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Abstract

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@2ZnS QDs as electroactive label. The analytical signal was
obtained after QD dissolution (Cd?* 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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Resumo

A falta de metodologias ndo invasivas para detecdo eficaz de biomarcadores
cancerigenos na corrente sanguinea é uma preocupacao real. Minimizar a dor do
paciente e reduzir o tempo necessario para obter o resultado da andlise séo fatores de
elevada importancia. O cancro da mama, uma lesdo maligna comumente diagnosticada
em mulheres, tornou-se um sério problema de salde. Na era das novas terapias
direcionadas, os desafios incluem diagnostico, definicdo de populacdo de reincidéncia
de alto risco, diagndstico precoce de reincidéncia e orientacdo através das diferentes
linhas de tratamento da doenca. Apesar do uso de metodologias convencionais para
rastreio e detecdo precoce, nomeadamente a mamografia, o desenvolvimento de
técnicas analiticas néo invasivas pode levar a uma evolugao notavel. O desenvolvimento
de biossensores, juntamente com o progresso tecnoldgico, permite o aprimoramento de
plataformas de diagnéstico portateis e miniaturizadas. Biossensores, definidos como
pequenos dispositivos compostos por um transdutor (elétrodo, no caso de biossensores
eletroquimicos), um biorecetor (anticorpo, no caso de imunoensaios) e
amplificadores/processadores de sinal, sdo ferramentas analiticas alternativas para
detecdo de biomarcadores no diagnostico e acompanhamento da doenga.

Os biomarcadores de cancro presentes na superficie celular e/ou os seus dominios
extracelulares s&o alvos importantes para a detecédo especifica do cancro de mama. O
Dominio ExtraCelular do Recetor 2 do Fator de Crescimento Epidérmico Humano
(HER2-ECD) foi selecionado como analito alvo para a realizacdo desta tese e foram
desenvolvidos imunoensaios eletroquimicos ndo competitivos (do tipo sandwich) com
elevado desempenho para sua determinagéo. Os ensaios foram realizados diretamente
(imunossensor) ou indiretamente (imunoensaio magnético) na superficie do transdutor
(elétrodo de carbono serigrafado, SPCE). Além da determinacdo de HER2-ECD no soro
humano, os ensaios desenvolvidos foram testados para a analise de células
cancerigenas HER2-positivas (SK-BR-3) e HER2-negativas (MCF-7 e MDA-MB-231).

Os imunoensaios eletroquimicos desenvolvidos foram agrupados de acordo com a
estratégia de detecdo aplicada: (i) detecdo metaloenzimatica e (ii) usando “Quantum
Dot” (QD). Em cada uma das estratégias foram incluidos imunossensores e
imunoensaios magnéticos. Para melhorar o desempenho do método, nano/micro-

materiais foram aplicados na constru¢do do transdutor e/ou no marcador de detecéo.
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Na detecdo metaloenzimética, o SPCE foi modificado com nanotubos de carbono de
paredes multiplas funcionalizados com &cido carboxilico e com nanoparticulas de ouro
eletrodepositadas (HOOC-MWCNT/AuNP). Também foi realizado um imunoensaio
magneético utilizando esferas magnéticas funcionalizadas com acido carboxilico (HOOC-
MBs). Apés a imobilizacdo do anticorpo de captura, foi adicionada uma solugéo
contendo o antigénio e o anticorpo de detecédo (biotinilado), seguindo-se a adi¢do de
estreptavidina-fosfatase alcalina (Strep-AP, marcador enzimético). Adicionou-se 3-
indoxil fosfato (3-IP, substrato enzimatico) e nitrato de prata para detetar a interacdo
imunoldgica através da analise voltamétrica de varrimento linear (LSV) da prata metalica
gerada enzimaticamente.

Na estratégia de detecdo envolvendo QD, os SPCE ndo modificados foram
selecionados para a construgdo do imunossensor e as HOOC-MBs foram usadas para
0 imunoensaio magnético. Apos a imobilizagdo do anticorpo de captura e a adi¢do de
uma solucdo 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 analitico foi obtido ap6s a dissolucdo de QD (os ides Cd?* sdo
libertados pela dissolugéo acida dos QD) usando a voltametria de redissolu¢cdo anddica
de pulso diferencial (DPASV).

Os ensaios desenvolvidos permitiram obter resultados exatos e precisos, e excelentes
limites de detecé&o, abaixo do valor limite estabelecido para o biomarcador (15 ng/mL),
em tempos de ensaios de cerca de 2 h. O tempo de execuc¢do para cada ensaio variou
entre 20 a 30 minutos. Foram realizados estudos de seletividade com outros
biomarcadores de cancro e possiveis interferentes do soro (antigénio 15-3 (CA 15-3),
alfa-fetoproteina (AFP), cistatina C (CysC) e albumina do soro humano (ASH)).

Esta tese abrange o desenvolvimento de véarios imunoensaios voltamétricos para a
complexa tarefa de detetar e quantificar um biomarcador de cancro da mama, usando
duas estratégias principais de detecéo. Os desafios analiticos propostos foram atingidos
e demonstrados através de abordagens baseadas em nanomateriais e esferas
magnéticas, utilizando soro humano e células cancerigenas. No geral, 0s ensaios
desenvolvidos possibilitam a detec@o rapida no local de atendimento e podem ser
ferramentas alternativas aos métodos tradicionalmente usados em oncologia para a
detecdo de biomarcadores em fluidos biologicos.

Palavras-chave: cancro da mama, ensaio baseado em esferas, biomarcador,
biossensor, eletroquimica, biodetecdo eletroquimica, HER2-ECD, imunossensor,
ensaio imunomagnético, esfera magnética, nanomaterial, quantum dot, elétrodo

serigrafado, célula tumoral, voltametria.
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Relevance and motivation

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.
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Thesis obj ectives

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.



FCUP
Development of electrochemical immunosensors and immunoassays for breast cancer biomarker analysis

Thesis outline

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/AuUNP, (vi) MWCNT/AuUNP. 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.

XXIX
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Introduction

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
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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
mammaographic 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.

Worse More
prognosis aggressive

(iv)

Triple Negative

(iii)
N/ HER2+
(i)
\_/ Luminal B

Better @ /
prognosis v Luminal A

Less

Aggressive

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 — ERSs,
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].

Glycoproteins
— MUC1, HER2, CEA, EpCAM, EGFR
Biomolecule DNA
based  —1— BRrca1, BRCA2
Biomarkers
Micro RNA
— miR-21, 16, 27a, 150, 191
Breast
cancer
Biomarkers

Prognostic Biomarkers
— ER, PR, HER2, BRCA1, Ki67, autoantibodies,
Osteopontin, mammoglobin, sirtuins

Cancer Therapeutic Biomarkers

stage based ER, PR, HER2, CA15-3, CA27.29, Ki67, miR-21, CTC
Biomarkers

Diagnostic Biomarkers
— HER2, CEA, BRCA1, miR-21, 155, 222

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 HERZ2 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.

Normal Cell HER2(+) Cancer Cell

Cytoplasmic
membrane TS~

gt Cytoplasm ~

-~ Nucleus . _

N

HER2 gene W)
Extracellular

HER2 mRNA Domain (ECD)

—
HER2 receptors /

Amplification — multiple HER2 genes
Overexpression — many HER2 receptors

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,
mammaography’s main shortcoming is that it’s an imaging technigue. 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



FCUP
Chapter 1 — General Introduction

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,

Biosensors
Bioreceptors Transducers
. Optical Electrochemical
Antibody
. . Amperometric
Enzyme Fibre Optic SPR
Voltammetric
Cell Raman
and FTIR Potentiometric
DNA
Mass-based Impedimetric
Phage |
Piezoelectric Conductimetric

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 (i) can be used for quantitative purposes [29,30].

(@) (b)

E(-) —>

I
I
| | I
0 ' E; E” E (or )

Figure 5. (a) Linear potential sweep and (b) resulting i-E curve (voltammogram). Adapted from [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.
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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 maodified/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
(FesOs@AuUNP) and (f) magnetic beads (MBs).

11



12

FCUP
Chapter 1 — General Introduction

Figure 6. SEM images of the SPCE surfaces (used throughout this work). (a) non-modified SPCE, (b) SPCE-
AuUNP, (c) SPCE-MWCNT, (d) SPCE-MWCNT/AuUNP, (€) SPCE-Fes0:@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].
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Figure 7. (a) Excitation signals and (b) voltammogram for a DPV experiment. Adapted from [36].

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

of interest to be used in the development of biosensors.

13
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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 i, 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

15
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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.
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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, 3-1P) 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.

Immunoassay

N/

Magnetic . Capture o . Biotinylated Streptavidin -
Bead wNanomatenals e Blockerﬁ( Antibody & Biomarker Detection Antibody }“AP Alkaline Phosphatase

Figure 9. Schematic representation of the metalloenzymatic detection strategy.

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.
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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 HCI solution. Subsequently,
an aliquot of acetate buffer (pH 4-5) containing Bi(lll) 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 (Cd?"), 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.

HCl
Bi(Il)
Acetate buffer

Magnetic . ‘ﬁ( . . [ ] Biotinylated
7 - Block Capture Antibod -¢- B k . . uantum Dot
Bead 45n Blocker 4 b lomarker Detection Antibody ﬁq

Figure 10. Schematic representation of the detection strategy using quantum dots.
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Overview

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
guantification 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).
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2.1 Electrochemical Biosensing in Cancer

Diagnostics and Follow-up
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Abstract: In cancer, screening and early detection are
critical for the success of the patient’s treatment and to
increase the survival rate. The development of analytical
tools for non-invasive detection, through the analysis of
cancer biomarkers, is imperative for disease diagnosis,
treatment and follow-up. Tumour biomarkers refer to
substances or processes that, in clinical secttings, are
indicative of the presence of cancer in the body. These
biomarkers can be detected using biosensors, that,
because of their fast, accurate and point of care applic-
ability, arc prominent alternatives to the traditional
methods. Moreover, the constant innovations in the
biosensing [ield improve the determination of normal and/
or elevated levels of tumour biomarkers in patients’
biological fluids (such as serum, plasma, whole blood,
urine, ete.). Although several biomarkers (DNA, RNA,

proteins, cells) are known, the detection of proteins and
circulating tumour cells (CTCs) are the most commonly
reported due to their approval as tumour biomarkers by
the specialized entities and commonly accepted for
diagnosis by medical and clinical teams. Therefore,
electrochemical immunosensors and cytosensors are vastly
described in this review, because of their fast, simple and
accurate detection, the low sample volumes required, and
the excellent limits of detection obtained. The biosensing
strategies reported for the six most commonly diagnosed
cancers (lung, breast, colorectal, prostate, liver and
stomach) are summarized and the distinct phases of the
sensors’ conslructions (surface modification, antibody
immobilization, immunochemical interactions, detection
approach) and applications are discussed.

Keywords: cancer biomarker - electrochemical biosensing - immunosensor - cytosensor - nanomaterial

1 Introduction

The International Agency for Research on Cancer
(IARC) estimated that in 2012 there were 14.1 million
new cancer cases, 8.2 million cancer deaths and 32.6 mil-
lion people living with cancer (within 5 years of diagnosis)
worldwide [1].

According to the World Health Organization (WHO)
cancer is a generic term for a large group of disecases that
can affect any part of the body. The major feature of
cancer is the rapid creation of abnormal cells that grow
beyond their usual boundaries, and can then spread to
other organs, a process referred to as metastasis, which is
the major cause of death from cancer [2].

The most commonly diagnosed cancers in 2012 were
lung (1.82 million), breast (1.67 million), colorectal
(1.36 million), prostate (1.1 million cases), stomach
(951000 cases) and liver (782000 cases). These six cancers
represent 55 percent of the global incidence burden in
2012 [1].

When cancer is present in the body the levels of
scveral substances can be altered both in or on tumour
cells as well as in biological fluids (blood, urine, etc.).
These substances are produced by cancer cells or by other
cells of the body in response to cancer or certain benign
(noncancerous) conditions [3] and are referred to as
biomarkers. This includes abnormalities in DNA (germ-
line or somatic), RNA, proteins, metabolites, and abnor-
mal cellular or tissue processes. A particular cancer type

www.electroanalysis.wiley-vch.de
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can be detected through qualitative and/or quantitative
analysis of a certain biomarker [4]. These biomarkers may
also be used to monitor the response to treatment and
allow patient follow-up. The identification of circulating
(peripheral blood) biomarkers, analysed in so called
“liquid biopsies”, would have enormous implications in
diagnosis and treatment [5] and avoid the traditional
invasive biopsy.

2 Cancer Biomarkers

Currently, a wide range of specific biomolecules has been
proposed as potential biomarkers for cancer detection.
However, the vast majority still need to be validated for
usc in the clinical setting, mainly because of lack of
specificity and/or sensitivity. Protein biomarkers can be
detected in distinct cancer stages and are classified as
prognostic, therapeutic or diagnostic biomarkers. The
screening and evaluation of an individual‘s susceptibility
to cancer can contribute and support the decisions of
medical tcams, underlying the risk of incidence or
progression. The detection is normally conducted in bio-
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logical fluids, with serum being the most desirable testing
matrix in clinical tests. This non-invasive practise has
revitalized carly detection [6].

The electrochemical analysis of circulating protein
biomarkers is the main focus of this review because of
their potential prognostic value. However, a detailed
description of these biomarkers is beyond the scope of
this review and the authors’ expertise. Therefore, a short
summary of the common protein biomarkers used for the
development of electrochemical immunosensors related
to the six most commonly diagnosed cancers in 2012 is
presented in Table 1.

Table 1. Some protein cancer biomarkers.

Cancer Protein Biomarker Ref
Lung Neuron-Specific Enolase [14-19]
(NSE) [20-22]
Squamous Cell Carcinoma
antigen (SCC)
Breast Human epidermal [23-30]
growth faclor
receptor 2 (HER2) [31-39]
Cancer Antigen 15-3
(CA 15-3)
Colorectal and  Cancer Antigen 19-9 [40-43]
Stomach (CA 19-9)
Prostate Prostate-Specific Antigen [44-69]
(PSA)
Liver a-1-Fetoprotein (AFP) [70-99]
Stomach Cancer Antigen 72-4 [100-101]
(CA 72-4) [102]

Interleukin-6 (IL-6)
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(i) Lung cancer, the most incident cancer-type with the
highest cancer mortality rate worldwide, is mainly divided
into two broad catcgories: small-cell lung carcinoma
(SCLC) and non-small cell lung carcinoma (NSCLC).
Neuron specific enolase (NSE) is a specific protein
marker in lung cancer detection and a high percentage of
patients with SCLC have elevated serum NSE concen-
trations at diagnosis. On the other hand, cytokeratin
fragment 21-1 (CYFRA 21-1), squamous cell carcinoma
antigen (SCC) and carcinoembryonic antigen (CEA) have
been associated with NSCLC cases, which represent the
vast majority of lung cancer cases [7]; (ii) Breast cancer is
a healthcare concern of women worldwide. The protein
biomarkers with evidence of clinical utility for breast
cancer include CEA, Human cpidermal growth factor
receptor 2 (HER2) and Cancer Antigen 15-3 (CA 15-3)
[8]; (iii)) Colorectal cancer (CRC) is the second most
commonly diagnosed cancer among women and third
among men worldwide. Two of the most widely known
serum prolein biomarkers for CRC are the Cancer
Antigen 19-9 (CA 19-9) and CEA. Simultaneous detec-
tion of both biomarkers is beneficial in evaluating the
therapeutic effect [9]; (iv) Prostate cancer is the most
common cancer-type in men. Prostate specific antigen
(PSA) is the classic and the most widely used protein
biomarker for clinical diagnosis [10]; (v) Hepatocellular
carcinoma (HCC) is the fifth most common cancer,
representing more than 90% of primary liver cancer, and
is frequently detected by o-fetoprotein (AFP). Never-
theless, three serum biomarkers are normally suggested to
determine the risk of liver cancer: AFP, AFP-L3, and des-
gamma-carboxy-prothrombin (DCP) [11]; (vi) Stomach
cancer, also known as gastric cancer, remains one of the
leading challenges in oncologic research because of its
frequent occurrence and poor prognosis. Besides the
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classical serum-based protein biomarkers associated with
stomach cancer (CEA, CA 19-9 and Cancer Antigen 72-4
(CA 72-4)), the interleukin IL6 is also considered a
valuable biomarker for this type of cancer [12].

As referred previously, several classic biomarkers are
eligible for cancer diagnosis. However, a careful and
judicious decision is often necessary Lo avoid false results
and thus a misdiagnosis. The simultaneous (multiplexed)
detection of distinct biomarkers could avoid these prob-
lems. For example, CEA leads to effective cancer
detection, but is non-specific (it is commonly used to
monitor several cancer types, such as colorectal, lung,
gastric, pancreas, liver and breast) So, ils overexpression
only indicates the presence of an elevated amount of
cancer cells [13]. Therefore, the combination of CEA and
other more specific biomarkers can greatly contribute to a
more reliable diagnosis.

Throughout this review the state of the art of electro-
chemical immunosensors and immunoassays in the field of
cancer analysis is discussed. Besides this, because of the
large number of recent developments related to circulat-
ing tumor cells (CTCs), the detection of these cells using
clectrochemical devices is also included. For the selected
analytical strategies included in this work the actual
design, construction and detection approach are analysed
and discussed. The most relevant topics related to the
recently published electrochemical sensors are presented
in summarized tables.

3 Electrochemical Biosensors

The established tests to determine cancer biomarkers are
based on invasive methods, such as biopsies, [ollowed by
immunohistochemistry (IHC) and fluorescent in situ hy-
bridization (FISH) analysis methods [103]. Although the
detection of protein cancer biomarkers in blood or serum
is not a routine practice, their analysis is possible and is
mainly based on enzyme-linked immunosorbent assays
(ELISA). However, some of these assays are not
sulficiently sensitive [or the detection ol low biomarker
concentrations [104] and in the prognostic detection,
which is then susceptible to produce false results [103].

To overcome this problem major efforts have been
made to develop more sensitive analytical techniques for
biomarker detection, with a special emphasis on biosen-
sors. The International Union of Pure and Applied
Chemistry (IUPAC) defines a biosensor as “an integrated
receplor-transducer device, which is capable ol providing
sclective quantitative or semi-quantitative analytical in-
formation using a biological recognition element™ [106].
The biological recognition element can be DNA, an
antibody, an antigen, an enzyme, a whole cell, a cell
organelle, etc. The transducer is used to covert the
recognition event into an analytically useful signal. This
signal transduction can be based on electrochemical,
optical, piczoclectric and calorimetric principles. Biosen-
sors are usually designed to provide highly selective and
sensitive detection of target analytes through the use of
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specific biological recognition elements combined with
highly sensitive detection techniques. Among the several
types of biosensors, the ones that employ clectrochemical
detection (voltammetry, amperometry, potentiometry,
conductometry and electrochemical impedance spectro-
scopy) are the most widely studied. Electrochemical
biosensors are oulstanding candidates f[or inclusion in
portable (point-of-care) systems because, besides their
fast responses, simplicity and ease of use, the instrumenta-
tion needed to perform the analysis has been reduced to
(low-cost) pocket-size dimensions. Furthermore, after the
development of individual assays for the biomarkers, 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 carly diagnosis and personalized medicine.

4 Electrochemical Inmunosensors for Protein
Cancer Biomarker Analysis

Most of the electrochemical biosensors developed to date
for the detection of cancer protein biomarkers are
voltammetric or amperometric immunosensors. Therefore,
only these types of sensors are included in this review.
Furthermore, because of the large amount of published
studies and the extension of this review, only a reduced
number of these articles can be presented. The studies
included were retrieved from the Clarivate Analytics Web
of Science database (timespan: 2007-2017) by combining
the following keywords: cancer, protein biomarker, bio-
sensor and electrochemistry. Although studies without the
application in real samples were excluded, a few studies in
which these samples were not used were included because
of the interest of the construction of the sensing phase or
the detection label.

A summary of electrochemical immunosensors (EI)
for the analysis of protein biomarkers of lung (Table 2),
breast (Table 3), colorectal and stomach (Table 4), pros-
tate (Table5), liver (Table 6) and stomach (Table 7),
cancer is presented. This summary focuses on several
important features of the sensors: the transducer electrode
and its surface modification, the immobilization strategy
of the capture antibody, the assay type, the clectro-
chemical detection technique, the species detected, the
sample, and the limit of detection (LOD).

Promising new strategies have been implemented in
the design and construction ol immunosensors for early
screening and cancer diagnosis. Voltammetric and am-
perometric sensors are especially interesting because of
the high sensitivity that can be attained. Electrochemical
biomarker detection has been carried out with distinct
techniques (amperometry, cyclic voltammetry (CV), linear
sweep voltammetry (LSV), differential pulse voltammetry
(DPV), square wave voltammetry (SWV), stripping
voltammetry and clectrochemical impedance spectroscopy
(EIS)). Amperometry, CV and DPV are the most
commonly employed techniques because they provide low

Electroanalysis 2018, 30, 1576-1595 1578
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limits of detection (LOD), in the order of pg/mL and/or
fg/mL, for the cancer biomarkers reported in this review.

Voltammetric and amperometric sensors generally
incorporate a three-electrode configuration, composed of
working-, reference- and auxiliary electrodes, which are
placed in contact with the sample. Then the potential of
the working electrode (WE) is either varied within a
predefined potential range (voltammetry) or fixed at a
constant potential (amperometry) and the resulting cur-
rent is measured. The analytical process thus occurs at the
WE and therefore the recognition element is immobilized
on the surface of this electrode. The WE is a small-size
electrode or a screen-printed electrode (SPE) made of, for
example, carbon, gold, or platinum. Other specific work-
ing electrodes such as indium tin oxide (ITO) or paper
electrodes [33,53] arc also employed depending on the
specifications or characteristics of the electrochemical
technique and the biosensor performance. Moreover, the
WE can be medified with nanostructures and distinct
materials such as carbon nanotubes, gold nanoparticles,
nanoelectrode ensembles (NEEs) prepared in track-
etched polycarbonate membranes [30], a multiwalled
carbon nanotube-ionic liquid (MW-CILE) [24], and a
three-dimensional Au nanowire array (3D AuNW) with
electropolymerized polypyrrole [55].

5 Electrode Surface Modification

Sensor surfaces modified with nanostructures can provide
an additional increment in the biosensor’s performance
and advanced development of portable devices that can
support early cancer diagnosis [107]. The WE's surface is
therefore frequently modified with (nano) materials such
as metal (especially gold) nanoparticles or nanocompo-
sites and carbon nanostructures to (i) improve the
immobilization and the stability of the biclogical recog-
nition element, (i1) increase the recognition element’s
load, (iii) enhance the sensor’s sensitivity and/or (iv)
change the detection potential to minimize interferences
of other species. For the last two purposes, a redox
mediator can also be included in the surface modification
strategy.

Gold nanoparticles (AuNP) are an excellent nano-
material with favourable biocompatibility, good conduc-
tivity, and a high surface-to-volume ratio. As examples of
sensors using AuNPs, Ravalli etal. [25] developed a
sensitive biosensor based on easy immobilization of the
bioreceptor on AuNPs, electrodeposited on screen-printed
graphite. Marques ct al. [27] used screen-printed carbon
electrodes, modified with AuNPs, for effective antibody
immobilization. In this work, the formation of the AuNPs
was achieved through electrodeposition of ionic gold by
applying a constant current [ollowed by applying a
constant potential. Chu etal. [48] used AuNPs as a
substrate material to immobilize the antibodies and te
accelerate electron transfer. The AuNPs were prepared in
accordance with the conventional citrate method that
consists of reducing the gold nanoparticles with a

Electroanalysis 2018, 30, 1576-1595 1581
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negatively charged ligand. Briefly, the synthesis involves a
solution containing HAuCl, and ultrapurc water that is
refluxed at high temperature. Then, under magnetic
stirring, the reducing agent sodium citrate is added. After
adequate cooling of the solution, a drop of the obtained
AuNPs was placed on the working electrode and allowed
to disperse. Anti-PSA  antibodics were immobilized by
physical and chemical binding. Besides AuNPs, other
subtypes of gold nanomaterials were also reported to
improve the sensor performance: gold nanorods (AuNRs)
[53,87] and nanoporous gold (NPG), that can also be used
to cfficiently immobilize the bioreceptor clement. Wei
ctal. [66] preparcd a NPG film with uniform porc size
and large surface area by a dealloying method, which
allowed the adsorption of the antibody into the pores of
the film and provided a low detection limit.

On the other hand, carbon-based nanomaterials are
also used in transducer surface modifications because of
several reasons: (i) the increase of the surface area and
subsequent increase of sensitivity; (ii) immobilization of a
large amount of biomolecules. and (iii) their unique
characteristics and properties, especially their excellent
electrical conductivity [108]. Distinct dimensional carbon-
based nanomaterials can be used, such as carbon nano-
tubes (CNTs) that contemplate single-walled carbon
nanotubes (SWCNTSs) [17]| and multi-walled carbon nano-
tubes (MWCNTs) [51,86] or graphene (Gra) which
contemplates graphene (nano) sheets (GS) [59,65,67],
nitrogen-doped graphene sheets (N-GS) [20,22,35], gra-
phene oxide (GO) [33,58] and reduced graphenc oxide
(rGO) |21,101]. Recent progress in the synthesis of
graphene-based hybrid nanomaterials have made them
even more appreciated, benefiting from the electrochem-
ical catalytic properties and the higher electron transfer
ratc between the clectrode and the detection molecules
[15,109]. For cxample, Zhang ctal. [15] rcported a
sandwich-type immunoassay using carbon nanosphere-
functionalized graphene hybrid nanosheels on a glassy
carbon electrode (GCE) as sensing platform. The use of
functionalized graphene nanosheets increases the surface
arca for the immobilization of biomolecules.

Furthermore, the conjugation between gold- and
carbon-based nanomaterials and/or ionic liquids offer
mulliple oplions in the sensor’s consiruction. Improved
performances were achieved using distinct combinations,
such as AuNC/nickel hexacyanoferrate NPs/AuNP-GS
[18], MWCNTs/AuNPs [24,60], AuNPs/Fe-rGO  [34],
AuNPs-porous GO [41], MWCNTs/gold colloids [43],
Nafion/MWCNTs/AuNPs [61], AuNRs/CNTs [81], gold
nanowires (AuNW)/GS [84], chitosan (CS)-SWCNTs/
AuNPs [94], rGO/nafion/AuNPs [96], AuNPs/PDA/TH/
GO [97].

For example, Yang etal. [41] reported a sensing
platform composed of AuNPs functionalized porous
graphene (Au-PGO). In this sandwich-lype eleclrochem-
ical immunosensor for the determination of CA 19-9, an
Au-PGO nanohybrid structure provided a large accessible
surface area for the immobilization of the antibodies,

Electroanalysis 2018, 30, 1576-1595 1586
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which also facilitated electron transfer, leading to a
further enhancement of the sensor’s sensitivity. In addi-
tion, Li etal. [84] reported an immunosensor for the
detection of AFP using a hybrid nanostructure for
effective antibody immobilization. The sensing platform
was prepared by insitu solution-phase synthesis using
non-covalent ultrathin gold nanowires (AuNWs) function-
alized graphene sheets (GS). The water-soluble AuNWs/
GS hybrid allowed efficient electrochemical sensing and
combined the advantages of the carbon- and gold- based
nanomaterials. The developed sensor was successlully
applied to the analysis of scrum samples from both
healthy individuals and cancer paticnts.

Besides gold and carbon, other nanomaterials have
also been used to easily conjugate nano- and biomaterials
and biomolecules in the construction of disposable and
sensitive immunosensors and immunoassays. Hong et al.
[38] developed an electrochemical immunosensor for the
detection of CA 15-3 using ferrocenecarboxylic acid {Fe-
COOH)-doped silica nanoparticles (SNPs) as an affinity
support on a AuE. The use of colloidal silica prevented
the leakage of Fc-COOH which was easily modified with
a trialkoxysilane. The NH, groups on the nanoparticles’
surfaces allowed the covalent immobilization of CA 15-3
antibodies using glutaraldehyde as crosslinking agent. In
another work, Yang etal. [52] electrodeposited AuNPs
onto the surface of a Pd@flower-like SnO, nanocomposite
for effective antibody immobilization, leading to an
enhancement of the sensitivity of the immunosensor. In
another approach, Li ctal. [64] developed a label-free
immunosensor for PSA detection based on the binding of
the antibody to a thin film composed of graphene sheet
(GS) and cobalt hexacyanoferrate nanoparticles (CoNP)
on a GCE. The svnergistic effect between the nano-
matcrials was investigated and showed that the clectro-
activity of CoNP was greatly improved in the presence of
GS and that the formed composite film displayed high
electroactivily and good stability.

Based on the unique characteristics of an graphene/
SnO./Au nanocomposite, an immunosensor for AFP
detection was developed through layer-by-layer sclf-
assembly on a GCE [83]. The good biocompatibility of the
nanocomposile provided suilable conditions for the inter-
aclion belween antibody and antigen and the combinalion
of graphene, SnO, and Au provided the efficient detection
of the biomarker.

Xu et al. [71] reported an immunosensor that could be
applied to the analysis of AFP in whole blood samples by
using heparin-polyglutamic-polypyrrole (Hep-PGA-PPy)
nanoparticles. The construction of the sensor was based
on the immobilization of anti-AFP antibodies on the Hep-
PGA-PPy nanoparticles that were then dropped on a
GCE surface (previously modified with APTES) and fixed
on the sensing surface through electrostatic bonding. The
Hep-PGA-PPy nanoparticles improved the anti-biofoul-
ing effect of the electrode by combining the distinct
characteristics of the nanoparticle components. The
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developed immunosensor exhibited a low limit of detec-
tion (0.099 ng/mL).

Biomaterials have also been introduced in the surface
modification strategy and are often coated with nano-
materials to improve the performance of the biosensor
[54.62,91,99]. An interesting work developed by Gao
ctal. [99] was bascd on polyamidoaminc dendrimers
capped-carbon  dots (PAMAM-CDs)/Au  nanocrystal
nanocomposites as an immobilization matrix on a GCE
for sensitive immunosensing of AFP. The referred matrix
offered the possibility to combine distinet nanomalterials
to form nanocomposites, which cxhibited excellent con-
ductivity, stability and biocompatibility of the clectrode’s
surface.

6 Antibody Immobilization

For the development of immunosensors, as for the
majority of biosensors, the immobilization of the antibody
on the sensor‘s surface is crucial to achieve adequate
performance characteristics (e.g. high sensitivity and
precision, short response times, etc.) and long-term
stability. It is therefore important to minimize antibody
denaturation and conformational changes during or after
immobilization [110]. The orientation of the antibodies
and the low non-specific adsorption on the sensing surface
are critical factors for the effective detection of the
antigen. In general, the antibodies’ functional groups are
allowed to react and bind with the functional groups
available on the distinct (modified) sensing platforms.
Thus, for the development of electrochemical immunosen-
sors several antibody immobilization strategies have been
explored, including: non-covalent (adsorption and entrap-
ment), covalent and affinity approaches.

The adsorption strategy is thc most casily performed
and consists of casting an antibody solution on the
electrode’s surface or dipping the electrode in an antibody
solution. Then, alter an appropriate incubalion time, the
electrode 1s washed to remove non-adsorbed antibodies.
The major drawbacks of this technique are the random
oricntation of the antibodics, which cxhibit lower antigen
binding capacities than properly orientated antibodies
[110], and the formation of weak bonds between the
antibody and the transducer, which can lead Lo the loss of
antibody during analysis and storage. In the adsorption
process, the interaction between the antibodics and the
electrode surface can be classified as electrostatic or
hydrophobic. In this strategy, distinct carbon- and gold-
based nanomaterials are typically used as platforms for
the elficient binding of antibodies. The interaction
between antibodies and gold nanomaterials (mainly
AuNPs) are usually achieved by chemisorption via thiol
derivatives, involving a chemical adsorption process
between the nanomaterial surface and the adsorbent
surface, which causes the bond to be created [14,25,27,48,
69,78,80,85,87]. As an example, Wang etal. [14] de-
scribed the immobilization of antibodies through adsorp-
tion onto AuNPs electrodeposited on a hydrogel film, that

Electroanalysis 2018, 30, 1576-1595 1587
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was used as an electrochemical immunosensing substrate
for the detection of NSE in scrum samples.

Another type of non-covalent immobilization is
entrapment. In this process, the biological recognition
element can be immobilized within a suitable matrix.
Normally, the biocomponent is mixed with the support-
ing (nano) material and then deposited on the electrode
surface. Electropolymerization is also often used for
biomolecule entrapment. Moon et al. [55], suggested a
label-free immunosensor for PSA by incorporating the
anli-PSA antibody into polypyrrole. The electropolyme-
rization of polypyrrole on an Au nanowire array was the
key strategy in this study where anti-PSA antibodics
could simultaneously be immobilized on individual
polypyrrole nanowires, without additional modification
steps, resulting in enhanced molecular interactions. The
nanowires served as an efficient reservoir for the
incorporation of high concentrations of anti-PSA anti-
bodies. Indeed, the large surface area and well-defined
nanowire structure make them ideal for efficient anti-
body immobilization and thus, to enhance the loading
capacity. In addition, the preferential electrostatic
association between positive charges of the oxidized
polypyrrole chains and negative carboxyl groups on the
antibody allows strong immobilization while ensuring
antigenic epitope conservation.

Very stable linkage of the antibody to the sensor
surface can be achieved through covalent binding between
functional groups present on the (chemically modified)
transducer surface and the antibody. Nevertheless, care
must be taken not to bind functional groups essential for
antigen binding. Examples of compounds used for this
purpose are the well-known combination of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide and N-hydroxysucci-
nimide (EDC/NHS). Glutaraldehyde (GA), 1-pyrencbuta-
neic acid succinimidyl ester (PBSE), phthaloyl chloride
and iminithiolane can also be used. Many immunosensors
were described in which carbodiimide chemistry was
employed for antibody immobilization [17,26,31,32,
35,51,57,58,65, 82,86,90,101]. In general, in this process
the primary amine groups of the antibody arc covalently
bound to the carboxylic acid group present on the sensor
surface, through reactive succinimide esters by amine
coupling through EDC/NHS chemistry. On the other
hand, aldehyde modification is a suitable strategy to use
when the sensor’s surface is functionalized with materials
containing chemical groups such as amines or alcohols to
form imines. Basically, the modified sensing surface is
treated with glutaraldehyde (or other aldehydes) that is
allowed to react with the antibodies’ [unctional groups.
Like this, the binding between the surface and the
biological compound is accomplished through the cross-
linking agent [20-22,36,38,40, 46,50,59,68,79].

Antibodies can also be covalently immobilized onto
the working electrode through PBSE, based on an
amidation reaction belween the available amine groups ol
the antibody and the succinimidyl ester group of PBSE
[64,67]. Yang et al. [67] developed an immunosensor for

www.electroanalysis.wiley-vch.de

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ELECTROANALYSIS

prostate cancer biomarker detection by immobilization of
the primary antibody onto the surfaccs of GS through
PBSE which was adsorbed onto the nanomaterial through
n—7 stacking.

In addition, self-assembly provides a convenient and
simple way of creating a highly ordered thin molecular
film with tailored chemical propertics. In this process, the
thin molecular layer is formed by adsorption of molecules
from solution onto a solid surface. Subsequently, the
adsorbates spontaneously arrange themselves until a
completely ordered molecular monolayer is formed, which
is called the self-assembled monolayer (SAM) [111], and
onto which antibodics can be immobilized. Qu ct al. [68]
used cysteamine to produce a SAM on the sensor
platform and covalently bound the capture antibody
through glutaraldehyde. Emami et al. [28] proposed the
construction of a label-f[ree immunosensor composed of
distinct layers for HER2 detection. Firstly, AuNPs were
electrodeposited on a gold electrode surface, followed by
the immersion of the electrode in a 3-mercaptopropionic
acid (MPA) solution to form the SAM. Then, ECD/NHS
was added to activate the carboxyl groups of the MPA
layer. Subsequently, cysteamine was added and bound via
amide formation. Thereafter, pegylated magnetic iron
nanopatrticles bound to the thiolated antibodies were
added to the previously formed layer-by-layer sensing
surface.

Affinity as an immobilization process consists of the
interaction between intermediate binding biomolecules
(e.g. Protein A, Protein G, biotin, avidin or streptavidin)
or carbohydrates (p-cyclodextrin) and a part of an anti-
body, known as the Fc region. These non-covalent
interactions are usually very strong and are adequate to
preferentially orient the antibodies and immobilize them
successfully on the clectrode platform.

Li ctal. [94] reported a multi-step sensor platform
approach by casting SWCNTs dispersed in chitosan
(CSSH-SWCNTSs) on the electrode. This process allowed
the formation of a multitude of thiol groups (—-SH) onto
which AuNPs were immobilized. Subsequently the elec-
trode was incubated with protein A (PA) which provided
adequate orientation of antibodics on the clectrode
surface. Park et al. [33] compared the biosensing perform-
ance of electroreduction-based electrochemical-enzymatic
redox-cycling schemes for the detection of cancer antigen
CA 15-3 by using avidin in the surface modification. In
this scnsor, biotinylated anti-CA-15-3 IgG  antibodics
were placed on avidin-modified ITO electrodes for
adequate orientation (Figure 1), and a detection limit of
0.100 U/mL was obtained.

7 Assay Formats (Immunochemical Interactions)

In EI, the most common immunochemical (antibody-
antigen) assay [ormats are: non-compelilive (sandwich),
label-free and competitive assays, which are schematized
in Figure 2.

Electroanalysis 2018, 30, 1576-1595 1588
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Fig. 1. Schematic Representation of an Electrochemical Immuno-
sensor based on GO and Avidin modified sensing platform [33].
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In the non-competitive (sandwich) assay, a capture
antibody is immobilized on the eleclrode‘s surlace which
is subscquently blocked using an inert protein (c.g. BSA
or cascin) to avoid non-specific adsorption. The sensor is
then incubated with the sample, and the antigen (cancer
biomarker) is bound to the antibody*s binding site. Then a
sccondary antibody is added to complete the sandwich
format. In this type of assays the secondary antibody is
usually labelled o enable the detection of the antibody-
antigen interaction and/or to enhance the analytical signal
|27]. Enzymes such as alkaline phosphatase (AP), horse-
radish peroxidase (HRP) are classic examples ol such
labels. When enzymatic labels are used, the enzymatic
substrate is placed on the sensor’s surface after the
incubation with the secondary antibody and one of the
enzymalic reaction products can be monitored. In this
case, the clectrochemical signal is proportional to the
concentration of the electroactive product which in turn is
proportional (0 the amount ol enzymalic label and
subsequently to the concentration of the antigen in the
sample. The use of enzyme labels provides significant
signal amplification, resulting in extremely low detection
limits [112]. In EI for the analysis of cancer biomarkers,
the most frequently used enzymes are AP and HRP.
Examples of immunosensors in which the AP label was
used are: Marques et al. [27] for the detection of HER2
and Escamilla-Gomez et al. [69] for the detection of PSA.
In these works, the antibody-antigen interaction was
measured by using a combination of 3-indoxyl phosphate
(3-IP), an enzymatic substrate of AP, and silver ions
(Figure 3}, leading to the formation of metallic silver
which was detected by LSV. The use of silver ions
increases the electrochemical signal when compared to
the use of 3-1P alone, allowing detection limits below the
cut-off values for the mentioned biomarkers (4.4 ng/mL
for HER2 and 1.0 ng/mL for PSA).

In another approach, the use of liposomes, as carriers
of the marker molecules, can also amplify the signal and
improve the sensitivity of the immunosensor. A similar
sandwich assay developed by Escamilla-Gomez et al. [69]
for PSA detection was performed by Qu etal. [68].
However, in the latter study, AP was encapsulated in
liposomes. Aller the immunological interactions, the
bound liposomes were lysed with Triton X-100 to release
the cncapsulated AP, which converted ascorbic acid 2-
phosphate (AA-p) into ascorbic acid and, in the presence
of silver ions, led to deposition of the metallic silver.

Besides the use of AP, HRP is used in a wide range of
sensor approaches. In the sensor developed by Mucelli
et al. [30], secondary antibodies labelled with HRP and
methylene blue (MB) were used to detect the interaction
between the protein and the antibody. MB is extensively
employed as mediator or electrochemically active agent in
cancer biosensors. Here, the electrochemical signal is
generated by MB (added as soluble mediator) which
shuttles electrons from the electrode to HRP during the
enzymalic reaction with its substrate, H202. In addition,
Biscay ct al. [49], Guo ctal. [81] and Zhong ct al. [90]
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used similar methodologies based on HRP as label and
3,3,5,5 tetramethylbenzidine (TMB) as co-substrate. The
authors combined TMB and H,0; to apply a less positive
potential and thus avoid some interferences.

Enzymes can also be combined with metallic (nano})
materials and/or with redox mediators to obtain more
efficient electrochemical signal amplifications. In the work
developed by Li et al. [94] a sandwich-type electrochem-
ical immunoassay was constructed based on an efficient
signal amplification strategy using hollow AuNPs, HRP
NP bioconjugates and TH. Here, TH was used as
mediator between HRP enzyme and the electrode surface,
and then HRP could synergistically catalyse H,0,. TH is
highly redox active and improves the intensity of the
signal (Figure 4).

= HRP - AuNPs
Ab@TH

HRP

Antigen

Antibody

TH (ox) TH (red)

Protein A

o C<Ei>®

Fig. 4. Electrochemical signal amplification strategy [94]. Re-
drawn using Inkscape software.

However, the drawbacks of loaded enzymes limit their
use as labels in electrochemical immunosensors because
of: (i) easy inactivation; (ii) costly preparation; (iii}
laborious purification processes. Therelore, nanomaterials
with electrocatalytic properties for the electrochemical
detection of H,0, arc frequently employed to: (i) enhance
the sensitivity achieved in the analysis, (ii) reduce the
detection potential to minimize the interference of other
species present in the sample. A disadvantage of H,O,
detection is the high detection potential, which can also
lead to the oxidation of other substances present in the
sample.

Jiang et al. [80] developed an amplification option for
a sandwich-type immunosensor based on biolin-[unclion-
alized amination of a magnetic nanoparticle composite
(B-APTES@Fe,0,) as label for detection of AFP. The
stratcgy was successfully implemented using a biotin-
streptavidin-biotin (B-SA-B) network. Here, further sig-
nal amplification could be achieved as SA and
BAPTES@Fe;0, are added laver by layer on the
electrode. In addition, B-APTES@Fe O, was used as label
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of the secondary antibody, which catalysed the electro-
chemical reaction of H,0,.

In the immunosensor for PSA detection developed by
Chu ctal. [48], Pd@Cu,0O NPs were used as label and
presented the excellent characteristics of palladium- (Pd
NPs) and cuprous oxide nanoparticles (Cu, O NPs).

An enzyme-free immunosensor for PSA detection was
constructed by Sun etal. [53], using porous zinc oxide
spheres-silver nanoparticles (ZnO,—AgNPs) nanocompo-
sites as signal labels. The large surface area of ZnO,
provided sites for the inclusion of AgNPs which improved
their catalytic capacity toward H,O, reduction. This
allowed the construction of enzyme-free electrochemical
sensors which arc cheaper and simpler than enzyme-
labelled immunosensors.

Meoreover, metal ions and quantum dots (QDs) seem
to be promising candidates as labels. Commercially
available QDs are normally preferred because their
preparalion is complicated and tedious. However, Lhe
drawbacks of using QDs include the rather harsh con-
ditions needed o dissolve QDs and the need [or a highly
sensitive stripping technique to obtain the signal [32].
Distinct sensing strategies for metal ions/QD-based bio-
sensors can be performed by using several ions (e.g. Cd*™,
Pb*~, Cu’*, Zn*) for dircct labelling, avoiding the above-
mentioned problems. Zhao et al. developed an immuno-
sensor for detection of the breast cancer biomarker CA
15-3 where Cd* -functionalized nanoporous TiO,
(TiOCd* ) was used as label for the detection of the
signal [32]. Nanoporous TiO, spheres were used because
of its highly specific surface area (functionalized with
abundant —NH, groups) which are favourable [or the
adsorption of high amount of Cd®* which was subse-
quently detected by SWYV, allowing to obtain a detection
limit of 0.008 U/mL.

In the label-free approach the antibody-antigen inter-
action is detected directly without the need of a secondary
antibody. This simplifies the immunoassay, allowing faster
and cheaper analysis [113]. In these assays, like in the
sandwich technique, an antibedy is immobilized on the
transducer’s surface and the immunocomplex is formed
after incubation with a sample. Then a redox probe is
placed on the sensor and the analytical signal is recorded.
The amplitude of this signal decrecases with increasing
antigen concentration because of the electron transfer
hindrance caused by the formed immunocomplex. The
most commonly employed redox probes in the label-free
approach for cancer immunosensors are: [Fe(CN)* “
[18,24,25,28,35, 46, 50,55,57,61,66,87,95,99], Prussian
blue (PB) [19,39]., Ferrocene (Fc) [34,54], Ferrocenecar-
boxylic acid (Fe-COOH) [38], Methylene Blue (MB) [62],
Cobalt hexacyanoferrate NPs [64], thionine (TH) [79,97],
[Ru(NH:)J'* [83], H,O, [89,91,92], Azure 1 [98]. As an
cxample, the [Fe(CN)4]>™™ redox probe was used by Deng
ctal. [46] in a label-free immunoassay for trace specics
analysis, based on the “gate-effect” of a f-cyclodextrin (f3-
CD) layer. In this work, the detection of PSA was carried
out using a 3-CD assembled layer, which created gates for
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the electron transfer of the probe. The monoclonal anti-
body labelled B-CD and the interspaces between [-CD
molecules in the layer were formed on the clectrode,
which act as a channgl for the electron transfer from the
probe (Figure 5). By virtue of the “gate-effect”, signal
amplification and enhancement of the signal-to-noise ratio
was achicved.

IFE(CN} PR

¥, JE p’ = N5

(" &= ("?}fﬁl

[FefCN) ™™

Fig. 5. Example of a label free assay, using [Fe(CN)y "™ as redox
probe [46]. Re-drawn using Inkscape software.

Moreover, Mao et al. [62] used Methylene Blue (MB)
as the redox probe in a label-free El based on a
nanocomposite  film composed of graphene sheets-
methylene blue-chitosan (GS-MB-CS). The film was used
as electrode material to immobilize the antibody because
of the high nanocomposite film binding affinity to the
electrode. Another example of a redox probe is
[Ru(NH,).J’' that was used in a label-free immunosensor
for the detection of AFP by monitoring the peak current
change [83]. In this work, a graphene/SnO,/Au nano-
composite sensor platform was used to immobilize the
capture antibody. A decrease in the peak current intensity
of [Ru(NH,)s]’~ was related to the interaction between
antibody and antigen.

Another assay type with a reduced number of
applications in electrochemical immunosensing of cancer
biomarkers is the competitive immunoassay. In this assay

Gold
nanoparticles

AP-Anti-IgG

Antibody

Antigen

Carbon-based
nanomaterial

Blocking
agent

P IB=<X>>0

Fig. 6. Schemaltic representation of Compelilive electrochemical
immunosensor for NSE detection [17]. Re-drawn using Inkscape
soltware.
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(i) immobilized antibodies react with free antigens in
compelilion with labelled antigens or (i) immobilized
antigens react with free and labelled antibodics [114]. The
labels employed are identical to the ones used in non-
competitive assays. Yu et al. [17] developed a competitive
electrochemical immunosensor for the detection of NSE
in serum. In the sensing phase construction, a drop of
SWCNTs was cast onto a GCE electrode and EDC/NHS
was added Lo aclivalte the carboxyl groups, allowing
efficient NSE binding. In this competitive format, the high
loading of NSE on SWCNTSs greatly extended the limit of
the detectable range. For the competitive immunoreac-
tion, the sensor was incubated with the sample (containing
‘free’ NSE) and anti-NSE antibodies. For the signal
readout, AP-anti-IgG/AuNP was used, that exhibited high
catalytic activity toward the hydrolysis ol a-NP in DEA
buffer (Figure 6).

8 Magnetic Immunoassays

In addition to the previously mentioned sensor surface
modification based on nanomaterials and biomaterials,
magnetic beads (MBs) are powerful tools for bioassays
because of, for example, the increase of the surface area
and the improvement of the sensitivity of the detection
method [113]. Their use, combined with modified elec-
trode surfaces improves biomolecule interactions and
reduces or/fand minimizes the matrix effect of the sample
by efficient washing steps [116]. MBs can be manipulated
with an external magnet that enables biological reaction
events to be performed away from the electrode and can
be retained on a sensor surface by an external magnetic
field through, for example, the placement of small
magnets below the surface of the working electrode
(normally with the corresponding size of the WE). There-
fore, the recognition element is not in direct contact with
the electrode surface, which constitutes the major draw-
back related to the use of MBs [I117]. MBs can be
functionalized with distinct recognition elements generally
through (i) affinity agents (e.g. Protein A, streptavidin)
and (i) covalent binding (e.g. EDC/NHS, GA, SAMs)
(Figure 7).

Ilkhani etal. [23] reported three simple magnetic
bead-based approaches, combined with screen-printed
arrays, for the analysis of HER2. The bioassays werc
based on a sandwich format in which affibody (Af) or
antibody molecules were immobilized on streptavidin- or
protein A-modified MBs (Strept-MBs or Prot A-MBs).
Both types of MBs could be used for immuno-precipita-
tion purposes.

Al-Khafaji etal. [29] reported a magnetic immuno-
assay for HER2 detection by using protein A-moditied
magnetic beads. The proposed assay was based on a
sandwich format in which antibody-functionalised mag-
netic beads were used to capture the protein biomarker.
Then, anti-HER2 antibodies labelled with AP were added
to trace the affinity reaction, using l-naphthyl-phosphate
as enzymatic substrate and DPV for signal detection.
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Fig. 7. Strategies on immobilization of recognition element onto
the surface of magnetic particles.

Biscay et al. [49] investigated a screening device using
magnetic beads as solid phase to develop an immunoassay
for the detection of total PSA (tPSA) in serum. Here, the
tPSA detection was performed by using superparamag-
netic beads (1 mm) modified with streptavidin and an 8-
channel screen printed electrode array. In this assay, a
mixture of biotinylated antibodies and HRP-labelled anti-
bodies were added to a previously prepared solution
containing Strep-MBs and PSA, forming a sandwich
complex. Then, TMB was added, which was subsequently
oxidized in the rcaction cascade and dctected by chro-
noamperometry.

9 Simultaneous/Multiplex Detection

Screening and early diagnosis of cancer contributes to
prognosis judgement and appropriate treatment of the
patient. In clinical practice, the determination of a single
specific biomarker is facing a great challenge and has
limitations because of the poor specificity and sensitivity

B/Ag

Ay % - Pf
o

Fig. 8. Schematic representation of multiplexed detection of
cancer biomarkers [118]. Re-drawn using [nkscape software.
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between the tumour biomarker and the cancer type. Thus,
simultanecous detection of multiple biomarkers is of
utmost importance and may confer high diagnostic
specificity of the disecase. To address this, the design of
(bio) sensors for the simultaneous detection of multiple
tumour biomarkers has demonstrated significant improve-
ments.

Multiplexed electrochemical immunoassays and/or im-
munoscnsors arc feasible options to detect, identify and
quantify two or morc biomarkers in the same sample. A
major issue in the development of these assays is related
to the distinction between the signals of the multiple
antigen—antibody interactions. One option is to use multi-
working electrode sensors in which each WE is modified
with a specific capture antibody. Another option is the use
of antibodics with distinct labels (multi-labelling). In this
last approach, the electrochemical detection based can be
performed on single WE sensors.

Escamilla-Gomez et al. [69] reporled the use of SPCEs
that contain (wo carbon working eleclrodes f[or the
simultaneous determination of prostate specific antigen
(free PSA and total PSA). In this sensor, 8A6 anti-PSA
and 5G6 anti-PSA antibodies were separately immobi-
lized, through adsorption, on cach of the WEs. Then,
biotinylated antibodies and an S-AP conjugate were
added, and the detection was accomplished using a
substrate solution containing 3-IP and silver ions. The
analytical signal was obtained by LSV and the results
showed the feasibility of the simultaneous detection of
fPSA and tPSA in human prostate tumour cclls.

A similar approach with multi WE sensors was
reported by Marques etal. [118]. In their strategy, a
multiplexed electrochemical immunosensor [or the simul-
taneous detection of two breast cancer biomarkers (CA
15-3 and HER2-ECD) was developed based on a custom-
ized dual screen-printed carbon electrode (bi-SPCE)
nanostructured with insitu generated gold nanoparticles.
The application of this bi-immunosensor was based on the
antigen-antibody interactions, in which specific capture
antibodies for these biomarkers were immobilized by
adsorption on each nanostructured working electrode, and
the electrochemical signals were detected by LSV analysis
of enzymatically (AP} gencrated metallic silver (Figure 8).
The immunosensor’s limits of detection were 5.00 U/mL
for CA 15-3 and 2.9 ng/mL for HER2-ECD.

10 Cytosensors

One of the major current challenges in cancer diagnostics
and follow-up is the analysis of circulating tumour cells
(CTCs). CTCs are cells that are shed from a primary
tumour and circulate in the body. They contain a large
amount of information on the tumour phenotype [119].
Due to the important information that can be obtained
from CTCs, several detection methodologies have been
developed that contribute to a more efficient diagnosis.
Therefore, cytosensors have emerged as an innovating
area related to electrochemical (bio) sensors. Cytosensors
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are a class of biosensors that can detect specific cells
through their recognition by, [or example, antibodies,
aptamers, DNA, that are immobilized on a transducer
surface. Although the analysis of CTCs is important in
diagnosis, no analytical devices are currently available
that allow their effective detection with low costs, small
sample volumes and in situ detection.

CTCs originating from epithelial tumours express the
cpithelial cell adhesion molecule EpCAM  [119-121].
Recently, cytosensors for CTCs detection using EpCAM
have been described [122,123]. Shen et al. [122] developed
a reusable cytocensor with self-assembled monolayers
deposited onto an AuE to directionally insert the capture
probe (EpCAM aptamer) which specifically binds to
EpCAM over-expressed on the membrane of breast
cancer MCF-7 cells. The electrochemical response of this
label-free cytosensor towards MCF7 cells was recorded by
EIS using the redox probe [Fe(CN),]>~*~. Maltez-da Costa
et al. [123] developed a strategy for a simple monitoring
and rapid electrochemical biosensing for CT'Cs quantifica-
tion using specific antibodies labelled with magnetic beads
(MBs). Human colon adenocarcinoma cell line {Caco2)
was chosen as a model CTC because, similarly to other
adenocarcinomas, Caco2? have a strong expression of
EpCAM. In this cytosensor, the authors combined anti-
EpCAM antibody-functionalized MBs with antibody-
modified AuNPs in liquid suspensions. The detection of
the labelled Caco2 cells was performed by chronoamper-
ometry through the hydrogen evolution reaction, using
1 M HCI, that was electrocatalyzed by the AuNP labels. In
another work, HER2-overexpressing cells could be de-
tecled using a hydrazine-AuNP-aplamer bioconjugale
[124]. The developed sensor could differentiate between
HER2-positive and HERZ2-negative breast cancer cells
and could be applied to diagnosis through either HER2
protein or SK-BR-3 breast cancer cell in human serum
samples. In the detection process the sensor was placed in
a silver nitrate solution where silver ions were sclectively
reduced to metallic silver by hydrazine which was then
oxidized using squarc wave stripping voltammetry
(SWSV). Lu etal. [125] developed an electrochemical
cytosensor for lung cancer cell detection that could
sensitively differentiate A549 cells from normal ones (AT
IT cells) using an epidermal growth factor (EGFR) anti-
body to recognize EGFR receptors that are over-ex-
pressed on the cancer cells. To avoid the drawbacks
related to the use of extra immobilization agents and
enzymes, AuNPs decorated m-aminophenol based resin
microspheres were used to act as suitable immobilization
carriers and to facilitate electron transfer. The detection
strategy used in this approach was based on the electron
transfer blockage of the immunocaptured A549 cells.

11 Conclusions

The continuous progress and the evolution of analytical
methodologies allow an increasingly effective diagnosis
and follow-up of cancer. In this review, a short summary
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of recently developed voltammetric and amperometric
immunoassays and cylosensors [or the analysis of the six
most commonly diagnosed cancer biomarkers is pre-
sented. A survey of the published studies shows that the
altention in this research area is now mainly focussed on
the increase of the sensitivity through different types of
clectrode surface modifications (carbon- and gold- based
nanomaterials, nanoparticles, nanocomposites, SAMs and/
or biomaterials) and detection labels of (sccondary) anti-
bodics. Magnctic immunoassays also constitutc an ad-
equate strategy because of the inherent advantages of
using magnetic particles, since they enhance the inter-
actions of the biomolecules and minimize the effect of the
sample matrix. Moreover, the development of sensors that
provide simultaneous or multiplexed detection contributes
to a better prognosis and more efficient screening. The
development of cytosensors is currently a challenge to
improve cancer delection.

The low limits of detection attained with the devel-
oped sensors allows the detection of cancers in an early
stage, which could prevent the deaths of millions of
people and reduce the suffering of patients and their
familics and the cost to socicty. Furthermore, their high
scnsitivity cnables the detection of only slight changes in
the biomarker concentration. This could be an excellent
additional tool for monitoring cancer patients during
treatment and follow-up.
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2.2 Electrochemical strategies for HER2

detection: an update
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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 (AuUE) [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)g]*") 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 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/H,O- [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 nanopatrticles coated with 3-aminopropyltrimethoxysilane (Fez04-APTMS)
were used as sensing platform for efficient capture of HERZ2 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-MBSs), 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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2.2.3 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 depaosition 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)e]*74"
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 Cd?*.

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)e]**". 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)e]*"* 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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Overview

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 nanopatrticles (AuNP): (iv) rGO/AuNP,
(v) SWCNT/AuUNP, (vi) MWCNT/AuUNP. 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).
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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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Electrochemical Sensing Platforms for HER2-ECD Breast

Cancer Biomarker Detection

Maria Freitas,? Henri P. A. Nouws,*® and Cristina Delerue-Matos/!

Abstract: Screening and ecarly diagnosis are crucial to
increase the success of cancer patients’ treatments and
improve the survival rate. To contribute to this success,
distinct electrochemical immunosensing platforms were
developed for the analysis of the ExtraCellular Domain of
the Human Epidermal growth factor Receptor 2 (HER2-
ECD) through sandwich assays on nanomaterial-modified
screen-printed carbon electrodes (SPCEs). The most
promising platforms showed to be SPCEs modified with
(i) gold nanoparticles (AuNPs) and (ii) multiwalled
carbon nanotubes combined with AuNPs. The antibody-

Keywords: Biomarker - Biosensor « Breast cancer - Electrochemistry -

1 Introduction

Breast cancer, one of the major life-threatening diseases
in woman, is still onc of the leading causes of oncological
deaths [1]. Diagnostic techniques for its detection are in
constant development but are yet far from ideal. Cur-
rently medical strategies for screening and early detection
are based on imagiology tools, namely mammography.
Although detection is usually achieved with high effi-
ciency, il only allows the visualization of the tumour and
cannot predict its biclogical behaviour and evolution
[2,3]. Nevertheless, the evolution of clinical methods for
cffective detection of breast cancer along with the
development of non-invasive and low-cost in situ techni-
ques can improve survival rates and allow personalized
patient follow-up |2,4|. These non-invasive methods are a
prominent alternative not only regarding response time
but also to minimize the patients’ suffering. For this
purpose, biosensors have been developed because they
provide fast analysis and specific recognition. Therefore,
their development is in continuous expansion and they
have widely been applied in point-of-care detection [4,5].
Current innovations in the field of biosensing lead to
accurate results in the analysis of tumour biomarkers in
patients’ biological fluids such as serum, plasma, whole
blood, urine, etc. A tumour biomarker is a substance or
process indicative of the presence of cancer in the body
[6]. Breast cancer biomarkers can be divided into
prognostic, therapeutic and diagnostic, and can be de-
tected according to the stage of the cancer [7]. Among the
varicty of biomolecules that are approved as tumour
biomarkers and accepled for diagnosis by medical and
clinical teams, there are many biological fluid-based
biomarkers of interest for the development of electro-

www.electroanalysis. wiley-vch.de
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antigen interaction was detected using a secondary anti-
body labelled with alkaline phosphatase and 3-indoxyl
phosphate and silver ions as the enzymatic substrate. The
electrochemical signal of the enzymatically generated
metallic silver was recorded by linear sweep voltammetry.
Under the optimized conditions, linear calibration plots
were obtained between 7.5 and 50 ng/mL and the total
assay time was 2 h20min, achieving LODs of 0.16 ng/mL
(SPCE-MWCNT/AuNP) and 85 ng/mL (SPCE-AuNP),
which are well below the established cut-off value of
15 ng/mL for this cancer biomarker.

Immunoassay

chemical bioscnsors. The main protein breast cancer
biomarkers for non-invasive clinical tests are the Human
Epidermal growth factor Receptor 2 (HER2, ErbB2 or
CD340), Cancer Antigen 15-3 (CA 15-3) and Carcinoem-
bryonic Antigen (CEA). In addition, Circulating Tumour
Cells (CTCs) can also provide prognostic or predictive
information [8,9]. In serum analysis biomarkers that shed
extracellular domains in the peripheral blood (e.g. HER2)
are important analytes that can be used as a source of
information on the status of the tumour. HER2-ECD is a
protein breast cancer biomarker that presents serum
levels below 15 ng/mL for healthy individuals and can be
important for patients’ screening and early detection.
HER2 is overexpressed in 20-30% of invasive breast
cancer and HER2-positive breast cancer is particularly
more aggressive than others [7-9].

A few electrochemical immunosensing strategies for
the detection of HER2 in serum have been reported.
These strategies are generally based on the modification
of the electrode surface with nano- or micromaterials that
can provide improved performances like the promotion of
electron transfer, signal amplification and the decrease of
the limit of detection. Furthermore, the use of small-size
transducers, the reasonably short assay times and the low
reagent/sample volumes are key features for the develop-
ment of point-of-care devices. Marques etal. (2014)
developed a sandwich-type assay on screen-printed carbon

[a] M. Freitas, H. P. A. Nouws, C. Delerue-Matos
REQUIMTE/LAQV, Instituto Superior de Engenharia do
Porto, Politécnico do Porto, Rua Dr, Anténio Bernardino dc
Almeida 431, 4200-072 Porto, Portugal
E-mail: han@isep.ipp.pt
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electrodes (SPCEs) which were nanostructured with gold
nanoparticles (AuNP) to cfficiently immobilize anti-
HER2-ECD capture antibodies through chemisorption
[10]. In a different approach Ravalli et al. developed a
label-free impedimetric biosensor based on the immobili-
zation of a terminal cysteine-modified affibody on gold
nanostructurcd graphite screen-printed clectrodes. AuNPs
were used in these studies to enhance the capture
antibody’s immobilization and to retain its immunoactiv-
ity on the electrode [11]. Furthermore, the use of nano-
materials, with excellent and reliable physicochemical
propertics, in the scnsor’s construction incrcases the
electrode’s surface area with a subsequent increase of
sensitivity [12]. Arkan et al. proposed an immunosensor
based on multiwalled carbon nanotubes (MWCNTs) and
AuNPs contained in a carbon ionic liquid electrode
(CILE). Pre-synthesized AuNPs were grown on the
MWCNT-CILE surface through electrodeposition, to
form AuNP/MWCNT-CILE, which is a suitable surface
for antibody attachment [13]. In a distinct approach,
Emami et al. employed magnetic iron nanoparticles for
efficient antibody immobilization on an electrode surface
that was previously modified with AuNPs/3-mercaptopro-
pionic acid/cysteamine/poly(ethylene glycol)-maleimide-3-
aminopropyltrimethoxysilane [14]. Moreover, in an analo-
gous but simpler methodology, Shamsipur ct al. reported
the use of 3-aminopropyltrimethoxysilane coated magnet-
ite nanoparticles combined with an antibody (antiHER2/
APTMS-Fe;0, NPs) as a platform for efficient HER2
detection [15]. The easy manipulation, washing and
collection of the magnetic nanoparticles using simple
magnets or magnetic bars are major advantages compared
to non-magnetic assays, reducing cross-reactivity and
matrix effects. Efficient bioconjugation is largely achieved
by using magnetic particles comprising a magnetite core
(Fe;0, MNPs) with a non-magnetic coating [3]. Al-
Khafaji etal. and Ilkhani etal. used magnetic beads
functionalized with Protein A to improve the affinity
interaction between the biomolecules and to construct
faster electrochemical bioassays [16,17]. Eletxigerra et al.
developed a magnetoimmunosensor based on carboxylic
acid-modilied magnetic beads. Horseradish peroxidase-
labelled secondary antibodies were used and detection
was performed through amperometry using the hydro-
quinone (HQ)/H,O, system [18]. Recently, Tallapragada
ct al. proposed a sandwich-type immunosensor bascd on
the biotin-avidin chemistry for accurale detection of
HER2 by using home-made SPEs [19]. Although unmodi-
fied electrodes were also used for the sensor construction,
the total assay time was longer than for the previously
reported electrochemical immunosensors.

In this work distinct sensing platforms were studied for
the detection of HER2-ECD: (i) SPCEs modified with
AuNP, graphene, single- or multiwalled carbon nanotubes
(SWCNT, MWCNT) and (ii) SPCEs modified with
graphene, SWCNT- or MWCNT in combination with
AuNPs, forming hybrid nanostructures. These approaches
combined the advantages of the nanomaterials’ biocompa-
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tibilities and the high binding affinity. The use of carbon
nanomatcrials allows better coverage of the SPCEs and
the electrodeposition of the gold nanoparticles provides a
large accessible surface arca for cffective antibody
immobilization. The sensing platforms were characterized
by scanning electron microscopy (SEM) and the electro-
chemical signals were recorded by lincar sweep voltam-
metry (LSV). The detection of the antibody-antigen
interaction in the sandwich assay was possible by using a
secondary antibody labelled with alkaline phosphatase;
the electrochemical signal was generated through the
oxidation of cnzymatically deposited metallic silver (a
mixture of 3-indoxyl phosphate (enzymatic substrate) and
silver ions). In this study the use of different carbon
nanomaterials, and their combination with AuNPs, with
the above-mentioned detection strategy for the detection
of HER2-ECD is reported for the first time.

2 Experimental
2.1 Instrumentation

The electrochemical measurments were carried out using
a potentiostat/galvanostat (Autolab PGSTAT101, Met-
rohm Autolab) controlled by the NOVA software package
(v.1.9; Metrohm Autolab). Screen-printed carbon electro-
des (SPCE, DRP-110) and a specific connector (DRP-
CAQ) to interface the electrodes and the potentiostat/
galvanostat were supplied by DropSens. The SPCEs
consisted of working (d=4 mm) and counter electrodes
made of carbon inks and a silver pseudoreference
electrode. All the electrodes were discarded after use. The
SEM images were obtained by using FEI Quanta 400FEG
ESEM/EDAX Genesis X4 M equipment, at the “Centro
de Materiais da Universidade do Porto (CEMUP)”. The
histograms were obtained using SPSS software, version
20.0 (SPSS Inc., Chicago, Illinois).

2.2 Reagents

Albumin from human scrum (HSA), albumin from bovinc
serum (BSA), P-casein from bovine milk, reduced gra-
phene oxide (rGO), carboxylic acid functionalized multi-
walled carbon nanotubes (MWCNT-COOH), carboxylic
acid functionalized single-walled carbon nanotubes
(SWCNT-COOH), 3-indoxyl phosphate (3-1P), N,N-dime-
thylformamide (DMF), ethanolamine, hydrochloric acid,
magnesium nitrate hexahydrate, nitric acid, streptavidin-
alkaline phosphatase (S-AP) from Streptomyces avidinii,
human serum (from male AB clotted whole blood),
tetrachoroauric(I11) acid and tris(hydroxymethyl)amino-
methane (Tris), were oblained [rom Sigma-Aldrich. Silver
nitrate was purchased from Alfa Aesar. Rabit IgG
monoclonal anti-human-HER2-ECD (clone 002) antibody
(capture antibody), mouse IgG2a monoclonal biotinylated
anti-human-HER2-ECD (clonc 8BSDACT) antibody (de-
tection antibody), and a recombinant HER2-ECD protein
(antigen) were obtained from Sino Biological Inc.

Electroanalysis 2019, 31, 121-128 122
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Scheme 1. Schematic representation of the electrochemical immunocassay.

Ultra-pure water (resistivity =182 MQcm) was used
and was obtained from a Millipore (Simplicity 185) water
purification system. The tetrachloroauric(II) acid solu-
tion (0.10 mM) for the clectrodeposition of AuNPs was
prepared in 0.1 M HCIL. Working solutions of the capture
(C) and detection (D) antibodies and the antigen were
prepared in 0.1 M Tris-HNQ; pH 7.4 (buffer 1). The S-AP
solutions were prepared in 0.1 M Tris-HNO, pH7.4
containing 1% BSA (buffer 2). The solution containing 3-
IP (1x107* M) and silver nitratc (4x 107 M) was pre-
pared in 0.1 M Tris-HNO; pH 9.8 containing Mg(NO;),
(2x 102 M) (buller 3) and stored al 4°C prolecled [rom
light. All the buffers and solutions were preparcd daily.

2.3 Sensor/Assay Development and Procedure

Scheme 1 elucidates the different steps of the used
sandwich assay.

2.3.1 Surface Modification

Several SPCE-based immunosensors were tested using
different nanomaterials: rGO, SWCNT-COOH, MWCNT-
COOH and AuNPs and combinations of these materials.

For the carbon nanotubes, (i) the surface of the SPCE
was modified by dropping a 1-uL aliquot of an rGO,
SWCNT-COOH or MWCNT-COOH suspension (dis-
persed in DMF) on the working clectrode (WE) of the
SPCE which was then dried for 5 minutes at 50°C.

The modification of the WE (with or without the
carbon nanomaterials) with AuNPs was carried out by
electrodeposition of gold from 40ulL of a 0.10mM
[AuCL]™ (in 0.1M HCIl) solution according to the
procedure described by Martinez-Paredes et al.: first a
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constant current (—100 uA) was applied for 240s, and
subsequently a constant potential {+0.1 V) was applied
for 120s [20]. The obtained AuNP-modified electrodes
were rinsed with water and dried with nitrogen before
use.

2.3.2 Caprure Antibody Immobilization

The immobilization of the capture antibody on the
modificd SPCE surfaces was performed based on a
previous work: (ii) incubation of the SPCE with 10 pL. of
the capture antibody solution (optimized concentration:
25 pg/mL), overnight at 4°C in a humidificd chamber.
Then the SPCE was washed with buffer 1 before (iii)
blocking the free surface sites with 3-casein (2% (m/V) in
buffer 1, 40 pL, 30 min) [10].

2.3.3 Immunoassay

The optimized assay consisted of the following steps: after
washing with buffer 1, (iv) a previously prepared mixture
(5min before use) containing the detection antibody
(2 pg/mL), HER2-ECD and BSA 0.5% (m/V) was added
(40 uL) and left to incubate for 30 min. The washing step
was then repeated with buffer 1, and (v) an aliquot
(40 uL) of S-AP solution (5x107"M) was added for
60 min. Subsequently, a washing step was carried out
firstly with buffer 1, and then with buffer 3.

For the eclectrochemical measurements, (vi) a 40-uL
aliquot of the mixlure containing the enzymalic substrate
(3-IP, 1.0x107° M) and silver nitrate (4.0x107 M) was
placed on the SPCE and after 20 min the electrochemical
signal was obtained by LSV using the following parameters:
potential range: —0.03 V — +0.4 V; scan rate: 50 mV/s.
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2.4 Sample Preparation

Male human serum was stored at —20°C and was used as
obtained, i.e. serum samples were spiked with HER2-
ECD at different concentrations and analysed without
further treatments. The electrochemical measurements
were performed using the above-mentioned conditions.

3 Results and Discussion
3.1 Sensor/Assay Optimization
3.1.1 Antibody Concentrations

The immobilization of the capture antibody on the
sensor’s surface and the detection approach are some of
the key features to guarantee the adequate performance
of immunosensors. According to a previously reporied
immunosensor for HER2-ECD detection developed in
our group [10], AuNPs constitute a good nanomaterial to
be used for immobilization through chemisorption of
monoclonal anti-human HER2-ECD antibodies (Ab-C).
This allowed stable immobilization of the antibodies and
led to a high sensitivity. In the present study the same
procedure was adopted, and thc Ab-C and Ab-D
concentrations were studied using SPCE-AuNP and the
following conditions: Ab—C: 10 and 25 pg/mL; casein: 2%
(m/V); HER2-ECD: 0 and 50 ng/mL; BSA: 0.5% (m/V):
Ab-D: 0.5, 1 and 2 pg/mL; S-AP: 2.0x 107" M with BSA
1% (m/V). The obtained peak current intensities are
presented in Figure 1(a). As can be observed, the lowest
Ab-C concentration (10 pg/mL) led to the lowest peak
current intensities and the increase of the Ab-D concen-
tration led to an increase of the electrochemical signal.
However, the results also showed that the peak current
intensity was similar when the highest Ab-D concentra-
tion (2 pg/mL) was used for both Ab-C concentrations
(10 and 25 pg/mL), revealing the importance of the Ab-D
concentration on the immunosensor’s performance. The
result can be explained based on the high amount of S-AP
that binds to the detection antibody (Ab-D), leading to
the signal amplification. Although a good result was
achieved with the combination of Ab-C 10 pg/mL and
Ab-D 2 ug/mL, the best performance was obtained when
Ab—C 25 pg/mL and Ab-D 2 pg/mL were used. Therelore,
these concentrations were chosen to proceed with the
oplimization of the immunoassay.

We previously reported an immunosensor for HER2-
ECD detection, using a gold nanoparticle-modified SPCE
as transducer, but using Ab-C 50 pg/mL and Ab-D 1 pg/
mL [10]. Comparing the results with the ones obtained in
the present study, it can be concluded that lower Ab-C
concenirations (10 and 25 pg/mL) and a higher Ab-D
concentration (2 pg/mL) lead to higher pcak current
intensities.

www.electroanalysis.wiley-vch.de

© 2019 Wiley-VYCH Verlag GmbH & Co. KGaA, Weinheim

@)
120
M Blank
100 ki HER2-ECD (50 ng/mL)
=
3
Conc. Ab-capture (C) and Ab-detection (D)
(ng/mL)
(b)
120 M Blank
4 HER2-ECD (50 ng/mL)
100 4
iF
' I
.
f% 60 - 1
40 I
20 4
N 1.
1.1 1.1 .z 1.3 1.1 1.2 1.3 1.1
A B

HER2-ECD + Ab-D incubation time (A and B);
enzyme incubation time (I and 11) and
concentration (1, 2 and 3)

Fig. 1. Optimization of (a) Ab—C and Ab-DD concentrations and
(b) incubation time of HER2Z+Ab-D (A - 30min and B —
60 min), enzyme incubation time (I — 30 min and IT — 60 min) and
concentration (1 — 2x 107 M; 2-5x 107" M and 3-1x107% M).
(Ab-C (25 pg/mL), Ab-D (2 pg/mL), casein (2%), HER2-ECD
(0 (blank) and 50 ng/mL), BSA (0.5%), 3-IP (1x107 M) and
Ag (4x107'M)).

3.1.2 Incubation Times and Enzyme Concentration

The influence of the incubation time of the mixture
HER2-ECD + Ab-D (containing 0.5% BSA) was studied
using two different times: 30 min (A) and 60 min (B). In
addition, three concentrations of S-AP were tested: (1) 2 x
10 ' M; (2) 5x10 M and (3) 1x10 *M, which were
incubated for: 30 min (1) and 60 min (11). The influence of
these parameters was studied using the previously opli-
mized antibody concentrations (Ab—C 2 pg/mL and Ab-D
2 ug/mL). The different combinations between the incuba-
tion times of the mixture and the incubation time and
concentrations of S-AP are shown in Figure 1(b). The
scquence of the tested parameters is presented according
to the incubation time of the HER2-ECD4 Ab-D
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mixture: 1.1, T1.1, T1.2 and 1.3 for A and 1.1, 1.2, 1.3 and
I1.1 for B.

The results for the shortest incubation times combined
with the lowest S-AP concentration (A — L.1) showed a
considerable decrease of the peak current intensity. On
the other hand, the longest incubation times combined
with the lowest S-AP concentration (B — IL.1) resulled in a
considerable improvement of the clectrochemical signal.
Nevertheless, in the latter assay an increase of the blank
signal was observed because of the increase of non-
specific adsorption on the electrode surface. Regarding
the assays in which longer incubation of the enzyme (11 -
60 min) was used higher signals were observed (A — II.1,
A - 112 and A - IL3), but an increase of the enzyme
concentration increased the blank signal because of the
adsorption of S-AP on the elecirode’s surface, indicating
that a large amount of enzyme does not bind specifically
to the Ab-D. This was also observed in B - 1.3, although
the enzyme incubation time was only 30 min.

Thus, regardless of the analysis time, the increase of
the S-AP concentration leads to higher signal intensity.
The combination of the lowest S-AP concentration and
incubation time (B — I.1) resulted in a higher analytical
signal and a lower blank signal. As a compromise between
sensitivity and analysis time assay A — I1.2 was used in the
subsequent studics.

In this work a higher analytical signal and a shorter
assay time (2 h20min) were obtained when compared to
the previous work [10].

3.1.3 Sensing Platform Modification and Characterization

Distinct gold- and carbon-based nanomaterials can be
used in the electrode surface modification procedure for
HERZ-ECD detection to obtain high sensitivities with
reduced interferences and low detection limits [10,11,13].
To compare the results obtained with SPCE-AuNPs as
transducer, three carbon-based nanomaterials were tested:
(i) rGO, (ii) SWCNT-COOH and (iii) MWCNT-COOH.
In addition, the combination of rGO, SWCNT-COOH or
MWCNT-COOH with AuNPs were also studied.

For the surface modification of the SPCEs the carbon
nanomaterials” concentrations were optimized (0.5 pg/pl,
1 pg/ul, 2 pg/ul. and 4 pg/pl) and 1 pg/pl. was chosen
because of the better sensitivity and precision of the
analysis (data not shown).

The signals obtained using a 50-ng/ml. HER2-ECD
solution were compared with the ones obtained with the
SPCE-AuNP (Figure 2).

Between the distinct carbon nanomaterial types, either
individually or combined with AuNPs, the use of
MWCNTS led to the highest signal. However, only when
the MWCNT-AuNP combination was used an increase of
the signal compared with the SPCE-AuNP was observed.
Furthermore, the use of the carbon-based nanomaterials
provided lower blank signals because coating the surface
of the clectrode with these materials is gencrally more
effective, thereby reducing the interference of the sample
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Fig. 2. Pcak currcent intensitics obtained using the tested sensing
platforms.

matrix or the excess of antibodies and/or enzymes which
have not been cffectively removed in the washing step
and which have no binding alfinity to these materials. On
the other hand, gold nanomaterials allow a more efficient
immobilization of biomolecules, as can be observed by the
increase of the signal.

Scanning electron microscopy (SEM) was used to
characterize the modifications of the SPCE surfaces that
provided the highest electrochemical signals. The electro-
deposited AuNPs presented a normal distribution and a
circular shape with an average diameter of 17.94+4.2 nm
(Figure 3(a)). When the AuNPs were electrodeposited on
the SPCE previously modified with carbon nanotubes an
increase in their size was observed (average diameter:
26.1+£5.6 nm) because the surface of the SPCE was
complelely covered with the carbon nanotubes (Fig-
ure 3(b)).

3.2 Analytical Performance and Applicability

The analytical responses toward different HER2-ECD
concentrations using the best surface modifications
(AuNP and MWCNT/AuNP) were first tested in buffer.
Solutions of HER2-ECD (concentrations between 7.5 and
100 ng/mL.) were analysed and the working ranges were
established (data not shown). Then the sensing strategics
were lested in spiked human serum samples. The linear
relationship between i, and [HER2 ECD] (7.5-50 ng/mL)
was established for SPCE-AuNP (i, =1.2240.07 [HER2-
ECD]|+27.6=+2.1, r=0.995) and for the SPCE-MWCNT/
AuNP  (i,=231+£0.13 [HER2-ECD]+9.03+£4.27, r=
0.997. This shows that the SPCE-MWCNT/AuNP pro-
vided the highest sensitivity. The limits of detection
(LOD) and quantification (LOQ) were calculated from
the respective calibration plots using the equations:
LOD =3 s, /m and LOQ =10 s;,./m where s, is the
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(b)

Fig. 3. SEM images and respective histograms of (a) SPCE-AuNP
and (b) SPCE-MWCNT/AuNP.

standard deviation of the blank signal and m is the slope
of the calibration plot. The LODs were 8.5 ng/mL [or the
SPCE-AuNP and 0.16 ng/mL for the¢ SPCE-MWOCNT/
AuNP. Considering the cut-off value for HER2-ECD
(15 ng/mL), the sensing strategies provided LODs that
were below this value, indicating their usefulness for
HER2-ECD delection in the initial stage of the cancer.
Representative voltammograms in the linear range and
the calibration plots are presented in Figure 4. Additional
figurcs of merit are presented in Table 1.

The precision of the results, in terms of repeatability
and intermediate precision, using the distinct sensing
platforms was tested by analysing a 50-ng/mL. HER2-
ECD solution in triplicate on the same day and different
days. Relative standard deviations (RSD) of 2.8% and
6.5 % for the SPCE-AuNP, 2.5% and 7.6 % for the SPCE-

ELECTROANALYSIS
(a)
£ 3
1 0 01 0 04 01 0 01 02 03 04
E(V) E(V)
SPCE-AuNP SPCE-MWCNT/AuNP
(b)
160
A SPCE-AuNP 4 SPCE-MWCNT/AuNP
140 -
120 ~ g
100
o
=
; 80 -
60
40
20
D T T T T T
0 20 40 60 30 100 120

[HER2 ECD] (ng/mL)

Fig. 4. (a) Examples of linear sweep voltammograms for the
analysis of HER2-ECD: 0, 7.5, 15, 25, 35 and 50 ng/mL, (b)
calibration plots in spiked human serum using SPCE-AuNP and
SPCE-MWCNT/AuNP.

MWCNT/AuNP were obtained, indicating that all the
sensing platforms provided precise results.

Because the SPCE-MWCNT/AuNP provided the high-
cst scnsitivity, recovery studics with this platform were
performed using spiked serum samples. The results for
three replicates of added 7.5, 15 and 50 ng/mL. HER2-
ECD were found to be 8.251+0.67 ng/mL., 12.440.98 ng/
mL and 45.6+1.34 ng/mL, with average recoveries of
110%, 83% and 91%, respectively. These values indi-
cated that the SPCE-MWCNT/AuNP provided accurate
results.

Table 1. Analytical characteristics of the developed electrochemical biosensors for the analysis of HER2-ECD in Human serum

samples.

Figure of merit SPCE-AuNP SPCE-MWCNT/AuNP
Concentration interval (ng/mlL) 7.5-50 7.5-50
Corrclation cocfficient (r) 0.995 (0.997
Slope (m) (nA/(ng/mL) 1.22 2.31
Standard deviation of the slope (S,) (nA/(ng/mL) 0.07 0.13
Intercept (b) (pA) 27.6 9.03
Standard deviation of the intercept (S,) (pA) 2.1 4.27
Standard deviation of the lincar regression (S,;) 2.30 3.97
Standard deviation of the method (S,,) ' 1.9 1.7
Coellicient of variation of the method (V) (%) 7.1 3.8
Limit of detection (LOD) (ng/mL) 8.5 0.16
Limit of quantification (LOQ) (ng/mL) 28 0.54
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Table 2. Characteristics ol electrochemical immunosensors and immunoassays [or HERZ2 analysis.

Transducer Surface modification Assay Technique Sample Assay Linear LOD Ref.

time range (ng/mL.)
(ng/mL)

SPCE AuNPs Sandwich LSV Spiked human 2 h20min 7.5-50 8.5 This
MWCNT(—COOH)/ AuNPs serum 0.16 work

SPCE AuNPs Sandwich LSV Spiked human 2 h50min 15-100 4.4 [10]

serum
GSPE AuNPs Label-  EIS Spiked human 2 h 5.0-40 6.0 [11]
[ree serum
CILE MWOCNT/AuNPs Label- EIS Patient serum 35 min 10-110 74 [13]
[ree

AuE AuNP/3-Mercaptopropionic acid Labcl- DPV Paticnt scrum 1Th1smin 0.01-10  0.995 [14]
(MPA)/Cysteamine/ Fe;O, NPs free 10-100

GCE APTMS-Fe;0,4 NPs Sandwich DPV Spiked human 1 h30min 5.0x107- 2.0x107% [15]

serum 50

SPCE Protcin A-MBs (ProtA-MBs) Sandwich DPV Paticnt scrum 2h05min 2.5-15 6.0 [16]

8x SPE Protein A-MBs (ProtA-MBs) Sandwich DPV Spiked human 1 h51min 2.5-20 2.6 [17]
Streptavidin MBs (Strep-MBs) scrum 2 h51min 34

SPCE Carboxylic acid-modified Sandwich Amperometry Human serum 2 h 0.1-32 26%10 7 [18]
MBs(HOOC-MBs) and cell lysates

SPE - Sandwich CV Patient serum 6 h05min 5.0-20 4.0 [19]

20-200
140
The selectivities of the SPCE-AuNP and SPCE-

MWCNT/AuNP were tested through the analysis of other 120 J

biomarkers and possible serum interferents: another

breast cancer biomarker (CA 15-3), a biomarker of kidney

function (cystatin C) and human serum albumin (HSA). 100 1

Solutions of these proteins of 30 U/mL (CA 15-3), 565 ng/

mL (cystatin C) and 35 mg/mL (HSA) were tested. These = ™

concentrations were chosen based on the values that can =

be expected in real situations (except for CA 15-3, which = 60 4

can vary greatly in the case of cancer patients). The peak

currenl intensilies obtained for these non-largel proleins 40 -

are shown in Figure 5. As can be observed, the signals

were significantly different from the ones obtained for 20 4

HERZ2-ECD, confirming the selectivity of the different -

sensing platforms. g -

‘ In Table 2 somt:'c.haracterlstlcs of t:lt:ctr.()chtzmlcal Bk  HER2 HSA CA153  CystC

immunosensors and immunoassays reported for HER2

analysis in serum samples are presented. Although in HAuNP B MWCNT/AuNP

label-free assays the analysis times are shorter than in the
sandwich-type assays, the time required for the clectrode
surface modification and subsequent incubation of the
capture antibody is considerably higher. From the compar-
ison of the analytical performances of the immunomag-
netic assays [14-18] with the immunosensors [10,11,13,19]
can be concluded that when magnetic beads are used as
sensing platform, shorter linear ranges and slightly lower
LODs were obtaincd. This indicates that the usc of
magnetic particles and the detection strategy optimized in
this work is promising. Nevertheless, all the reported
sensing strategies provide limits of detection below the
cut-off value for HER2 (15 ng/mL), which mcans that
they could be useful in the clinical setting.

In the strategies studied in our work generally similar
linear ranges and analysis times were obtained and the
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Fig. 5. Results obtained in the selectivity studies using the
developed sensing strategics.

LODs were comparable with the ones reported in the
previous works, except for the studies in which magnetic
particles were applied. Nevertheless, the best sensitivily
was obtaincd for the SPCE-MWOCNT/AuUNP which is
probably due to the good electrode surface coverage of
the carboxylic acid functionalized MWCNTs and subse-
quent electrodeposition of gold, which allows suitable
antibody immobilization.
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4 Conclusions

To improve the electrochemical analysis of HER2-ECD,
the modification of the surface of SPCEs with gold
(AuNPs) and carbon nanomaterials (rGO, SWCNT-
COOH and MWCNT-COOH) and combinations of these
materials were tested. Among the carbon-based nano-
materials, MWCNT-COOH provided the highest sensitiv-
ity. The combination of MWCNT-COOH with AuNPs
revealed the highest sensitivity. The antibody concentra-
tions were optimized and used to develop biosensing
strategics on SPCE-AuNP and SPCE-MWOCNT/AuNP,
achieving limits of detection well below the cut-off value
for this breast cancer biomarker.

Spiked human serum samples were used to test the
sensing platforms’ applicability and the selectivity was
confirmed through the analysis of other biomarkers and
possible serum interferents: Human Serum Albumin
(HSA), Cancer Antigen 15-3 (CA 15-3) and Cystatin C,
observing no significant interference of these proteins in
the analysis.

Like this, the developed sensing strategies could be an
alternative for the analysis of HERZ-ECD.
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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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ARTICLE INFO ABSTRACT

Keywords: Despite the evolution of targeted therapies in oncology, some challenges such as sereening and early diagnosis of
Breast cancer cancer-related biomarkers still remain. The analysis of the Human Epidermal growth factor Receptor 2 (HER2) in
HER2-ECD biological fluids provides essential information for effective treatments. In this work we report the development
SK-BR-3

of an electrochemical immunomagnetic bioassay for the analysis of the extracellular domain of HER2 (HER2-
ECD) in human serum and cancer cells. Biomodified carboxylic acid functionalized magnetic beads (COOH-MBs)
were used as the capture probe and an antibody labelled with alkaline phosphatase (AP) as the signalling probe.
In the presence of HER2-ECD a sandwich complex was formed on the MBs, which were magnetically attracted to
the surface of a screen-printed carbon electrode (SPCE). After the addition of 3-indoxyl phosphate and silver
ions, used as the enzymatic substrate, the immunolegical interaction was detected by linear sweep voltammetry.
Two linear concentration ranges were established: one between 5.0 and 50 ng/mL and another between 50 and
100 ng/mL. The developed assay provided a clinically useful detection limit (2.8 ng/mL) and has an adequate
precision (Vi < 5%). The assay provided accurate results and was selective towards the target biomarker.
Additionally, CTCs were analysed in human serum and a detection limit of 3 cells/mL was achieved for the

Electrochemical immunoassay
Magnetic beads
Screen printed electrodes

HER  breast cancer cell line SK-BR-3.

1. Introduction

Screening and early-stage diagnosis of oncological diseases and an
adequate follow-up are critical for successful patient management. This
promotes general public health and increases the survival rate [1,2].
The gold standard procedures established for screening and detection of
breast cancer are based on imaging tools. However, these techniques
have limitations such as the decrease of sensitivity when breast tissue
density increases. In addition, invasive techniques (e.g. biopsies) are
required to confirm the presence of the tumour [3,4]. Technological
advances in this field include (bio)sensors/assays that provide rapid
and accurate diagnosis and point-of-care detection possibilities by
combining the selectivity of biomolecule interactions with the high
sensitivity of modern analytical techniques for non-invasive analysis
[5,6]. Therefore, electrochemical biosensors were already widely em-
ployed for tumour marker recognition and detection [7-9].

Human Epidermal growth factor Receptor 2 (HER2) is a specific
cancer related biomarker used in clinical settings. Abnormal HER2 le-
vels are particularly significant since its overexpression is related to

“ Corresponding author.
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invasive and aggressive breast cancer-types [10]. HER2 is reported as a
biomarker of interest in the development of non-invasive tests for di-
agnosis in serum samples by the European Group on Tumor Markers
(EGTM) [11] and the Food and Drug Administration (FDA) [12]. Be-
sides this, the analysis of circulating tumour cells has risen attention
since biomarkers present on the cell surface can be detected through the
analysis of their extracellular domains (ECDs) [13].

A wide diversity of electrochemical immunosensors for the analysis
of HER2 in serum samples have been published [14-29]. Although
simple strategies with non-maodified transducers have been reported
[14-18], versatile and innovative transducing platforms, modified and/
or functionalized with nanomaterials [19-22], self-assembled mono-
layers [23,24], polymers [25] or sequential layer deposition [26-29]
are also part of the described methodologies. However, this diversity
leads to time-consuming sensor surface construction strategies. A
variety of new smart materials, particularly nane- and micro materials,
can vastly improve screening and diagnosis because they increase the
assay’s performance, including the reduction of the analysis time and
the enhancement of the sensitivity and/or selectivity [30]. Therefore,

Received 12 November 2019; Received in revised form 30 December 2019; Accepted 3 January 2020

Available online 07 January 2020
0925-4005,/ © 2020 Elsevier B.V. All rights reserved.



78 | FCUP

Chapter 3 — Electrochemical immunoassays with metalloenzymatic detection

M. Freitas, et al.

magnetic nanoparticles (MNPs) and magnetic beads (MBs) have gained
great interest as sensing platforms in electrochemical immunomagnetic
assays for cancer diagnosis [1]. When using magnetic particles bio-
molecular interactions are improved, matrix effects are minimized
through efficient washing steps [31] and preconcentration of the ana-
lyte is easily achieved. Thus, by immobilizing antibodies on their sur-
faces, the effective magnetic separation and the pre-concentration of an
antigen from complex samples can be achieved. In the case of electro-
chemical magnetoassays an additional advantage is the fact that the
assay is mostly performed away from the electrode (in microtubes),
reducing possible electrode fouling, Only the detection strategy is car-
ried out on the electrode surface using small magnets with the size of
the working electrode for efficient magnetic attraction before the
electrochemical measurement [32,33].

Because of the above-mentioned advantages, some electrochemical
immunomagnetic assays have already been reported. These assays were
based on the use of ‘self-made’ nanoparticles or commercially available
MBs as sensing platforms, containing distinct functional groups or re-
cognition elements on their surfaces [34-38]. In these works, mod-
ification of the magnetic particles’ surfaces with the biorecognition
element was achieved, either through covalent binding or affinity
processes, in a short time (1 h) when compared to the reported im-
munosensors in which the immobilization procedure usually occurs
overnight.

To avoid the misclassification of HER2-positive patients, the eva-
luation of circulating tumour cell overexpression is of utmost im-
portance. Detection of HER2-positive cell-lines can greatly contribute to
early status assessment and to monitor the patients’ treatments. In this
work we report the development of an electrochemical im-
munomagnetic assay for the detection of HER2-ECD in human serum
using carboxylic acid functionalized magnetic beads (HOOC-MBs) and
screen-printed carbon electrodes (SPCEs). The HOOC-MBs constituted a
versatile tool for the construction of the magnetic immunosensing
platform and stabile immobilization of a large amount of antibodies
was achieved through covalent binding. After this step, the sandwich
assay consisted of the addition of HER2-ECD and biotinylated detection
antibodies, which were then labelled with (streptavidin-)alkaline
phosphatase (AP). This resulted in a bioconjugate that was attracted to
the surface of the SPCE by placing a magnet (d =4 mm) below its WE,
The combination of 3-indoxyl phosphate (the enzymatic substrate) and
silver nitrate allowed the detection of the immunological interaction by
linear sweep voltammetry (LSV) (Scheme 1). Additionally, the assay
was also tested for the analysis of live breast cancer cells (HER2 *: SK-
BR-3; HER2 : MDA-MB-231). This is the first electrochemical im-
munomagnetic assay for HER2-ECD and cancer cell analysis using this
detection strategy.

2. Materials and methods
2.1. Reagents and solutions

Albumin from bovine serum (BSA), 3-indoxyl phosphate (3-1P),
ethanolamine (FA), streptavidin-alkaline phosphatase (S-AP) from
Streptomyces avidinii, N-(3-dimethylaminopropyl)-n"-ethylcarbodiimide
hydrochloride (EDC), N-Hydroxysuccinimide (NHS), MES mono-
hydrate, Tween® 20, and tris(hydroxymethyl)aminomethane (Tris)
were obtained from Sigma-Aldrich. Monoclonal capture and detection
antibodies and recombinant HER2-ECD were purchased from Sino
Biological Inc, Dynabeads™ MyOne™ Carboxylic Acid (MBs, 10 mg/mL)
were acquired from Life Technologies.

The following solutions were used: 0.1 M MES pH 6 (buffer 1, B1),
for MBs activation (200 mM EDC and 50 mM NHS) and to prepare the
capture antibody (Ab-C) solution; PBS pH 8.3 (buffer 2, B2) to prepare
the blocking solution (EA, 1 M); 0.1 M Tris-HNO3 pH 7.4 (buffer 3, B3)
to prepare working solutions of the detection (Ab-D) antibodies and the
antigen (HER2-ECD); 0.1 M Tris-HNO; pH 7.4 with 1% BSA (m/V)

Sensors & Actuators: B. Chemicel 308 (2020) 127667

(buffer 4, B4) to prepare the S-AP solution; 0.1 M Tris-HNO; pH 9.8
containing Mg(NO3)s (2.0 x 1072 M) (buffer 5, B5) to prepare the
solution containing 3-IP (1.0 x 10~ * M) and silver nitrate (4.0 x 10~*
M) (stored at 4°C and protected from light). For the washing steps
0.01% of Tween 20 (T) was added to the distinct buffers. These buffers
were used according to the specifications of the suppliers of the bio-
molecules and the MBs.
All solutions were
(resistivity = 18.2 M2 cm).

prepared in Type 1 purified water

2.2, Modification of the HOOC-MBs and immunoassay

All the steps of the immunomagnetic assay were performed at room
temperature, under continuous vortex stirring (950 rpm) and protected
from light. The washing steps consisted of the addition of 100 uL of the
adequate buffer containing Tween-20 and subsequent continuous stir-
ring for 2 min. After each washing step, the MBs were attracted using a
magnetic rack and the supernatant was discarded after 1 min. A 6-pL
aliquot of the HOOC-MBs suspension (10 mg/mL) was placed in a 1.5-
mL tube and the MBs were washed once with B1 (100 pL, 5 min) before
proceeding.

The main steps of the assay are represented in Scheme 1.

The MBs’ biomodification consisted of the following steps: (i) acti-
vation of the MBs by adding EDC/NHS (100 pL, 15 min), followed by a
single washing step with B1-T; (ii) addition of 100 L of a Ab-C solution
(25 pg/mL, 60 min) (this leads to an average amount of 0.047 pg anti-
body per MB, which is in accordance with the amount recommended by
the MBs supplier) followed by washing with B1-T and B2-T; (iii) in-
cubation of the MBs with EA (100 jL, 10 min) after washing steps with
B2-T and B3-T. The MBs were resuspended in B3-T and stored at 4 °C
until use.

For the optimized immunoassay (iv) HER2-ECD or cancer cells
(variable concentration) and Ab-D (2 pg/uL) were previously mixed and
a 100-pL aliquot of this mixture was added for 60 min. Then, the MBs
were washed with B3-T, Afterwards, the MBs were incubated with (v) a
S-AP solution (5.0 x 107" M in B4, 100 pL, 30 min), and finally wa-
shed twice with B5-T and resuspended in 50 pL of B5.

2.3. Electrochemical measurements

The MBs were attracted to the WE of the SPCE (DRP-110, DropSens)
using a 4-mm magnet. A 25-ul, aliquot of the re-suspended MBs (cor-
responding to 30 ug of MBs) was placed on the SPCE and the MBs were
magnetically attracted for 2 min. The solution was then removed and
(vi) 40 uL of the enzymatic substrate solution (3-IP, 1.0 X 10~% M)
containing silver nitrate (4.0 x 10~ % M) was added for 20 min. The
detection was performed by linear sweep voltammetry (LSV) through
the analysis of the deposited silver (potential range: —0.03V to
+0.4V, scan rate: 50 mV/s). A potentiostat/galvanostat (PGSTAT101,
Metrohm Autolab) and the NOVA software package (v.1.9; Metrohm
Autolab) were used to record the voltammograms.

2.4. Analyses of human serum samples

To evaluate the applicability of the developed assay, Human serum
(from male AB clotted whole blood, Sigma-Aldrich) was spiked with
HER2-ECD (1 pL of a HER2-ECD standard solution was added to 49 pL
of serum) and analysed without any pre-treatment or further dilution.
The results were compared with the ones obtained with a commercial
Human ErbB2 (HER2) ELISA kit (Thermo Scientific, Invitrogen).

2.5. Cell culture and detection
The breast cancer cell line MDA-MB-231 (HER2-negative cancer

cells) was obtained from ATCC® and SK-BR-3 cells (HER2-positive
cancer cells) were provided by the Department of Biomedicine — Unit



FCUP | 79

Chapter 3 — Electrochemical immunoassays with metalloenzymatic detection

M. Freitas, et al.

0 & EDC/NHS
® 15 min
& Ab-C
® 60min

& EA

Antigen
® 10 min

& Antigen +Ab-D
® 60 min

Capture
Antibody,

& SAP
® 30min

/

\‘_‘
3P/ Ag"
é -

AP (

& 3e/agt
® 20 min

Biotinylated
Antibody

Magnetic Beads

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

Magnetic Beads

s Blocking agent
" Blocker

Antigen

Capture
Antibody

Biotinylated
Antibody

Streptavidin-Alkaline

e < My O

Phosphatase

Scheme 1. Representation of the immunoassay.

of Biochemistry of the Faculty of Medicine of the University of Porto.
The cells were cultured in RPMI medium. For detection experiments,
cells were seeded on 21 ¢cm? plastic cell culture dishes (TPP®). On the
day of the experiment, the cells were harvested with Trypsin-EDTA
0.25% and counted using an automated cell counter (Countess™,
Thermo Scientific, Invitrogen). A trypan-blue exclusion assay was per-
formed using automatic cell counting to confirm cell viability, which
was between 91% and 96%. The distinct cells concentrations
(1 x 10%-1 x 10° cells/mL) were prepared in human serum and ana-
lysed using the optimized immunoassay (Sections 2.2 and 2.3).

2.6. Magnetic bead and cell analysis

FEI Quanta 400FEG ESEM/EDAX Genesis X4M equipment was used
to obtain the SEM images. ImageJ open source software was used to
determine the particles’ average size and histograms were obtained
with SPSS (v.20.0; SPSS Inc.). The cell lines used in this study were
imaged by a Nikon TMS microscope.

3. Results and discussion
3.1. Electrode surface characterization

The MBs were magnetically attracted to the SPCE and the electrode
surface was characterized by SEM (Fig. 1). In the obtained images no
agglomeration of the magnetic particles was observed, and they were
perfectly distributed on the electrode surface. The average size was
1094 + 32.5nm which is in agreement with the size indicated by the
supplier. The organization and linear distribution of the MBs on the
electrode’s surface are excellent features for the detection of the bio-
marker.

3.2. Optimization of the experimental parameters of the immunoassay

The effect of the amount of MBs used in the assay was evaluated

between 7.5 and 90 pg using the following conditions: Ab-C: 25 pg/mlL;
EA: 1 M; HER2-ECD: 0 (blank) and 50 ng/mL; Ab-D: 2 pg/mL; S-AP:
5.0 X 1071° M with BSA 1% (m/V). The obtained results are presented
in Fig. 2A. With the increase of the amount of MBs, from 7.5 to 45 pg,
an increase of the analytical signal (peak current intensity (i,)) was
observed, after which it slightly decreased. The lowest amount of MBs
(7.5 1g) led to the lowest i, due to the reduced amount of capture an-
tibodies. However, for the highest amount of MBs (90 pg) a slight de-
crease of the peak current intensity was observed, which can be due to a
higher electron transfer resistance and thus lower current intensity. The
best signal-to-blank ratio (S/B) was verified for 30 g of MBs. This
amount was used for the optimization of the other experimental para-
meters.

The Ab-C and Ab-D concentrations were subsequently optimized
using the following conditions: HOOC-MBs: 30 ug; Ab-C: 10 and 25 ug/
mL; HER2: O (blank) and 50 ng/mL; Ab-D: 1, 2 and 4 ug/mL; S-AP:
5.0 x 10 '° M with BSA 1% (m/V). As can be seen in Fig. 2B, the
highest i, was obtained for Ab-C 25 ug/mL and Ab-D 4 ug/mL, however
with a lower precision when compared to the other tested combina-
tions. Although the combination of Ab-C 25 ug/mL and Ab-D 2 ug/mL
provided a slightly lower sensitivity, a better precision of the results
was achieved. Therefore, this combination was used in the subsequent
optimizations.

To improve the total assay time, the incubation times of the several
reagents were tested using the ‘step-by-step’ approach (SI Fig. S1): (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. The alter-
natives 3 and 4 led to the highest sensitivity, however, in approach 4
the shorter incubation time of the enzyme led to a lower blank signal.
To further reduce the blank signal, and using alternative 4, 0.5% (m/V)
of BSA was added to the following solutions: (i) antigen (HER2-ECD),
(ii) Ab-D and (iii) both the antigen and the Ab-D, with the purpose of
blocking nonspecific adsorption. The addition of BSA 0.5% (m/V) to the
Ab-D solution (alternative (ii)) clearly reduced the blank signal while
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Fig. 1. SEM image of the SPCE covered with HOOC-MBs and the respective size
distribution.

maintaining the signal for the analyte (50 ng/mL), leading to the best S/
B ratio (SI Fig. 52).

Furthermore, in immunoassay protocols where enzyme conjugates
are used, the addition of a blocking agent is usually advantageous to
improve the S/B ratio. For this purpose, DEA 0.1 M and BSA 1% (m/V)
were tested, according to previously published works [19,37]1. As can be
seen in SI Fig. S3A, although the use of both blockers resulted in ex-
cellent blank values, the highest analytical signal was obtained when
BSA 1% (m/V) was used. Subsequently, four different S-AP solutions
(with BSA 1% (m/V)) were tested: 2.0 x 107! 50 x 107
1.0 x 10~%and 5.0 x 10~ % M (SI Fig. S3B). As can be observed, higher
S-AP concentrations led to higher i, values. The 5.0 x 107 '°M con-
centration was chosen because it provided the best 5/B ratio.

In order to reduce the analysis time of the immunoassay even fur-
ther, a combination of several steps, by pre-incubation of the reagents,
was studied. The tested alternatives were: (A) step-by-step assay, (B)
pre-incubation of HER2-ECD + Ab-D during 60 min and (C) 120 min;
(D) pre-incubation of Ab-D + S-AP (60 min); and (E) pre-incubation of
HER2-ECD + Ab-D + S-AP (60 min). The obtained i, values are pre-
sented in Fig. 3. Alternatives B and C led to the highest analytical sig-
nals, with alternative B providing a better precision among these two
alternatives. On the other hand, the results obtained for alternatives D
and E revealed a low signal and are not suitable for appropriate HER2-
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ECD detection. Thus, the pre-incubation of HER2-ECD and Ab-D (con-
taining BSA 0.5% (m/V)) for 60 min was used for the analysis of HER2-
ECD in Human serum. To complete the optimization of the experi-
mental parameters, the assay was tested at different temperatures (20,
25 and 30°C). As can be seen in SI Fig. S4A the optimum temperature
was 30 °C. The affinity of the MBs to the antigen, i.e. without the use of
capture antibody, was also tested and no significant interaction was
observed (SI Fig. S4B). Table 81 presents the main experimental vari-
ables, the tested range and the selected values.

3.3, Analytical characteristics of the assay

The analytical performance of the assay was evaluated under the
optimized conditions. After verification of the suitability of the mag-
netic immunoassay to detect HER2-ECD in buffer solutions (0.1 M Tris-
HNO; pH 7.4 (buffer 3); linear range 7.5-75ng/mL (n =5),
ip = 1.05 = 0.08 [HER2-ECD] + 55.2 = 3.5, r = 0.993 (SI Fig. 85)),
experiments using Human serum as the matrix were carried out. The
precision of the assay was evaluated for the analysis of 50 ng/mL HER2-
ECD using three different SPCEs, on the same day and different days,
Relative standard deviations (RSDs) of 4.0% and 3.4% were obtained,
indicating that the developed assay provided precise results.

For calibration purposes, the electrochemical signal for different
HER2-ECD concentrations (5-100ng/mL) were studied (Fig. 4). The
peak current intensity increased proportionally to the HER2-ECD con-
centration in two distinct ranges: between 5.0 and 50 ng/mL (1) and
between 50 and 100 ng/mL. At the lower HER2-ECD concentrations the
sensitivity was higher, which implies that the developed method can
detect small variations in the cancer biomarker concentrations at the
early stage of the disease. For the higher concentration range a different
analytical behaviour was observed which can be explained by the near
saturation of the antibody binding sites. The figures of merit for both
ranges are indicated in Table 1. The linear relationship between i, and
[HER2-ECD] were: (1) i, = 0.81 + 0.03 [HER2-ECD] + 2.46 * 0.94
{(r=0.997) and (2) i, = 0.19 + 0.01 [HER2-ECD] + 32.6 + 1.1
(r = 0.997). The limits of detection (LOD) and quantification (LOQ)
were calculated using the respective calibration data, using the equa-
tions: LOD = 3 s,/m and LOQ = 10 s,/m, where s, is the standard de-
viation of the blank and m is the slope of the calibration plot. The ob-
tained LODs were 2.8ng/mL and 11.8ng/ml and the LOQs were
9.3 ng/mL and 39.2ng/ml, for concentration ranges 1 and 2, respec-
tively. For both ranges the LODs were clearly lower than the established
cut-off value (15ng/mL). The analytical characteristics are better for
range 1, however, the usefulness for both ranges are evident since they
allow primary diagnosis (screening and/or early detection) and the
evolution of the patient’s treatment (follow-up). The coefficient of
variation of the method (V,,) was 1.20% and 0.29% for the ranges 1
and 2 respectively, demonstrating adequate precision of the method
(Vo < 5%).

When the calibration plot was constructed in serum a clear matrix
effect was observed. The slopes of the calibration plots in serum were
1.3 (range 1) and 5.6 (range 2) times lower than the slope obtained
with the measurements in buffer. This could be due to globulins,
especially immunoglobulins G (IgG) present in the serum [39,40].

To evaluate the accuracy of the developed immunoassay, spiked
sera with 15 and 50 ng/mL HER2-ECD were tested and recoveries were
found to be 98.7% and 95.3%, respectively. The recovery obtained with
the ELISA kit was 111.3% for 15ng/mL (Table 2) (note: the sample
containing 50 ng/mL could not be analysed using the ELISA kit because
the measured absorbance was outside the calibration range). When
comparing the results of both assays a relative deviation of —11.4 %
was obtained, which confirmed that the developed assay provides ac-
curate results.

The storage stability of the MBs, modified with the capture antibody
and blocked with ethanolamine, was also tested. The anti-HER2-ECD-
MBs were stored at 4 °C in 100 pL of PBS-T. The immunomagnetic assay
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Fig. 3. Results of different assay strategies. (A) step-by-step assay, (B) pre-in-
cubation of HER2 + Ab-D (60 min) and (C) pre-incubation of HER2 4+ Ab-D
(120 min); (D) pre-incubation of Ab-D + §-AP (60 min); and (E) pre-incubation
of HER2 + Ab-D + 5-AP (60 min).

(in buffer solution) was performed on the same day and after 1, 7, 15,
21, 30 and 60 days using 0 and 50 ng/mL HER2-ECD. No significant
difference in the measured blank and analytical signals was apparent
over 60 days, obtaining 99.7% of the initial signal (SI Fig. S6), which
indicates the stability of the MBs during this period. Furthermore, the
use of these previously prepared MBs reduces the time required for the
biomarker detection to 110 min.

The selectivity of the assay towards HER2-ECD was tested with

distinct human proteins (analysed in human serum): an analogous
breast cancer biomarker (CA 15-3, 30 U/mL), a kidney function bio-
marker (cystatin G, 565ng/mL) and Human serum albumin (HSA,
35mg/mL). As can be seen in Fig. 5, the tested proteins showed an
extremely low electrochemical signal, even at higher concentrations,
confirming the selectivity of the assay towards HER2-ECD. In addition,
this study allowed to confirm the specificity of the moneclonal anti-
bodies.

3.4. Analysis of live breast cancer cells

Monitoring HERZ2-overexpressed cancer cells is actually a huge
challenge from the clinical point of view. To test the performance of our
immunoassay, two distinct breast cancer cell-lines were used: the
HER2" SK-BR-3 cell line and the HER2 ~-MDA-MB-231 cell line. As can
be observed in Fig. 6, HER2™ cancer cells provided a concentration-
dependent signal which was 5x higher than the signal obtained with
HER2  -cells, confirming the high selectivity of the optimized assay for
the detection of HER2 biomarkers. The calibration curve (i, vs. log
[cells]) for SK-BR-3 cells was established in the linear range between
1x10°-1 % 10> cellsymL (i, =3.38 = 0.15  log[SK-BR-3]
—2.81 = 0.55), r = 0.996). The coefficient of variation of the method
(Vo) was found to be 2.4% and a limit of detection of 3 cells/mL was
achieved.

3.5. Comparison with other electrochemical immumomagnetic assays

The developed immunomagnetic assay was compared with other
electrochemical methodologies for cancer biomarker analysis (HERZ,
ErbB2, EGFR, CA 15-3, exosomes and «-LA) using a wide variety of
functionalized MBs (e.g. protein A functionalized MBs (ProtA-MBs),
streptavidin functionalized MBs (Strep-MBs), carboxylic acid functio-
nalized MBs (HOOC-MBs)) or ‘self-made’ iron nanoparticles (Fey04
NPs) [34-38,41-45] (Table 3). The ‘self-made’ magnetic particles re-
quired a time-consuming procedure and expensive characterization
techniques leading to lengthy and costly preparation of the material.
This is a key factor in favouring the use of commercially available MBs,
enabling not only a faster but also a cheaper and more sustainable
sensor preparation. Moreover, compared with the construction of im-
munosensors, magnetic assays can improve the antibody orientation on
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Table 1
Figures of merit of the developed magnetic immuncassay for the analysis of
HER2-ECD in Human serum.

Figure of merit 1 2
Concentration interval (ng/mL) 5.0-50 50-100
Correlation coefficient (r) 0.997 0.997
Slope (m) (WA / (ng/mL)) 0.81 0.19
Standard deviation of the slope (8,,) (pA / (ng/mL)) 0.03 0.01
Intercept (b) (LA) 2.46 32.6
Standard deviation of the intercept (S,) (LA) 0.94 1.09
Standard deviation of the linear regression [S}‘,_‘] 1.29 0.4G
Standard deviation of the method (8;n) 0.26 0.16
Coefficient of variation of the method (V,p) (%) 1.20 0.29
Limit of detection (LOD) (ng/mL) 2.8 11.8
Limit of quantification (LOQ) (ng/mL) 9.3 39.2

the particles’ surfaces in a rapid manner (1h), allowing appropriate
antigen binding. In addition, the described assays allow studies to be
carried out using (extremely) low volumes and concentrations, and, due
to the efficient washing steps and analyte pre-concentration, reliable
analysis in serum samples can be achieved with excellent limits of de-
tection. Although only a few studies concerning cell analysis were re-
ported [38,44], CTC analyses for the evaluation of HER2-positive pa-
tients are of utmost importance to help the decisions of clinical teams
for effective personalized therapy. The immunomagnetic assay devel-
oped in this work can effectively contribute to distinguish positive and
negative HERZ2 cell-types with a competitive assay time that is
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Fig. 4. Analysis of HER2-ECD in undiluted Human serum (A) Calibration plots and (B) Representative linear sweep voltammograms ([HER2-ECD] (ng/mL): (1) 0, 5,
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Fig. 5. Selectivity studies using non-target proteins (the signal for HER2-ECD is
included for comparison).

Table 2
Recovery values, relative standard deviations (RSD) and relative deviation obtained in the analysis of IIER2-ECD using the developed immunoassay and a commercial
ELISA kit.
‘Technique Added (ng/mL) Found (ng/mL) Recovery (%) RSD (%) Relative deviation (%) Sample dilution
Elisa Kit 15 16.7 111.3 0.033 —11.4 4-fold
Electrochemical 14.8 98.7 2.8 Undiluted
immunoassay 50 47.6 95.3 37 *

* The absorbance value for 50 ng/mL obtained using the ELISA kit was outside of the calibration range.
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Fig. 6. (A) Calibration plots for the analysis of SK-BR-3 and MDA-MB-231 breast cancer cell lines in human serum; (B) Calibration straight for the analysis of SK-BR-3
(HER2™ cancer cells): 1 x 107 1 % 10%, 1 x 10* and 1 % 10 cells/mL, Insct: Examples of lincar sweep voltammograms.

surpassed only by two works [38,41]. However, one of these works [38]
didn’t include a stability study and the other showed a much shorter
stability [41].

As far as we know, to date no electrochemical immunomagnetic
assays were reported for the detection of HER2-ECD using screen-
printed carbon electrodes, MBs— COOH, 3-indoxyl phosphate (3-1P)
and silver ions (Ag™). Only the magnetic bioassay for the assessment of
ErbB2 status directly in intact breast cancer cells employed SPCE and
HOOG-MBs, achieving an excellent limit of detection [38]. The assay
construction and the simplicity of this method can be compared with
the present work and allows the use of a small-size (portable) equip-
ment. This allows in situ analysis, requiring reduced reagent/sample
volumes. Like this, the assay developed in this work could allow non-
invasive screening and follow-up, according to the requirements of the
clinical teams, and facilitates the monitoring of patients with reduced
mobility or difficult access locations.

The FDA-approved HER2 diagnostic tests and the recently updated
guidelines from the European Group on Tumor Markers (EGTM) re-
ported that the main tests available to measure HER2 gene amplifica-
tion/protein overexpression are immunohistochemistry (IHC), in situ
hybridisation (ISH) and ELISA [11,12]. These tests are mostly per-
formed by clinical professionals from oncological centres or specialized
clinics, which makes their accessibility limited to the availability of
specific technicians and / or equipment. Despite the evolution in this
area and the significant investments and continuous development, it is
still verified that the available tests have high costs for the national
healthcare systems. Furthermore, only three biomarkers are mandatory
to be analysed for all patients with breast cancer (oestrogen receptor
(ER) and progesterone receptor (PR) for endocrine therapy and HER2
for the anti-HER2 therapy). Recommendations for further research not
only involve the identification of additional markers but also analytical
techniques capable of detecting the disease. Therefore, the constant
development of electrochemical biosensors/assays could contribute to
this field of research.

4. Conclusions

An electrochemical magnetic immunoassay, using HOOC-MBs and a

disposable SPCE as transducer, for the detection of HER2-ECD, a breast
cancer biomarker, was developed. Sensitive and precise detection of the
biomarker and an LOD well below the cut-off value was achieved in a
total assay time assay of 110 min (actual hands-on-time: 20 min). The
applicability and selectivity of the bioassay was demonstrated through
the analysis of spiked human serum samples and distinet non-target
proteins and possible serum interferents: Cancer Antigen 15-3 (CA 15-
3), Cystatin C and Human Serum Albumin (HSA). The storage stability
of the MBs was at least 60 days, which is much better than previously
reported. The immunomagnetic assay exhibited an excellent analytical
performance and was successfully applied to spiked serum samples and
may be applicable in the clinical practice. Additionally, the assay was
also tested for the analysis of live breast cancer cells (HER2*: SK-BR-3;
HER2™: MDA-MB-231) and it was possible to distinguish the different
HER2 expression levels, showing high selectivity for HER2-positive
cells.
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Table S1. Optimization of the experimental parameters of the magnetic immunoassay.

Experimental variable Tested range Selected value
MBs amount (Ug) 7.5-90 30
[Ab-C] (ug/mL) 10-25 25
[Ab-D] (ug/mL) 1.0-4.0 2.0
[S-AP] (nmol/L) 0.2-5.0 0.50

Temperature (°C) 20-30 30
t (mixture HER2-ECD and Ab-D) (min) 0-120 60

100 50

== Blank
~41HER2-ECD
+—S/B
80 - L 40
60 | l L 30
E! X o
s n
40 r 20
20 - i ’ - 10
0 = i - | : ﬁ . =5 0
1 2 3 4
Assay

Figure S1.0ptimization 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 pg/mL,
HER2-ECD: 0 and 50 ng/mL, Ab-D: 2 ug/mL).



FCUP | 89
Chapter 3 — Electrochemical immunoassays with metalloenzymatic detection

100 50
e Blank
.....HER2-ECD
—»—SIB
80 - [ 40
60 - [ 30
z | | o
= ”
40 - r 20
20 F 10
0 i == ﬁ 0
i | i | iii
BSA addition

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 pug/mL, HER2-ECD: 0 and 50 ng/mL, Ab-D: 2 ug/mL).
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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 pg/mL, HER2-ECD: 0 and
50 ng/mL, Ab-D: 2 ug/mL).



FCUP

Chapter 3 — Electrochemical immunoassays with metalloenzymatic detection

(A) 160 (B) 160 60
== Blank == Blank
.4HER2-ECD
L4HER2-ECD
140 { —=—sB 140 4
*—SIB L 50
o
I e
120 | . 120 - I
b 40
100 - 100 -
[
z _
<
= go @ 3 g L 309
- (2] = [72]
1
60 - 60
I 20
40 40
10
20 20 - L
0 IS == =4 0 == m ‘ 0
20 25 30 With Without
Temperature (°C) Capture antibody

Figure S4. Optimization of experimental parameters. (A) Temperature, and (B) Affinity of the
MBs with the antigen, i.e. with and without capture antibody.
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Figure S5. Calibration plot in 0.1M Tris-HNOs; 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 pg/mL, BSA: 2% (m/V), Ab-D:
2 pg/mL.
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Figure S6. Obtained current intensities in the stability studies. (Ab-C: 25 pg/mL, HER2-ECD: 0
and 50 ng/mL, Ab-D: 2 pg/mL).
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Overview

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).
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4.1 Quantum Dots as Nanolabels for Breast
Cancer Biomarker HER2-ECD Analysis

Talanta 208 (2020) 120430

\( Monoclonal antibody °. Biomarker (sample) [ Labeled
abele

{;\) Blocker agent 4% Quantum Dot Antibody

Author Contributions:

Maria Freitas (investigation: Equal; Methodology: Equal; Writing — original draft: Lead);
Marta Neves (Methodology: Equal; Writing — review & editing: Supporting); Henri Nouws
(Conceptualization: Lead; Funding acquisition: Equal; Methodology: Lead; Project
administration: Equal; Supervision: Equal; Validation: Equal; Writing — review & editing:
Lead); Cristina Delerue-Matos (Funding acquisition: Equal; Methodology: Equal;
Supervision: Equal; Validation: Equal; Writing — review & editing: Supporting)
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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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ARTICLEINFO ABSTRACT

Keywords:

Electrochemical immunosensor
Breast cancer

HER2-ECD

Quantumn dots

Sereen-printed electrodes

Early detection of cancer increases the possibility for an adequate and successful treatment of the disease.
Therefore, in this work, a disposable electrochemical immunosensor for the front-line detection of the
ExtraCellular Domain of the Human Epidermal growth factor Receptor 2 (HER2-ECD), a breast cancer bio-
marlker, in a simple and efficient manner is presented. Bare screen-printed carbon electrodes were selected as the
transducer onto which a sandwich immunoassay was developed. The affinity process was detected through the
use of an electroactive label, coresshell CdSe@ZnS Quantum Dots, by differential pulse anodic stripping vol-
tammetry in a total time assay of 2h, with an actual hands-on time of less than 30min. The proposed im-
munosensor responded linearly to HER2-ECD concentration within a wide range (10-150 ng/mL), showing
acceptable precision and a limit of detection (2.1 ng/mL, corresponding to a detected amount (sample
volume = 40 yL) of 1.18 fmel) which is about 7 times lower than the established cut-off value (15 ng/mL). The
usefulness of the developed methodology was tested through the analysis of spiked human serum samples. The
reliability of the presented biosensor for the selective screening of HER2-ECD was cenfirmed by analysing an-

other breast cancer biomarker (CA15-3) and several human serum proteins.

1. Introduction

The incidence of cancer has increased considerably worldwide, and
affects the general population, resulting in significant mortality rates
[1,2]. Screening and early detection allow appropriate treatments ac-
cording to the stage of the disease and the availability of healthcare
resources. Most European countries have national cancer screening
programmes for colorectal [3,4], cervical [5,6] and breast [7,8] cancer.
Breast cancer is an important public health concern with considerable
impact for the patients, families and society as a whole, Tts incidence
and prevalence reveals slight differences among developed and devel-
oping countries, with the former presenting a global reduction in
mortality due to a combination of improvements in prevention, detec-
tion and treatment [1,9]. In fact, some studies indicate that mortality
rates have been diminishing in places where active screening pro-
grammes (e.g. mammography) were implemented [7-10]. Therefore,
new analytical tools for the point-of-care (POC) detection of this disease
at the early stages, as well as during its management and follow-up, are
widely demanded. Morcover, the development of portable equipment
for in situ breast cancer analysis could also be very useful in less de-
veloped regions, remote access areas or even for patients with reduced
mobility.

* Corresponding author,
E-mail address: han@isep.ipp.pt (H.P.A. Nouws).

https://doi.org/10.1016/j.talanta.2019,120430

The guidelines established by the Furopean Group on Tumor
Markers (EGTM) on the use of breast cancer biomarkers for decision-
making regarding the treatments to be administered were recently
updated. Despite the large number of new biomarkers that have been
reported, only three are mandatory for all patients diagnosed with in-
vasive breast cancer: oestrogen receptor (ER), progesterone receptor
(PR) and human epidermal growth factor receptor 2 (HER2) [11]. The
latter is established as an important diagnostic biomarker and is re-
commended for testing since this protein is overexpressed in 15-20% of
primary invasive breast cancers and is related with the most aggressive
phenotypes [12,13]. HER2 is a transmembrane protein located on the
cell surface and has distinct demains: an extracellular domain (ECD), an
intracellular tyrosine kinase domain and a transmembrane lipophilic
segment. ECD can be cleaved by metalloproteases and released into the
bloodstream. Consequently, HER2 can be measured in serum, which is
key for the development of quantitative analytical strategies for breast
cancer detection [14,15].

Currently, the two main types of tests accepted for the evaluation of
HER2 overexpression in clinical use are immunohistochemistry and in
situ hybridisation (ISH), which are not suited for POC diagnostics [111.
Hence, a considerable effort in the development of new alternative
methodologies has been carried out. The use of “lab-on-a-chip” and

Received 14 June 2019; Received in revised form 24 September 2019; Accepted 1 October 2019
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binsensor technologies are currently providing remarkable tools for
POC analysis. The possibility of miniaturization, portability, fast re-
sponse and low cost are some of the electrochemical biosensors' features
that make them attractive for the development of new analytical de-
vices [16,17]. Electrochemical-based approaches for the detection of
HER2-positive breast cancer have already been proposed. Different
biosensing strategies were reported, which include nanomaterial-based
sensing- and/or detection platforms [18-24], nanoelectrode ensembles
(NEEs) [25], magnetic-based immunoassays [26,27], a sandwich-type
immunoassay based on nanobodies [28], sensing strategies based on
affibody/antibody recognition events [29], a MIP-based sensor [30], an
impedimetric biosensor based on a zwitterionic hydrogel [31], an im-
pedimetric immunosensor based on the use of single-chain fragment
variable antibody fragments [32], a cellulase-linked sandwich assay
[331, an inkjet-printed electrochemical platform [34], a polycytosine
DNA-based immunosensor [35], and a microfluidic device based on a
nanoshearing method [36]. While all of these methods have demon-
strated suitable analytical performances, their application is still limited
because of extensive and laborious protocols, The use of screen-printed
electrodes (SPE) as the biosensor's transducer, without any surface
modification prior to the functionalization with the biorecognition
element, would considerably simplify the methodology. To date, only
one electrochemical immunosensor for HER2 detection without prior
modification of the electrode surface has been published [37]. In this
work, a sandwich assay with enzymatic labelling allowed to achieve a
low detection limit (4 ng/mL). However, a total assay time of 8h re-
vealed to be its major disadvantage because it is incompatible with a
POC sensing strategy.

Nanoparticle-based signal amplification has attracted considerable
interest in the development of electrochemical methods. Distinet signal
amplification methodologies can be achieved using nanomaterials.
Their application as labels can greatly improve the signal transduction
and simplify the detection strategy. Quantum Dots (QDs) revealed to be
promising candidates as such labels, since they can be conjugated to
antibodies and other proteins [38-41]. In addition, they can be syn-
thesized with different compositions or with distinct core-shell struc-
tures, which can be useful for multiplexed sensing. The commonly used
QDs are composed of a CdS or CdSe core with an external shell to
provide functional groups for bioreceptor immobilization with inert
and biocompatible coatings [38—40]. Comparing to laborious enzy-
matic methodologies, the use of QDs eliminates the need for substrate
addition, which can contribute to the reduction of the analysis time by
applying a straightforward process consisting of: QD dissolution to re-
lease the metal ions, electrochemical deposition (preconcentration) of
the released ions and a potential (stripping) scan to detect the deposited
metal. The obtained electrochemical signal can then quantitatively be
related to the analyte concentration. Furthermore, working with elec-
troactive labels also surpasses thermal instability aspects inherent to the
nature of enzymes, the main difficulties in their use as labels [42,43].

To the best of our knowledge, this is the first electrochemical im-
munosensing strategy based on QDs as electrochemical label for in situ
detection of HER2-ECD.

2. Material and methods
2.1. Apparatus and electrodes

Electrochemical measurements were carried out with a potentio-
stat/galvanostat (Autolab PGSTAT204, Metrohm Autclab) controlled
by the NOVA software package v.1.10 (Metrohm Autolab). Disposable
screen-printed carbon electrodes (with a 4-mm working electrode, a
silver pseudoreference electrode and a carbon counter electrode, all
made of conducting ink (SPCE, DRP-110)) as well the specific connector
to interface the electrodes (DRP-CAC) were supplied by Metrohm
DropSens.

Talanta 208 (2020) 120430

2.2. Reagents and solutions

Rabit IgG monoclonal anti-human-HER2-ECD (clone 002) antibody
(capture antibody — Ab-C), mouse IgG2a monoclonal biotinylated anti-
human-HER2-ECD (clone 8B5DAC1) antibody (detection antibody -
Ab-D), and a recombinant human HER2/ErBb2 protein (antigen) were
obtained from Sino Biological Inc. Qdot® 655 streptavidin conjugate
(QD-Strep) was purchased from Tnvitrogen - ThermoFisher Scientific,
Bismuth ICP standard, acetic acid and sodium hydroxide were acquired
from Merck. Human serum (from male AB clotted whole blood), al-
bumin from bovine serum (BSA), nitric acid (HNO3) and tris(thydro-
xymethyl)aminomethane (Tris) were obtained from Sigma-Aldrich.

Working solutions of BSA, the antibodies, antigen and QD-Strep
were prepared in 0.1 M Tris-HNO3 pH 7.2 buffer (Tris Buffer). The Bi
(IIT) solution (1 mg/L) was prepared in acetate buffer (0.1 M, pH 4.5).
Ultra-pure water was obtained from a Millipore (Simplicity 185) water
purification system. Buffers and solutions were prepared daily.

The male human serwm was stored at — 20 °C. Serum samples (di-
luted 1:1 in Tris buffer) were spiked with HER2-ECD at different con-
centrations and analysed without further treatments. To evaluate the
selectivity of the sensor, non-target proteins (possible interferents) were
added to the serum solution.

2.3. Immunosensor development and detection strategy

Scheme 1 elucidates the immunosensor's construction and detection
strategy according to the following optimized protocol:

(i) the Ab-C was immobilized on the SPCE surface by drop-casting a 10-
pL aliquot of a 25-pg/mL Ab-C selution, which was left overnight in
a humidified chamber at 4 °C. Then, the SPCE was washed with Tris
buffer before the (ii) incubation with BSA ((2% (m/V), 40 L), for
30 min. After the free surface sites were efficiently blocked, (iii}
40l of a previously prepared mixture (10 min before use) con-
taining the Ab-D (2 pg/mL), HER2-ECD and BSA 0.5% (m/V), was
placed on the SPCE for 60 min. Afterwards, the washing step was
repeated with Tris buffer and (iv) a 30-uL aliquot of QDs-Strep so-
lution (5 nM, containing BSA 0.5% (m/V)) was placed on the sensor
surface and left to incubate during 30 min.

Prior to the measurements, a last washing step was performed with
ultra-pure water. The analytical signal was obtained by differential
pulse anodic stripping voltammetry (DPASV) based on a procedure
described elsewhere [44]. Briefly, (v) 5 pL of HCI (1.0 M) was added to
fully cover the working electrode and to release Cd*>* from the QDs.
This was followed by the addition of 40 pL of an acetate buffer (0.1 M,
pH 4.5) containing Bi(ITI) (1.0 mg/L). To activate the working elec-
trode, a constant potential of +1.00 V was applied during 60 s. Then,
the released cadmium ions were pre-concentrated by applying a po-
tential of —1.10 V for 300 s. At the same time a bismuth film was
formed. Finally, the potential was swept from — 1.0 Vto — 0.7 V to strip
the cadmium into the solution, recerding the analytical signal (DPV
parameters: pulse amplitude: 0.05 V; step potential: 0.01 V; modulation
time: 0.01 s; interval time; 0.1 5).

3. Results and discussion
3.1. Optimization of experimental conditions

Non-invasive analysis of cancer biomarkers can be performed in
biological fluids such as serum. Bearing in mind the complex matrices
of biclogical samples, it is mandatory to ensure that background in-
terferences, due to the nonspecific adsorption of biomolecules, are
minimized. Hence, the blockage of nonspecific adsorptions on the
sensor platform after the modification with the Ab-C is of great im-
portance for efficient and specific biomarker detection. The Ab-C
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Scheme 1. Representation of the immunosensor construction and detection strategy.

concentration (25 ug/mL) was selected in accordance with our previous
study [18] and was used throughout the work. Casein (2% m/V) and
bovine serum albumin (BSA) (2% m/V) were the two tested blocking
agents, When casein was used as the blocking agent no electrochemical
signal was obtained. This was possibly due to an excessive blocking
effect (Fig. S1 I). When BSA was used this behaviour was not verified.
Nevertheless, and as can be seen in Fig. S1 (II), the difference between
the blank signal and the signal obtained for the analyte was very low.
Thus, BSA was added in other steps of the assay: (III) BSA 0.5% (m/V)
in both the HER2-ECD and the Ab-D solutions and (IV) BSA 0.5% (m/V)
in the HER2-ECD- and 1% (m/V) in the Ab-D solution. The obtained
peak current intensities (i,) shown in Fig. 81 demonstrated that alter-
native III efficient blocked nonspecific adsorption, leading to the
highest signal-to-blank ratio.

Promising new approaches to improve the detection strategy in the
development of electrochemical immunosensors have been aligned
with nanotechnology through the use of nanolabels, such as QDs.
Moreover, the functionalization of these nanomaterials with biomole-
cules such as streptavidin allows a strong binding to biotinylated an-
tibodies. To optimize the conjugation between the biotinylated Ab-D
and the QD-streptavidin conjugate (QD-Strep), different concentrations
of Ab-D were tested (1, 2 and 4 pg/mL). The obtained i, values are
presented in Fig. 1, and although this value increased significantly
between 1 and 2 pg/ml, only a slightly increase was observed between
2 and 4 pg/mL, which indicates that the latter Ab-D concentration is
close to saturation. Therefore, 2 ug/mlL was chosen as the best com-
promise between the Ab-D concentration and the signal-to-blank ratio.

In this work QDs were used to enhance the electrochemical detec-
tion, to simplify the methodology and to reduce the assay time. Thus,
after the optimization of the surface blocking and the antibodies’ con-
centrations, three different QD concentrations were tested: 5, 10 and
20 nM (in terms of QDs} (Fig. 2A). The i, increased with the increase of
the QD concentration both in the absence and presence of the analyte
(50 ng/mL). Accordingly, 5nM was selected because it provided the
highest signal-to-blank ratio. BSA 0.5% (m/V) was added to the QDs
solution to further minimize nonspecific adsorption, which also led to a
much higher signal-to-blank ratio and a better precision of the results
(Fig. 2B).

Regarding the optimization of the assay, several formats were
evaluated: step-by-step assays (A, B, C, D) and combined assays (E, F,
G). The tested alternatives were: (A) antigen 60 min, Ab-D 60 min, QD

6000 6
l===d Blank
IHER2-ECD (50 ng/mL)
—e—5/B
4500 4
F 4
=3
=
"~ 3000 - S
F 2
1500 - 1
0 - . ,] u 0
1 2 4

Ab-D (pg/mL)

Fig. 1. Optimization of Ab-D concentration (1; 2 and 4 ug/mL). Experimental
conditions: BSA (2% (m/V), Ab-C 25 pg/mL, HER2-ECD (0 and 50 ng/mL), QD
5nM.

60 min (control assay, used during optimization studies), (B) antigen
60 min, Ab-D 60 min, QD 30 min, (C) antigen 30 min, Ab-D 60 min, QD
30 min, (D) antigen 60 min, Ab-D 30 min, QD 30 min; and the com-
bined steps, which involve the pre-incubation of reagents: (E)
antigen + Ab-D 60 min, QD 60 min, (F) antigen + Ab-D 60 min, QD
30 min, (G) antigen 60 min, Ab-D + QD 60 min (Fig. 3). The alter-
natives B and F provided the best signal-to-blank ratios. In both assays,
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Fig. 2. (A) Optimization of QDs concentration (5; 10 and 20 nM) and (B} Current intensities obtained with QDs 5 nM in the absence and in the presence of BSA (0.5%
(m/V)) in the solution. Experimental conditions: BSA (2% (m/V)), Ab-C (25 pg/mL), HER2-ECD (0 and 50 ng/mL}, Ab-D (2 pg/mL).
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Fig. 3. Influence of the incubation time for step-by-step assay (A, B, C and D),
and joining steps assay: HER2-ECD + ADb-D (E and F) and Ab-D + QDs (G).
Experimental conditions: BSA (2% (m/V), Ab-C (25 pg/m1), HER2-ECD (25 ng/
mL}, Ab-D (2 pg/mL), QDs (5 nM + BSA 0.5% (m/V)).

the QD incubation time was 30 min, which resulted in a reduction of
both the blank and analytical signal and an increase of the signal-to-
blank ratio. The sensor’s response to increasing concentrations of HER2-
ECD was assessed for both alternatives (B and F), obtaining similar
sensitivities. Therefore, alternative F was chosen to proceed with the
studies since the total time assay (120 min) was 60 min shorter than the
one of alternative B. The combination of two steps not only allowed the
increase of the precision of the results but also led to a more user-
friendly assay.

3.2. Analytical performance for HER2-ECD determination in human serum

The analytical performance of the developed immunosensor was
tested using the previous optimized parameters. Initially, distinet
HER2-ECD concentrations, in buffer solution, were analysed and a
linear range was established between 5 and 150 ng/mL (Fig. $2). Then,
male human serum samples (diluted 1:1 in Tris buffer) were spiked with
HER2-ECD from 5.0 to 400 ng/ml. A linear relationship between the
analyte concentration and i, was found between 10 and 150 ng/mL,
according to the following equation: i, = (5.07 + 0.14) [HER2-
ECD] + (184 = 11.8), r = 0.9989, n = 5. The corresponding cali-
bration plot as well typical voltammograms within the linear range are
presented in Fig. 4. When comparing the calibration plots constructed
in buffer solution and serum, a clear matrix effect was observed: the
slope of the calibration plot in serum was 5 times lower than the slope
obtained with the measurements in buffer. This could be due to human
serum albumin, which is the most abundant protein in human blood,
and globulins, especially immunoglobulins G (IgG) [45,46]. To avoid
excessive blocking of the transducer's surface, BSA was not added to the
antigen - Ab-D solution. The limits of detection (LOD) and quantifica-
tion (LOQ) were calculated as the concentration corresponding to
3 X Spiank/m for the LOD and 10 X Sp,/m for the LOQ (Spiame Stan-
dard deviation of the blank signal; m: slope of the calibration plot). The
obtained limit of detection (2.1 ng/mL) was far below the cut-off value
established for HER2-ECD (15ng/mL), which corroborates the ade-
quacy and practical utility of the developed sensor. Table 1 summarizes
the figures of merit of the developed sensor.

3.3. Selectivity, stability, precision and recovery studies

The selectivity of the immunosensor was tested through the analysis
of other proteins that could be found in serum. In this study, the sensor's
response towards cancer antigen 15-3, another breast cancer protein
(CA15-3, 50 U/mL) and cystatin C, a biomarker of kidney function
(550 ng/mL) was tested. Blank and HER2-ECD (50 ng/mlL) solutions
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(A) 1000 (B) 1000
i, = (5.07+0.14) [HER2-ECD] + (18.36+11.8)
r=0.9989
800 - % 800 - 150 ng/mL
— 600 - 600
g % % 2
400 - 400
200 @ 200
o
0 T T T T 0 T
0 100 200 300 400 -0.95 -0.85 -0.75
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Fig. 4. (A) Calibration plot using the developed immunosensor in the presence of growing concentrations of HER2-ECD in human serum and (B) examples of typical
differential pulse voltammograms obtained within the established linear range (0, 10, 25, 50, 100 and 150 ng/mL), Experimental conditions: Ab-capture: 25 pug/mL,

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

Table 1
Figures of merit of the developed biosensor for the analysis of the cancer bio-
marker HER2-ECD in Human Serum samples.

Figure of merit

Concentration interval (ng/mL) 10-150
Correlation coefficient (r) 0.9989
Slope (m) (nA/(ng/mL})) 5.07
Standard deviation of the slope (S;,) (nA/(ng/mL)) 0.14
Intercept (b) (nA) 18.4
Standard deviation of the intercept (S,) (nA) 11.8
Standard deviation of the linear regression (Sy) 16.1
Standard deviation of the method (S5 3.2
Coellicient of variation ol the method (V) (%) 5.6
Limit of detcction (LOD) (ng/mL) 2.1
Limit of quantification (LOQ} (ng/mL) 7.1

were also assayed for comparison proposes. All the proteins were added
to male human serum and their concentrations were chosen based on
the values that can be expected in real clinical environments. The ob-
tained i, values are presented in Fig. 5. In comparison to the analytical
signal obtained for HER2-ECD, the other proteins did not show a sig-
nificant response; the obtained i, values were very similar to the blank
signal, which confirmed the sensor's selectivity towards HER2-ECD.

The stability of the immunosensor was also studied. The as-prepared
sensor was stored at 4°C and measurements were performed during a
month (Fig. $3). 1t was concluded that the sensor was stable for up to a
week. So, the sensing phase of the proposed biosensor should be pre-
pared on a weekly basis to guarantee a sensitive analysis.

The intermediate precision and the reproducibility of the results
were assessed by analyzing a 50-ng/mL HER2-ECD solution (in human
serum) on the same day and on three different days, obtaining relative
standard deviation (RSD) of 7.1% and 4.9%, respectively, which in-
dicates that the optimized sensor provided precise results.

500

400 +

300 H

i, (nA)

200 -

100 -

0 e . 1 ; e i S .
Buffer Serum HER2-ECD CA15-3 CystatinC

Fig. 5. Evaluation of the selectivity of the HER2-ECD sensor against other
serum proteins. Experimental conditions: Ab-C: 25 pug/mL, BSA: 2% (m,/V), Ab-
D: 2pg/mL, QDs: 5n0M with addition of BSA 0.5% (m/V)). Serum proteing
concentration: HER2-ECD: 50 ng/mL, CA 15-3: 50 U/mL, Cystatin C: 550 ng/
mlL.
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To demonstrate the potential clinical utility of the immunosensor,
recovery studies were performed using serum samples spiked with three
different HER2-ECD concentrations: 25, 75 and 125ng/mL. The
average recoveries were found to be 105.6, 105.0 and 103.5% with
RSDs of 5.6, 5.0 and 3.5%, respectively (n = 3). This indicates that the
developed sensor provided both precise and accurate results.

3.4. Comparison with previous reported electrochemical immunosensors
and immunoassays

The proposed immunosensor was compared with previously pub-
lished immunosensors and immunoassays with electrochemical detec-
tion for HER2 analysis. As can be seen in Table 2, distinct configura-
tions with comparable performances were described. The
immunosensor developed in this work has a competitive assay time that
is only surpassed by the label-free sensors [19,21,23] and by three
works in which an enzymatic label was employed [24,27,28]. However,
some of these shorter assay times are preceded by complex modifica-
tions of the electrode surface, as well as time-consuming procedures,
which appears as a major drawback [19,21,23,24]. Mcreover, the work
developed by Patris et al. presented a good compromise between assay
time and LOD, considering the complexity of the sample (cell lysates)
[28]. The electrochemical magneto-immunoassay described by Eletxi-
gerra et al. [27] demonstrated an exceptional LOD and assay time.
Nevertheless, the dependence on an enzymatic substrate and the pro-
duction of a substantial amount of waste, due to the volume of mediator
needed for the measurement step, are the major drawbacks of the re-
ported work. The remaining works did not improve the assay time of
our assay. Accordingly, the immunosensor developed in this work
presents a user-friendly straightforward 3-step assay protocel, within a
highly competitive assay time, and achieving a low LOD (< reference
cut-off value).

Furthermore, an additional overview of the use of metallic and
carbon-based QDs for the immunosensing of different breast cancer
biomarkers is summarized in Table SI 1. In some works, the QDs were
used as detection label while in others they were employed in the
modification of the transducer surface. Most of these works imply la-
barious protocols [38,40,47,48] and longer assay times [41,49]. Ad-
ditionally, our immunosensor is the first one that employs QDs for the
development of an electrochemical immunosensor for HER2-ECD.

4. Conclusions

A novel and efficient electrochemical immunosenser for the analysis
of the breast cancer biomarker HER2-ECD, with a total time assay of
2h, was developed. This work highlights the simplicity of the assay,
with an actual hands-on-time of less than 30 min, without resorting to
laborious electrode surface modifications. An electroactive QD label
was cmployed and a limit of detection of 2.1 ng/mL was achieved,
corresponding to the detection of 1.18 fmol of the analyte {sample
volume = 40 uL). The analytical performance was tested in spiked
human serum samples, demonstrating an excellent performance in a
wide linear range with a high sensitivity, stability, precision and ac-
curacy. The applicability and selectivity of the proposed methodology
was tested and confirmed through the analysis of distinct serum pro-
teins in human serum.
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Figure S 1. Study of non-specific adsorptions. Evaluation of the blocking agents (I) Casein 2% and (ll) BSA
2% in the blocking surface step, and evaluation of BSA effect in different incubation steps: (lll) 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 pg/mL), HER2-ECD (0 and
50 ng/mL), Ab-D (2 pg/mL), QDs (10 nM).
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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 pg/mL, BSA: 2% (m/V), Ab-D: 2 pg/mL, QDs: 5 nM with addition of BSA 0.5% (m/V)).
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Figure S 3. Obtained current intensities for stability studies. Experimental conditions: Ab-C: 25 pg/mL,
BSA: 2% (m/V), Ab-D: 2 pg/mL, QDs: 5 nM with addition of BSA 0.5% (m/V)).
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4.2 Immunomagnetic bead-based bioassay for
the voltammetric analysis of the breast cancer
biomarker HER2-ECD and tumour cells using

guantum dots as detection labels
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Graphical Abstract
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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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Abstract

An ¢lectrochemical magnetic immunosensing strategy was developed for the determination of HER2-ECD, a breast cancer
biomarker, and breast cancer cells in human scrum. A sandwich assay was performed on carboxylic acid-functionalized
magnetic beads (MBs) using a screen-printed carbon electrode (SPCE) as transducer surface. The affinity process was
detected using clectroactive labels; core/shell streptavidin-modified CdSe@ZnS Quantum Dots (QDs). Cd* ions, released
from the QDs, were determined by differential pulse anodic stripping voltammetry (DPASV). An assay time of 90 min,
with an actual hands-on time of about 20 min, a linear range between 0.50-50 ng'mL ™' of HER2-ECD and a limit of
detection of 0.29 ng-mL_I were achieved. Analysis of live breast cancer cells was also performed using the optimized
assay. Breast cancer cell lines SK-BR-3 (a HER2-positive cell line), MDA-MB-231 (a HER2-negative cell linc) and MCF-
7 (a cell line with low HER?2 expression) were tested. The selectivity of the assay towards SK-BR-3 cells was confirmed. A
concentration-dependent signal that was 12.5% higher than the signal obtained for the HER2-ncgative cells (MDA-MB-
231) and a limit of detection of 2 cells-mL ™' was obtained.

Keywords Breast cancer - Cancer cells - Electrochemical immunoassay - HER2-ECD - Magnetic beads - Quantum dots

Introduction

This article is part of the Topical Collection on ZX NyNA 2019,
International Congress on Analytical Nanoscience and Nanotechnology Cancer screening programs are implemented at the national

This work was presented at the [X NyNA 2019, International Congress level to reduce mortality rates [1]. Nevertheless, the limited

on Analytical Nanoscience and Nanotechnology at Zaragoza (Spain) sensitivity and the lack of specific results in the traditional
from 2 - 4 July, 2019. Chairman: Dr. Juan R. Castillo. . . . ..

o L Jrman: r en wo diagnosis can significantly lead to unfavourable clinical
Electronic supplementary material The online version of this article outcomes [2]. The absence of non-invasive methodologies

(https://doi.org/10.1007/500604-020-4 1 56-4) contains supplementary

: A ; for accurate determination of carcinogenic biomarkers in
material, which Is available to authorized users.

the bloodstream is a real concern. Human epidermal
growth factor receptor 2 (HER2) is a cancer biomarker
overexpressed in primary cancer cases [3]. The tumour
expression is dichotomized into HER2-positive and
HER2-negative groups [4]. In this field, nanotechnological
devices can be used to measurc the protecin expression in

B0 Henri P. A. Nouws
han@isep.ipp.pt

' REQUIMTE/LAQYV, Instituto Superior de Engenharia do Porto,
Politécnico do Porto, R. Dr. Antonio Bemardino de Almeida 431,

4200-072 Porto, Portugal biological fluids (serum, plasma) from screening to follow-

2 Department of Biomedicine  Unit of Biochemisiry, Faculty of up. Th_e assessment of the concentrgtmn ofthe extracel]_ular
Medicine, University of Porto, Al. Prof. HernAni Monteiro, domain of HER2 (HER2-ECD) in serum samples is a
4200-319 Porto, Portugal prominent alternative since this domain can be cleaved

* CINTESIS — Center for Health Technology and Services Research, from the surface of cancer cells by matrix metalloproteases
Rua Dr. Placide da Costa, 4200-450 Porto, Portugal and released into the bloodstrcam [5]. In addition, the
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assessment of HER2-positive circulating tumour cells
(CTCs) is fundamental for patients that can benefit from
personalized therapies and adjuvant treatment [6].

Electrochemical strategies for the determination of
HER2 in human serum have been reported using distinet
and claborate clectrode surface modifications based on
sumptuous structures (nano, micro- and/or magnetic-
based materials) to improve the transducer’s performance
[7]. Nevertheless, the synthesis of these materials and their
functionalization require extensive and time-consuming
procedures. In contrast, less innovation has been focused
on the detection strategy. Distinct probes or labels to am-
plify the electrochemical signal are required since the re-
dox pair [Fe(CN)e)® “* is still one of the most reported
[8-12]. Although silver [13—16], 1-Naphtol (1-NP) [17],
3,3",5,5 -Tetramethyl[1,1’-biphenyl]-4.4'-diamine (TMB)
[18] and molybdate [19, 20] were employed for the deter-
mination of HER2, the use of nanomaterials has not exten-
sively been studied.

Nanoparticle-based signal amplification has attracted
considerable attention in immunosensing strategies, since
higher sensitivity and lower limits of detection can be
achieved [21]. Quantum dots (QDs) are crystalline nano-
particles that revealed to be promising candidates as clec-
trochemical detection labels in breast cancer assays due to
the good electroactivity of the employed metals [22-24].
QDs can be analysed by stripping voltammetry after
preconcentration of the metal on the electrode surface.
The obtained signal can then be related to the analyte con-
centration [25, 26].

Bioassays using QDs as semiconductor nanolabels and
magnetic particles as a platform for the targeted immobili-
zation of antibodies constitute a versatile solution for the
analysis of biomarkers in clinical practice. In the present
work a magnetic immunoassay was developed using car-
boxylic acid-functionalized magnetic beads (COOH-MBs)
onto which capture antibodies were covalently bound,
allowing their oriented immobilization. This was followed
by the addition of a solution containing the analyte (HER2-
ECD or cancer cells) and a biotinylated detection antibody.
Then streptavidin-coated core/shell CdSe@ZnS QDs were
linked to the previously formed immunocomplex, and the
determination was performed by differential pulse anodic
stripping voltammetry (DPASV) on a screen-printed car-
bon electrode (SPCE). This is the first electrochemical
magnetic bioassay for the analysis of HER2-ECD using a
MB platform and core/shell CdSe@ZnS QDs as
electroactive labels. The electrochemical analysis of
HER2-positive (SK-BR-3), HER2-negative (MDA-MB-
231) and low-expression HER2 cancer cells (MCF-7)
using the present methodology is also new.

@ Springer

Experimental
Apparatus

The SEM images were obtained using FEI Quanta 400FEG
ESEM/EDAX Genesis X4 M equipment at the “Centro de
Materiais da Universidade do Porto (CEMUP)”. Cancer cells
were imaged by a Nikon TMS microscope and counted using
an automated cell counter (Countess™, ThermoFisher
Scientific - Tnvitrogen, USA, www.thermofisher.com/
invitrogen). Screen-printed carbon electrodes (with a 4-mm
working electrode (WE) (electroactive area: 0.079 ecm?), a
silver pscudoreference clectrode and a carbon counter elec-
trode (SPCE, DRP-110)) and the specific connector (DRP-
CAC) were supplied by Metrohm DropSens (Spain, www.
dropsens.com). Electrochemical measurements were carried
out with a potentiostat/galvanostat (Autolab PGSTAT204,
Metrohm Autolab, The Netherlands, www.metrohm-autolab.
com) controlled by the NOVA software package v.1.10
(Metrohm Autolab). Magnetic separations were carried out
using a DynaMag™-2 magnet (ThermoFisher Scientific,
USA, www.thermofisher.com). Ultra-pure water (resistivity =
18.2 M£2.cm) used throughout the work was obtained from a
Millipore water purification system (Simplicity 185)
(Germany, www.merckmillipore.com).

Reagents and solutions

The chemical and biclogical reagents are indicated in the
Electronic Supporting Material (ESM, Section S1). Buffers
and working solutions of the antibodies, antigens and QD-
Strep were prepared daily. The following buffers were used:
MES buffer (0.1 M, pH 6) for the ECD/NHS (200 mM/
50 mM) and the capture antibody (Ab-C, various
concentrations) solutions, PBS buffer (0.02 M, pH 8) for the
EA (1 M) solution, Tris buffer (0.1 M, pH 7.4) for the QD-
strep (various concentrations), containing BSA (0.5% m/V),
solutions, and acetate buffer (0.1 M, pH 4.5) to prepare the
Bi(TI) (1.0 mgL ') solution, Tween 20 (0.01%) was added to
the distinct buffers to be used in the washing steps.

Cell culture and CTC analysis

Breast cancer cell lines MDA-MB-231, MCF-7 and SK-
BR-3 were cultured in RPMI1 medium supplemented with
10 and 15% inactivated FBS, respectively, and 1%
antibiotic/antimycotic solution. Cells were incubated at
37 °C in a humidified atmosphere of 5% CO,-95% air.
The culture medium was changed every 2-3 days, and
the culture was split every 7 days. For analysis, cells were
seeded on 21-cm?® plastic cell culture dishes (TPP®,
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Trasadingen) and were used after 25 days in culture (90—
100% confluence). On the day of the experiment, the cells
were harvested with Trypsin-EDTA .25% and counted
using the automated cell counter. A trypan-blue exclusion
assay was performed to confirm cell viability, which was
between 87 and 96% for all the cell lines. The distinct
solutions of the cells (1x 101 x 10° cells'mL 1) were
prepared in human scrum and analysed using the optimized
immunoassay.

Electrochemical immunomagnetic bioassay
for the analysis of HER2-ECD and living cells

A schematic representation of the sandwich immunoassay
(Scheme 1) elucidates the distinct steps of the experimental
procedure (note that steps (i) to (v) were performed in 0.5-mL

(2) Magnetic Assay

(1) MBs Biomodification

@® 1 h 25 min

& HCI
Bi(Il)

Acetate buffer

(3) Electrochemical detection

Magnetic
Beads (MBs) -

Blocker
agent

Scheme 1 Schematic representation of the magnetic immunoassay., 1
The MBs are first biomodified (i activation with EDC/NHS, ii addition
of capture antibody, iii blocking with EA). 2 The magnetic assay is
performed through the addition of iv a mixture containing the antigen
(HER2-ECID or cancer cells) and the biotinylated antibody. followed by

Capture
Antibody

microtubes). All the steps of the assay were performed
protected from light at room temperature using vortex stirring
(950 rpm). Magnetic separations were carried out using the
DynaMag™-2 magnet.

Prior to the biomodification, the MBs stock solution was
washed with MES-T for 2 min.

(1} The biomodification consisted of the following steps: (1)
a 1.5-uL aliquot of the MBs solution (containing 7.5 pg
of MBs) was resuspended in the EDC/NHS solution
(100 pL, 15 min) and (ii) incubated with Ab-C (25 pug-
mL™", 100 uL, [ h). After a washing step with MES-T
and PBS-T (2 min each), the particles’ {ree surfaces
were (iii) blocked with EA (100 pL, 10 min). The
biomodified particles were resuspended in 100 uL
PBS-T and kept at 4 °C until use.

(iv)
)
M 1h30min

-

Current (A)
R

E(V)

; QD-Strep

the addition of v a QD-strep solution, The magnetic beads are magneti-
cally attracted to the working ¢lectrode, 3 Electrochemical determination
of the released Cd*" is performed. Voltammograms of increasing HER2-
ECD concentrations are exemplified.

. Bioti
[ iotinylated
-¢- Analyte ;_;_\‘i‘_: Antibody
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(2) The magnetic immunoassay consisted of the following:
(iv) The analyte solution (protein biomarker or cancer
cells) was previously mixed with Ab-D (2.0 pg-mLﬁl)
in human serum (10 min before use). The preparcd mix-
ture was then added to the biomodified MBs (100 plL,
1 h). Afterwards, a washing step with Tris-T was per-
formed and (v) the MBs were incubated with a QD-strep
solution (5.0 nM, 70 pL, 30 min).

(3) Electrochemical analysis: prior to the measurements, a
washing step was performed with ultra-pure water.
Then, a 10-uL aliquot of the final solution was placed
on the WE of an SPCE under which a magnet (d =
4 mm) was placed. The SPCE was totally dried with a
nitrogen flow, and 3 uL of the HCI (1 M) and 40 uL of
the Bi(IIT) (1.0 mg-L™") solutions were added to the
clectrode surface to release Cd** from the QDs.
DPASV voltammograms were recorded using the fol-
lowing conditions: constant potential of + 1.00 V during
60 s, followed by a potential of — 1.10 V for 300 s (in
this phase the released cadmium ions were pre-
concentrated and a bismuth film was formed). The po-
tential was swept from — 1.00 V to — 0.70 V to strip the
cadmium into the solution, recording the electrochemi-
cal signal. (DPV paramcters, pulse amplitude, 0.05 V;
step potential, 0.01 V; modulation time, 0.01 s; interval
time, 0.1 s).

Results and discussion

Electrochemical behaviour of the quantum dots
on distinctly modified SPCE surfaces

To elaborate the immunomagnetic assay, prior measure-
ments were performed to study the electrochemical behav-
iour of cadmium (released from the QDs) using DPASV. In
the tested procedure, cadmium was deposited simulta-
neously with a bismuth film which is considered an ade-
quate alternative to the traditional mercury film [27].
Distinct carboxylic acid-functionalized materials were test-
ed using an SPCE as transducer: multi-walled carbon
nanotubes (HOOC-MWCNT, 1 },Lg-mLfl), PEG gold-
coated magnetic nanoparticles (HOOC-Fe;0,@AuNP,
30 pg) and magnetic beads (HOOC-MBs, 30 pg). The
sensing platforms were employed to analyse a 50-ng-
mL ! HER2-ECD solution, and the obtained signals were
compared with the ones obtained with a bare SPCE, using
concentrations of Ab-C 25 ug-mL™", Ab-D 2.0 ugmL™",
QD 10 nM, HCI I M and Bi(Ill) 1.0 mg-L '. The respec-
tive SEM images and obtained voltammograms are pre-
sented in Fig. 1. The functionalization of nano- and
micromaterials with carboxylic acid groups commonly

@ Springer

leads to an efficient and well-organized attachment of the
antibody, allowing the construction of a stable and func-
tional immunoassay [7, 28]. However, when the SPCE is
modified with MWCNTs, the obtained peak current inten-
sity was considerably lower than for the unmodified (bare)
electrode, as can be seen in Fig, la (1 and 2). Despite the
wide application of carbon-based nanomaterials in the con-
struction of electrochemical immunosensors, in this work,
the modification of the transducer with MWCNT proved to
be inappropriate. As described in the literature, the elec-
trode modification with ¢arbon nanomaterials leads to
higher adsorption of proteins on the transducer’s surface,
increasing the effect of the electrical double layer [29]. On
the other hand, the use of both magnetic nano- and micro-
particles leads to an increase in the current intensity. This is
probably due to an efficient immobilization of the capture
antibodies on these particles, as well as the specific orien-
tation, which is not as effective on the SPCE-MWCNT
surface. Although other studics report the construction of
interesting magnetic assays using core/shell nanoparticles,
in the present work, the clectrochemical signal is notice-
ably higher when (micro-sized) MBs were used (Fig. la (3
and 4, respectively)). In fact, the SEM images (Fig. 1b (3
and 4)) support the results since it 1s observed that the MBs
are arranged in an organized layer that can contribute to a
more sensitive method. Tn contrast, the core/shell nanopar-
ticles are not as homogeneous in size and are dispersed on
the electrode’s surface.

Thus, considering that the MBs are the best sensing sur-
face, further studies were carried out to evaluate the possibility
of improving the detection strategy. The electrochemical re-
sponse of the QDs was veritied by adding HC1 and Bi(I1) in
four different strategics (ESM, Section S2). The best results
were obtained by placing the biomedificd-MBs on the WE
followed by the addition of the HCI and Bi(TTT) solutions.

Optimization of the immunosensing strategy

The following experimental parameters that affect the immu-
noassay’s performance were optimized: (a) assay format, (b)
QD concentration, (c) MB amount and (d) Ab concentrations.
Respective text and figures regarding the optimizations are
included in the ESM (Section S3). The parameters selected
to test the immunomagnetic assay for the analysis of HER2-
ECD and cancer cells in human serum are presented in
Table S1. In short, the following experimental conditions were
found to give the best results: MBs 7.5 ng, Ab-C 25 ugmlL™,
Ab-D 2.0 pgmL™" and QDs 5.0 nM, using a previously pre-
pared mixture of the antigen and Ab-D (Format B). Under
these conditions, the average amount of antibody per MB
was (.188 pg.
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Fig. 1 a Study of

the electrochemical behaviour of
cadmium (released from a 10-nM
QD solution) with distinct nano-
and micromaterials used on
SPCEs. b Respective SEM im-
ages: 1 — bare SPCE; 2 — SPCE-
MWOCNT; 3 — SPCE-Fe304@ Au
nanoparticles; 4 — SPCE-MBs

Analytical performance and stability of the modified
magnetic beads

The optimized method was used to analyse the cancer bio-
marker in human serum. The precision of the results was eval-
uated using a 50-ng-mL " HER2-ECD solution. Relative stan-
dard deviations (RSD) for the repeatability and reproducibility
(n=3)were 2.7 and 3.1%, respectively, demonstrating that the
immunomagnetic assay provides precise results,

For calibration purposes, HER2-ECD solutions with in-
creasing concentrations were prepared in human serum
(0.50,1.0,2.5, 5.0, 10,25, 50 and 100 ng-mL ) and analysed
with the magnetic immunoassay. The linear range was
established between 0.50 and 50 ng-mL™ (i,=0.75+0.03
[HER2-ECD] +4.99+£0.58, r=0.997) with a sensitivity of
9.5 uA'mLng '-cm 2. The calibration plot and examples of
differential pulse anodic stripping voltammograms in the lin-
ear range are shown in Fig, 2. Limits of detection (LOD =3 s/
m) and quantification (LOQ = 10s/m) wcre calculated from
the calibration straight: “s” is the standard deviation of the
blank and “m” is the slope. The values obtained were
LOD =0.29 ng-ml ' and LOQ = 0.96 ng'mL . The obtained
LOD was more than 50x lower than the cut-off value (15 ng-
mlL™") established for HER2-ECD. The coefficient of varia-
tion of the method (V,g) was 1.27%, demonstrating that the
precision of the method is adequate (Vyy < 5%). Additional
figures of merit of the magnetic immunoassay are indicated
in Table S2.

To assess the selectivity of the bioassay, other cancer
protein biomarkers were tested, including breast cancer
antigen 15-3 (CA15=3, 100 U-mL™}), liver cancer bio-
marker alpha-Fetoprotein (AFP, 1 p.g-mLfl) and a possible
serum interferent, human serum albumin (HSA, 100 mg:
mL™Y). Concentrations were chosen based on values that

can be expected in real situations. The results demonstrated
the high selectivity of the assay for HER2-ECD since the
signals of the tested interferents are similar to the blank
signal (Fig. 3a).

To assess the accuracy of the assay’s results both recov-
ery experiments and the use of a reference method (ELISA)

50
S
50
a 30 - a0
= X g
- ,q) T 30 - ]
20 | 2
K 204 2
CP 10 -
10 {&
0 , :
é? 4 09 -08 07
E (V)
0 T T T T T
0 20 40 60 80 100 120

HER2-ECD (ng-mL-)

Fig.2 Calibration plot for the analysis of HER2-ECD in human serum (i,
vs. HER2-ECD concentration) using the magnetic immunoassay. Inset:
Differential pulse anodic stripping voltammograms of [11ER2-ECD] (a-
2):0,0.50, 1.0, 2.5, 5.0, 10, 25 and 50 ngmL™", (Ab-C 25 pgmL™"; Ab-
D 2.0 pgmL™’; QDs 5.0 nM. DPASV parameiers: preconcentration +
1.00 V for 60 s and — 1.10 V for 300 s; potential scan —1.00 V to —
0.70 V; pulse amplitude 0.05 V; step potential 0.01 V; modulation time
0.01 s; interval time 0.1 s)
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Fig. 3 a Responses for HER2- a so b 50
ECD, buffer, serum and possible “Blank THER2-ECD
interferents (CA15-3 B
100 UmL™"; AFP l1 ugml ™ and 40 - J: 40 | ] 4 I ! ] |
HSA 100 mg'mL ). b Storage 1
stability of the modified MBs, -
HER2-ECD] 0 and 50 ngrmL™
[ 10 an ng:m 2 30 | 2 30 -
= 2
- -
20 20 -
10 - 10
0 S —= T 0 S 'L | — T L
3 D R
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were performed. For the recovery tests non-diluted human
serum was spiked with distinct HER2-ECD concentrations
(1.0, 2.5, 10, 20 and 50 ng-mL 1. Recoveries between
99.8 and 108.0% were obtained (Table 1), indicating that
the assay provides accurate results and can successfully be
applied to real samples. Experimental specifications of the
ELISA are provided in the ESM (Section S.1.2). Spiked
serum samples with HER2-ECD concentrations between
0.5 and 50 ng'mL~' were analysed. A 4-fold dilution was
required for the ELISA to ensure that the HER2-ECD was
within the linear range. The electrochemical assay did not
require any dilution. Table 1 shows the obtained rcsults.
The relative deviations were below 10% for concentrations
below the cut-off value, which confirms the accuracy of the
results. Although the use of the ELISA kit allows the de-
termination of very low concentrations of the biomarker
with an elevated precision, a serial dilution is required

Table 1 Rccovery valucs (%), relative standard deviations (RSD, %)
and relative deviations (%) for the electrochemical and ELISA analysis of
[IER2-ECD in human scrum: 1.0, 2.5, 10, 20 and 50 ng-mL™".

since direct analysis leads to values outside the range of
concentrations in real cases. Furthermore, the ELISA has a
very narrow linear range (Fig. S1) and much longer assay
(4 h 45 min) and hands-on times (1 h 20 min) than the
assay described in this work (1 h 30 min and 20 min, re-
spectively). The results demonstrate that the performance
of the immunomagnetic assay can be compared to that of
the ELISA, and it provides an important diagnostic tool for
cancer biomarker analysis. Because of the huge importance
of screening and carly diagnosis, the new analytical meth-
odology can be adequate for patient follow-up.

In addition, the stability of the MBs was also studied. The
biomodified MBs were stored at 4 °C in PBS-T, and the signal
was monitored during several weeks, using 0 and 50 ng'mL ™"
HER2-ECD solutions. No significant differences in the ana-
lytical signals were observed for at least 60 days; the signal
was 99.5% of the initial signal (Fig. 3b).

Comparison between the used labels, platforms, assay and hands-on
times for the distinct methodologies

Technique Added Found Recovery  RSD Relative deviation — Label Platform Assay Hands-on
(ng'mL ") (ng-mL ") (%) (%) (%) time time
Electrochemistry 1.0 1.01 101.4 049 # QDs  Single-usc Ih 20 min
2.5 2.70 108.0 0.46 0.75 SPCE 30 min
10 10.52 105.2 0.95 —8.306
20 20.0 99.8 0.67 - 18.57
50 30.9 101.8 2.44 #*
ELISA 2.5 2.68 1072 0.01 TMB 96-well plaic 4 h 1 h 20 min
10 11.48 114.8 0.01 45 min
20 245 1225 0.02

*Human HER2 ELISA Kit absorbance values for 1 ng'mL ' and 50 ng'mL. ' concentrations are outside of the calibration range
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Analysis of live breast cancer cells

The electrochemical magnetic immunoassay was also
used to detect live breast cancer cell-lines: the HER2-
positive SK-BR-3, the HER2-negative MDA-MB-231
and the low HER2-expression MCF-7 cell lines. The se-
lectivity of the assay towards the SK-BR-3 cell line was
assesscd by comparing the signals obtaincd with the oncs
obtained for the MDA-MB-231 and MCF-7 cell lines. In
Fig. 4a can bec obscrved that SK-BR-3 provided a
concentration-dependent signal that was 12.5% higher
than the signal obtained for HER2-negative cells MDA-
MB-231 and 4x higher than the signal obtaincd for the
MCF-7 cells, confirming the selectivity of the assay for
HER2-positive cells. So, the SK-BR-3 cells
that overexpress HER2 can easily be captured by the
Ab-C. This explains the higher analytical signal because
of the higher amount of cells that were captured. The
calibration straight for SK-BR-3 cells was established in
the range between 1 x 10°-5 x 10° cells-mL * (I,=0.15%
0.02 log[SK-BR-3] — 0.20+0.06, r=0.983) (Fig. 4b),
obtaining a limit of detection of 2 cellsmL™'. Additional
figures of merit of the magnetic immunoassay for the
analysis of SK-BR-3 are indicated in Table S2.

The magnetic immunoassay was compared with other elec-
trochemical bicassays for the determination of HER-positive
cancer cells [30-35] (Table 2). Although an electrochemical
nanobiosensor for the detection of SK-BR-3 cell line in a 30-
min test has been described in the literature [31], the time
required for both the preparation of the transducer and for
the modification with the biorecognition element is high (>

a 2o

1.6

1.2

(HA)

I

0.8

0.4

0.0

Fig.4 Results obtained for cancer cell analysis. a Selectivity study of the
magnetic immunoassay in the presence of 1 x 10° cells'mL™" for SK-BR-
3, MDA-MB-231 and MCF-7 cells. b Results obtained for distinct con-
centrations of HER2-positive cancer cells SK-BR-3 in human serum.
Inset: Differential pulse anodic stripping voltammograms of [SK-BR-3]

16 h), and the use of costly materials leads to an expensive
analysis. Comparatively, the present work reports a simplified
experimental procedure with a total time for both the sensing
surface preparation and the assay of less than 3 h.

One of the limitations of the assay is the use of a heavy
metal for detection purposes. Therefore, we minimized the
used quantities: 70 pL ofa 5.0-nM solution, so only 0.35 pmol
of QDs arc used in cach assay. The generated waste can se-
lectively be collected and sent to a certified entity operating in
accordance with European standards regarding waste manage-
ment. A way of replacing the present strategy by a non-
polluting material is by using, for example, enzymes.
However, enzymes can lose their bioactivity and the method
includes an additional step (the addition of the enzymatic sub-
strate). This leads to a longer assay time. The assay can be
optimized further by using a detection antibody that is directly
labelled with the QD. Like this one of the steps of the assay
can be climinated, reducing the total assay- and hands-on
times.

Conclusion

Determination of HER2-ECD and cancer cells in biological
samples is critical for an cfficient diagnosis and follow-up of
(eventually) HER2-positive breast cancer. With an assay time
of 90 min, a sensitive immunomagnetic assay was developed
using MBs and SPCE as transducer surface and core/shell
CdSe@ZnS QDs as electroactive labels. The Cd** ions, re-
leased through acid disselution of the QDs, were analysed by
DPASV. Human serum samples were used to test the sensor’s

b 2o
i = (0.1620.02) log[SK-BR-3] - (0.20£0.06)
r=0,983

1.6 0,
— 1.2 1z
2 F o
~ 0.8

0.4 - @

00O : :

0 2 4 6

Log [SK-BR-3] (cells-mL-")

{(a—€) 0, 1 x 10%, 5 10%, 1 % 10° and 5 x 10 cellsmL™". DPASV param-
eters: preconcentration + 1.00 V for 60 s and — 1.10 V for 300 s, potential
scan — 1.00 V to — 0.70 V, pulse amplitude 0.05 V, step potential 0.01 V,
modulation time 0.01 s, interval time 0.1 s
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applicability, and the selectivity was confirmed through the
analysis of other cancer biomarkers and possible serum
interferents. The immunomagnetic assay was further success-
fully applied to the determination of the HER2-positive SK-
BR-3 breast cancer cell line and of HER2-negative (MDA-
MB-231) and low-cxpression HER2 (MCF-7) breast cancer
cell lines. The SK-BR-3 cell line provided a concentration-
dependent signal that was more than 12.5% higher than the
signal obtained for the other cells. The bioassay proved to be
a fast, reliable and specific analytical tool for measuring tu-
mour markers in cancer patients’ serum.
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S1. Experimental section

S1.1 Reagents

The antibodies (Rabit IgG monoclonal anti-human-HER2-ECD antibody, mouse 1gG2a
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™)
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-Fe3Os@AuUNP) 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 °C 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 (A = 450 nm) is indicated in Fig. S1.

2.5
A= 0.0024+0.00002 [HER2] + 0.124+0.0075
2 - ©
1.5 -
<
o
0.5 - ,_.@""
0 § T T T
0 250 500 750 1000

HER2 concentration (pg-mL-")

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 HCI and Bi(lll) in four
different strategies: Format i - the biomodified-MBs were placed on the WE, which was
totally dried before the addition of HCI and Bi(lll); Format ii — HCI and Bi(lll) were
added to the microtube and its content was placed on the WE; Format iii and iv — HCI
was added to the microtube (Fig. S2). In Format iii, the content of the microtube was
placed on the WE and Bi(lll) 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(lll).
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.

100 150
=dBlank
IHER2-ECD
——S/B
80 - x - 120
—~ 60 - - 90
El @
-*Q m
40 - - 60
; Iyl
20 + - 30
0 . 0
i ii iii iv

QDs dissolution
Fig. S2 Electrochemical determination of the QDs through the addition of HCI and Bi(lll)

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 pg) was studied, obtaining the
highest analytical signal and S/B ratio for 7.5 pg with almost a negligible blank signal
(Fig. S3c).
Then, and using 7.5 pg 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 pg-mL™)
and Ab-D (1.0 and 2.0 pg-mL™) (Fig. S3d). There was an increase in the analytical signal
with increasing Ab-C concentration when Ab-D 1 pg-mL™ was used; however, for twice
the Ab-D concentration (2.0 pug-mL™? the best result was observed for an intermediate

concentration of Ab-C (25 pg-mL™).
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The combination of Ab-C 50 pg-mL* and Ab-D 2.0 ug-mL* led to a lower analytical
signal when compared to the combination of Ab-C 25 pg-mL* and Ab-D 2.0 pg-mL™*,
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.

. . Tested Selected
Experimental variable
parameter/range parameter/value
Assay format A B, C B
[QDs] (nM) 2.5-10.0 5.0
MBs amount (g) 7.5-450 7.5
[Ab-C] (ug-mL™) 10.0-50.0 25.0

[Ab-D] (ug-mLL) 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 pg for each WE) and (d)

concentration of Ab-C (10, 25 and 50 pg-mL™) and Ab-D (1.0 and 2.0 pug-mL™?). (HER2-

ECD (0 (blank) and 50 ng-mL™).
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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™?) or (cells-mL™) 0.50-50 1x102 - 5x103
Correlation coefficient (r) 0.997 0.983
Slope (m) (MA-mL-ng?) 0.75 0.15
Standard deviation of the slope (Sm) (MWA-mL-ng™?) 0.03 0.02
Intercept (b) (LA) 4.99 -0.2
Standard deviation of the intercept (Sa) (LA) 0.58 0.06
Standard deviation of the linear regression (Sysx) 1.19 0.02
Standard deviation of the method (Sxo) 0.17 0.01
Coefficient of variation of the method (Vxo) (%) 1.27 0.21
Limit of detection (LOD) (ng-mL™?) or (cells-mL™) 0.29 2

Limit of quantification (LOQ) (ng-mL™) or (cells -mL™) 0.96 5
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Conclusions

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.
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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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Future perspectives

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.
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