alternative tools to traditional 

methods in oncology for biomarker detection in biological fluids. 

 

Keywords: Breast cancer, bead-based assay, biomarker, biosensor, electrochemistry, 

electrochemical biosensing, HER2-ECD, immunosensor, immunomagnetic assay, 

magnetic bead, nanomaterial, quantum dot, screen-printed electrode, tumour cell, 

voltammetry.  
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A falta de metodologias não invasivas para deteção eficaz de biomarcadores 

cancerígenos na corrente sanguínea é uma preocupação real. Minimizar a dor do 

paciente e reduzir o tempo necessário para obter o resultado da análise são fatores de 

elevada importância. O cancro da mama, uma lesão maligna comumente diagnosticada 

em mulheres, tornou-se um sério problema de saúde. Na era das novas terapias 

direcionadas, os desafios incluem diagnóstico, definição de população de reincidência 

de alto risco, diagnóstico precoce de reincidência e orientação através das diferentes 

linhas de tratamento da doença. Apesar do uso de metodologias convencionais para 

rastreio e deteção precoce, nomeadamente a mamografia, o desenvolvimento de 

técnicas analíticas não invasivas pode levar a uma evolução notável. O desenvolvimento 

de biossensores, juntamente com o progresso tecnológico, permite o aprimoramento de 

plataformas de diagnóstico portáteis e miniaturizadas. Biossensores, definidos como 

pequenos dispositivos compostos por um transdutor (elétrodo, no caso de biossensores 

eletroquímicos), um biorecetor (anticorpo, no caso de imunoensaios) e 

amplificadores/processadores de sinal, são ferramentas analíticas alternativas para 

deteção de biomarcadores no diagnóstico e acompanhamento da doença.  

Os biomarcadores de cancro presentes na superfície celular e/ou os seus domínios 

extracelulares são alvos importantes para a deteção específica do cancro de mama. O 

Domínio ExtraCelular do Recetor 2 do Fator de Crescimento Epidérmico Humano 

(HER2-ECD) foi selecionado como analito alvo para a realização desta tese e foram 

desenvolvidos imunoensaios eletroquímicos não competitivos (do tipo sandwich) com 

elevado desempenho para sua determinação. Os ensaios foram realizados diretamente 

(imunossensor) ou indiretamente (imunoensaio magnético) na superfície do transdutor 

(elétrodo de carbono serigrafado, SPCE). Além da determinação de HER2-ECD no soro 

humano, os ensaios desenvolvidos foram testados para a análise de células 

cancerígenas HER2-positivas (SK-BR-3) e HER2-negativas (MCF-7 e MDA-MB-231).  

Os imunoensaios eletroquímicos desenvolvidos foram agrupados de acordo com a 

estratégia de deteção aplicada: (i) deteção metaloenzimática e (ii) usando “Quantum 

Dot” (QD). Em cada uma das estratégias foram incluídos imunossensores e 

imunoensaios magnéticos. Para melhorar o desempenho do método, nano/micro-

materiais foram aplicados na construção do transdutor e/ou no marcador de deteção.  
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Na deteção metaloenzimática, o SPCE foi modificado com nanotubos de carbono de 

paredes múltiplas funcionalizados com ácido carboxílico e com nanopartículas de ouro 

eletrodepositadas (HOOC-MWCNT/AuNP). Também foi realizado um imunoensaio 

magnético utilizando esferas magnéticas funcionalizadas com ácido carboxílico (HOOC-

MBs). Após a imobilização do anticorpo de captura, foi adicionada uma solução 

contendo o antigénio e o anticorpo de deteção (biotinilado), seguindo-se a adição de 

estreptavidina-fosfatase alcalina (Strep-AP, marcador enzimático). Adicionou-se 3-

indoxil fosfato (3-IP, substrato enzimático) e nitrato de prata para detetar a interação 

imunológica através da análise voltamétrica de varrimento linear (LSV) da prata metálica 

gerada enzimaticamente.  

Na estratégia de deteção envolvendo QD, os SPCE não modificados foram 

selecionados para a construção do imunossensor e as HOOC-MBs foram usadas para 

o imunoensaio magnético. Após a imobilização do anticorpo de captura e a adição de 

uma solução contendo o antigénio e o anticorpo biotinilado, o processo de afinidade foi 

detetado usando QD CdSe@ZnS revestidos com estreptavidina como marcador 

eletroativo. O sinal analítico foi obtido após a dissolução de QD (os iões Cd2+ são 

libertados pela dissolução ácida dos QD) usando a voltametria de redissolução anódica 

de pulso diferencial (DPASV). 

Os ensaios desenvolvidos permitiram obter resultados exatos e precisos, e excelentes 

limites de deteção, abaixo do valor limite estabelecido para o biomarcador (15 ng/mL), 

em tempos de ensaios de cerca de 2 h. O tempo de execução para cada ensaio variou 

entre 20 a 30 minutos. Foram realizados estudos de seletividade com outros 

biomarcadores de cancro e possíveis interferentes do soro (antigénio 15-3 (CA 15-3), 

alfa-fetoproteína (AFP), cistatina C (CysC) e albumina do soro humano (ASH)). 

Esta tese abrange o desenvolvimento de vários imunoensaios voltamétricos para a 

complexa tarefa de detetar e quantificar um biomarcador de cancro da mama, usando 

duas estratégias principais de deteção. Os desafios analíticos propostos foram atingidos 

e demonstrados através de abordagens baseadas em nanomateriais e esferas 

magnéticas, utilizando soro humano e células cancerígenas. No geral, os ensaios 

desenvolvidos possibilitam a deteção rápida no local de atendimento e podem ser 

ferramentas alternativas aos métodos tradicionalmente usados em oncologia para a 

deteção de biomarcadores em fluidos biológicos.  

Palavras-chave: cancro da mama, ensaio baseado em esferas, biomarcador, 

biossensor, eletroquímica, biodeteção eletroquímica, HER2-ECD, imunossensor, 

ensaio imunomagnético, esfera magnética, nanomaterial, quantum dot, elétrodo 

serigrafado, célula tumoral, voltametria. 
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Improved living standards and increased life expectancy lead to changes in the causes 

of death. Worldwide, the highest mortality rates are related to noncommunicable 

diseases (NCDs), corresponding to chronic long-term diseases such as cardiovascular 

and respiratory diseases, cancer and diabetes. Heart disease and stroke remain the 

leading causes of death in the last years [1], however, cancer is expected to far outweigh 

these in the 21st century [2]. Cancer mortality rates are growing rapidly due to complex 

reasons, distinct risk factors and socioeconomic development [3]. The highest 

percentage of cancer deaths occurred in high-income countries [4], however, to reduce 

mortality rates, screening programs are implemented at national levels [5]. Nevertheless, 

the lack of specific results in these traditional screening diagnoses can significantly lead 

to unfavourable clinical outcomes.  

Breast cancer, the most frequent cancer among women, has increased steadily every 

year [3]. Mammography is routinely performed as a screening tool and is the most widely 

practiced and most cost-effective approach [6]. However, imaging results have limited 

sensitivity and do not allow to monitor tumour biomarker levels in a non-invasive way. 

Tumour biomarkers refer to substances (e.g. a molecule secreted by a tumour) or 

processes that are indicative of the presence of cancer in the body [7]. 

In this field, alternative methods are required to determine cancer biomarkers in 

biological fluids (serum, plasma) from screening to follow-up. 

Biosensors with fast, accurate and point-of-care (POC) detection possibilities are a 

preeminent alternative to measure cancer biomarker levels in bodily fluids over the 

traditional methods [8]. The use of small size transducers, the reasonable short assay 

times and the low sample volumes are key features for the development of POC devices. 

In addition, electrochemical strategies based on the use of nanomaterials can improve 

the assays’ performance [9]. 

Despite the continuous advances in science, there is still a lack of diagnostic platforms, 

with pocket-size dimensions, that enable simple medical tests to be performed with or 

nearby the patient in a fast or direct response time.   

Relevance and motivation 
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The overall goal of this thesis was the development of ultra-sensitive and highly 

selective voltammetric immunosensors and immunoassays for the detection of HER2-

ECD, a breast cancer biomarker, in human serum. These assays could allow breast 

cancer screening and the establishment of biomarker levels. To achieve this overall goal 

several studies were carried out. The intermediate objectives were: 

 

- Literature review on electrochemical immunosensors and cytosensors for cancer 

biomarkers; 

- Optimization of distinct nano- and micro materials to be used as immobilization 

platforms for antibodies; 

- Development and optimization of transducer surfaces and integration of biosensing 

strategies in miniaturized devices (SPCEs); 

- Development of detection strategies for electrochemical immunoassays based on 

metalloenzymatic detection and/or Quantum Dots;  

- Validation and evaluation of immunosensors and magnetic immunoassays for the 

determination of the breast cancer biomarker and cancer cells in human serum. 

  

Thesis objectives 
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The present thesis includes the work developed under the scope and objectives of the 

approved project. The structure of this thesis comprises 5 chapters.  

The introduction – chapter 1 – highlights the fundamentals, main concepts and relevant 

topics related to the project, with emphasis on the cancer biomarker, electrode surface 

modification/functionalization, assay type, detection strategy and voltammetric 

techniques.  

A general description of electrochemical immunosensors and immunoassays for 

protein biomarker detection related to the main cancer-types is presented in a 

comprehensive literature review – chapter 2. Particularly important, this chapter allowed 

to notice the relevant gaps in the field of electrochemical strategies, providing a pertinent 

contribution to the present thesis. 

Chapters 3 and 4 describe the experimental work. In chapter 3, the developed 

electrochemical assays based on metalloenzymatic detection are described. For the 

immunosensor development, distinct nanomaterials on SPCEs were tested: (i) reduced 

graphene oxide (rGO), (ii) carboxylic acid-functionalized single-walled carbon nanotubes 

(SWCNT-COOH), (iii) carboxylic acid-functionalized multiwalled carbon nanotubes 

(MWCNT-COOH), and their conjugation with gold nanoparticles (AuNP): (iv) rGO/AuNP, 

(v) SWCNT/AuNP, (vi) MWCNT/AuNP. In addition, (vii) carboxylic acid-functionalized 

magnetic beads (HOOC-MBs) were used for the development of the magnetic 

immunoassay. Chapter 4 reports electrochemical assays using Quantum Dots as 

detection labels. Non-modified SPCEs were used as transducers and both an 

immunosensor and a magnetic immunoassay, using HOOC-MBs, were studied. 

The literature review – chapter 2 and the experimental work – chapters 3 and 4 – were 

published during the period of the project.  

The conclusions and future perspectives are described in chapter 5. 

 

 

 

Thesis outline 
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his thesis focuses on electrochemical immunosensors and magnetic 

immunoassays, for which nano- and micro materials, based on gold, carbon 

and magnetic materials and sustainable chemistry fields were employed. The 

methods are centered on voltammetric (sandwich-type) immunoassays for the 

determination of a breast cancer biomarker. Thus, this chapter presents a general 

introduction that aims to report a specific type of cancer – breast cancer – focusing on 

the biomarker under study – HER2-ECD – and its importance for early diagnosis and 

follow-up. 

 

 

1.1 (Breast) Cancer: challenges and impact in diagnosis and 

follow-up for personalized medicine  

The uncontrolled proliferation of cells, in certain tissues or organs, can lead to a group 

of diseases (neoplasms or malignant tumours), designed as cancer. Tumours are 

constituted by multiple and complex cell types. Benign tumours do not spread or invade 

other tissues (or other parts of the body). However, when cells spread from the original 

site of the body to another, a process known as metastasis occurs, which can be denoted 

as a malignant tumour [1].  

The incidence of cancer has increased considerably. Cancer screening allows effective 

detection and appropriate treatments. Screening programs and clinical exams are 

applied at a national level to reduce mortality rates [2]. However, global cancer mortality 

rates are increasing due to complex reasons such as the aging population and changes 

T 
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in the prevalence and distribution of major risk factors associated with socioeconomic 

development [3].  

Breast cancer is the second most common cancer in the world and, by far, the most 

frequent among women, with an estimated 2.1 million cases in 2018 [4]. The more 

favorable survival in (high-incidence) developed regions is largely attributable to 

mammographic screening programs and advances in therapy [5]. However, there is still 

a long way to go in understanding tumour biology and the best suitable treatment [6].  

 

 

1.2 Breast cancer classification 

The purpose of breast cancer classification is to select the most adequate patient 

treatment. It can be divided into distinct categories, such as the stage of the tumour, the 

histopathological type, the protein and gene expression. Classifications are updated with 

the improvement of the knowledge related to advances in cancer cell biology. 

Based on the status of important receptors (estrogen receptor (ER); progesterone 

receptor (PR); human epidermal growth factor receptor 2 (HER2)) breast cancer can be 

subdivided in four main classes: (i) Luminal A or (ii) Luminal B (hormone receptor positive 

– estrogen or progesterone), (iii) hormone receptor and HER2-positive and (iv) hormone 

receptor and HER2-negative (triple negative) [7]. A schematic representation of tumour 

subtyping is presented in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Tumour subtyping scheme. Adapted from [7]. 
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1.3 Biomarkers for non-invasive analysis 

Important research has been conducted to identify tumour biomarkers, which has led 

to advances in detection and treatments. The majority of biomarker assays are 

performed using cancer tissue. However, a simple blood test (liquid biopsy) that could 

detect cancer in its earliest stage could prevent millions of deaths, reduce the suffering 

of patients and the cost to society.  

Tumour biomarkers are specific cancer related biomolecules (DNA, micro RNA, 

glycoproteins, hormone receptors, etc.) used in clinical settings for cancer detection and 

play a key role in the management of patients. Although there are many newly suggested 

breast cancer biomarkers (categorized in Figure 2), very few have been adopted into the 

clinic [8].  

The commonly reported breast cancer biomarkers are: (i) the tissue markers – ERs, 

PRs, HER2; (ii) circulating markers – cancer antigen 15-3 (CA 15-3) and 

carcinoembryonic antigen (CEA). HER2 status characterization is now mandatory in all 

breast cancers and although it’s an important prognostic biomarker, it’s also a target for 

specific immunotherapies [9]. Detection of HER2’s Extracellular Domain (HER2-ECD) in 

serum is not routine practice but is possible [10] and results may not only be important 

for diagnostic but also for prognosis, with even better results than tissue biopsy analysis 

[11]. So far, CA 15-3 has been adopted as a predictor of treatment failure in the 

metastatic setting. Indeed, with respect to CA 15-3 and CEA, a report has indicated that 

their combined detection may be more useful [9,11].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Breast cancer biomarkers classification. Adapted from [8]. 
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Recent techniques for protein biomarker detection are based on enzyme-linked 

immunosorbent assays (ELISA) that are carried out in hospital laboratories. However, 

ELISAs are not sensitive enough to detect low biomarker concentrations present in the 

early stages of the disease [12]. Nonetheless, in diagnosed invasive breast cancer 

cases, estrogen and progesterone receptors must be measured [13].  

The hot topic in cancer management at the moment is the enumeration and 

characterization of circulating tumour cells (CTCs). The ability of cell invasion and 

metastization is one of the cancer hallmarks and metastasis is the main responsible for 

deaths in breast cancer [14]. The enumeration of CTCs could be an important 

investigation area. However, the Food and Drug Administration (FDA)-approved method 

for CTC analysis (CellSearch®, Veridex, Raritan) is very expensive and its availability 

would be very limited if CTCs become a standard in clinical practice [15]. 

Regarding the analysis of the biomarkers in selected individuals, the necessary blood 

volume depends on the biomarker. For CA 15-3 and HER2 only a small amount (0.1-0.5 

mL) is needed because their concentrations in positive samples are sufficiently high to 

be measured directly. For the determination of CTCs on the other hand a large volume 

(5-10 mL) is necessary because of the extremely low concentration of these cells in 

peripheral blood.  

 

 

1.4 HER2-positive breast cancer: biology and clinical 

relevance 

The human epidermal growth factor receptor family consists of four members: 

EGFR/ErbB1, HER2/ErbB2, HER3/ErbB3, HER4/ErbB4. The HER2 (HER2/neu, ErbB2 

or CD340) is a 185 kDa glycoprotein, involved in normal cell growth. However, the 

increased expression levels of HER2 (protein overexpression) is usually associated with 

aggressive types of breast cancer and has also been described in other cancers (e.g. 

ovarian, stomach, pancreatic, lung, gastric, prostate) [16]. In this context, this protein is 

regarded as a key prognostic marker, or an effective therapeutic treatment target.  

HER2 is considered an important biomarker in breast cancer detection. It is established 

as a diagnostic biomarker and is recommended for testing since it’s overexpressed in 

approximately 20% of primary invasive breast cancers and is related with the most 

aggressive phenotypes [17]. 
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Clinical treatment for HER2-positive breast cancer using biological drugs (anti-HER2 

therapy) – e.g. trastuzumab, pertuzumab, lapatinib – was approved in metastatic breast 

cancer, being effective for eligible patients (with an excess of receptor levels), thus 

requiring appropriate screening tests [18].  

The HER2 protein has three domains: (i) an extracellular region, (ii) a transmembrane 

hydrophobic section and (iii) an intracellular zone. The extracellular domain (ECD) of 

HER2 can be cleaved by matrix metalloproteases and therefore its levels can be 

measured in biological fluids [19]. HER2 is involved in cellular signaling pathways that 

can lead to cell proliferation, growth, apoptosis and differentiation. These processes have 

an important role on a cellular level, since loss of control of the signaling pathways is 

associated with disease [20]. Furthermore, research studies related to the analysis of 

live breast cancer cells, namely HER2-positive (HER2(+)) and HER2-negative 

(HER2(-)) cancer cell lines are of utmost importance to distinguish the different HER2 

expression levels. Figure 3 outlines a normal cell and a HER2-positive cancer cell. 

 

 

 

 

 

 

 

 

Figure 3. Simplified representation of normal cell and HER2(+) cancer cell. 
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1.5 Diagnostic tests in breast cancer: from prediction to follow-

up 

Breast self-examination is a screening method commonly recommended by healthcare 

professionals as a primary detection procedure. The examination is performed by 

palpation and the diagnosis is based on one's own opinion which may lead to a false 

positive or false negative result. To complement and avoid misdiagnosis, mammography 

is routinely performed for breast cancer screening. Although useful in an initial diagnosis, 

mammography’s main shortcoming is that it’s an imaging technique. This means that in 

the case of a positive result a biopsy is required to obtain a tissue sample [21].  

Apart from these procedures, other methodologies/techniques are used for the 

diagnosis of breast cancer, namely magnetic resonance imaging (MRI), molecular breast 

imaging, thermography etc [8]. Moreover, different techniques have emerged and are 

performed for the analysis of protein biomarkers.  

The FDA and the European Group on Tumour Markers (EGTM) reported that the main 

tests available to measure gene amplification and/or protein overexpression are 

immunohistochemistry (IHC), in situ hybridisation (ISH), fluorescence ISH (FISH) and 

ELISA [13,22]. However, for these tests often invasive procedures are required; a biopsy 

or the extraction of tissue samples, leading to patients suffering, and time-consuming 

and labour-intensive analysis. To overcome these problems, non-invasive analysis has 

emerged as a prominent alternative. Indeed, biomarker analysis allows early diagnosis, 

which is extremely useful in case of metastasis or even when the breast lumps are not 

visible due to their small size. Thus, new analytical methodologies that promote a 

sustainable alternative to the routine clinical methods have been reported. 

 

 

1.6 POC devices: the case of biosensors 

Point-of-care (POC) sensing strategies are widely demanded for the disease’s 

detection in an early stage and during its management and follow-up. Biosensors with 

fast, accurate and POC detection possibilities are a preeminent alternative to measure 

cancer biomarker levels in bodily fluids over the traditional methods [23].  

POC diagnostic platforms enable simple medical tests to be performed with or nearby 

the patient and allow results to be obtained in a fast or direct response time. The 

development and enhancement of lab-on-a-chip and biosensor technologies are in fact 

providing extraordinary tools for POC analysis [24]. 

The International Union of Pure and Applied Chemistry (IUPAC) has established the 

definition of Biosensor as “an integrated receptor-transducer device, which is capable of 
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providing selective quantitative or semi-quantitative analytical information using a 

biological recognition element” [25].  

Biosensors can be classified according to the transducer and the bioreceptor. Usually, 

biosensors are composed of three components: the (physicochemical) transducer 

element, the biological recognition element and a signal processor. According to the 

bioreceptor, biosensors can be classified as enzymatic biosensors, genosensors, 

immunosensors, aptasensors, cytosensors, among others. Biosensors can also be 

divided into several categories based on the transduction process, such as 

electrochemical, optical, and mass-based biosensors [26], as can be observed in Figure 

4. 

 

 

 

Figure 4. Biosensors classification. Adapted from [26]. 

 

The instrumentation needed to perform the analysis using biosensors has been 

reduced to (low-cost) pocket-size dimensions, which make them ideal for the inclusion 

in POC devices. In addition, the reasonable short assay times and the low sample 

volumes are also key features for a huge development of these devices [27]. Thus, the 

portability, miniaturization, low cost and rapid reliable response time of biosensors are 

some characteristics that could bridge the gap for in-field devices to be used for 

personalized medicine. In particular, research efforts towards the development of 

electrochemical biosensors to address important health issues have been growing in the 

last decades [28]. 
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1.7 Voltammetric transduction  

The basic principle of voltammetric transduction is the flow of electrons between 

electroactive species (i.e. a species that can be oxidised or reduced) and the electrode 

(transducer) surface when an adequate potential is applied. The resulting current can be 

measured by different voltammetric techniques that are widely used for fundamental 

studies of oxidation and reduction processes or electron transfer mechanisms. 

The obtained signal is a characteristic current response called voltammogram (Figure 

5). The potential of the oxidation/reduction peak (Ep) can be used for qualitative analysis 

and the peak current intensity (ip) can be used for quantitative purposes [29,30]. 

 

 

 

Voltammetric cells generally incorporate a three-electrode configuration: reference-, 

auxiliary- and working electrodes (RE, AE and WE, respectively) that are placed in 

contact with the sample. The potential of the working electrode (WE), at which the 

analytical process of interest takes place, can be varied within a predefined potential 

range.  

Despite excellent conventional electrodes, the development of screen-printed 

electrodes (SPE) allowed an improvement in the miniaturization process of the 

voltammetric cell and the measuring device. The SPE’s configuration, where the three 

electrodes are located close to each other on a single platform, allows analysis to be 

performed with a reduced sample volume. Carbon, gold, graphite or platinum are 

commonly employed in the WE construction. Furthermore, the use of nanomaterials on 

the WE’s surface can improve the assays’ performance (e.g. sensitivity and selectivity), 

enabling advances in tracking (extremely) low levels of circulating biomarkers.  

Figure 5. (a) Linear potential sweep and (b) resulting i-E curve (voltammogram). Adapted from [30]. 
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Gold and carbon-based nanomaterials, nanoparticles and magnetic materials are 

some of the most frequently applied in biosensor development. In this case, the nano- 

and micro-structured materials can improve the immobilization of the biomolecule of 

interest; enhance the sensor’s sensitivity; increment the sensor´s performance, among 

others [27]. 

Although several methods are reported for the synthesis of gold nanomaterials, a 

sustainable process consists of their electrodeposition using [AuCl4]- [31].  

Carbon-based nanomaterials allow efficient transducer modification that can be 

performed using graphene (reduced or oxidized) or single and multiwalled nanotubes. 

The combination of these materials is a prominent alternative for the construction and 

development of reliable biosensors [32].  

On the other hand, superparamagnetic particles and/or beads (MP or MB) constitute a 

versatile tool for magnetic assays. The use of MPs or MBs in the practice of bioassays 

confers several advantages and alternatives, namely: the enhancement of sensitivity; 

the improvement of the assay performance; the reduction of the analysis time, allowing 

better biomolecule interactions and thus minimizing the matrix effect [33].  

The use of modified/functionalized WEs in bioassay-based procedures with 

voltammetric detection can be adequate alternatives for biomarker analysis because of 

the high selectivity of the assay, the high sensitivity of voltammetry, which allows early 

detection of many diseases, and the speed of the analysis. Although research on the 

development of these assays for breast cancer markers has been increasing in the last 

years, the number of studies is still reduced when compared to other screening tools 

[34]. 

 

 

Examples of scanning electron microscopy (SEM) images of screen-printed carbon 

electrodes (SPCEs) modified with nano- and micro materials are presented in Figure 6: 

(a) non-modified SPCE, and SPCEs modified with (b) gold nanoparticles (AuNP), (c) 

multi-walled carbon nanotubes (MWCNT), (d) multi-walled carbon nanotubes and gold 

nanoparticles (MWCNT/AuNP), (e) gold-coated iron magnetic nanoparticles 

(Fe3O4@AuNP) and (f) magnetic beads (MBs). 
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Figure 6. SEM images of the SPCE surfaces (used throughout this work). (a) non-modified SPCE, (b) SPCE-

AuNP, (c) SPCE-MWCNT, (d) SPCE-MWCNT/AuNP, (e) SPCE-Fe3O4@AuNP and (f) SPCE-MBs. 

 

In the electrochemical sensors developed using materials at nano- and micro scale, 

after the sensor construction the biological interaction can be transduced in a useful 

signal with an appropriate voltammetric technique [35].  

The interest in voltammetric transduction resides in its excellent sensitivity, the 

accurate and precise results, high speed and experimental simplicity, allowing specific 

detection at low concentrations with reduced costs. For example, cyclic voltammetry 

(CV), linear sweep voltammetry (LSV), square wave voltammetry (SWV), and differential 

pulse voltammetry (DPV) are commonly employed. 

Cyclic voltammetry (CV) is a powerful and versatile technique in the study of 

mechanisms of redox systems, allowing the characterization of oxidation/reduction 

potentials, the reversibility of the system, electron transfer kinetics, coupled chemical 

reactions, adsorption phenomena, etc. In CV the potential is swept between an initial 

potential (E1) and a second potential (E2) at a fixed rate v (V/s). When E2 is reached, 

the direction of the potential sweep is reversed back to E1 (various cycles can be 

performed).  

LSV is a voltammetric technique in which the current at the WE is measured while the 

potential between the WE and RE is linearly swept over time [29].  
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Both CV and LSV present some limitations since the total measured current intensity 

includes both the faradaic current (resulting from the oxidation/reduction of the 

electroactive species) and the non-faradaic current (resulting from external currents; e.g. 

capacitive current and adsorption). A considerable instrumental improvement in the 

discrimination of the faradaic current from the capacitive current was possible due to the 

development of pulse techniques. Like this, the sensitivity is increased by increasing the 

ratio between the faradaic current and the capacitive/background currents [29,30]. 

 

DPV is a voltammetric technique where the potential perturbation, that consists of small 

pulses, is superimposed upon a staircase waveform. In this case the instrumentation has 

been developed in such a way that current measurements and potential pulses are 

performed at very short time intervals. More specifically, the current is sampled twice 

(before and after the pulse application) and the first current is subtracted from the 

second. The current difference is plotted versus the applied potential (Figure 7). DPV 

has become a widely used voltammetric technique and is useful to determine trace 

concentrations [36]. 

 

 

  

 

 

Although there are several voltammetric, undoubtedly all of them have characteristics 

of interest to be used in the development of biosensors. 

 

 

Figure 7. (a) Excitation signals and (b) voltammogram for a DPV experiment. Adapted from [36]. 
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An additional voltammetric technique is stripping voltammetry. A common technique 

used for preconcentration purposes is anodic stripping voltammetry, usually employed 

for trace metal ion determination. In this technique the preconcentration step consists of 

the application of a constant potential for the electrodeposition of the electroactive 

species. This step is followed by an equilibration time and a determination step. The 

latter consisting of stripping the previously electrodeposited species back in the solution. 

Thus, the three steps involved in anodic stripping voltammetry are: (i) preconcentration 

(deposition), (ii) equilibration, (iii) redissolution [29,36]. 

As an example, cadmium ion determination can be mentioned. Initially, the electrode 

potential is adjusted to a negative enough value to reduce cadmium ions to metallic 

cadmium, which is electrodeposited on the electrode. In the next step the potential is 

scanned to more positive (anodic) values, and the cadmium is redissolved returning to 

the solution due to its oxidation. When cadmium reoxidation occurs, the current will vary 

and the obtained ip value is proportional to the cadmium concentration in the sample 

solution.  

The preconcentration (electrochemical deposition) is a key step to achieve a higher 

analytical signal related to the concentration of the analyte in the solution, which also 

explains the increased sensitivity of the technique.  
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1.8 Electrochemical immunosensors and magnetic 

immunoassays  

Electrochemical immunosensors and immunoassays are compact analytical tools that 

allow the detection of an antigen (e.g. cancer protein biomarker) in which the antigen-

antibody interaction can be detected using a transducer that can convert the biochemical 

reaction into a mensurable electrical signal that is then recorded and displayed [37]. 

When the recognition element or target analyte consists of an antibody or antigen as 

receptors, the event is denoted as immunosensing strategy. When an electrode is used 

to transduce the immunosensing strategy it can be classified as ”electrochemical 

immunosensor”. In addition, the interactions can occur either directly (biosensor) or 

indirectly (magnetic bioassay) on the transducer surface [32].  

The procedure when an immunosensor is used consists of the sequential addition of 

biological components on the transducer surface, with appropriate washing steps 

between the incubation steps. In a magnetic immunoassay, effective separations and 

pre-concentrations of an antigen from large and complex samples can be achieved using 

an external magnetic field. In this assay type, the biological components are sequentially 

added to a microtube, where the immunological reactions occur. Like this, analyte 

isolation and purification are much easier and faster than with other methods [38], 

minimizing damage of biological materials and decreasing analysis times and costs 

[39,40]. The major drawbacks of the frequently used MPs for magnetic separation 

(MSep) are their particle size (100nm-micron) and the multiple steps required to improve 

bioconjugation. However, superparamagnetic and biocompatible platforms with high 

magnetization constitute a major advance. In this thesis, functionalized magnetic beads 

were used as biocompatible platforms to capture the selected biomarkers to develop 

magnetic immunoassays. The spherical MBs configuration results in a high surface area 

available to immobilize biomolecules, providing lower detection limits, and may lead to 

higher colloidal stability, improving their accessibility to the targets [41]. The high 

saturation magnetization and superparamagnetism enable faster and more efficient 

separations and prevent the particles' aggregation after the removal of the external 

magnetic field. 

Among the distinct immunoassay formats (competitive, label-free, sandwich), the non-

competitive (sandwich) assay is widely applied in electrochemical sensors. Contrary to 

non-competitive assays, the label-free assay usually does not require label, and 

detection is commonly performed using a redox pair as probe. Although in this strategy 

a short assay time is commonly reported, time-consuming transducer preparation or WE 
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functionalization (to enhance the electron transfer) is required. The non-competitive 

assay is vastly reported and consists of the binding of the antigen (target biomarker, 

present in the sample) to capture (Ab-C) and secondary/detection (Ab-D) antibodies, 

through the antibody´s binding site (paratope). The Ab-C is immobilized on the WE, in 

the case of immunosensors, or on the magnetic particle surface, when magnetic assay 

is performed. The Ab-D is usually labelled (e.g. enzyme, electroactive compound) which 

allows the detection of the antibody/antigen interaction. In competitive assays the labels 

employed are similar to the ones reported for the sandwich assays. In this specific assay 

type, usually the antigens from the sample compete with labelled antigens (added to the 

sample) for the binding sites of the previously immobilized Ab-C on the electrode surface 

[27]. The common immobilization methods for the Ab-C are physical adsorption, covalent 

binding, matrix entrapment, cross-linking and affinity binding [32]. 

Figure 8 shows the schematic representation of an electrochemical immunosensor, the 

transducer connection and the signal processor. 

 

   

 

  

Figure 8. Scheme of an electrochemical immunosensor. Voltammetric signal is obtained for distinct 

analytes, which allows  (1) simultaneous or (2) individual detection.  
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1.8.1 Metalloenzymatic detection 

Figure 9 schematically represents one of the immunoassay’s detection strategies used 

in the present thesis. This strategy is based on metalloenzymatic detection, in which, 

after the capture antibody’s immobilization and the incubation with the antigen and the 

detection antibody (labelled with the enzyme alkaline phosphatase), the enzymatic 

substrate (3-indoxyl phosphate, 3-IP) combined with silver ions (silver nitrate) are added. 

In this step AP hydrolyzes 3-IP resulting in an indoxyl intermediate that reduces the silver 

ions in solution to metallic silver and indigo blue [42]. The electrochemical signal of the 

enzymatically generated metallic silver is then recorded by LSV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Although enzymes are widely used as labels in bioassay practice due to their high 

selectivity and efficiency, they have some drawbacks, namely the low stability; the cross-

reactivity with plasma constituents, etc. [43]. In fact, working with electroactive labels 

surpasses thermal instability aspects, intrinsic to the nature of enzymes, which are the 

main disadvantages in their use [44]. Compared to laborious enzymatic methodologies, 

the use of QDs eliminates the need for substrate addition, which can contribute for the 

reduction of the analysis time.  

 

Figure 9. Schematic representation of the metalloenzymatic detection strategy. 
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1.8.2 Metallic nanoparticles as electrochemical detection labels  

Nanoparticle-based signal amplification has a huge interest since excellent stability, 

higher sensitivity, easy of mass production (large scale) and lower synthesis costs can 

be achieved. The high amplification and multiplexing properties of metallic nanoparticles 

(e.g. quantum dots (QDs)) make them ideal labels for immunoassays [45], resulting in 

more sensitive, faster and cheaper analysis [22]. Briefly, in the assay used in the present 

thesis, the antigen is linked to the Ab-C immobilized on the SPCE or MPs/MBs, followed 

by incubation with a secondary detection antibody (labelled with QDs), as can be 

observed in Figure 10. Then, the QDs are dissolved with a HCl solution. Subsequently, 

an aliquot of acetate buffer (pH 4-5) containing Bi(III) is added and the voltammetric 

procedure is applied (differential pulse anodic stripping voltammetry, DPASV). In this 

procedure a bismuth film is formed on the electrode and, simultaneously, the dissolved 

(ionic) metal label (Cd2+), is reduced to its solid state by applying a constant negative 

potential and then stripped into solution using an anodic potential scan. The resulting 

current increases with increasing biomarker concentration. 

 

 

 

 
 

 

 

 

 

 

 

 

  

Figure 10. Schematic representation of the detection strategy using quantum dots. 
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his chapter presents a review article. An integral transcript of the published 

article is presented according to the journal rights and with requested 

permission (section 2.1). In addition, an update of the review work was carried 

out specifically for the biomarker studied in this thesis: HER2 (section 2.2). 

Briefly, a literature revision related to electrochemical immunosensors and 

immunoassays in cancer diagnostics and follow-up was carried out with the aim of 

gathering information about the state-of-the-art.  

From the clinical point-of-view, although routine methodologies are adopted by local 

hospitals and oncological centers, there is a need for new analytical methodologies and 

point-of-care devices for non-invasive analysis of cancer biomarkers. Challenges 

regarding the analytical characteristics of electrochemical biosensors for detection and 

quantification of cancer biomarkers, as target analytes, of relevant cancer-types are 

highlighted in this bibliographic work.  

A survey of the published studies shows the continuous progress and the evolution of 

analytical methodologies for an increasingly effective diagnosis. The attention in this 

research area is now mainly focussed on the increase of the sensitivity through different 

types of transducer modifications, sensing surface constructions and detection 

strategies. The low limits of detection achieved with the developed sensors allows the 

diagnosis of cancer in an early stage. 

  

The first author contribution includes data compilation; tables construction; preparation 

and drawing of images and schemes; writing and editing the manuscript (original draft – 

Lead). 

T 

Overview  
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2.1 Electrochemical Biosensing in Cancer 

Diagnostics and Follow‐up 
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The present section includes an update to the review work, specifically for the biomarker 

under study in this thesis: HER2.   
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2.2 Electrochemical strategies for HER2 detection: an update  

The progress of electrochemical biosensors for the detection of breast cancer 

biomarkers has increased over the past decade. The state of art of electrochemical 

immunosensors, immunoassays and bioassay-based procedures for HER2 is discussed. 

A summary of the relevant topics and the main characteristics of the sensor development 

are presented in tables. The studies included were retrieved from the Clarivate Analytics 

Web of Science database (timespan: 2008–2020).  

 

2.2.1 Electrochemical immunosensors for HER2 detection 

Since the first reported electrochemical immunosensor for HER2 detection, in 2008, 

great improvements in the area have been reported and over 15 scientific publications 

can be found in the literature. Table 1 summarizes the main analytical parameters of the 

developed immunosensors [1-16]. Transducers include conventional electrodes such as 

glassy carbon electrode (GCE) [2] and gold electrode (AuE) [3,13]; miniaturized SPE [4-

6,9-12,14,16]; carbon ionic liquid electrode (CILE) [7]; indium tin oxide (ITO) [15]; and 

microarrays [8]. Transducer surface modifications were mainly performed with carbon- 

and gold nanomaterials, self-assembled monolayers or a zwitterionic hydrogel.  

Label-free assays were reported with excellent assay times, however with expensive 

and time-consuming transducer surface modifications. Ferricyanide/ferrocyanide 

([Fe(CN)6]3−/4−) was commonly used as redox probe [3,6,7,9,11,15]. On the other hand, 

the majority of the reported studies consists of sandwich-type assays. Distinct labels 

were employed, such as enzymes (horseradish peroxidase (HRP) [1,5,13], alkaline 

phosphatase (AP) [4,12]), QDs (lead sulfide (PbS) [14], cadmium/selenium (CdSe) [16]) 

and hydrazine [2]. In addition, detection strategies were achieved using 3,3',5,5'-

tetramethylbenzidine (TMB) [10,13], hydroquinone (HQ) [5,8], methylene blue (MB) [1] 

or metal ions (silver, lead and cadmium) [2,4,12,14,16]. No competitive assays were 

found in the research data. Despite the strategies described for the immunosensor’s 

development, with several ranges under study, only one reports a detection limit above 

the cut-off value established for this biomarker (15 ng/mL) [5]. Furthermore, two distinct 

works have a longer assay time (> 6 h) [1,10], compared to the remaining works that 

report sample analysis in less than 3 h, demonstrating that the developed 

immunosensors as rapid methodologies for breast cancer detection. Long-term stability 

shows that the reported sensors were stable, at least, for one week. Spiked human 

serum, patient serum or cells were included in all studies, demonstrating their 

applicability.  
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2 

2.2.2 Magnetic electrochemical immunoassays for HER2 

detection 

Although few magnetic immunoassays are reported for HER2, excellent analytical 

characteristics and assay performances were described. Table 2 summarizes the 

experimental parameters of these procedures [17-23].  

In 2012 Al-Khafaji et al. [17] described an electrochemical immunoassay for HER2 

detection using a sandwich format in which anti-HER2 antibodies were immobilized on 

protein A-modified MBs. DPV was used to obtain the analytical signal, employing alkaline 

phosphatase (AP) as detection label and 1-naphthyl-phosphate (1-NP) as the enzymatic 

substrate. In another study the detection of ErbB2, also based on a sandwich format, 

involved the covalent immobilization of the capture antibody on carboxylic acid-

functionalized MBs. The modified beads were incubated with a solution containing the 

antigen and HRP-labelled secondary antibodies with detection performed through 

amperometry using hydroquinone/H2O2 [18].  

In a distinct work, three electrochemical bioassays were developed using affibodies 

(Af) or antibodies (Ab), immobilized on streptavidin-MBs or protein A-modified MBs, 

respectively. Detection of the antibody-antigen interaction by DPV was achieved through 

the use of AP and 1-NP [19].  

Magnetite nanoparticles coated with 3-aminopropyltrimethoxysilane (Fe3O4-APTMS) 

were used as sensing platform for efficient capture of HER2 in biological fluids [20]. Silver 

signal enhancement strategy was applied using hydrazine (label) and detection was 

accomplished by DPV.  

In another strategy, streptavidin-MBs were employed to a cellulase-linked sandwich 

assay. MBs were applied onto a graphite electrode modified with nitrocellulose film in 

which the cellulase label digests the film. This changes the electrical properties that were 

recorded by chronocoulometry (CC) [21].  

Two distinct works were developed by Freitas et al., using carboxylic acid-modified 

magnetic beads (HOOC-MBs), using a sandwich format, however using distinct labels 

and detection strategies: metalloenzymatic detection, using AP as label, 3-IP as 

enzymatic substrate and silver ions detection was performed by LSV [22]; using quantum 

dots as nanolabels with cadmium detection performed through DPV [23].   
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2 

2.2.3 Electrochemical bioassay-based procedures for HER2-

expressing breast cancer cell lines 

Circulating tumour cells (CTCs) enumeration and characterization have gained 

importance since the ability of cell invasion and metastization can be responsible for a 

large number of deaths. Only a few scientific works reported electrochemical 

immunoassay-based protocols for HER2-expressing breast cancer cell line enumeration. 

Details of analytical parameters related to the published assays for the detection of HER2 

in cancer cell lines are presented in Table 3 [1,2,18,22-27].  

HER2-positive (HER2(+)) and HER2-negative (HER2(-)) tumour cells or cell lysates 

were tested throughout the works to evaluate the assays and to test the selectivity. 

Mucelli et al. [1] developed nanoelectrode ensembles to detect small amounts of HER2. 

Then, HER2 overexpressing cell lysates (SK-BR-3) and HER2(-) MCF-7 lysates were 

tested and the sensor demonstrate to be selective for different HER2 amounts in the 

tumour lysates. In a different approach, Zhu et al. [2] proposed a sensor capable of 

differentiating between HER2(+) SK-BR-3, HER2(-) MCF-7 and normal breast cell line 

MCF 10A. For the selectivity studies, cancer cell line Hela was tested. The direct 

attachment of hydrazine onto the AuNP catalyst ensures the reduction and deposition of 

silver that allow the detection of HER2 protein and the HER2(+) cancer cells.  

In a distinct format, an immunomagnetic sensor developed by Eletxigerra et al. [18] 

reported carboxylic acid-modified MBs used for the assessment of ErbB2 directly in intact 

breast cancer cells. A significantly higher amperometric response was obtained for the 

SK-BR-3 cells, whereas a low response was reported for the MCF-7 and MDA-MB-436 

(HER2(-)) breast cancer cells. In the reported magnetic immunoassays developed by 

Freitas et al. [22,23] after detection of HER2 levels in human serum, breast cancer cells 

SK-BR-3, MCF-7 and MDA-MB-231 were tested. 

A label-free approach was proposed for rapid detection of HER2 using [Fe(CN)6]3−/4− 

as redox probe [24]. To assess the selectivity of the developed nano-biosensor distinct 

cancer cells were tested: HER2-expressing SK-BR-3; HER2(+) with middle expression 

level ZR-75-1; low expression level of HER2 MDA-MB-231; normal MCF10A breast cell 

line and colon cancer cell line SW742. In a distinct concept, Boriacheck et al. [25] 

reported the detection of HER2(+) breast cancer cell lines BT-474 and FAM134B(+), and 

colon cancer cell line SW-48, both isolated from tumor-derived exosomes. For the assay 

construction, streptavidin-modified MBs, CdSe quantum dot (CdSe QD) and a bare GCE 

were used. Anodic stripping voltammetry was carried out for the quantification of Cd2+. 

Following the same concept, however in a label-free assay-type, Yadav et al. [26] 
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reported an approach that exhibit an excellent specificity for HER2(+) BT-474 cell-

derived exosomes in which DPV allows to monitor the analyses in the presence of the 

redox pair [Fe(CN)6]3−/4−. The electrochemical signal generated from HER2(+) exosome 

was compared to the control experiment performed with MDA-MB-231 exosomes. 

In a different approach, an aptamer-based label-free assay was described, using 

[Fe(CN)6]3−/4− as probe [27]. In the sensor construction, a composite of bimetallic MnFe 

Prussian blue analogue coupled to gold nanoparticles (MnFePBA@AuNP) was placed 

on an AuE electrode, used for the determination of trace levels of HER2 and living MCF-

7 cells. To assess the selectivity, normal L929 cells were used. 
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his chapter comprises two original scientific publications in international peer-

reviewed journals (sections 3.1 and 3.2).  

An integral transcript of the published articles is presented according to the 

journal rights and with requested permission.  

 

Distinct electrochemical transducer platforms were tested and characterized 

(electrochemical and microscopy techniques) and used for the detection of HER2-ECD, 

in a sandwich-type assay format.  

Screen-printed carbon electrodes (SPCEs) were firstly modified with: (i) reduced 

graphene oxide (rGO), (ii) carboxylic acid functionalized single-walled carbon nanotubes 

(SWCNT-COOH), (iii) carboxylic acid functionalized multiwalled carbon nanotubes 

(MWCNT-COOH), and their conjugation with gold nanoparticles (AuNP): (iv) rGO/AuNP, 

(v) SWCNT/AuNP, (vi) MWCNT/AuNP. In addition, (vii) carboxylic acid functionalized 

magnetic beads (HOOC-MBs) were used for the construction of an immunomagnetic 

assay. Metalloenzymatic detection, fully described in the chapter 1 (general 

introduction), was employed for HER2-ECD detection and cancer cell analysis.  

 

The first author’s contributions contemplated the preparation and characterization of 

nano- and micro materials, used for the efficient modification of SPCE; subsequent 

preparation, optimization and application of the developed assay in human serum; 

cancer cell-lines preparation and application; data compilation, writing and editing the 

manuscripts (original draft – Lead).   

T 

Overview 
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3.1 Electrochemical Sensing Platforms for HER2-

ECD Breast Cancer Biomarker Detection 

 

Electroanalysis 31 (1) (2019) 121-128 
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analysis 

 

Sensors and Actuators: B. Chemical 308 (2020) 127667 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Author Contributions: 

Maria Freitas (investigation: Equal; Methodology: Equal; Writing – original draft: Lead); 

Henri Nouws (Conceptualization: Lead; Funding acquisition: Equal; Methodology: Lead; 

Project administration: Equal; Supervision: Equal; Validation: Equal; Writing – review & 

editing: Lead); Elisa Keating (Cell-lines acquisition and culture); Cristina Delerue-Matos 

(Funding acquisition: Equal; Methodology: Equal; Supervision: Equal; Validation: Equal; 

Writing – review & editing: Supporting) 

 



76 
 

FCUP 

Chapter 3 – Electrochemical immunoassays with metalloenzymatic detection [Título do documento]             

   

 

 

 

 

 

 

 

Highlights 

• Detection of cancer biomarkers in biological fluids is useful for early diagnosis. 

 

• An electrochemical immunomagnetic bioassay was developed for HER2-ECD 

detection. 

 

• Magnetic beads constitute a versatile tool for the construction of the assay. 

 

• The assay was selective towards the target protein and live breast cancer cells.  

 

• The assay was successfully tested in the analysis of human serum. 
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Table S1. Optimization of the experimental parameters of the magnetic immunoassay. 

Experimental variable Tested range Selected value 

MBs amount (µg) 7.5 – 90 30 

[Ab-C] (µg/mL) 10 – 25 25 

[Ab-D] (µg/mL) 1.0 – 4.0 2.0 

[S-AP] (nmol/L) 0.2 – 5.0 0.50 

Temperature (ºC) 20 – 30 30 

t (mixture HER2-ECD and Ab-D) (min) 0 – 120 60 

 

 

 

 

Figure S1.Optimization of the incubation time for the step-by-step assay: (1) HER2-ECD 30 min, 

Ab-D 30 min, S-AP 30 min; (2) HER2-ECD 30 min, Ab-D 60 min, S-AP 60 min; (3) HER2-ECD 60 

min, Ab-D 60 min, S-AP 60 min; (4) HER2-ECD 30 min, Ab-D 60 min, S-AP 30 min. (Ab-C: 25 µg/mL, 

HER2-ECD: 0 and 50 ng/mL, Ab-D: 2 µg/mL). 
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Figure S2. Addition of BSA 0.5% (m/V) to (i) HER2-ECD, (ii) Ab-D or (iii) in both solutions 

(antigen and Ab-D). (Ab-C: 25 µg/mL, HER2-ECD: 0 and 50 ng/mL, Ab-D: 2 µg/mL). 

 

Figure S3. (A) Effect of the addition of DEA 0.1 M or BSA 1% (m/V) to the S-AP solution and (B) 
Variation of S-AP concentration (including BSA 1% (m/V)). (Ab-C: 25 µg/mL, HER2-ECD: 0 and 
50 ng/mL, Ab-D: 2 µg/mL). 
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Figure S4. Optimization of experimental parameters. (A) Temperature, and (B) Affinity of the 

MBs with the antigen, i.e. with and without capture antibody. 

 

Figure S5. Calibration plot in 0.1M Tris-HNO3 buffer (pH 7.4) for the analysis of HER2-ECD: 7.5, 

15, 30, 50, 75 and 100 ng/mL. Experimental conditions: Ab-C: 25 µg/mL, BSA: 2% (m/V), Ab-D: 

2 µg/mL. 
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Figure S6. Obtained current intensities in the stability studies. (Ab-C: 25 µg/mL, HER2-ECD: 0 

and 50 ng/mL, Ab-D: 2 µg/mL). 
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his chapter comprises two original scientific publications in international peer-

reviewed journals (sections 4.1 and 4.2).  

An integral transcript of the published articles is presented according to the 

journal rights and with requested permission.  

Sustainable alternatives to a more appealing dynamics in the detection strategy and 

the reduction of the assay time are the main perspectives considered in this chapter. The 

use of Quantum Dots (QDs) is an alternative to the commonly used redox probes or the 

enzymatic systems traditionally employed in the development of biosensors in 

healthcare.  

In this chapter the detection strategy is based on the use of QDs as electroactive labels. 

Unlike the previous chapter where additional steps were required for the enzymatic 

reaction, here the addition of QDs and subsequent preconcentration and redissolution 

allows the detection of the metal ion (cadmium). For an adequate perception of analyte 

detection based on this detection strategy, this chapter presents the development, 

optimization and construction of an immunosensor and a magnetic immunoassay. Bare 

SPCEs were used as transducers (without modifications or functionalizations) for the 

immunosensor construction, and the magnetic immunoassay was developed using 

carboxylic acid-functionalized magnetic beads. 

The first author contributions comprise the preparation of the transducer surface for 

efficient modification with the biorecognition element; assay preparation, optimization 

and application in human serum; cancer cell-lines preparation and application; data 

compilation; writing and editing the manuscript (original draft – Lead). 

T 

Overview 
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Highlights 

• Detection of cancer biomarkers in biological fluids is useful for early diagnosis. 

 

• An electrochemical immunosensor was developed for HER2-ECD. 

 

• Quantum dots were used as detection label. 

 

• The assay was selective towards the target biomarker. 

 

• The assay was successfully tested in the analysis of human serum. 
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Figure S 1. Study of non-specific adsorptions. Evaluation of the blocking agents (I) Casein 2% and (II) BSA 
2% in the blocking surface step, and evaluation of BSA effect in different incubation steps: (III) BSA 0.5% 
(m/V) for both the antigen and the detection antibody solutions (Ab-D), and (IV) BSA 0.5% (m/V) to the 
antigen and 1% (m/V) to the Ab-D solutions. Experimental conditions: Ab-C (25 µg/mL), HER2-ECD (0 and 
50 ng/mL), Ab-D (2 µg/mL), QDs (10 nM). 
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Figure S 3. Obtained current intensities for stability studies. Experimental conditions: Ab-C: 25 µg/mL, 

BSA: 2% (m/V), Ab-D: 2 µg/mL, QDs: 5 nM with addition of BSA 0.5% (m/V)). 

  

Figure S 2. Calibration plot in Tris buffer for the analysis of HER2-ECD: 0, 5, 10, 25, 50 and 100 ng/mL. Experimental 

conditions: Ab-C: 25 µg/mL, BSA: 2% (m/V), Ab-D: 2 µg/mL, QDs: 5 nM with addition of BSA 0.5% (m/V)).  
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Graphical Abstract 

 

 

 

 

 

Schematic representation of an electrochemical immunomagnetic assay developed 

using MBs and SPCE as transducer surface and QDs as electroactive label. HER2-ECD 

breast cancer biomarker was determined, and the assay was successfully applied for 

detection of HER2-positive and HER2-negative cancer cell-lines. 
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S1. Experimental section 

 

S1.1 Reagents 

The antibodies (Rabit IgG monoclonal anti-human-HER2-ECD antibody, mouse IgG2a 

monoclonal biotinylated anti-human-HER2-ECD antibody) and the antigen (a 

recombinant human HER2/ErBb2 protein) were obtained from Sino Biological Inc. 

(China, www.sinobiological.com). Breast cancer cell lines MDA-MB-231 and MCF-7 

were obtained from ATCC®. The SK-BR-3 cell line was kindly provided by the 

Department of Biomedicine – Unit of Biochemistry of the Faculty of Medicine of 

University of Porto. Qdot® 655 streptavidin conjugate (QD-Strep), Dynabeads™ 

MyOne™ (Carboxylic Acid functionalized magnetic beads; COOH-MB, 10 mg.mL-1) 

and a Human ErbB2 (HER2) enzyme-linked immunosorbent assay (ELISA) kit were 

purchased from ThermoFisher Scientific (USA, www.thermofisher.com). Bismuth ICP 

standard was acquired from Merck (Germany, www.merck.com). PEG gold-coated 

magnetic nanoparticles (HOOC-Fe3O4@AuNP) were obtained from Nanoimmunotech 

(Spain, www.nanoimmunotech.eu). Human serum (from male AB clotted whole blood), 

albumin from bovine serum (BSA), carboxylic acid functionalized multiwalled carbon 

nanotubes (COOH-MWCNT), 2-Aminoethan-1-ol (EA), 1-(3-Dimethylaminopropyl)-3-

ehtylcarbodiimide hydrochloride (EDC), 1-Hydroxy-2,5-pyrrolidinedione (NHS), 2-

Morpholinoethanesulfonic acid (MES) monohydrate, Tween® 20 (T), phosphate 

buffered saline (PBS) and 2-Amino-2-(hydroxymethyl)propane-1,3-diol (Tris) were 

obtained from Sigma-Aldrich (USA, www.sigmaaldrich.com). Male human serum was 

stored at -20 ºC and used as received. Serum samples were spiked with HER2-ECD or 

CTCs at different concentrations and analysed without further treatments. 
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S1.2 ELISA kit for the determination of HER2-ECD 

The evaluation of the accuracy of the assay’s results was performed using a commercially 

available ELISA kit for the detection of HER2 in serum (Human ErbB2 (HER2) ELISA 

kit, ThermoFisher Scientific (USA, www.thermofisher.com)). The experimental 

procedure for this kit can be retrieved from www.thermofisher.com/elisa. A multi-mode 

microplate reader (BioTek Instruments, USA, www.biotek.com) was used and the data 

were treated with Gen5 Version 2.0 data analysis Software (BioTek Instruments). The 

obtained calibration straight (λ = 450 nm) is indicated in Fig. S1. 

 

 

Fig. S1 Calibration straight (A vs. HER2-ECD concentration) for the analysis of HER2-

ECD in human serum using the ELISA kit. 
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S2. Electrochemical behaviour of the QDs 

The electrochemical response of the QDs was verified by adding HCl and Bi(III) in four 

different strategies: Format i - the biomodified-MBs were placed on the WE, which was 

totally dried before the addition of HCl and Bi(III); Format ii – HCl and Bi(III) were 

added to the microtube and its content was placed on the WE; Format iii and iv – HCl 

was added to the microtube (Fig. S2). In Format iii, the content of the microtube was 

placed on the WE and Bi(III) was added and in Format iv the MBs were retained in the 

microtube and only the solution was placed on the WE followed by addition of Bi(III). 

As can be observed in Fig. S2, and considering both the analytical and blank signals, only 

formats i and iii presented interesting results, however a relatively high blank signal was 

obtained for Format iii. Therefore, Format i was chosen to proceed the studies. 

 

Fig. S2 Electrochemical determination of the QDs through the addition of HCl and Bi(III) 

in distinct formats. 
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  S3. Optimization of the assay 

The goal of the first study was to minimize the assay steps and to reduce the assay time. 

So, distinct assay formats were tested and compared to an assay (Format A) in which the 

immunoreagents were added in separate steps. Two distinct strategies were evaluated: in 

Format B a previously prepared mixture of the antigen and Ab-D was used and in Format 

C a previously prepared mixture of Ab-D and QDs was tested. The results are presented 

in Fig. S3a. Format B was selected to proceed the optimization studies since the signal-

to-blank (S/B) ratio was similar to the one obtained with Format A and, more importantly, 

a 1-h reduction of the assay time was achieved. Format C shows high blank signals which 

can be due to the steric hindrance between the Ab-D and QDs when they are previously 

mixed. 

Then, to select the optimum QD concentration the following concentrations were tested: 

2.5, 5.0 and 10 nM. The highest S/B ratio was obtained for a 5.0-nM QD concentration 

(Fig. S3b). BSA 0.5% (m/V) was then added to this solution to minimize nonspecific 

adsorption. As can be seen in Fig. S3b, like this the blank signal was reduced without 

affecting the analytical signal. 

Subsequently the amount of MBs (7.5, 15, 30 and 45 µg) was studied, obtaining the 

highest analytical signal and S/B ratio for 7.5 µg with almost a negligible blank signal 

(Fig. S3c). 

Then, and using 7.5 µg of MBs and a 5.0-nM QD solution (containing 0.5% BSA), the 

concentration of both antibody solutions was optimized: Ab-C (10, 25 and 50 µg⋅mL-1) 

and Ab-D (1.0 and 2.0 µg⋅mL-1) (Fig. S3d). There was an increase in the analytical signal 

with increasing Ab-C concentration when Ab-D 1 µg⋅mL-1 was used; however, for twice 

the Ab-D concentration (2.0 µg⋅mL-1 the best result was observed for an intermediate 

concentration of Ab-C (25 µg⋅mL-1).  
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The combination of Ab-C 50 µg⋅mL-1 and Ab-D 2.0 µg⋅mL-1 led to a lower analytical 

signal when compared to the combination of Ab-C 25 µg⋅mL-1 and Ab-D 2.0 µg⋅mL-1, 

which may be due to an excess of Ab-C blocking the paratope and subsequently the ability 

to bind the antigen. Table S1 presents the experimental variables/parameters and the 

selected parameter/value. 

 

Table S1 Optimization of the experimental parameters of the immunomagnetic assay. 

Experimental variable 
Tested 

parameter/range 

Selected 

parameter/value 

Assay format A, B, C B 

[QDs] (nM) 2.5 – 10.0 5.0 

MBs amount (µg) 7.5 – 45.0 7.5 

[Ab-C] (µg⋅mL-1) 10.0 – 50.0 25.0 

[Ab-D] (µg⋅mL-1) 1.0 – 2.0 2.0 
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Fig. S3 Results of the optimizations. (a) Format assays (Format A: step-by-step assay, 

Format B: previously mixture step of antigen and Ab-detection, Format C: previously 

mixture step of Ab-detection and QDs), (b) QDs concentration (1.5, 5.0, 10 nM and 5.0 

nM + BSA 0.5% (m/V)), (c) MBs amount (45, 30, 15 and 7.5 µg for each WE) and (d) 

concentration of Ab-C (10, 25 and 50 µg⋅mL-1) and Ab-D (1.0 and 2.0 µg⋅mL-1). (HER2-

ECD (0 (blank) and 50 ng⋅mL-1). 
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S4. Figures of merit of the assay for the analysis of HER2-ECD and cancer cell line 

SK-BR-3 

 

Table S2 Figures of merit of the developed magnetic immunoassay for the analysis of 

HER2-ECD and the HER-positive breast cancer cell line SK-BR-3. 

Figure of merit HER2-ECD SK-BR-3 

Concentration interval (ng⋅mL-1) or (cells⋅mL-1) 0.50 - 50 1×102 - 5×103  

Correlation coefficient (r) 0.997 0.983 

Slope (m) (µA⋅mL⋅ng-1) 0.75 0.15 

Standard deviation of the slope (Sm) (µA⋅mL⋅ng-1) 0.03 0.02 

Intercept (b) (µA) 4.99 -0.2 

Standard deviation of the intercept (Sa) (µA) 0.58 0.06 

Standard deviation of the linear regression (Sy/x) 1.19 0.02 

Standard deviation of the method (Sx0) 0.17 0.01 

Coefficient of variation of the method (Vx0) (%) 1.27 0.21 

Limit of detection (LOD) (ng⋅mL-1) or (cells⋅mL-1) 0.29 2 

Limit of quantification (LOQ) (ng⋅mL-1) or (cells ⋅mL-1) 0.96 5 
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mproving diagnostic methodologies for breast cancer detection is a great 

challenge. The work presented in this thesis is a step towards the use of 

electrochemical immunosensors and magnetic immunoassays for breast cancer 

tumour marker analysis because early detection and follow-up can be performed 

noninvasively. This can be an effective approach to reduce mortality rates. 

The diversity of biosensor publications for cancer biomarker analysis has increased 

exponentially. To highlight the progression, this thesis comprised a review article that 

covers the state of the art of the six most commonly diagnosed cancer types and related 

biomarkers used for the development of electrochemical bioassays. This was crucial to 

identify the research gaps, not only in breast cancer biosensor 

construction/development, but also for a broad overview of the subject. Poor access to 

urban centers of decentralized populations or high costs of analysis are some of the 

difficulties for efficient screening, diagnosis or follow-up. Accordingly, the use of 

biosensors can be an added advantage. 

The main objectives of this thesis were attained and involved the development of 

electrochemical immunosensors and magnetic immunoassays for the determination of 

the breast cancer biomarker HER2-ECD. Quantification of HER2 overexpressing breast 

cancer cell lines and HER2-negative cancer cell lines was also achieved. 

The developed analytical approaches contemplated important aspects: the use of low 

reagent and sample volumes, enhancing environmental sustainability, the use of 

miniaturized and low cost transducer platforms (screen-printed electrodes) to allow “in 

situ” analyses, avoiding additional steps such as sample processing and preservation, 

transport to the hospital or laboratory and subsequent analysis at a later time. The 

samples used throughout the work (serum and cancer cell lines) pretended to be close 

to real situations. 

I 

Conclusions 
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Transducer surface modifications with nanomaterials and/or magnetic beads were 

used due to their exceptional properties, providing not only the immobilization of a larger 

amount of recognition elements (antibodies) but also a better assay performance.  

Two distinct detection approaches were employed: (i) the use of metalloenzymatic 

detection, where silver was determined and (ii) the use of electroactive quantum dots, 

where cadmium was analysed. Although the first strategy allowed a better sensitivity, it 

also implies the use of an enzymatic substrate. This requires additional steps in the 

assay that aren’t needed when quantum dots are used. Therefore, the latter detection 

approach is faster and easier to perform for any user. An immunosensor and a magnetic 

immunoassay were developed using each detection strategy.  

Recovery assays and the comparison of the results obtained for the analysis of HER2 

in human serum with those obtained with an ELISA kit was performed. These studies 

confirmed that the developed assays provide accurate results. The analysis of the target 

biomarker in human serum and/or in the presence of interferents was tested (CA 15-3; 

AFP; Cystatin C; HSA), demonstrating an excellent selectivity of the assays. The long-

term stability of the immunosensor and magnetic beads was also studied. For the 

immunosensor, the signal was stable for 7 days and for the magnetic immunoassays the 

analytical signal maintained stable for at least 60 days. The good stability allows multiple 

platforms to be prepared simultaneously, thus reducing laboratory waste and hands-on 

time for transducer preparation.  

A huge problem faced throughout the work was the impossibility to obtain real patients’ 

samples from the local oncology hospital. An additional study regarding the application 

of the magnetic assays to the analysis of live breast cancer cells was included (HER2-

postive: SK-BR-3 and HER2-negative: MCF-7 and MDA-MB-231). It was possible to 

distinguish the different HER2 expression levels, showing high selectivity for HER2-

positive cells.  
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here has been a great investment in the development of biosensors and 

bioassays as alternative analytical tools. Rapid detection of prognostic 

biomarkers for accurate screening is important; however, the use of 

biosensors by medical staff is still limited. Among the alternatives reported in the 

literature, there is a need for large-scale commercialization, enabling their inclusion in 

routine practice. 

Among the most interesting transducer, the ones that are based on paper undoubtedly 

surpass the highest demands and expectations. Since the purpose is the analysis of 

patient samples, incineration for their elimination is highly appealing, as it avoids 

contamination and/or any type of disease transmission or dissemination.  

Furthermore, after the development of individual assays, their combination to form 

multiplexed detection systems is possible. Therefore, they can provide fast recording of 

biomarker tumour profiles, which can play an important role in early diagnosis and 

personalized medicine. Multiple analyte detection can be performed in several ways: 

using a single-WE SPCE but with distinct detection events, or by using the same 

construction and detection format on multiple-WE SPEs or screen-printed 

electrochemical arrays.  

Finally, it should be mentioned that the main objective of these works is the 

development of appropriate methodologies to assist medical and clinical staff in cancer 

detection. Easy-to-use, low-cost, miniaturizable and user-adjustable sensors with rapid 

responses are features that should be considered when the main purpose is helping 

those who need it the most. 

  

T 

Future perspectives 
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