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ABSTRACT

Pancreatic cancer is the most lethal cancer disease, as an outcome of its late diagnosis. Biomarkers in
body fluids offer an alternative approach to earlier diagnosis, prognosis, and progress of cancer treat-
ment. This includes circulating vesicles, miRNA, cell, and protein, which have been identified for the
specific case of pancreatic cancer. Commonly, a specific clinical evaluation requires the analysis of
more than one biomarker, meaning that it is important to define methods that are capable of providing
a combined response for more than a single biomarker. In addition, it is also important that the analytical
results are reliable and avoid false analytical results, which may be achieved by combining multiple
transducers and biorecognition elements.

Thus, this work is developing a new generation of biosensors sensitive to pancreatic cancer biomarkers,
using molecularly imprinted polymer and immunosensing-based strategies. The biorecognition of the
biomarkers is established in two-stages, thereby ensuring high accuracy and sensitivity in the final de-
vice, making use of both electrochemical and surface-enhance Raman spectroscopy (SERS) readings.
The first stage is electrochemical sensing, which captures the target compound, and the second stage
includes SERS sensing, by a suitable Raman tag. Natural or plastic antibodies are combined herein,

also involved in multi-analyte detection.

Keywords: biosensors, electrochemical detection, Raman spectroscopy, SERS, MIPs, immunosensor,

reporters, pancreatic cancer.






REsumoO

O cancro de pancreas é a doenga oncoldgica de elevada letalidade, tipicamente em resultado do seu
diagnostico tardio. A analise de biomarcadores em fluidos corporais podem oferecer uma abordagem
alternativa para um diagndstico precoce, progndstico e acompanhamento do tratamento deste tipo de
cancro. Incluem-se aqui vesiculas circulantes, miRNA, células e proteinas, que foram identificadas para
0 caso especifico do cancro de pancreas. Normalmente, uma avaliagdo clinica especifica requer a
analise de mais do que um biomarcador, o que significa que é importante definir métodos que sejam
capazes de fornecer uma resposta mais alargada. Além disso, € também importante que os resultados
analiticos sejam fiaveis, evitando-se a ocorréncia de resultados analiticos falsos, o que pode ser con-
seguido através da combinagdo de multiplos transdutores e elementos de bioreconhecimento.

Neste sentido, este trabalho descreve o desenvolvimento de uma nova geragéo de biossensores sen-
siveis a biomarcadores do cancro pancreatico, utilizando polimeros molecularmente impressos e es-
tratégias baseadas em imunossensores. O bioreconhecimento dos biomarcadores € estabelecido em
duas etapas, garantindo alta precisdo e sensibilidade no dispositivo final, fazendo uso de leituras ele-
troquimicas e de espectroscopia Raman (do inglés, surface-enhanced Raman spectroscopy, SERS). O
primeiro estagio diz respeito a detecéo eletroquimica, que captura o composto alvo, e o segundo esta-
gio inclui a detegédo por SERS, por meio de uma molécula sinalizadora de Raman adequada. Neste
trabalho combinam-se anticorpos naturais ou plasticos, também envolvidos na detegdo de multiplos

analitos.

Palavras-chaves: biossensores, deteccdo eletroquimica, espectroscopia de Raman, SERS, MIPs,

imunossensor, reporters, cancro do pancreas.
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Chapter 1

Chapter 1. Motivation and aim of the thesis.

This chapter describes the motivation and the main goal of this work.
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1.1 Motivation

With the increasing incidence of cancer, its prevention becomes a major public challenge. Currently,
many of the existing cancers have a high chance of cure if they are diagnosed early and treated correctly
[1]. However, this does apply to Pancreatic Cancer (PC), which remains the deadliest cancer. It is one
of most aggressive neoplasms, spreading rapidly to neighbouring organs, due to late diagnosis and lack
of specific symptoms [2].

Biomarkers circulating in blood, urine and saliva may turn out an alternative way to reach an earlier
diagnosis, also contributing the prognosis and progress of cancer treatment. Screening specific markers
offers the additional advantages of allowing a non-invasive and relatively inexpensive process to detect
cancer. The biomolecules used as tumour markers include cell-free DNA, cell-free RNA, tumour proteins
and, more recently, exosomes (EXOs) [3], [4].

Biomarkers for PC are categorized as diagnostic and prognostic, which provide information about the
patient's overall cancer outcome, regardless the therapy. Moreover, there are predictive ones, providing
information on the effect of a therapeutic intervention [5]. The ideal would be to be able to differentiate
healthy subjects from patients with PC in the early stages, but this has been a challenge in the scientific
community [5]. The classical cancer biomarkers (such as the Carbohydrate Antigen 19-9; CA 19-9 or
the Carcinoembryonic Antigen; CEA) are unreliable for prognosis and detection of early-stage of PC.
However, they are relevant to monitor the response of patients undergoing treatment [6], [7].

Potential exosomal markers for the early detection of PC include miRNA-155, miRNA-21 [8], [9], tetra-
spanin 8 (Tspan8) [10] and cell surface proteoglycan, glypican-1 (GPC1) [11]. The simultaneous detec-
tion of more than one of these biomarkers has been shown fundamental to provide valuable information
in clinical context. Together with the unequivocal confirmation that these biomarkers are present in the
sample, thereby avoiding false positive and negative data. Thus, a simple system combining the ability
of screening more than one biomarker at the same time in an accurate way becomes fundamental.
The most common ways of targeting cancer cells in biosensors include antibodies. Antibodies contain
specific regions that are able to interact with a given target with a considerable selectivity, especially if
of monoclonal origin [12]. These natural compounds may also be replaced by biomimetic materials ob-
tained by Molecularly Imprinted Polymer (MIPs) technology [13], [14], [15]. Compared to natural anti-
bodies, these materials offer higher stability and lower cost, but lower selectivity of binding. The selection
of the most suitable antibody-based approach depends on the intended targets. So far, there are many
reports on the use of MIPs for a wide range of different molecules [16].

In terms of detection, Surface enhanced Raman spectroscopy (SERS) was established as a powerful
technique for the discrimination, identification, and quantification of samples of biological origin, even
allowing single molecule detection [17], [18]. It employs metal nanostructures to enhance the signal of
suitable Raman reporters with fingerprint information, thereby enhancing the accuracy of the detection.
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1.2 Objectives

The main goal is to develop a low-cost sensing-platform for screening protein biomarkers in PC. It uses
(i) screen printed electrodes (SPEs), (i) modified with biorecognition elements that capture the bi-
omarkers, which is signalled after by (iii) specially designed Raman tags. This platform is expected to
offer exceptional accuracy features, as there are two stages of biorecognition for the same analyte.
The specific goals are:

(a) Preparing suitable biosensing supports and Raman tags.

(b) Using suitable biorecognition elements.

(c) Enable suitable SERS detection for single and multiple analytes.

1.3 Thesis Outline

The thesis is organized into eight chapters.

CHAPTER 1. Described the motivation of this thesis and list the objectives of the work.

CHAPTER 2. address about the cancer disease and focusses on most relevant biomarkers for
PC. One of the possible solutions to detect PC early are biosensors, so electrochemical and optical
based in SERS, are potential tools to solve this problem. The introduction of nanomaterials improves
the performance of sensors, and this part resumes the uses of nanometal structures in several applica-
tions.

CHAPTER 3. shows the ability of nanomaterials like gold nanostars (AuNSs) to produce a Raman
signal. The gold screen-printed electrode (Au-SPEs) was a surface used to assembly the immunosen-
sor. The dual detection was a system applied to recognize CEA, using electrochemical and SERS de-
tection on the same spot. The Au-SPEs was modified with an antibody producing an electrochemical
signal. The following stages, on the same surface, consisted in binding a second antibody linked to
AuNSs with a suitable Raman reporter to generate a relevant enhancement of the Raman signal.

In CHAPTER 4. the use of polythionine (PTH) as an electroactive compound is considered to be
employed in the construction of an electrochemical biosensor. PTH is further explored as an electro-
chemical probe in a biosensor to detect CA 19-9 on two different substrates, carbon and gold, using
differential pulse voltammetry (DPV) as a reading technique in phosphate buffer (PhB) solution. The
biosensor was assembled using the MIPs technology. The Raman spectra of PTH films on gold (sub-
strates or AuNSs) and carbon (substrates) are also presented and discussed as a potential use for
SERS reading as complementary information to electrochemical data.

With prior knowledge of the properties of PTH, in the CHAPTER 5. the MIPs was built on top of
a carbon screen-printed electrode (C-SPEs) using Thionine (TH) as monomer. To detect L1, cell adhe-
sion molecule (L1CAM) uses the combination of SERS with MIPs technologies is employed. The syn-
thesis of the Ag nanocapsules (AgNCs) coated with porous silica starts by using a Au core as a seed
and using polystyrene (PS) beads as a template. Then, these Au cores were covered with Ag, obtaining

nanostructures with high plasmonic capacity. The plasmonic AgNCs were then modified with the Raman
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reporter, 4-mercaptobenzoic acid (MBA) and antibody for L1CAM, to recognize the selective sites in the
MIPs by SERS.

Due to the high efficiency obtained in the detection of biological markers using MIPs with SERS,
CHAPTER 6. explores a similar approach for another biomarker. The MIPs was built on the surface of
C-SPEs using 3-aminophenol (3AP) as monomer. The novelty of this work consisted on the use of
Coomassie brilliant blue (CBB) to protect the protein during the MIPs formation and give more stability
and reproducibility to the sensor. Particularly, 4-mercaptobenzonitrile (MBN) was used as Raman tag to
modify the AgNCs. The Raman peak of MBN is in the so-called “silent region” allow following the strong
peak without interference from competing vibrations.

In CHAPTER 7. a multi-detection platform was built using the electropolymerization and previous
knowledge. The MIPs for GPC1 and CA 19-9 were developed and used to capture on the same surface
both biomarkers, to be detected by a differentiated SERS signal. The Raman reporters 4-ATP and MBN,
were used to modify the surface of AQNCs. The SERS tags were marked with the specific antibodies to
recognize the antigens captured in the MIPs on the biosensor.

Finally, CHAPTER 8. summarizes the most relevant aspects of the work and indicates probable

future investigation routes.
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Chapter 2.Introduction

This chapter reviews the main theoretical topics that support the work developed throughout
this thesis. Relevant concepts about cancer diseases with particular focus on PC biomarkers
are highlighted. The main components of biosensors are addressed, along with a summary of
the main concepts underlying the operation of electrochemical and SERS-based sensor de-
vices. Finally, this chapter reviews the topics of nanomaterials that involve electrochemical

polymerization and metal nanostructures used in SERS-based devices.
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21 STATE OF ART

2.1.1 Cancer diseases

Cancer is a result of the abnormal cell division that proliferates in an uncontrolled manner, without re-
sponding to the normal control signals during the cell division process. As a result of uncontrolled and
unregulated proliferation, numerous cancer cells grow, continue to divide, and invade normal tissues
[19].

Abnormal cell proliferations are called tumours, which can be benign or malignant. Benign tumours
remain retained in their primary location, do not invade nearby tissues, or spread to other parts of the
body. In contrast, malignant tumours invade healthy tissues and spread throughout the body in the
circulatory systems causing metastasis. The capability of malignant tumours to cause metastasis makes
it a dangerous and aggressive disease, and very difficult to treat locally. While benign tumours can be

surgically removed as they are retained in a specific site in the body [19].

A Mutation
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Initial tumor cell
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selection for
rapid growth

variant cell with
growth potential

. selection for
Mutation rapid growth

~

Variant
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Figure 1: Stages of tumour proliferation. A) initiation of mutation of one cell, B) appear more mutation of cells and
growing fast, C) progression with several mutations and accelerated growing.

The process of cancer development at the cellular level involves a series of steps beginning with the
mutation of a cell Figure 1 A. The first step described the initiation of the tumour, abnormal cells are
produced as a consequence of a genetic alteration. Next, in the cell proliferation phase population of
tumour grow up very fast through cell division of the original abnormal cell. During the tumour progres-
sion, additional mutations are added to the tumour population, Figure 1 B [19]. The mutations involve
selective advantage transmitted to descending cells, such as accelerated growth, survival, or invasion.

Consequently, cell descendants become dominant in the tumour population Figure 1 C, a process called
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clonal selection. Clonal selection is responsible for the fast-growing and increasingly aggressive char-
acteristics of cancer [19].

The main differences between normal cells and cancer cells are evidenced in communication with the
immune system, like cell repair and death, function, and blood supply. Cancer cells are more easily
mobilized than normal cells, so they move to nearby tissues to form new clones and become in metas-
tasis [20].

Nowadays, the probability of surviving of cancer are increasing [21] thanks to the knowledge about the
disease, along with advances in early detection [22], treatments and prevention [23]. However, some
types of cancer are still a severe problem, mostly because are caused by intrinsic DNA replication,

problems that are not modifiable and affect all human beings [23].

2.2 Pancreatic Cancer

“Pancreatic cancer cells are difficult to detect, making early diagnosis the exception”, the statement
describes a figure of PC cells in the article written by the Eric Bender, a science writer in Newton, Mas-
sachusetts, 2020 in Nature journal [24]. The statement a few years later, is not far from reality. Nowa-
days, PC continues to be a challenge in science in the search for early detection to obtain better prog-

nosis for life in patients.

Estimated number of new cases from 2020 to 2040, Both sexes, age [0-85+]
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Figure 2: Representation from Global Cancer Observatory of estimated number of new cases of pancreatic cancer
in 2040, comparative with 2020.

The Global Cancer Observatory [25], predicted for 2040 the world population will experiment an increase
of +61.7% the incidence of PC in both sexes, from 495 773 cases in 2020 to 801 634 in 2040, Figure 2.
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Although PC is a rare occurrence, it does not have a history of success in medicine, with most people
diagnosed with it being sentenced to death [24]. Living without the pancreas is quite difficulty, which is
one of the reasons of PC is so deadly. Another reason is the anatomical position of the pancreas, behind
the stomach, makes it difficult to access by scanning tools in the search for tumours. All these disad-
vantages contribute to PC detection being too late in most clinical cases [24].

The pancreas is an organ with exocrine and endocrine functions, hence pancreatic tumours have been
divided into non-endocrine and endocrine tumours. Benign tumours of endocrine are called: adenoma,
cystadenomas, lipomas, fibromas, haemangioma, lymphangioma and neuromas. While among malig-
nant tumours are ductal adenocarcinoma, cystadenocarcinoma, among others with histological charac-
teristics of malignant tumours [26].

Published studies on the risk factors for PC show the existence of modifiable and non-modifiable risks.
Non-modifiable risks are age, gender, ethnicity, blood group, gut microbiota, diabetes, and family history
along with genetic susceptibility. Among the modifiable risks are alcohol, smoking, obesity, diet, and
infections [27].

2.2.1 Biomarkers

In the initial stages of PC, most patients are asymptomatic, clinical evidence appears in very advanced
stages of the disease. The survival of patients diagnosed with PC is between four and six months, and
in resected pancreatic patients the survival rate is 30-58% in 5 years [28], [29]. However, when the
disease is detected early, the survival rate is significantly higher compared to more advanced stages.
Hence, the diagnosis in the initial stages of the disease is one of the most relevant aspects for success
in the treatment of PC [30].

However, early detection continues to be a challenge due to the absence of symptoms and adequate
tests for diagnosis. Biomarkers emerge as a possible tool for cancer diagnosis and monitoring during
the treatment phase [30]. Particularly for PC, biomarkers are of great importance due to the high impact
they can have in clinical practice. Biomarkers are a molecular structure that can be measured to predict
the incidence or outcome of a disease. A biomarker is defined as: “a biological molecule found in blood,
other body fluids, or tissue that is a sign of a normal or abnormal process, or of a condition or disease,”
according to the National Cancer Institute [31]. Testing to find biomarkers are targeted to genes, pro-
teins, and other molecules that can provide common information about cancer more personalized to
each person. A great variety of biomarkers can be found (Figure 3) include proteins (enzyme or recep-
tor), nucleic acids (microRNA, DNA), antibodies, and peptides, among other categories [32].

CA19-9 is considered as a biological marker in the diagnosis of PC. However, it is not specific or sensi-
tive enough to be used for screening without the need for additional tests to confirm the diagnosis [29].
Many other biomarkers are reported in the literature and here we will be reviewing some of them. Bi-
omarkers can be found in serum, biliary fluid, pancreatic juice, urine, faeces and cystic fluid, and these

analysis methods present complexity associated with their invasiveness, sensitivity, and specificity [29].

10
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The characteristics looking for an ideal biomarker would be the ability to isolate with non-invasive and
economical processes, high sensitivity in early stages together with high specificity to discriminate pa-
thologies [33]. In the search for specific biomarkers of early release has been found abundant biological
material, mainly is detected proteins expressed in high quantity. Another biological material in less quan-
tity is quite difficult of detect. For this reason, instead of continuing to search for quantitative changes in

a single biological marker, the search has been redirected to a multiple panel of biomarkers [34].

metabolites

exosomes
4

Figure 3: Scheme of several biomarkers for cancers, like exosomes, RNA, DNA, antibody, enzyme, protein and

cellular metabolites. Adapted from a photograph of a BBC Science Focus Magazine [35].

The idea of a single biomarker with enough information about a type of cancer would be very favourable
in the clinic. However, due to the complexity of tumours, particularly PC, the best approach for a solid

diagnosis is a panel of biomarkers together with the clinical evaluation of the patient's history [33].

2211 Carbohydrate antigen 19-9
The Food and drug administration (FDA) in 2002 approved the use of CA 19-9 as a biomarker for PC,

being the only marker for pancreatic cancer authorized for clinical use [36] at the time. CA 19-9 is already
established in the clinical routine as a marker and combined with other biomarkers it is expected to bring
an improvement in diagnostic accuracy and robustness. The use of panels of biomarkers allows a better
sensitivity for cases where CA 19-9 fails to be specific enough [33].

CA 19-9is found on the surface of cancer cells. It was initially described in 1979 [37] as a tumour antigen
and is the best-known serological biomarker in the diagnosis of PC [38]. CA 19-9 is not specific for PC
and has been found expressed in other cancer cells such as colon, gastric and biliary tract [39], [40]. Its
clinical use has been described to monitor the progress of the disease or the response to treatment [41],

since it has been found elevated in blood in 80% of patients with PC [42]. Its use is however limited for

11
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detecting the disease [29]. The serum sensitivity and specificity of CA 19-9 are between 79-81% and
82-90%, respectively, for the diagnosis of PC in symptomatic patients [42], [43], [44].

CA 19-9 has been used to evaluate treatment in patients with metastatic PC. One of the studies aimed
to evaluate actual use by monitoring results of CA 19-9 levels in serum of patients with metastasis. The
database used includes patients diagnosed with PC metastasis between 2015-2020 [41]. Independent
of treatment, elevated CA 19-9 levels at the start of treatment correlated with poorer survival. Increased
CA 19-9 levels in the treatment phase were also associated with decreased survival. On the other hand,
the decrease in CA 19-9 in weeks 8 of treatment served as a predictive marker for the efficacy of chem-
otherapy. CA 19-9 became more useful in radiological evaluations to identify patients with a higher
survival rate. In conclusion, the trial reported that a greater than 20% reduction in CA 19-9 levels at
week 8 predicted highly significant survival [41].

In the literature we find specific biosensors for the detection of CA 19-9. One of the most recent publi-
cations presents [45] an electrochemical immunosensor for CA 19-9 using a self-assembled membrane
on the surface of Au-SPEs, for detection in real samples. The immunosensor responds in the range of
0.05 to 500 u/ml showing a linear response dependent on the concentration of CA 19-9. The researchers
accomplish a stability study of the immunosensor after 7 days. The sensor response decreased by 3.1%
past 7 days in relation to the current response. The evaluation of the immunosensor after 3 weeks shows
values of 85% of the initial values, indicating a great stability in storage at 4 °C of the immunosensor
[45].

Another work based on electrochemical immunosensor for the detection of CA 19-9, presents the appli-
cations of PTH and gold nanoparticles (AuNPs) [46]. DPV was used to measure the electrochemical
response of the immunosensor over a range of CA 19-9 concentrations from 6.5 to 520 u/ml. The de-
crease in currents showed a linear concentration-dependent relationship with R=0.9989, efficiently pre-

senting an electrochemical immunosensor sensitive to CA 19-9.

221.2 Carcinoembryonic antigen

Gold and Freedman [47] in 1965 experimentally found in adenocarcinomas of the human colon the
presence of unique tumour antigens absent in normal colonic tissues. They were referring exactly to a
CEA isolated for the first time in 1965 from colorectal cancer [47]. CEA is a glycoprotein with a molecular
weight of 180—200 kDa that isolated from different tumours maintains a similar amino acid and carbo-
hydrate composition [48]. CEA is composed by 29 genes divided into two groups, mainly cell adhesion
molecules and subgroups of pregnancy-related glycoproteins. The fact that CEA is an adhesion mole-
cule suggests that it has an important role in the processes of invasion and metastasis of cancer [49].

CEA levels in patients with PC can increase up to 60%. Along with other biomarkers, CEA is related to
a poor prognosis of PC. However, the possibility of being indicative of the prognosis and evolution of
PC has been being studied [50]. CEA cut-off value of 7.2 ng/ml determined the survival outcome after
surgical resection for locally advanced PC. This finding suggests that CEA level could be used as an

additional marker in the selection of patients for surgery [50].
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CEA is a non-specific marker related to various types of cancer as colorectal cancer [51], breast cancer
[49], [52], lung cancer [53], ovarian cancer [54], and PC. The CEA serum level is not a definitive marker
to differentiate the origin of cancer. So, the use of other diagnostic tools to confirm the type of cancer is
alternatively recommended. However, it is being used in targeted therapies against cancer [55], [56].

Along with CA 19-9, serum CEA levels continue to be used to predict late-stage PC diagnosis. Manen
et al, also agree the optimal cut-off value of CEA is 7.0 ng/ml for better survival prognoses in patients

with advanced PC after surgery [57].

2.21.3 L1 cell adhesion molecule

L1 antigen was described, for the first time in 1984, by Rathjen and Schachner [58]. L1 was identified
as a cell adhesion molecule (CAM) component involved in cell [58]. L1ICAM is a member of the immu-
noglobulin-like cell-adhesion molecule superfamily, also known as CD171. It is composed of six Ig-like
domains and five fibronectin Type Il repeats followed by a transmembrane region and a highly con-
served cytoplasmic tail [59].

L1CAM is a transmembrane glycoprotein of 200-220 kDa, with a large extracellular part and a short
intracellular cytoplasmic domain. This protein can be digested by metalloproteinases, releasing a solu-
ble ectodomain of 200 kDa and a transmembrane peptide of 32 kDa [60]. Originally it was described in
the nervous system but has been a cross-border process into its expression in cancer cells [61]. The
relationship of L1CAM with neural biology has been elucidated little by little since its discovery. It is
described as a promoter of neuronal adhesion, determining the migration of neuronal cells [62]. Also,
mediate the adhesion of neurons to Schwann cells along axons, intervenes in process of myelination
and stimulated the survival of neurons [63].

As expected, due to the important role it plays in the central nervous system (CNS), the mutations in
L1CAM cause serious abnormalities [64]. Moreover, L1CAM gene mutation described as X-linked hy-
drocephalus are responsible of neonatal lethality caused by hydrocephalus [65], [66]. Its expression and
relative specificity in neural tissue, promotes its used as a neuronal surface marker [67]. Many studies
present L1CAM as a marker of the CNS [68], [69] and as potential diagnosis to identify types of tumours
[64], [70].

Outside of the CNS, L1CAM emerges as a predictor and possible target in tumour therapies [71]. The
ectodomain soluble is a marker of poor prognosis, in various cancer types: in renal cell cancer, endo-
metrial, ovarian carcinomas, melanoma, glioblastoma, colon cancer, pancreatic ductal adenocarcinoma,
and small cell lung cancer [72]. It is really to be expected the normal functions of L1CAM, adhesion and
migration, will be found in the same way in tumours. So, it is questioned whether the behaviour of cancer
cells, such as invasion, growth, and metastasis, are related in some way to the levels of expression of
L1CAM [73].

The overexpression of L1CAM in tumours have been detected different techniques like immunohisto-
chemistry, ELISA [74], [75], RT-PCR [76], [77], or Western blot. Although not commonly used in clinical
practice, L1CAM emerges as a diagnostic marker for human cancers [73]. Many immunohistochemical

studies emerge in the literature using L1CAM as a positive marker, to detect glioblastomas [78],
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neuroendocrine carcinoma [79], breast cancer [80], endometrial cancer [81], and gastric cancer [82] to
name a few.

The first report to detect L1CAM in epithelial tumours from serum samples was by Fogel et al in 2003
[70]. The authors present L1CAM as clinical predictor in ovarian and uterine tumours using immuno-
histochemistry techniques [70]. L1CAM overexpression in certain cancers appears to provide antiapop-
totic protection to cells against drug treatment [83]. Findings in this study corroborate the role of L1CAM
in the malignancy of PC tumours [84]. These studies suggest that the high expression of L1CAM in the

PC induce chemoresistance to the treatments [84], [85].

2214 Glypican-1

GPC1 is a membrane-anchored protein associated with several types of cancer, including PC. The
protein is one of six members of the heparan sulphate family of proteoglycans [86]. In general, glypicans
have a nucleus of around 70 kDa and conserved cysteine residues. Other characteristics are the binding
regions to the heparan sulphate chains located in the C-terminal regions [87]. The protein is highly
expressed in the membrane and has an extracellular part that can be release in a soluble form [88].
Several studies confirm the overexpression of GPC1 in different tumour tissues associated with cancer
development [88], [89], [90].

The GPC1 biomarker has been detected exclusively in the membrane of cancer EXOs [91]. EXOs origin
is determined by integrins expression involved in the development of metastasis. Many publications
reveal proteins and protein receptors in cancer related to EXOs [92], [93], [94], [95], [96]. These extra-
cellular vesicles are attracting attention based on their surface protein patterns and cargo [97]. Recent
studies [98] have shown the overexpression of GPC1 protein and specific mMRNA in PC, even in early
stages of the disease. Results indicate a correlation of GPC1 with an unfavourable diagnosis and prog-
nosis in PC, although it could be used as a therapeutic marker for cancer progression [98], [99].

In 2015, GPC1 was identified for the first time with a specificity and sensitivity of 100% between healthy
and PC patients [91]. The report generated interest and in 2018 [100] was published the first biosensor
for the detection of GPC1 based on the thiol-modified antibody immobilization technique. Using the DPV
as electrochemical reading, GPC1 antigen was detected in a concentration range of 100 pg/uL to 5000
pg/uL in undiluted human serum [100].

Nanomaterials have been widely used in the fabrication of biosensors. Mostly because its high perfor-
mance and great combination with different analyte detection techniques. The authors combined the
nanomaterials with the photoelectrochemical detection method to detect GPC1. For a more precise
diagnosis of PC, they used three biomarkers GPC1, CEA and glutathione (GSH) simultaneous [101].
The selectivity of the immunosensor was studied using different interfering species demonstrating an
excellent specificity. The precision of the sensor to detect GPC1, CEA and GSH was evaluated against
cell models, mice, and patients. Molecules targets were detected simultaneously with high precision and
sensitivity in all models [101].

Overall, it is critical to address and develop new devices for sensing complex biomarkers as proteins

signalling PC, for which biosensors are well-suited. Biosensors are intrinsically related to the devices
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employed for detecting biomarkers, making use of a wide range of nanomaterials that ensure a good

discrimination of a given biomarker in the presence of various other compounds.

2.3 Biosensors

The general term sensor is employed for a device to detects changes like pressure, heat, or electrical,
and converts them into signals that we can detect and analyse. The transducer is the element respon-
sible for converting the signal from the sensor into a measurable form [102]. Sensors must possess
certain characteristics such as sensitivity, selectivity, high resolution, reproducibility, repeatability, and
response time. They can be divided into several categories considering various parameters, for example
the detection signal. According to the methods used for detection signal, sensor is divided in physical,
chemical, thermal, and biological. Considering the way used for signal identification, appears the term
biosensors referring to biological sensors [102].

According UPAC, a biosensor is “a device that uses specific biochemical reactions mediated by iso-
lated enzymes, immunosystems, tissues, organelles or whole cells to detect chemical compounds usu-
ally by electrical, thermal or optical signals” [103]. Biosensors are composed of a bioreceptor, a trans-
ducer and a signal processing system, as shown in

Figure 4. Bioreceptors are the elements that recognize the analyte, like enzymes, antibodies, plastic
antibodies, cells, or microorganisms. Transducers are responsible to convert the results of biological
interactions into measurable parameters. Finally, the signal processor (or detector) allows reading sig-
nals and interpreting them [104]. Overall, they constitute a valuable analysis and detection technique
for monitoring signals from biological processes that include interactions of proteins, DNA, enzymes, or
cellular communication entities [105], by combining the recognition properties of bioreceptors and the
sensitivity of transducers.

In general, biosensors can be classified in four groups according to the transducer: optical, thermal,
piezoelectric, and electrochemical [106]. The optical biosensors are based on the response of light after
interaction with a molecule. lts foundation is based on the optical properties of light such as absorption,
fluorescence, luminescence, and resonance of surface plasmons. Among the best-known optical tech-
niques, we can mention Raman, Fourier Transformed Infrared Spectroscopy (FTIR), fibre optics and
surface plasmon resonance (SPR) [107]. Thermal biosensors measure temperature changes produced
in the biological reactions. Since enthalpy changes occur in most chemical reactions, it is possible to
measure heat changes using biosensors. The best-known example of a device that measures temper-
ature body or environmental is the thermometer [108]. Piezoelectric biosensors measure mass changes
produced by interactions between molecules. The voltage produced by apply mechanical stress to a
material is known as the piezoelectric effect [107].

In terms of biorecognition element, biosensors are classified as enzymatic, immunosensors, based in
aptamer and nucleic acid, and the biosensor of whole cell [109]. Bioreceptors can be of natural origin

like antibodies and enzymes, taking advantage of their naturally developed biological interactions to
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achieve analyte specificity in the construction of biosensors. Otherwise, synthetic bioreceptors are de-
veloped to mimic natural physiological interactions [110].

As an element of synthetic biorecognition, MIPs are often employed, using a polymeric matrix to imprint
the complementary shape of the targeted biomarker. The polymeric matrix encapsulates the bioanalyte
to form synthetic recognition patterns between the analyte and the polymeric matrix. In other words,
MIPs use polymers to obtain synthetic biorecognition elements with “molecular memory” in the presence

of a target molecule used as a template [110].

Analyte:

protein, céll,
acid nucleic.

Bioreceptor:
antibody, RNA, plastic
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converted to electricity
Piezoelectric Element
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Figure 4: Elements of biosensor: analytes, bioreceptor, transductor and detector.

MIPs are prepared by molecular imprinting technology, which involves the formation of a complex be-
tween the target molecule and the functional monomers. Then, functional monomers are polymerized
in presence of target molecule [111]. This target molecule is then removed from the polymeric network,

giving rise to cavities in the polymer that hold complementary features to the imprinted molecule. These
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cavities are structurally and chemically like the template and are used for the selective binding of the
original analyte [112].

For the purposes of this plan, electrochemical and SERS detection were combined, sequentially for
producing accurate, sensitive, and reproducible analytical data. Having a dual detection system offers
the advantage of an improved accuracy since each biosensing system is operating on a different scien-
tific background, and the possibility of having a given sample component playing a severe interfering
role on both detection systems is very small. On the other hand, using SERS offers the capacity of
having highly sensitive responses, due to the use of nanomaterials that enhance the response of Raman
reports. These nanomaterials may also be tailored specially with the purpose of intensifying the regular
enhancement of the Raman signal.

2.3.1 Electrochemical biosensing

Electrochemical biosensors are typically composed by a three-electrodes system, containing working
electrode (WE), reference electrode (RE) and counter electrode (CE). The biorecognition takes place at
the WE. The CE completes the circuit by sending/receiving current to/from the WE. The RE is respon-
sible for setting a given potential [113]. The WE can be built in different types of materials, as glassy
carbon [114], [115], [116], [117], platinum [118], [119], Au [120], Ag [120], mercury [121], in different
formats, from conventional screen-printing [122] to packed carbon paste [123], [124], [125]. The selec-
tivity of the electrochemical response is granted by modifying the conductive material on the WE [122],
[126], [127], [128] with a suitable nanomaterial, as antibodies, enzymes, or biomimetic materials [129],
[130], [131], [132], [133], [134]. Nanomaterials with conductive properties may also be employed with
the purpose of enhancing the sensitivity of the analytical reading.

Electrochemical biosensors use electrochemical transducers to measure current, potential, conduct-
ance and/or impedance (Z), operating in the form of an amperometric, potentiometric, impedimetric,
conductometric or impedimetric system [109]. The first electrochemical biosensor was set in 1962 for
detecting glucose by monitoring the current linked to an enzymatic reaction [135]. Since then, the tech-
nological advances of electrochemical devices were huge [105], which includes the miniaturization of
laboratory devices to detect molecules in vivo and in situ [106]. Potentiometric biosensors measure the
potential difference between two electrodes. The conductometric biosensors measure the ability of the
analyte to conduct electrical current between two electrodes under (near-)zero current. Otherwise, the
amperometric/voltametric follow the current changes produced by the redox reaction of an electroactive
species. In the case of impedimetric, the variation in the charge-transfer resistance (Rct) is measured
[136].

The techniques often employed to follow the response of a given biosensor include cyclic voltammetry
(CV), DPV, square wave voltammetry (SWV) and electrochemical impedance spectroscopy (EIS), along
with potentiometry and conductometry [106]. Voltametric and impedimetric strategies are the most
widely used in the detection of cancer biomarkers [137], [138]. The CV is one of the electroanalytical

methods whereby varying the potential and measuring the resulting current we obtain information about
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the target molecule [139]. In addition to being a technique used for analysis, it is used in the character-
ization and synthesis of chemical compounds or polymeric film [140].

Among the electrochemical biosensors, voltametric and impedimetric strategies are the most widely
used in the detection of cancer biomarkers. Potentiometric biosensors measure the potential difference
between two electrodes, unlike conductometric biosensors that measure the ability of the analyte to
conduct electric current between electrodes. On the other hand, the amperometric/voltametric follow the
current changes produced by the redox reaction of an electroactive species. In the case of impedimetric,
the variation in the Rct is measured [136].

Sensing with electrochemistry often requires polymeric materials, which in specific conditions may be
tailored in-situ. This involves initiating the polymerization via the application of suitable electrical condi-
tions. These polymers may have different uses, including acting as antibodies of synthetic nature. This
topic is addressed later in section 2.4.1.
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Figure 5: Jablonski energy diagram showing the transitions during the infrared absorption, Rayleigh, Raman Stokes,
anti-Stokes and Resonance Raman scattering. The vibrational states (V) of a molecule in the ground electronic
state (So) directly measuring the absolute frequency (IR absorption) or the relative frequency or Raman shift (Stokes
and anti-Stokes) of the allowed transitions. Resonance Raman also involves the vibrational states (V'») of the ex-
cited electronic state (S+). hvo= incident laser energy, hwi,= vibrational energy, Av = Raman shift and v.i,= vibra-

tional frequencies. Reproduced by [141].

2.3.2 SERS-based biosensing

Raman spectroscopy is based on the inelastic scattering of light. The scattering events of the photons

when interacting with molecules generate loss or gain of energy is called the Raman shift and is
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represented by wavelength numbers. In Raman spectroscopy, the sample is illuminated with a mono-
chromatic laser and when incise in the molecules causes light scattering in all directions. The Raman
spectrum is constructed with the scattered light that comes out at different frequency from the incident
light, called inelastic scattering (see Figure 5). The scattered radiation that has the same frequency as
the incident radiation is called Rayleigh scattering or elastic scattering. In the case of the scattered
frequency being less than the incident frequency, the Stokes lines in the Raman spectrum is originate.
Otherwise, when the frequency of the scattered radiation is higher than the incident radiation then anti-
Stokes lines appear in the Raman spectrum [142], [143]. The effect known as Raman resonance occurs
whenever the energy of the incident photon causes the electron to reach a true electronic state of the
molecule [143].

For excitation in Raman spectroscopy, a laser light source from ultraviolet (UV) to infrared (IR) light can
be used. As a result, the Raman spectrum include the spectral range of UV, visible (VIS) and near-
infrared (NIR) regions (see Figure 6). Most of the spectra are built in the normal vibrational range of
organic molecules with modes of vibration between 400 — 4000 cm™'. Raman has been widely used for
the identification of organic materials, so the spectrum between 200 — 2000 cm™ is known as the finger-

print region [144].
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Figure 6: Spectral range for: ultraviolet-visible (UV/Vis), near-infrared (NIR), mid-infrared (MIR), far infrared (FIR),

microwaves and radio waves. Adapted from [145].

The Raman laser wavelength is selected according to the type of application and the sample to be
analysed. The lasers that can be used range from the UV region through the visible region to the near
IR. The excitation wavelength determines the intensity of the Raman scattering. For the most part, lasers

with longer wavelengths in the NIR region are correlated with a low intensity scattering signal. Unlike
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short excitation wavelengths where higher magnitude Raman intensities have been observed. For ex-
ample, a UV excitation wavelength produces higher intensity than a NIR laser. For NIR lasers, longer
acquisition times are normally used with high accumulation numbers. These acquisition parameters are
much smaller for lasers with visible excitation channels. However, the excitation of molecules in UV-vis
regions often causes greater fluorescence emission than the Raman effect. Fluorescence is the pain
point for Raman lasers [146], [147].

Excitation lasers with wavelengths in the visible range have been used in cancer phototherapy [148],
[149] and in retinal laser therapies [150], [151], to name a few examples. As few biological fluorophores
are known to have their maximum emission peak in the NIR region, this region is the most selected as
excitation source for clinical instruments. Making the data processing simpler by not having the emission
peaks of the biological markers overlapping with the normal vibrations of the components of the biolog-
ical samples [152].

The 532 nm laser offers high Raman excitation energy combined with low fluorescence intensity. Longer
wavelength lasers are often used, such as 785 nm and 1064 nm, with the aim of obtaining a greater
reduction of the fluorescence effect. In the case of carbon materials, a good option is to resort to 532
nm lasers, obtaining the additional benefit of Raman resonance, unlike 785 nm where the sample may
burn [146]. The 523 nm laser are suggested to use for analysing metallic oxides or inorganic materials.
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Figure 7: Raman shift for functional groups correspond to the fingerprint region, silent region, and high wavenumber

region. Adapted from [153].

As an advantage the 523 nm laser cover the entire range of 65 cm™ until 4000 cm™. The 785 nm laser

have an equilibrium between potential of signal and fluorescence emitted, also in the efficient for
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acquiring spectrum of organic materials. The 1064 nm laser has the greatest advantage when samples
have fluorescence at other wavelengths [152].

The heterogeneity of biological samples, particularly the large number of vibrational modes in Raman,
make difficult extracting relevant information from the spectra [154]. The Raman spectrum presents
three main regions: fingerprint (400-1800 cm-1), the silent one (1800-2700 cm-1) and the high wave-
number (2700-3600 cm-1) see Figure 7. Most of the peaks in biological samples appear in the region of
the fingerprint, because of the molecular vibrational modes originating from proteins, lipids, carbohy-
drates, and nucleic acids. The region known as silent coincides with the free region of the peaks of the
biological material, except for the bands coming from triple bond functional groups such as alkynes. The
high wavenumber region presents the peaks of stretching modes of C-H, C-H2, O-H and N-H groups
[155], [156].

The bond of a molecules experiences multiplex types of vibrations and rotations. The different vibrational
modes are represented in the Figure 8, stretching vibration (symmetrical and asymmetrical), and four
bending vibrations (rocking, scissoring, twisting, and wagging). When a change occurs in the distance
between atoms along the axis of the bond, it is known as stretching vibration. Otherwise, we have the
bending vibration that occurs when a change in the angle between two bonds is observed. [157]. Unfor-
tunately, the literature is not uniform regarding the nomenclatures to describe Raman modes and their
vibrations, often resulting in contradictions. For more simplest is present the followed nomenclature:
stretching modes (v), symmetric (vs) and asymmetric (vas), scissoring (0), rocking (p), wagging (w) and

twisting (t).
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Figure 8: Possible vibrational modes of molecules: Stretching, in plane bending and out of plane bending. Adapted

from [157].

The Raman scattering is enhanced when the target molecule is in contact with the surface of metallic
nanostructures, resulting in the SERS phenomenon [158]. During the last decades the number of chem-

ical applications, particularly the life sciences, have been increasing [159].
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SERS was first observed in 1973 for pyridine adsorbed on a rough silver electrode. The rapid growth in
knowledge about SERS was largely due to advances and increasing knowledge in nanofabrication and
Raman instrumentation, combining research areas such as chemistry, physics, life, and materials sci-
ences [159]. SERS, unlike Raman, needs metal nanostructures as a component with the objective of
increasing Raman scattering and consequently its signal. While Raman only is considered the interac-
tions between light and molecules, in SERS we must also consider the interactions of light with different
forms of metallic nanostructures Figure 9 [159].

&
@
p AN

Figure 9: Scheme metallic nanostructures used in SERS: nanoparticles, nanorods and nanostars.
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Two separate mechanisms are involved in enhancing the SERS signal: the chemical mechanism and
the electromagnetic mechanism. The chemical mechanism is determined by the chemical interaction of
the molecules with the surface of the metal. While the electromagnetic mechanism is responsible for
the enhancement of the electric field caused by the metal [160]. In the chemical mechanism the mole-
cules can be absorbed on the surface of the metal. This adsorption is modulated by the electronic inter-
action with the metal, the chemical nature of the molecule and the surface selection rules [160].

The proximity of the molecules to the surface of metallic structures stimulates the excitation of surface
plasmons in the substrate [158]. The plasmonic behaviour of metallic NPs involves multiple factors, the
theories of electromagnetic field and the resonance of the plasmon metals [160]. The electromagnetic
enhancement is caused by excitations of the surface plasmons in a NPs. The surface excitation im-
proves the local field of the molecule adsorbed on the metal surface. The increase in the local electric
field is not so intense, however the inelastic scattering of light increases causing a noticeable SERS
effect [161]. In summary, the electromagnetic mechanism is the main responsible for the improvement
in SERS, and it is independent of the bond established between the molecule and the metal surface
[160].

Metallic NPs are synthesized in different sizes and shapes to enhance intensity in SERS. A great variety
of geometric shapes have been synthesized over time such as: spheres [162], [163], nanostars [164],
[165], [166], and rods (Figure 9) [167], [168], [169].

The work presented by [170] is an example of the utility of SERS in the clinical diagnosis of PC. They

presented a dual-SERS-based biosensor to detect microRNA in exosomes and plasma supernatants
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from blood samples. The Ag NPs synthetized with a Fe3sO4 core was used as substrate for the capture
of the SERS nanostructure. The SERS nanostructure was synthesized using Ag with Au as core and
the DTNB as a Raman reporter. The nanostructure between the substrate and SERS increased the
Raman signal due to the magnetic concentration of the metallic structures. The dual-SERS biosensor
distinguishes accurately between patients with PC and normal controls and the quantifications in order
of attomolar concentration of biomarker was detected [170].

Recently, a research article combining SERS and immunosensors techniques for detection of exosomes
in PC was published. The authors assembly a pyramidal matrix to obtain uniform Ag NP deposition. The
pyramidal structure used as SERS substrate provides a greater number of hot spots due to the ordered
distribution of plasmonic Ag. Thus, the phenomenon of superposition of the SERS substrate together
with the proximity of the SERS probe produced an increase in the Raman signal, increasing the sensi-
tivity to detect exosomes [171].

In multiplex detection studies of pancreatic biomarkers, SERS spectroscopy has also shown its useful-
ness. By means of directed matrices made of polydimethylsiloxane, it was possible to control the direc-
tion of the capturing antibody. In each direction, the specific antibody for each biomarker (CA19-9, matrix
metalloproteinase 7 (MMP7) and Mucin 4 (MUC4)) was carefully immobilized on a single platform. Fol-
lowed by SERS using extrinsic Raman tags, was detected these three different biomarkers in the serum
of the patient with PC [172].

2.4 Nanomaterials

The nanomaterials employed are a critical element of the biosensor assembly. In a simple perspective,
they should display the desired features to grant detection with suitable selectivity and sensitivity fea-
tures. Usually, they are employed to modify the WE with the purpose of conferring a biorecognition
ability or amplifying the analytical response. A MIPs assembly is being considered in electrochemical
biosensing, in which a polymerization is taking place in-situ. This is the critical aspect of the technology
because it is responsible for forming the imprinted cavities against the target biomarker. For the pur-
poses of SERS-signal amplification, metal-based nanostructures are always employed to ensure the

plasmon effect of a suitable Raman reporter. These are detailed next.

241 Polymerization in situ

The term polymerization was first mentioned in 1863, in a conference in Paris by Berthelot (1827-1907).
Berthelot, based on combustion observed that certain compounds became polymers, by a reaction that
was called “polymeric transformation”, known as “polymerization” [173]. He postulated: "all compounds
capable of adding hydrogen, hydrogen chloride or water, must be able to add identical molecules to
themselves”, meaning that these molecules should be polymerizable [173]. The first description of a
polymerization process was made by Eduard Simon, in 1893, by observed a liquid from banana becom-

ing increasingly viscous with the time, until a solid very similar to glass appeared [173].
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Free-radical polymerization is behind the overall process, which includes the successive formation of
free upon addition of a new component. Usually, the first step called initiation is responsible to form
radicals, followed the propagation involve the addition of monomers to make growing polymer chain,
and the last step is termination where the active centre is destroyed [174].

The initiation of a given polymerization is a critical step, for being the one responsible generating radicals
that are later involved in the formation of the polymeric network. It involves a compound that may un-
dergo the formation of a radical species upon an external stimulus, as shown in Figure 10. The stimulus
can be chemical, electrical, optical (usually UV radiation) and/or thermal [175].

Focused on thermal initiation, some monomers could polymerize at high temperatures, such as styrene
and methyl methacrylate. After being exhaustively reviewed it was shown that by ultraviolet spectros-
copy the initiation process of styrene polymerization came from the formation of an initial Diels-Alder
dimer. The free radical is formed by the transfer of a hydrogen to a styrene molecule from the previously
formed dimer [175].
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Figure 10: Polymers formation stages: initiation, propagation, and termination. Sources of free radical initiator in-

volved into the polymerization process.

Another form of initiation originates photopolymerization, where light is used in the formation of radical
species. The most prominent advantage over conventional initiation methods is the light source in-
volved. Light, being an ecological method, releases less solvents and can produce polymer in mild con-
ditions. For its part, there is also a limitation to consider, which is the depth of penetration of the light,
depending largely on the wavelength used [176]. The photoinitiation process take place when photoin-

itiators are subjected to UV irradiation. The phenomenon occurs when photons convert absorbing
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molecules into their activated form, and they rapidly disintegrate into radicals, initiating polymerization
reactions [177]. More efficient polymer combinations have recently been proposed using photopolymer-
ization with thermal initiators [176]. The phenomenon of heat release in the form of energy from photo-
polymerization prompted these authors to add a thermal initiator, generating an additional source of
radical initiators that allow higher monomer conversions to be achieved.

In electrical initiation, there are radicals being formed in a solution containing both monomers and elec-
trolytes upon electrical stimulus. At the cathode, the monomer molecule receives an electron to form a
radical anion. At the anode, the monomer molecule gives up an electron, forming a radical anion. The
radical ions formed then initiate free or ionic radical polymerization or both, depending on the electrolysis
conditions [178].

In the area of electrochemical biosensors, electropolymerization is mostly used to polymerize directly
on the surface of the electrodes [179], [180], [181]. The electropolymerization is a simpler process that
integrates into the surface of the electrode all the materials. Polymers as electrical insulators were a
well-conceptualized idea. Only with the emergence of organic polymers a new conception of conductive
polymers with electrical and optical properties appears [182]. The parameters used in electrochemistry
allow the formation of conductive and non-conductive polymers [183]. Conductive polymers include
those derived from aniline, pyrrole, thiophene, or thiazine [182]. In contrast, polymers derivative from
phenols or aminophenols correspond to films with insulating properties [183]. The electrical properties
of polymers have become very useful tools in the construction of electrochemical sensors.

The controlled process of polymer synthesis by electrochemistry can be carried out through three meth-
ods: galvanostatic, potentiostatic and potentiodynamic. In the galvanostatic and potentiostatic methods,
a constant potential is applied to the WE for a determined time. While the potentiodynamic mode is
applied a few cycles in a determined potential range. The thickness of the polymeric film depends on
the number of applied potential cycles. The potentiodynamic is the most used method in the electropol-
ymerization process [183].

The electropolymerization allows to control the parameters of the growth of the polymer doing the syn-
thesis more controlled and precise [184]. The thickness of the polymeric film can be controlled by varying
the solvent, monomer concentration, electrode material, applied potential, time, and scanning speeds
better known as scan rate [185].

In the Figure 11 A-D, the electropolymerization of 3AP is shown as an example at different scan rate,
10, 20, 30 and 50 mv/s. In the graph of electropolymerization using CV, it is observed how as conse-
quence of increases the speed of scan rate increase the current in the oxidation peak at 0.5 V. At higher
current in the peak is observed minor Z values in the Nyquist Plot Figure 11 E, meaning a polymer with
less resistance to the passage of current is producing. Thus, we verified how only altering the scan rate
in the CV directly affects the polymeric film deposited on the surface of the electrodes, being polymers
with different conductive properties.

In the production of polymers, the voltametric potential range influences the properties of the polymer
formed. The electropolymerization method could be summarized by the application of a potential on the

WE cover-up by the monomer. As result of potential applied occurs the oxidation of the monomer
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generates free radicals responsible for initiate the growth process of the polymer chain, depositing a
polymer film on the surface of the WE [186].

Polyaniline is the material of choice for electronic technologies, among the advantages its easy produc-
tion predominates. Using the electropolymerization of aniline we will briefly explain the steps involved

in the production of the aniline polymer [186].
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Figure 11: Electropolymerization of 3AP at different speed of scan rate: 10, 20, 30 and 50 mv/s A) to D) respectively,

at potential range between -0.3 to 0.8 and the result of electropolymerization E) in the Nyquist Plot.

In the first step when the CV potential sweep occurs, oxidation occurs on the surface of the WE and a
radical cation is formed. The Figure 12 shows a study of electropolymerization of aniline on a gold
surface, there are observed the anionic peaks and the cationic peak. Peaks a1, a3 and C1 appear
because of gold electrode oxidation since it disappears in successive cycles. As the next voltammetry
cycles continue, it is more evident that the anionic peak a2 at 0.9 V is due to the irreversible oxidation
of aniline and is responsible for generating cationic radicals. The greater the number of cycles, the more
pronounced other redox couples appear, which increase the current as the cycles increase, evidencing
the growth of polyaniline [187], [188].

The electropolymerization process of aniline passes from the oxidized state to the reduced state. Non-
conductive polyaniline is formed first in the oxidized state (the oxidation of leucoemeraldine to emerald-
ine), and then semiconductive polyaniline in the reduced state (the reduction of emeraldine to leu-

coemeraldine) [186].
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The EIS, like the CV, is a widely used technique to analyse the electrical characteristics of polymers.
EIS measures current in response to an applied potential of alternate current [189]. In electrochemical
cell, the interactions between the reactive species and the electrode are reflected Re, mass transfer,
electrolyte resistance, and electroactive species, from the solution to the electrode surface. EIS is used
to study to known if the characteristics of materials influence in the conductance, resistance, or capaci-
tance of the electrochemical system. All the electrochemical changes on the surface of the WE like the
resistance of the solution (Rs), the Rct and the Warburg impedance (W) are shown in Nyquist plots, see
Figure 11. The Z represented in the Nyquist graphs is divided into a real part and an imaginary part.
Nyquist plots are the graphical representation of all data collected during the EIS and can generate

different curves such as one semicircle or two semicircles for a specific electrochemical event [137].
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Figure 12: Electrochemical deposition of PANI via CV on Au-SPEs. (a) Starting cycles; (b) the first occurrence of
PANI formation and (c) further growth of PANI on Au-SPEs. Reproduced from [188].

The functionalization of the WE surface has been widely used to obtain biosensors with higher sensitiv-
ity. Nanomaterials are heavily involved in applications as biosensors for electrochemical detection since
they offer advantages such as increased surface area, high mechanical resistance, and greater electri-
cal conductivity. Hence its utility to improve the performance of the biosensor, amplifying the electro-
chemical readings and lower detection limits. We also found the greatest stability on the surface of the
immobilized biorecognition elements [190].
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One pathway to synthesis MIPs are electrochemical techniques. Since the preparation of synthetic pol-
ymers to produce plastic antibodies as biorecognition elements was first reported, their use in the con-
struction of biosensors has not stopped [191], [192], [193], [194] . The recognized by MIPs has been
combined with several types of transducers, among them electrochemical and optical transducers pre-
dominate. The construction steps of the MIPs and the analysis of the responses against the presence
of the target molecule can be measured by redox conversion in an electrode, fluorescence, or Raman

spectroscopy [138], more recently used SERS [195], [196].

2.4.2 Metal-based nanostructures

The basic SERS mechanism is based on the optical properties of metal nanoparticles (NPs) [155], as
described above 2.3.2. To be more exact, none of the surface-enhanced optical techniques would exist
without the properties of metals such as Ag and Au. The most widely used plasmonic metals to improve
the Raman response are Au and Ag and have been used in various medical fields and research [197].
The optical properties of metallic materials are characterized by the dielectric function. The dielectric
function varies in function of the frequency of the light and the wavelength. The electromagnetic prop-
erties are defined based on the geometry of the materials and varies depending on geometry of metal.
Metals with different shapes have different resonances, one of the properties that makes metals unique
at the nano-optical level [197]. Studies carried out with different size and shape of the NPs demonstrate
that each geometry can be clearly identified with optical signature. As expected, the spectra of asym-
metric particles with more edges tend to be more complex, the optical properties are size-dependent
[198], [199].

Regarding the electrostatic approximation, the size of the nanospheres is not relevant when the sphere
size is increased or decreased near 10 nanometres. However, for sizes between 30 — 100 nm there will
be effects that vary depending on the size [197]. Particularly, the noble metallic NPs (Au, Ag, Platinum
(Pt), and Palladium (Pd)) in the range of 2 — 100 nm present a strong localized surface plasmon reso-
nance (LSPR) suitable for a wide range of applications. Whereas the NPs below 2 nm loses the effect
of LSPR [200].

SERS is a technique widely used in biomedical applications. For example, using Ag NPs it was possible
to detect ctDNA in several serum samples from patients for primary and non-primary lung adenocarci-
noma. The SERS platform incorporates a film of Ag NPs linked to a probe that specifically recognizes
the ctDNA biomarker of lung cancer [201]. In the pandemic of COVID-19 one of effective methods use
to detection of virus was SERS. The SERS sensor was development by assembly DNA to Ag nanorod
to capture the RNA of COVID-19 [202]. SERS have been used to detect several biological samples like
DNA or microRNA, to identified biomarkers of breast cancer [203], [204], miRNA-155 for pancreatic
carcinoma [205], or miRNA-499, miRNA-328, and miRNA-208 for myocardial infarction [206]. SERS can
be useful in the diagnosis of virus dengue in blood samples. Employing Ag nanorods was constructed
an array to capture NS1 protein in the serum of patient. The SERS portable platform turned out to be

efficient in the early and in situ diagnosis of dengue with high sensitivity and reproducibility [207] .
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Briefly, this part of the report described some of advances in application of metallic NPs in SERS. It is
possible to detect important biochemical species and especially the medical biomarkers, with great sig-
nal. The use of metallic particles in SERS spectroscopy is a recent and advantageous option that may
lead to an improvement in many of the analytical techniques used in medical, biochemical, and biological

analysis.
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Chapter 3.SERS and electrochemical impedance spectros-

copy immunoassay for carcinoembryonic antigen

The results presented in this chapter are based on the publication “SERS and Electrochemical
Impedance Spectroscopy Immunoassay for carcinoembryonic antigen® by Castafo-Guerrero,
Y., Moreira, F., Sousa-Castillo, A., Correa-Duarte, M., A., Sales, M.G., Electrochimica Acta
(2021), 366, 137377. doi: 10.1016/J.ELECTACTA.2020.137377. This chapter includes a brief

introduction about the conventional methods to detect CEA and the description/discussion of the

research work about an innovative dual detection approach, combining electrochemical and
SERS sequential readings, on Au-SPEs. This simple principle was proven successful in the CEA
detection.
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Chapter 3

3.1 Introduction

As explained before, many of the existing cancers have a high chance of cure when early diagnosed
[208]. An earlier identification may result in a higher probability of survival, which includes monitoring
diverse biomarkers as cell-free DNA, cell-free RNA, tumour proteins and extracellular vesicles [209],
[210], [211]. This includes several overexpressed glycoproteins, among which CEA can be found.
CEA is a cancer biomarker that is currently employed in clinical context. It is a glycoprotein of 200 kD
that has been associated mostly with colon and gastric cancer diseases [212], but may also be linked
to breast, ovarian and lung cancers. Normal CEA levels range 3-5 ng/ml, but these may reach 10 ng/ml
in specific benign diseases and CEA levels above 20 ng/ml before therapy are commonly linked to
metastatic state [213]. Thus, the routing monitoring of CEA may contribute to the early detection of
cancer diseases, while also contributing to follow-up the therapy.

It is therefore clear that quick and low-cost methods are required for CEA screening. Conventional meth-
ods for CEA screening include enzyme-linked immunosorbent assay (ELISA) (Human CEA ELISA Kit)
as, radioimmunoassay (RIA) [214] and fluoroimmunoassay [212]. These are reliable and accurate but
require a long time to retrieve a response, trained personal, and expensive equipment, being therefore
too expensive to be implemented under routing analytical procedures.

Alternative methods for monitoring CEA include electrochemical immunosensors, which combine the
quick response of electrochemistry methods with the great selectivity of antibodies, yielding sensitivity,
accurate and inexpensive analysis [215], [216]. These methods have been currently employed in the
detection of a wide variety of biomolecules, including cancer biomarkers [217] and also CEA. Different
technical approaches are employed for this purpose. This includes using different electrodes, as gold
[218], transparent oxides [219], [220] or carbon-based [221] materials. Different chemical entities are
also employed to improve the detection features, such as poly(sulfanilic acid), chitosan, TH, toluidine
blue, methylene blue [222], [223], [224], as well as titanium dioxide nanomaterials, AuNPs, porous
nanogold, Janus NPs of gold/silica [225], magnetic DNA nanoprobes [226] and different composites of
organoclay nanogold [227] or graphene/Nafion [228].

In terms of biorecognition, electrochemical immunosensing of CEA may be established by the direct
reading of the antigen binding, usually leading to changes in the electrical current of a standard redox
probe [229]. However, if another protein in a complex sample would adsorb non-specifically to the sens-
ing surface, it would also contribute to the detected signal, thereby leading to a positive error. This may
be minimized by combining electrochemical immunosensors with sandwich approaches [230], in which
labelled antibodies in a solution are added after antigen binding and prior to detection. Labels used for
this purpose that contribute for the electrochemical detection include metallic/redox-based compounds
or labelled enzymes (horseradish peroxidase), or a combination of both [224], [231], [232]. CEA has a
single polypeptide chain with an NH terminal domain of 107 amino acids, in addition to three highly
homologous domains of 178 amino acids. Most likely, these homologous domains are responsible for
the presence of repetitive epitopes in CEA, meaning that one antigen molecule can bind simultaneously
to more molecules of the same monoclonal antibody [233].
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The two stages of incubation (the antigen and the labelled antibody) required in sandwich-based meth-
ods are an excellent opportunity to establish dual detection approaches. This would further validate the
analytical readings, thereby ensuring the desired accuracy of these sandwich-based methods in highly
complex samples. The first stage could remain of electrochemical nature, as this is non-destructive. The
second stage could rely on SERS, a versatile approach that is attracting much attention in the field of
biosensing, including for CEA detection [234].

Overall, this work reports for the first time an immunosensor combining electrochemical and SERS se-
quential readings on the same sensing surface, thereby yielding quantitative/qualitative data and further
contributing to the accuracy of the data so obtained. Some research work has been reported in the
literature describing the integration of electrochemical and SERS techniques for testing the interaction
between anticancer drugs and DNA [235], [236] but it was never used before for the immunosensing of
tumour markers. To this end, the immunosensor was assembled and optimized on a commercial Au-
SPEs. The first detection stage is obtained after CEA binding and concerns electrochemical signals
produced by EIS. Then, the labelled antibody linked to AuNSs with 4-aminothiophenol (4-ATP) (yielding
a specific and well-established Raman signal) was incubated on the WE and SERS data were collected.

The analytical performance of immunosensor was tested with spiked serum.

3.2 Experimental Section

3.21 Equipment

Electrochemical measurements were made in a potentiostat/galvanostat from Metrohm Autolab,
equipped with an impedimetric module and controlled by NOVA 2.0 software [237]. Commercial Au-
SPEss were used (DropSens, 220AT), combining WE and CE made of gold, and RE and electrical
contacts made of silver. The switch box interfacing these SPEs and the potentiostat was obtained from
BioTID, Portugal. Raman spectra were collected in a Thermo Scientific DXR Raman with a confocal
microscope and a 785 nm excitation laser.

Transmission electron microscopy (TEM) was performed using a JEOL JEM 1010 transmission electron

microscope operating at an acceleration voltage of 100 kV.

3.2.2 Reagents and solutions

All chemicals were of analytical grade and water ultrapure Milli-Q laboratory grade. Potassium hexacy-
anoferrate Il (Ks[Fe(CN)s]), potassium hexacyanoferrate 1l (Ks[Fe(CN)e]) trinydrate, sodium phosphate
dibasic dihydrate (Na2HPOQO4), and Ortho-phosphoric acid 85% (HsPO4) were obtained from Riedel-de-
Haen; N-(3-dimethylaminopropyl)-N"-ethyl-carbodiimide hydrochloride (EDAC), Polyvynilpirrolidone (10
000 MW), N,N-Dimethylformamide, trisodium citrate dihydrate (CeHsNasO7:2H20), tetrachloroauric acid
trihydrate (HAuCls x 3H20), ethanol absolute (C2HsOH) 299.9% and monoclonal antibody for CEA pro-
duced in mouse were obtained from Sigma-Aldrich; N-hydroxysuccinimide, potassium chloride (KCI),

glycine and cysteamine hydrochloride were obtained from Merck; Phosphate buffered saline (0.01 M,
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pH 7.4) solution, sodium chloride (NaCl), potassium dihydrogenphosphate (KH2PO4), and hydrochloric
acid (HCI) were obtained from Panreac; foetal bovine serum and glucose were obtained from Alfa Aesar.
Sulphuric acid (H2SO4) was obtained from BDH; 2-(N-morpholino)ethanosulfonic acid (MES) from Ap-
pliChem; ethanol 96% from Labsolve; 4-aminothiophenol 96% from Acros Organics; CEA, 25 ug, from

EastCoastBio; and creatinine from Fluka.

3.2.3 Electrode pre-treatment

SPEs should be cleaned prior to their first use, to ensure that the resulting immunosensor displays
stable and reproducible readings [238]. To this end, the electrodes were subject to an electrochemical
cleaning stage, made by CV cycling, in H2SO4 solution. It was expected that this electrochemical ap-
proach eliminated organic contaminants through their oxidation [239], [240]. After the cleaning proce-
dure, the electrodes showed average R values of ~180 Q (n=8), a reproducible feature among the

SPEs used herein.

3.2.4 Assembly of the immunosensor

The steps involved in the assembly of the immunosensor are shown in Figure 13 A. The WE was elec-
trochemically cleaned with H2SO4, 0.5 M, by CV, from -0.2 V to +1.5V, at a scan rate of 50 mV/s. Then,
a cysteamine (Cys) (100 mM) solution was casted on the WE area for 1 hour. In parallel, the Ab-CEA
underwent a reaction with NHS (50 mM) and EDAC (250 mM) for 30 min at 4°C, too activate the car-
boxylic acid groups. The activated Ab-CEA was then added to the Cys functionalized electrode (Au-
SPEs/Cys) and incubated overnight at 4°C. Finally, the electrode Au-SPEs/Cys/Ab-CEA was incubated
with glycine (Gly) (50 mM) for 1 h at room temperature, to block non-specific binding sites in the sensing
film. These steps of electrode construction were monitored by EIS and CV. EIS was performed from 10°
to 10! Hz, using a number of frequency of 50 with amplitude of 0.01, and CV used a potential applied

range from —0.4 V to 0.6 V, at a scan-rate of 50 mV/s.

3.2.5 Electrochemical measurements

Electrochemical measurements for CEA calibration were made in a 5mM [Fe(CN)s]*"*solution, prepared
in Phosphate buffered saline (PBS 0.01 M), of pH 4.5, conducted with EIS at frequency of 10 Hz and
with step potential of 2.5 mV (Figure 13 B). The PBS solution was composed of 0.01 M Na2HPO4, 0.0027
M KCI, 0.137 M NaCl, and 0.0018 M KH2POs, with the final pH adjusted to the desired value with HsPO4,
1M.

Calibration curves used CEA standard solutions ranging from 0.25 to 250 ng/ml, prepared in PBS buffer
(pH 4.5) and foetal bovine serum (FBS) diluted by 1:10 in PBS (pH 4.5, 0.1 M). Each solution was let
stand for 30 minutes at the electrode surface (Figure 13 B). The selectivity study was performed by
incubating interfering species in a similar way. The solutions selected for this purpose were 1.0x10*

g/ml of glucose, 1.0x103 g/ml of creatinine, also prepared in PBS buffer.
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Figure 13: Schematic representation of the assembly of the immunosensor (A) and its electrochemical (B) and
SERS (C) readings, after incubation of CEA (and reading by the iron redox probe) and the Raman probe, respec-
tively. The antibody binding in the assembly stage was made after modifying the Ab-CEA with EDAC/NHS chemis-

try.

3.2.6 Synthesis of the goldnanostars

The synthesis of the AuNSs started by producing the Au-seeds. For this purpose, a 0.5 mM HAuCl4
aqueous solution was boiled, under continuous stirring and added 10 ml of 1% citrate solution. The
reaction was allowed to proceed at the same temperature for 20 min and, after this, the resulting solution
allowed to cool down. Then, 10 ml of a 2.5 mM PVP solution was added, under continuous stirring, and
the Au-seeds were formed overnight.

The second part of the procedure was made according to [241]. In this, the Au-seeds were centrifuged
(4500 rpm, 45 min), suspended in ethanol, and concentrated to 1.5 mM. The AuNSs were obtained by
dissolving 1.5 g of PVP in 15 ml of DMF, sonicating the resulting solution and putting it on ice after,
under constant shaking. Then, 40 uL of HAuCls (100.9 mM) were added to this solution, monitored by
the addition of 320 pL of Au-seed (1.5 mM), and kept under stirring for 1 MIPs. The excess of PVP was
removed by three centrifugation-dispersion cycles with ethanol (3500 rpm, 40 min). The resulting AUNSs
were store at 4°C until use (Figure 14). The final concentration of AuNSs was calculated according
Scarabelli et al. using absorbance method UV-Vis [241], [242].
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Figure 14: UV-Vis spectra of AuUNSs.

3.2.7 Raman probe assembly

The Raman probe (Au-NPs/4-ATP/Ab-CEA) was setup by following the method reported by [243]. First,
4-ATP (1.0x10° M, in absolute ethanol) and AuNSs (0.6 mM) were mixed, in 1:1 ratio, and the resulting
mixture was shaken for 4 hrs, at 25°C. The resulting solution was centrifuged at 4500 rpm, for 20 min,
at 25°C, to remove the excess of unbound 4-ATP. The pellet (AuNSs/4-ATP) was re-suspended in 100
WL of PBS buffer (pH 7.4) and added of 20 uL of Ab-CEA. This solution was stirred overnight, at room
temperature, yielding the formation of AuNSs/4-ATP/Ab-CEA. With the purpose of removing the un-
bound Ab-CEA, the solution followed the same centrifugation procedure described before. The pellet
was re-suspended in 200 yL of PBS, yielding the ready to use solution of AuNSs/4-ATP/Ab-CEA.

3.2.8 SERS measurements

Electrodes with the Raman probe AuNSs/4-ATP/Ab-CEA incubated on the sensing surface (Figure 13
C) were analysed without prior treatment. Experiments were conducted with a 785 nm laser, hitting the
samples with a power of 3 mW and considering a slit aperture of 50 um. The laser spot was about 0.8
pm and defined as focused by the 100x lens objective. Photobleaching was set to 5 min and the Raman
spectra were collected with an integration time of 2s and 5 accumulations, in the range 800-2000 cm".

The collected data was analysed in OMNIC software (Thermo Fisher Scientific).
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3.3 Results and Discussions

3.3.1 Immunosensor assembly

The immunosensor assembly followed the several stages described in Figure 13 A. In general, these
include (i) cleaning stage, (ii) preparation of the electrode to receive the antibody, (iii) antibody binding,
and (iv) the blocking the non-specific interaction. Each of these stages was monitored by EIS, in order

to monitor and control the progresses of each stage of modification upon the immunosensor assembly.

3.311 Amine layer
The next stage consisted in preparing the gold WE to receive the antibody, Ab-CEA. Cys was selected

for this purpose. It binds to the gold surface through —SH bonds and organizes itself by self-assembly
[244] in a monolayer arrangement, exposing amine groups to the outer surface. Moreover, amine sur-
faces are suitable for protein binding [245], [246].

The successful binding of Cys was confirmed by the decreasing semicircles in the EIS spectra (Figure
15). This behaviour corresponded to a decrease in the Rct of the standard hexacyanoferrate redox-probe
(negatively charged), most likely reflecting the positively charged amine groups at the electrode surface.

Overall, this agrees with previous results reported in the literature [247].

3.3.1.2 Antibody binding

The Ab orientation in the gold surface is of fundamental importance for the correct performance of the
immunosensor. One may find in the literature several orientation types for antibodies including flat-on
(random adsorption attached on surface) or fail-on (Fc fragment attached on surface) [248]. Flat-on is a
straightforward approach, as it requires only random adsorption of the antibody. Tail-on allows, in prin-
ciple, that both Fab fragments in the antibody are available for binding, yielding therefore more sensitive
responses [248]. This requires previous treatment of the antibody, which may include activating the
carboxylic groups distributed in the antibody, including those existing in the Fc terminal, to allow its
subsequent covalent binding to the amine surface at the immunosensor through an imine bond.

Both orientations were tested herein. In the flat-on approach, the antibodies were just let stand at the
amine surface, overnight, at 4°C. In the tail-on approach, the -COOH groups of the antibody were acti-
vated by EDAC/NHS chemistry, in MES buffer, and then incubated in the amine sensing area. The data
obtained by these two approaches is shown in Figure 15 and suggested the selection of the tail-on
binding. When compared to flat-on, the tail-on approach yielded a higher Rct increase, thereby suggest-
ing that the number of antibodies accommodated in the same sensing area were higher. This may be
justified by an oriented binding of these antibodies, which would accommodate a higher number of pro-
teins per unit area. Moreover, antibodies could partially cross-link through the activated carboxylic
groups and their inherent amine groups, but the side effect of this activation chemistry would implicate
a higher number of antibodies bound at the immunosensing surface and probably a higher number of
CEA-binding sites.
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Figure 15: EIS spectra of the different stages of the immunosensor assembly (A) and the form of binding the anti-
body (B). (1) Electrochemical cleaning with HSQOj; (2) Cys layer on gold surface (Au-SPEs/Cys); (3) Oriented Ab-
CEA immobilisation (Au-SPEs/Cys/Ab-CEA); (4) Gly adsorption to block non-specific sites (Au-SPEs/Cys/Ab-
CEA/Gly); (5) using random adsorption of antibody; (6) oriented binding of the antibody, in which -COOH groups

at the Fc terminal were activated for subsequent reaction with the amine groups in Cys.

3.3.1.3 Blocking non-specific binding
Sites on the Au-SPEs/Cys/Ab-CEA that could lead to non-specific binding (towards another chemical

species other than CEA) should be blocked to avoid positive bias. This was achieved by incubating the
modified surface in Gly. After this, EIS data evidenced an increase in the Rt (Figure 15), thereby sug-
gesting that Gly was bound to the surface. In this, activated carboxyl groups from the Ab-CEA were
blocked and electrostatic/ionic interactions promoted by the amine and carboxyl groups in Gly were

established with the different chemical moieties on the sensing layer.

3.3.2 pH dependence of the immunosensor response

The response of the CEA immunosensor was tested under different pH conditions. Values of 4.5, 6.0,

and 7.5 pH were selected for this study, trying to combine opposite charge features of CEA, a
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glycosylated protein with an isoelectric point ~6 [247]. Overall, CEA has a positive dominant charge at
pHs below 6 and a negative dominant charge at pHs above 6. To this end, the histidine conserved
residues in CEA play a fundamental role in the pH-dependent binding through the imidazole chain, which
at physiological pH is neutral and at acidic pH is positively charged [249].

This pH effect was tested by calibrating the immunosensor with CEA standard solutions of increasing
concentrations, from 0.25 to 250 ng/ml, prepared in PBS buffer of the corresponding pH. Each standard
solution was incubated for 30 minutes on the sensing surface and this solution replaced by the hexacy-
anoferrate redox probe for checking the EIS response. The representative data so obtained herein is
shown in Figure 16.
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Figure 16: EIS spectra of CEA calibrations made under different pH conditions, namely 7.5 (A); 6.0 (B) and 4.5 (C),
for a CEA concentration range of 0.25 to 250 ng/ml.

Overall, the best calibration features were obtained for pH 4.5 (Figure 16 C), with average slopes of
39.8 O/decade, squared correlation coefficients >0.99 and a lower limit of linear range (LLLR) of 0.25
ng/ml. In contrast, calibrations in pH 6 (Figure 16 B) had a narrower linear response and calibrations in
pH 7.5 (Figure 16 A) showed steady signals for the increasing CEA concentrations, thereby displaying
an insensitive behaviour for the target protein.

Thus, it was clear that decreasing pH values were linked to the increasing sensitivity of the calibration
curve, reflected by the increasing changes of the Rct for the same concentration interval. This could be
logically related to the increasing positive charge of the CEA structure, as the pH is lower than the
natural isoelectric point of the protein. However, when the calibrations under different pH values are
compared, the greatest difference comes from the blank signal, which decreased significantly when the
pH was 4.5. Thus, it is likely that the observed behavior was directly linked to the protonation of Gly
used to block the non-specific binding, with an isoelectric point of ~6.1 and already present in the sens-
ing surface. This positively charged surface could decrease the Rt of the negatively charged hexacy-
anoferrate redox probe. In addition to this, the presence of the protein would also contribute to an in-
crease in the Rt of the sensing surface for being a non-conductive material, but its positive charge at
pH 4.5 could also contribute to decrease the Rct. From these opposing effects, the experimental results
indicated that the non-conductive feature of the protein prevailed. Moreover, these two opposing effects

could also justify the moderate signal variation observed along the calibration.
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Figure 17 A shows the typical Nyquist plots of the immunosensor against increasing CEA concentrations
prepared in PBS buffer, pH 4.5, and Figure 17 B shows the corresponding EIS calibration curve, plotting
Rct [Au-SPEs/Cys/Ab-CEA] against the logarithm of CEA concentration. Linear responses were ob-
served from 0.25 to 100 ng/ml, thereby including the typical physiological levels of CEA in serum sam-
ples, 3 to 5 ng/ml [250].

>

B

y= 39 7835 X + 326.8
=0.9972

400

Q
300
Il

Rct;
300 320 340 360 380 400 420
l

200
|

—— CEA: 100ng/m|
—— CEA: 25ng/ml
—— CEA: 5ng/ml -
8 _ I CEA: 2.5ng/ml
- f’ —— CEA: 0.25ng/ml
— PBS |
o - &
T T T T T T T T T T T T
0 200 400 600 800 1000 -0.5 0.0 0.5 1.0 1.5 2.0
Z(Q) Iog(conc)
o
o &
o - [s2]
° D
C o
g 5
o - y = 18.2285 x + 273.64
s | - , -- 8 R?=0.9912
N © 0 J o
5 / / .
—_ O N
N n -
N -
' o o
o D
=3 / N
8 -
e e S reg s —— CEA: 250ng/ml IS
—— CEA: 25ng/ml N
3 CEA: 2.5ng/ml
CEA: 0.25ng/ml o
— Serum g 7
o 4
T T T T T T T T T T 1
0 100 200 300 400 500 600 -0.5 0.0 0.5 1.0 15 2.0 25
z'(@) log(conc)

Figure 17: EIS spectra of the immunosensor calibration in PBS (A,B) or FBS (C,D), pH 4.5, after incubation of the
blank and increasing concentrations of CEA standard solutions, from 0.25 ng/ml to 100 ng/ml (A) or to 250 ng/ml

(C), and the corresponding calibration curve (B,D).

3.3.3 Electrochemical response in serum

The calibration of the biosensor was further established in standard solutions that were prepared in a
serum background. This had the purpose of ensuring a valid correspondence between standards and
samples. To this end, FBS was used, which has a close composition to human serum, much closer than
PBS. The results obtained under these conditions are shown in Figure 17 C. In general, serum samples
showed good analytical features, displaying a linear range from 0.25 to 250 ng/ml, with a slope 18.23
Ql/decade concentration and a squared correlation coefficient of 0.9912. Compared to calibrations in

PBS, the slope of the calibration decreased, but the linear response range remained the same.
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In general, it is clear that the device showed a controlled response against CEA concentration in a
complex background as FBS, suggesting that it may produce accurate date in the analysis of serum

samples.

3.3.4 Selectivity study

The study of the effect of specific compounds of physiological fluids in the sensing device is fundamen-
tal, for an effective analytical application. This was evaluated by checking the EIS response against
interfering species. The interfering species selected herein were creatinine and glucose, following the
normal composition of serum samples. The concentrations of creatinine and glucose were set to 1.0x10"
3and 1.0x10* g/ml, respectively, considering a possible 10x dilution of an original serum sample. Each
solution was incubated in the sensing layer for 30 min, the same time given for the standard solutions
in the calibration procedure. Tests were made in two different conditions, using binary (CEA and inter-
fering species) or single component (only interfering species) solutions.

The results obtained using single component solutions are shown in Figure 18 B, incubating separately
the interfering species and comparing the data to the response of CEA (5.0 ng/ml). These conditions
corresponded to the worst scenario, because there was no other ion competing for the sensing layer
with the interfering compound, which would allow a significant non-specific rebinding response. Each
assay was conducted in a different Au-SPEs/Cys/Ab-CEA biosensor, in order to circumvent contamina-
tion from previously bound CEA or interfering specie. The average % deviation produced was 4 % for

creatinine and 3 % for glucose, thereby evidencing a negligible interference effect.
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Figure 18: EIS signals obtained for a single solution of CEA, compared to solutions of interfering species (Creat
and Glu) prepared in the presence of CEA (A) or without CEA (B).

The results obtained with the binary solutions are shown in Figure 18 A, checking the interference of
Creatinine and Glucose in the response of a 0.25 ng/ml of CEA solution. To this end, the response of
the immunosensor was evaluated both for solutions having only CEA and having CEA plus interfering
species, where a competition between CEA and interfering species for the same paratope sites of the
antibody was allowed. Again, this study used different Au-SPEs/Cys/Ab-CEA sensing units to test each
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condition. The average % deviation was 14 and 20% for creatinine and glucose, respectively. These
results are most likely reflecting the variability of the different sensing units, rather than the interfering
effect of any of these compounds. Yet, the obtained data confirmed the good selectivity of the devices.
Overall, the results obtained evidenced the very good selectivity features of the sensing layer, thereby
confirming that the immunosensor had a high affinity for the target molecule when in the presence of

side-components.
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Figure 19: Raman spectra for testing the materials (A), including Au-SPEs, Au-SPEs with adsorbed 4-ATP and Au-
SPEs with adsorbed Raman tag (AuNSs/4-ATP/Ab-CEA); and (B) after incubation of Au-SPEs/Cys/Ab-CEA in
buffer or increasing concentrations of CEA (concentration 0.25, 2.5, 25, 50 and 250 ng/ml), subsequently incubated
in the Raman tag; (C) highlighting a smaller Raman shift range of the data in (B); and (D) the corresponding cali-

bration linear response.

3.3.5 SERS Probe assembly

Raman spectroscopy was used as a second analytical technique to evaluate the same sensing surface,
having in mind both qualitative and quantitative data [251]. For this purpose, AuNSs were produced and
modified with a suitable Raman reporter (4-ATP) and Ab-CEA, as described before. 4-ATP was bound
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covalently to the gold nanostructures through its thiol group. The antibodies were bound by adsorption
to the AuNSs, which may involve different chemical functions at the outer surface of this protein.

Figure 19 A shows the spectra for a bare Au-SPEs, acting as control. The direct incubation of 4-ATP on
this electrode is shown also in the same Figure 19 A and highlights a new peak at 1079 cm™, which is a
characteristic peak of AUNSss4-ATP systems [252]. The other peaks present in the Au-SPEs remained
and additional peaks with lower Raman intensity were also observed, also signalling the presence of
the reporter. These less intense peaks appeared between 1500-1600 cm™, and were generated by ar-
omatic ring vibrations [253].

Finally, when the probe AuNSs/4-ATP/Ab-CEA was incubated on the Au-SPEs, the same peak signalling
the presence of 4-ATP at 1079 cm™" was evidenced (Figure 19 A). Moreover, the other peaks signalling
the background presence of the Au electrode were also enhanced, which probably resulted from a Ra-
man enhanced effect from the AuNSs close to this surface. Overall, this data confirmed that the peak
centred at 1079 cm™" signalled the presence of the Raman tag, indirectly signalling the existence of CEA
bound to the Au-SPEs/Cys/Ab-CEA sensing surface.

3.3.6 SERS AuNSs characterization

The AuNSs obtained here were characterized by TEM analysis. TEM images from isolated AuNSs
showed a solid core bordered by several sharp, asymmetrical, and short branches (Figure 20). Moreo-
ver, images collected with several AUNSs suggested that the particles had similar sizes and were indi-
vidually dispersed and not aggregated (Figure 20). Overall, the TEM images indicate that the medium

average diameter of the AuNSs is ~30 nm.

100 nm ? 50 nm

Figure 20: TEM images of the AuNSs.

3.3.7 SERS response in buffer

The immunosensor incubated in different concentrations of CEA (Au-SPEs/Cys/Ab-CEA/CEA), ranging
from 0.025 to 250 ng/ml and prepared in PBS buffer pH 4.5, was exposed to the SERS tags. The Raman
spectra collect by a power laser of 10 mW were collected in different spots in each WE (minimum n =
3), for each CEA concentration (Figure 21). The sensors showed a linear range lower than 0.025 ng/ml

and a coefficient of correlation > 0.996. The peak intensity at 1079 cm™ increased with increasing protein
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concentrations, demonstrating that a higher number of reporter probes were present. The overall in-
crease in Raman intensity signal was about 6x.
Overall, the results obtained demonstrated that SERS detection improves the operational features of

the biosensor when compared with EIS technique.
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Figure 21: Raman spectra for testing the materials with adsorbed Raman tag (AuNSs/4-ATP/Ab-CEA); and (B) after
incubation of Au-SPEs/Cys/Ab-CEA in buffer or increasing concentrations of CEA (concentration 0.025, 0.25, 2.5,
25, 50 and 250 ng/ml), subsequently incubated in the Raman tag.

3.3.8 SERS response in serum

The immunosensor incubated in different concentrations of CEA (Au-SPEs/Cys/Ab-CEA/CEA), ranging
from 0.25 to 250 ng/ml and prepared in FBS, was exposed to the SERS tags. The Raman spectra were
collected in different spots in each WE (minimum n = 3), for each CEA concentration (Figure 19 B).
Then, the peak of 4-ATP was followed and used to estimate quantitative data about the concentration
of CEA present (Figure 19 C).

In general, a higher amount of CEA in the surface yielded a higher peak intensity at 1079 cm-, thereby
revealing that a higher number of reporter probes were present. This was valid from 0.25 to 250 ng/ml
of CEA, the same concentration range of response for the EIS detection. Moreover, a linear correlation
was established between the logarithm of the Raman intensity (yaxis) against in the logarithm of the
CEA concentration (x axis), as shown in Figure 22. The squared correlation coefficient of this linear
trend confirmed a good agreement between the collected data, especially considering that different
electrodes were used to construct this calibration.

Overall, the results obtained confirmed that the modification of common SPEs may be employed for a
dual detection, combining EIS and SERS approaches as an in-situ validation of the analytical response

obtained. This is mostly valuable under point-of-care conditions, in which accuracy is a critical point.
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Figure 22: Raman bar plot corresponding to the logarithm of the Raman peak intensity at 1079 cm™ versus the
concentration of the CEA (ng/ml). Inset: the corresponding calibration curve, plotting in x-axis the logarithm of CEA

concentration.

3.4 Conclusions

The experimental results showed that EIS was an adequate technique to follow the performance of the
immunosensor. In general, this immunosensor was developed in a simple way, showing its potential for
clinical applications. This sensor was used to determine CEA in a real serum matrix, showing sensitive
response at concentrations within the physiological levels.

There are reports in the literature where the detection method manages to go to lower values than those
presented in this work. However, the concentration of CEA in reference serum from healthy individuals
is lower than 2.5 ng/ml, and patients with cancer are expected to have much higher levels. Thus, the
sensitivity presented in this biosensor is more than enough to distinguish cancer patients from healthy
ones. Moreover, this method is effective and presents a dual response using electrochemical techniques
combined with Raman spectroscopy. Importantly, a straight comparison between both detection modes
suggests that SERS yields a biosensor with improved operational features, when compared to EIS. In
this regard, the LLLR of SERS analysis is 10x lower than that obtained by EIS.

In general, the combination of the selectivity of the antigen-antibody binding in an immunosensor with
the novel detection capacity of the SERS technique appears highly promising. The technical approach
described herein may be further evolved by combining different biorecognition elements in the same
approach, for example, enzymes on the SPE and antibodies on the Raman tag. This would decrease

even further the possibility of having an interfering effect of the sample. In addition, the present
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achievements represent the starting point for further improvements by extending the present approach
to recent advanced metal electrode with Raman enhancers, such as the metal nanowire arrays and
metal nanostars [254], which can be used as high sensitivity devices both for electrochemistry and
SERS.

Overall, this device opens avenues for highly accurate readings the SERS-based technology providing
strong reason to conceive, in the near future, the construction of reliable point-of-care devices that will

contribute to the fast-developing field of personalized medicine.
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Chapter 4.Poly(Thionine)-Modified Screen-Printed
Electrodes for CA 19-9 Detection and Its Properties in

Raman Spectroscopy

The results presented in this chapter are based on publication “Poly (Thionine)- Modified
Screen-Printed Electrodes for CA 19-9 Detection and Its Properties in Raman Spectroscopy*
by Castano-Guerrero, Y., Romanguera-Barcelay, Y., Moreira, F., Brito, W., R., Fortunato, E.,
Sales, M.G., Poly (Thionine)-Modified Screen-Printed Electrodes for CA 19-9 Detection and Its
Properties in Raman Spectroscopy. Chemosensors (2022), 10 (3), 92. doi:
10.3390/CHEMOSENSORS10030092/S1. This chapter presents a study of electrochemical
and spectroscopy properties of TH. PTH is used as monomer for MIP as well as electrochemical
probe to reading. Finally, it discusses the potential use of PTH for SERS readings, as comple-
mentary information to electrochemical data.
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Chapter 4

4.1 Introduction

The use of conventional electrodes has evolved through several designs and one of the most used is
based on chemically modified electrodes (CME). A CME is a necessary approach to solving sensitivity
problems in the detection of analytes that are chemically similar [255]. The literature reports many ex-
amples of electrodes modified with nanomaterials [256] and molecules [257], [258], such as multiwall
carbon nanotubes (MWCNTSs) [259], carboxylic acid [260], poly(glutamic acid) [259], penicillamine [261],
titanium oxide [262], and others [255], selected according to the intended need.

The possibility of creating polymeric structures in-situ to generate CMEs is currently finding wide inter-
est, also in (bio)sensors with electrochemical detection. A wide range of polymers may be produced by
electropolymerization, as long as electrical conditions that enable the formation of radical species at the
electrode surface are applied to the electrochemical system. The resulting polymers so formed at the
electrode surface change the electrical features of the receptor surface, which becomes either more
conductive or more insulating. The resulting polymers may also display electroactive features, signalling
the presence of the polymer.

PTH is among such polymers. It has received considerable attention as a polymeric film for sensing
purposes, yielding improved sensitivity and lower limits of detection [255]. TH is its monomeric species,
which is a redox dye that has been extensively studied [263]. PTH modified electrodes have been pre-
pared in a simple way by CV having a solution of TH under potential sweep in the range of -0.4 to +0.4
V [264]; the specific potential range of interest depends on the electrical features of the receptor sub-
strate. They may also be obtained by chronoamperometry, in which a constant oxidation potential is
applied for a given time [265]. Overall, it has been accepted that the most probable mechanism for the
electropolymerization of phenothiazine derivatives is the bond between the nitrogen atom of the amine
group and the atom of the phenothiazine ring [266].

Still, the final electrochemical stability of the PTH modified electrodes is very critical in sensing and it
depends greatly on the medium in which TH solutions were prepared (ionic content, type of ionic species
and pH) and the electrochemical conditions applied. While PTH films prepared by applying constant
positive voltage in 0.05 M H2S0O4 are not stable when evaluated in a neutral medium, those prepared in
two oxidation steps of constant potential and cyclic scanning in neutral PhB are stable [255]. In turn,
Ferreira et al. conducted electrochemical characterization studies of PTH films produced by different
scanning speeds and variations in the number of potential cycles. They concluded that the electroactivity
and stability of the resulting PTH is pH dependent. In a wide range of pH values, 1.3 to 9, the authors
demonstrated that when increasing the pH to more alkaline media, a lower electroactivity is observed
that is associated with the loss of electroactive sites. In other words, the transfer of electrons between
neighbouring sites is lower at more alkaline pH [267]. Yang et al. presented what may be called a hybrid
approach to prepare PTH-modified electrodes [265], by using two steps of constant oxidation potential
and scanning of cyclic potential in neutral phosphate solution. The authors refer to two electropolymer-
ization steps when, firstly, they subjected the electrode to a fixed potential for a few minutes, as the

second step, voltametric cycles in a potential range with a constant sweep. Gao et al. modified C-SPEs
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with PTH to determine the oxidation of nicotinamide adenine dinucleotide (NADH) [268]. The electro-
polymerization was conducted in PhB pH 7.0 with 25 scanning cycles. The authors considered that 25
CV cycles were adequate to control the electroactive residues in the PTH films. Considering the intended
application of this work, the use of SPEs as substrates allowed producing a simple, inexpensive, and
versatile analytical approach for monitoring NADH. Overall, there are different electrochemical routes
and chemical conditions for preparing PTH, which must be selected appropriately according to the elec-
trochemical system employed.

Thus, this work was directed to the use of PTH as polymeric material assembled in-situ in SPEs sub-
strates. SPEs used herein had carbon or gold substrates on the WE, as commercially available. PTH
was used to tailor MIPs for a relevant biomarker protein, which act as biomimetic materials for antibod-
ies. TH acted not only as a functional monomer assembling the MIPs materials, but also as an indicator
of the electrochemical signal, posing the possibility of having the electrochemical reading of the SPE
self-indicated and label-free. This concept was explored for targeting CA 19-9, a cancer biomarker in
PC undergoing the electropolymerization of TH in neutral PhB in the presence of CA19-9 to generate
imprinted cavities in a molecular dimension within the polymeric network. Readings were made in PhB
and CA19-9 binding was followed by DPV, as it allowed measuring the concentration of specific elec-
troactive species. The resulting structure of PTH was evaluated using Raman spectroscopy, along with

a control material prepared in the absence of CA19-9 and AuNSs modified with TH.

4.2 Experimental Section

421 Equipment

The electrochemical measurements were performed in the potentiostat/galvanostat from Metrohm Au-
tolab (Ultrecht, Netherlands). The C-SPEs and Au-SPEs were from DropSens (Oviedo, Spain) (DRP-
C110, DPR-250AT). The potentiostat interconnected with SPEs through a box was obtained from Bio-
TID (Oviedo, Spain), Portugal. Raman spectra were collected in a Thermo Scientific DXR Raman Mi-
croscope (Wisconsin, U.S.A.) with a laser of 532 or 785 nm operated at a 5 mW power and a confocal
microscope with a 50% objective lens. The parameters of the observed Raman modes (frequency, line
width, and amplitude) were obtained, using Igor software, from the best fit of a sum of damped oscillator
functions [269].

4.2.2 Reagents and solutions

All chemicals were of analytical grade and water ultrapure Milli-Q laboratory grade. Sodium phosphate
dibasic dihydrate (Na2HPO4) and ortho-phosphoric acid 85% (HsPQO4) were obtained from Riedel-de-
Haen (North Carolina, U.S.A); carbohydrate antigen 19-9(250 KU) (Biorbyt, Cambridge, United King-
dom) from human metastatic liver carcinoma was obtained from Biorbyt; sodium phosphate dibasic di-
hydrate, 99.5% (Na2HPO4-2H20) was from Panreac (Barcelona, Spain); sodium dihydrogen phosphate
dehydrate (NaH2PO4-2H20) was from Scharlau (Pamplona, Spain); sulfuric acid (H2S0O4) was obtained
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from BDH (Dubai, UAE); thionin acetate from Acros Organics (Geel, Belgium); oxalic acid dihydrate
(126.27 g/mol) was obtained from Merck (Branchburg, NJ, U.S.A.).

4.2.3 SERS measurements

The synthesis of AuNSs was performed according to Castarfio-Guerrero et al. 2021 [164]. Briefly, the
first step consisted of the production of Au seeds. These were prepared with a solution of 0.5 mM of
HAuCl4, and 10 ml of 1% citrate solution was added under stirring. To the resulting solution, 10 ml of
PVP (2.5 mM) was added and left under stirring overnight to form Au seeds. The Au seeds obtained
were centrifuged (4500 rpm, 45 min) and concentrated to 1.5 mM.

The AuNSs were prepared with a solution with 1.5 g of PVP (2.5 mM) in 15 ml of N-N-
Dimethylformamide (DMF) and sonicated. To this solution, 40 pL of HAuCls4 (101 mM) was added, fol-
lowed by the addition of 320 yL of the Au seeds (1.5 mM). After 1 MIPs of stirring, the solution was
centrifuged to remove the excess of PVP, using three cycles of centrifugation-dispersion with ethanol
(3500 rpm, 40 min). The resulting AuNSs was stored at 4 °C until use.

The Raman probe (AuNSs/TH) was set-up with a TH solution (1.0 x 1073 M) in absolute ethanol mixed
with the AuNSs (0.6 mM) solution, in a 1:1 ratio, and shaken for 1 MIPs, at 25 °C. The resulting solution
was centrifuged at 4500 rpm for 20 min at 25 °C to remove the excess of unbound TH. The Raman
probe AuNSs/TH was incubated until dry on the Au-SPEs.

4.2.4 MIPs assembly for CA 19-9

The electropolymerization of TH was made on C-SPEs or Au-SPEs (

Figure 23) to generate MIPs films for CA 19-9. These films were assembled in several steps. First SPEs
underwent a cleaning stage by exposing the 3-electrode system to a H2SO4 solution (0.5 M), following
15 cycles of a CV procedure, between —0.2 and 1.2 V, at a scan rate of 0.05V/s. Then, the C-SPEs were
modified by incubating a TH solution (10 M) on the WE, for 1 MIPs. The Au-SPEs were electrochemi-
cally modified by CV cycling of the same solution, under the potential range —0.4 to 1.2 V, at scan-rate
of 0.05 V/s. The electropolymerization of TH for generating the MIPs material was the following step. To
this end, the TH solution (10 M) was mixed with CA19-9 (1 KU) and incubated on the 3-electrodes, to
undergo 15 CV cycles, from —0.4 to 0.4 V (C-SPEs) or -0.4 to 1.2 V (Au-SPEs), at scan rate of 0.05 V/s.
Finally, the template was removed by incubating the WE in oxalic acid (0.5 M) for 1 MIPs. The same
steps were followed in the construction of the control non-imprinted polymer (NIP), in which CA 19-9
was excluded from the procedure. Each step of the MIPs/NIP assembly was followed by DPV.

The resulting MIPs/NIP electrodes were calibrated against CA 19-9 standard solutions, ranging from

0.010 to 100 u/ml, prepared in PhB solution, pH 7.4. After a selected incubation time, the electrochemical
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reading of DPV was collected, using a pulse amplitude of 0.05 V, a pulse width of 0.0167 s, and pulse
period of 0.1 s.

s TH
+
l . CA 19-9
- TH - MIP
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template
removal
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Figure 23: Schematic representation of the assembly of the biosensor. (A) clean electrode; (B) modification of the

electrode with TH; (C) electropolymerization of TH to generate the MIPs materials with the template CA 19-9; (D)
template removal; and (E) CA 19-9 rebinding to the imprinted sites.

4.3 Results and discussion

4.3.1 Formation and electrochemical studies of PTH on SPEs

The formation of the PTH film depends on the potential applied to the different substrates. In the first
approaches reported it was indicated that one should not go below a potential of +1.1 V to undergo the
electropolymerization of TH [265]. Gao et al. considered the upper potential limit in the potential sweep
for preparation of PTH was the determining factor in obtaining PTH. On the other hand, it has been
proposed that the oxidation potential should not be less than +0.9 V, because the potential of the elec-
trode should be greater than the potential in which the oxidation of TH is occurring [268]. After various
discussions, it was also accepted that the formation of PTH depends on the pre-anodization of the
surface [264], from which a positive charge can accumulate at the electrode surface to generate the TH
cationic radical. Thus, initial explorations over the TH electropolymerization were conducted to under-
stand which potential would be required to oxidise TH between —0.4 and 1.2 V, at a scan rate of 0.050
V/s for 15 cycles. The results obtained herein are shown in Figure 24. A shoulder peak at a maximum
potential of 0.9 V was evident in both substrates (C-SPEs and Au-SPEs). In the presence of thionine,
around +0.9 V, an irreversible oxidation of the monomer occurred, generating a radical cation, starting

polymerization. Globally, C-SPEs had more intense current signals than Au-SPEs (Figure 24 B), and it
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was also evident the formation of a pair of (apparently) quasi-reversible peaks (at +0.1 V and -0.2 V)
was also evident. The formation of monomeric radicals occurred around +0.9 V as mentioned above.
The redox couples that were most noticeable at the carbon electrodes (-0.2 V/+0.1 V) were attributed
to the oxidation/reduction of the polymer. Other redox pairs at more negative potentials are also de-
scribed in the literature [270], —0.23 V/-0.3 V, which was attributed to the oxidation/reduction of mono-
mers but on CNT-modified surfaces, so these pairs of redox were not evident in our case. It was as-
sumed that this monomer pair (not found) decreased in each voltammetry cycle, while the polymer pairs
(0.2 V/+0.1 V) increased, indicating the growth of PTH. The progressive blockage of electrons in the
PTH layer was seen by the current decrease in consecutive CVs, with signals showing a tendency for

an increased stabilization under an increasing number of CV cycles.
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Figure 24: Consecutive voltammograms of a TH solution 1.0x10-3 M prepared in PhB, between -0.4 to 1.2 V, at

scan rate 0.050 V/s for 15 cycles; (A) PTH, onto gold surface; (B) and carbon surface.

The electropolymerization curves on Au-SPEs showed two oxidation peaks (Figure 24 A), which are
attributed to the redox reaction of the molecular layer being formed [271]. The anchor of TH to the Au-
SPEs has been proposed to occur covalently when TH is first modified into a diazonium salt, which
undergoes electrical reduction through nitrogen cleavage under cathodic conditions, at about 0.9 V
[272]. Eventually, the TH may bind to the gold via sulphur or nitrogen atoms, which are quite common
bonds that are energetically favoured.

It is known that by increasing the number of potential cycles during electropolymerization, the thickness
of the polymeric film tends to be higher, but this is coupled to increased resistances that may hinder the
electrochemical response. In the case of PTH, the increasing film thickness also causes a shift from
electronic transfer in thin films to diffusion-controlled processes in thick films [267]. Yet, the purpose of
having a first layer of TH/PTH was to have a stable binding between the electrode substrate (carbon or
gold) and the subsequent MIPs or NIP film. Thus, no matter the number of cycles, the important aspect
here was to have TH bound to the surface. From the studies made, it was clear that a stable PTH film
was obtained for 15 CV cycles.
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4.3.2 Preparation of an imprinted film of PTH for CA 19-9

The imprinted film was obtained by in-situ electropolymerization of TH in the presence of CA 19-9
(MIPs). First, both gold and carbon electrodes were modified with TH polymeric films formed under
applied potentials or by simple casting, to ensure that the MIPs film was strongly bound to the electrode
surface. The use of PTH to generate a MIPs material was also meant to have an electrochemical probe
at the sensing material, which would avoid the need for an external redox probe. In this regard, Cheng
et al., explored the properties of TH in a biosensor for DNA recognition by integrating zirconia-reduced
graphene oxide nanocomposites [273]. Another use of TH as an electrochemical probe is the study
reported by Zhou et al., in which graphene oxide was modified with TH [274].

The presence of CA 19-9 within the polymeric film being formed caused a displacement of the redox
peaks towards more positive potentials in the cyclic voltammogram, both on carbon and gold substrates.
This is shown in Figure 25, evidencing potential shifts of 50 mV in the C-SPEs and 100 mV in the Au-
SPEs. It is important to note that the upper potential value of electropolymerization in the C-SPEs was
decreased from +1.2 V to + 0.4 V (C-SPEs). This was done because the [255] reported that the formation
of the polymer may be obtained under this narrower potential after subjecting the carbon surface to
+1.2V, which took place at the cleaning stage [255], [268].

The fact that C-SPEs generated higher current values, could be turn out advantageous in terms of
sensitivity of the analytical readings. C-SPEs are also less expensive than devices produced with gold-

based inks.
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Figure 25: Consecutive voltammograms of a TH solution 1.0x10-® M prepared in PhB, pH 7.4, with CA 19-9 (MIPs,
pink), without CA 19-9 (NIP, blue), on the (A) gold electrode and the (B) carbon electrode.

4.3.3 Raman studies of TH on C-SPEs

Raman spectroscopy is one of the most powerful techniques for this purpose and has been widely used
to study graphite and graphene. A characteristic Raman spectrum of the carbon electrodes is shown in
Figure 26. The results showed that while the Raman peaks in crystalline graphene were the G (1579

cm™")-associated symmetric E2g Raman mode [22], the intense peak at 1350 cm™, called the D band,
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is related to the A1g breathing mode, and it was observed because graphite oxidation and the subse-
quent reduction of graphene oxide significantly alter the basal plane structure of graphene [23]. The
shoulder in the spectrum was interpreted to be peak D" (1512 cm™), which has been reported for some
carbon-based materials. In addition, some weak peaks at 1165 cm™ were observed in graphene oxide
flakes and powders. Raman’s modes for graphene were also observed with different kinds of defects,
such as rings with different numbers of C atoms and configurations of C-O bonds. In these cases, a
peak at 1615 cm™, D' band, has been attributed to the disorder-induced phonon mode due to crystal

defects and defects in the graphene oxides [24].

10

~l. ‘
41

Residuals
o

-10

Amplitude

200 400 600 800 1000 1200 1400 1600 1800
Wavenumber (cm-')

Figure 26: Raman spectra of the carbon electrode at room temperature, signaling peaks G, D, D’, D”and D*.

By evaluating the Raman spectra of the same carbon electrode modified with TH, one may determine if
it is present and if TH interaction with carbon is covalent or noncovalent in nature. This was carried out
by observing the D band (1360 cm™") and following the alterations that may appear [25], as shown in

Figure 27. The spectra of TH casted on carbon electrode is shown in Figure 28 b. It showed the Raman
bands at 1350 and 1579 cm™, being a combination of both the characteristic bands of carbon and TH.
The band at 1384 cm™ corresponds to the 24 cm™' Raman shift from the D band,; this band is the defect
band of carbon, and it was visible in the Raman spectrum. As such, one could confirm the noncovalent
interaction hypothesis, given that functionalization with TH does not introduce defects in the carbon
network. In agreement with the construction of the biosensor, the first layer deposited was by absorption

of TH on the surface, and apparently no covalent bonds were established.
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Figure 27: SERS spectra of TH powder showing the most relevant peaks.
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Figure 28: Raman spectra of carbon electrodes (a) or carbon electrodes modified with TH (b), along with gold
electrodes (c) or gold electrodes modified with TH (d), and SERS of AuNSs with TH (e).

The eight main bands related to the presence of TH are shown in Table 1. Hutchinson et al. reported a
band at 480 cm™ that correlates well with the band at 479 cm™ in the collected spectrum. This band
was assigned to stretching of the C-S bond, central ring breathing, and Namino-H bond rocking [275].
Another band of TH was located 909 cm™" and was assigned to ring breathing. The band at 1149 cm™
was attributed to ring vibrations together with stretching vibrations of the N-H bond in the amino group.
Finally, the important bands at 1504 and 1622 cm™' were assigned to the aromatic ring stretching and
Namino-H bending [272], [276].
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Table 1: Raman bands of a TH solution on carbon or gold substrate assigning its presence and TH solid.

Thionine SolidThionine/ Thionine/ AuNSs/Thionine/

Assignments

(Aexe = 645 nm) Carbon Gold Gold
1618 1622 1624 1616 V(C-C)ring *+ Vas(C-N-C)ring + 8(Namino-H)
1503 1504 1506 1515 V(C-C)ring + &(Namino-H)
1475 1475 1476 V(C—C)ring
1436 1441 V(C-C)ring + Vas(C-N=C)ring + rock(Nbridge-H)
1387 1384 1386 1386 H-bending + ring-stretching
1320 1322 1320 rock (C-H) + &(Namino-H)
1283 1286 V(C-Cring + V(Nring-H)
1224 1228 1214 B(C-H)+wag(C-H)
1150 1149 1154 V(C-C)ring
1132 1137 V(C-C)dithionine)
1059 1114 V(Namino-H)
1033 1036 1028 B(C-H) + vas(C-S) + rock (C-H)
887 909 910 889 ring breathing
804 800 804 802
685 676 ring breathing +v(C-S) + v(C-H)
605 605 605 B(C-C) + rock (Namino-H) + rock (C-H)
479 479 482 480 v(C-S) + central ring breathing + rock (Namino-H)

Moreover, there was an insignificant difference between the ratio Io/lc for 0.94 (carbon) and 1.04 (TH-
carbon) presented in Table 2. As such, one could confirm the noncovalent interaction hypothesis, given

that functionalization with TH does not introduce defects in the carbon network.

4.3.4 Raman Studies of TH on Au-SPEs

The Raman spectra collected for the gold electrode substrate (Figure 28 c) had no relevant peaks to
comment, as expected for a gold material observed in Raman spectroscopy. In contrast, the modification
of this gold electrode with TH solution that underwent the CV procedure yielded a spectrum with a wide
range of vibrations, as evidenced in Figure 28 d.

The presence of TH on the gold electrode was evidenced by four main bands at 482, 1059, 1386, and
1624 cm™'and twelve weaker bands at 605, 676, 804, 910, 1132, 1154, 1228, 1286, 1322, 1436, 1476,
and 1506 cm™; the location of the bands as well as their respective assignments are represented in
Table 1. The first four bands can be grouped by their vibration caused by stretching of the C-S bond,
central ring breathing, and Namino-H bond rocking. The second one includes the contribution of stretch-
ing of C-N-C together with C-NH vibrations, whereas the last arises from aromatic ring stretching and
Namino-H bending [272], [275], [276].
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Table 2: Information about ratio between intensities and amplitude of carbon bands, D, D”,and G.

Carbon band | Frequency | Amplitude | FWHM Area Ip”/Ic | Ap”/Ac | Ip/Ic | AD/AG
(cm‘l) (comk- (cm'l)
Ount)
D 1350 39,76 169,34 | 10575,5
D” 1512 13,84 109,22 2374,9
G 1579 42,04 35,73 2359,7
0,33 | 1,01 0,94 |448
Carbon+TH Ip”/Ic | Ap”/AG | Ip/lc | AD/AG
band
D 1350 72,68 190,68 | 21769,3
D” 1504 30,62 101,12 | 4871,44
G 1580 70,18 44,79 | 4937,025
0,43 10,99 1,04 |[441

The band at 1506 cm™ corresponded to central ring breathing, and Namino-H bond rocking of the amino
group and the band at 1436 cm™" were assigned to the formation of amino bridges between two pheno-
thiazine molecules [272]. The bands of leucothionine were at 1154, 1228, and 1386 cm™'. The signal
corresponding to the vibrations of the ring of the dimeric structure formed was evidenced with the band
at 1132 cm™. The band located near 605 cm™' corresponded to the oscillation of the amino group [272].
The band at 1436 cm™" arising from the asymmetric stretching vibrations of the C=N bond in the central
ring, together with that at 1475 cm™, connected with the vibrations of quinoid rings, which suggest the
transformation of grafted TH into the oxidized form [272]. Overall, the presence of TH on the gold sub-

strate (as well as on the carbon) was clearly validated by the Raman studies.

4.3.5 Response of the MIPs Film to CA 19-9 in C-SPEs

For most dyes, including TH, the simplest immobilization technique consists of their adsorption to suit-
able substrates, such as carbon. In addition, monolayers of these molecules have been shown to be
stably adsorbed on gold surfaces [277]. Thus, TH was first adsorbed into the carbon electrodes, by
casting the TH solution along 1 h. This adsorption would allow a strong binding between the carbon
substrate and the MIPs layer formed after, thereby contributing to increase the stability of the electro-
chemical response. Considering that TH was not chemically modified, it is possible that the molecule
established n—n stack interactions with the aromatic rings on the carbon substrate and electrostatic
interactions between the -S- and the three amine groups on TH and the oxidized functional groups on

the carbon substrate (which were likely to be present after acidic cleaning).
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The DPV technique was used to follow the TH peak on the substrate, confirmed by the appearance of
a peak at around —0.35 V (Figure 29). The formation of the MIPs film was suggested by the increasing
reduction current produced by the electrodes and a potential shift. In contrast, the NIP yielded a more

intense potential shift for a lower peak current.
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Figure 29: DPV voltammogram of C-SPEs after cleaning of surface (green), drop-casting TH (violet), electropoly-
merizing TH with or without CA 19-9 (red, MIPs, and blue, NIP), and removing the template (coral, MIPs, and light-
blue, NIP). (A) represents the MIPs assembly and (B) the NIP assembly.

After template removal, a significant current decrease was observed, along with a shift in peak poten-
tials. This tendency was more evident in the NIP, which was also subject to a template removal proce-
dure, only for control purposes. This behaviour of the NIP evidenced the extraction from the electrode
surface of di- to oligomeric compounds to TH that were not firmly attached. It could also signal chemical
changes occurring on PTH after contact with oxalic acid. In addition, the peak shifting to —0.25 V in the
NIP also became more intense than that in MIPs. By comparing this behaviour with the control NIP, the
changes in the MIPs could be related to the fact that some protein molecules remained entrapped within
the polymeric network.

The ability of the MIPs film to bind CA 19-9 was tested by performing calibration curves with standard
solutions of the protein. This was performed only after stabilization of the MIPs/TH surface, by succes-
sive incubations in PhB, for 20 min, until a stable reading was reached. The calibration was made from
the lowest to the highest concentration, incubating consecutively each standard solution in the same
electrode. The standard solutions of CA 19-9 prepared for this purpose had 0.010, 0.030, 0.10, 0.30,
1.0, 3.0, 10, 31, and 100 u/ml.

The results obtained are shown in Figure 30. In general, from the two peaks observed in the voltammo-
grams of the MIPs, the peak current at about —-0.4 V decreased its intensity with increasing concentra-
tions of CA 19-9, while the peak at —0.25 V displayed a random behaviour. In contrast, the voltammo-
grams of the NIP displayed a more intense peak at about —0.25 V, which also displayed a random
behaviour, and a negligible peak current at about -0.4 V. This global random behaviour of the NIP

suggested the absence of specific binding sites on the polymeric network to capture CA 19-9.
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Overall, a greater difference between MIPs and NIP films was observed at the peak located at about
-0.4 V. This peak also displayed more intense peak current changes for consecutive concentration
variations, thereby generating calibrations of greater sensitivity. Having calibrations plotted under this
condition, the analytical performance of the biosensor in C-SPEs showed a linear trend in the concen-
tration range studied, up to 10 u/ml (Figure 30 C). The average linear regression was / (A) = 7.6 x 107°
x Log (CA 19-9, u/ml) + 2 x 1075, with an R squared >0.98, down to 0.010 u/ml. The calibrations in the
NIP displayed a random response, as mentioned, thereby confirming that the response of the MIPs was
selective for CA 19-9.
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Figure 30: DPV voltammograms of MIPs (A) and NIP (B) films assembled on C-SPEs and incubated consecutively
with increasing concentrations of CA 19-9 standard solutions, from 0.10 to 100 u/ml, along with the corresponding

average calibration plots (C) plotting MIPs as dark-pink, and NIP as light-blue.

4.3.6 Response of the MIPs Film to CA 19-9 in Au-SPEs

The first layer with TH was made by casting the solution and allowing adsorption and by electropoly-
merization of TH on top of the electrodes. From the two approaches, electropolymerization yielded the
most stable response and was therefore selected [228]. After electropolymerization of TH, the gold
electrode displayed an increase in the current value, along with the appearance of a potential peak
around -0.45 V (Figure 31 A). This suggests the formation of the polymeric film of TH, which seemed
to be corroborated by the intense purple coloration obtained in the WE (Figure 31 A, pictured in inset
that is stable within time and after washing).

The formation of the MIPs was confirmed by a marked increase in the reducing current in the potential
peak that appeared at —0.5 V. As can be seen in Figure 31, the increase in the conductivity of the
electrode in the MIPs was much greater with respect to the NIP. Another difference marked by the
presence of CA 19-9 was the small shift in the peak to more negative potentials in the MIPs, while in
the NIP, it shifted to more positive potentials.

The removal of CA 19-9 is a fundamental step to obtain the imprinted cavities that are directly related
to the sensitivity of the biosensor. The removal of the protein was conducted by incubating oxalic acid

on the WE for 1 h. The correct formation of cavities in the sensor was verified by decreasing the
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reduction peak and shifting to higher potentials. The NIP also yielded decreasing currents; however, the
peak obtained had little resolution compared to the background signal.
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Figure 31: DPV voltammogram of Au-SPEs after cleaning of surface (green), PTH (violet), electropolymerizing TH
with or without CA 19-9 (red, MIPs, and blue, NIP), and removing the template (coral, MIPs, and light-blue, NIP).
MIPs represented in (A) and NIP in (B). SPE with the colour changes in the WE in the different construction phases
(C).

The response of the MIPs film on Au-SPEs to CA 19-9 was tested by calibration curves, which were
made similarly to the studies made with C-SPEs. The typical results so obtained are shown in

Figure 32. Overall, the reduction peak signalling the presence of PTH was also the presence at about
-0.5 V (it is important to note that the solutions were deaerated with nitrogen before reading) and the
reduction peak tended to decrease in the presence of CA 19-9. This tendency showed a linear depend-
ency with log CA 19-9 concentration from 0.10 u/ml to 100 u/ml. As before, the NIP displayed a random
behaviour, thereby confirming that the response obtained for CA 19-9 depended mostly on interactions
between the target protein and the binding sites.
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Figure 32: DPV voltammograms of MIPs (A) and NIP (B) films assembled on Au-SPEs and incubated consecutively
with increasing concentrations of CA 19-9 standard solutions, from 0.10 to 100 u/ml, along with the corresponding
average calibration plots (C), plotting MIPs as dark-pink, and NIP as light-blue.
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4.3.7 SERS on TH Readings

Attempts to increase the signal by SERS studies were made by casting on the gold substrate TH linked
to AuNSs. The TEM shown in Figure 33 confirmed the formation of AuNSs. The typical Raman band of
TH was observed in the spectra obtained and shown in Table 1. The intensity of the spectrum obtained
by SERS was two times lower than that obtained with TH casted directly on the gold electrode (Figure
28 e).

50 om.

Figure 33: TEM images of AuNSs

The Raman spectra shown in Figure 34 A corresponds to the absorption of TH in glass and in the carbon
substrate. In the other graph, Figure 34 B, the absorption of TH followed by electropolymerization is
shown in carbon electrodes, TH/PTH. It is interesting to note that the spectra were apparently quite
similar, showing the strong Raman bands of the TH. The most predominant bands observed were found
at 486, 811, 914, 1036, 1389, 1504, and 1625 cm™', and their vibrational characteristics are listed in
Table 1.
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Figure 34: Raman spectra of TH, A) (blue) on carbon electrodes and (green) on glass, both substrates drop with

TH, B) (pink) spectra of PTH on carbon substrate.

In the SERS spectrum, it was expected that the Raman bands would be more visible (Figure 35 B), that

is, an increase in intensity would be observed throughout the spectrum. This may be since the
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distribution of the AuNSs was not homogeneous throughout the surface of the electrode. As the
AuNSs/TH layer was not homogeneously distributed on the surface, it was difficult to observe the SERS
effect (Figure 35 A), unlike the spectrum observed on the surface of the gold electrodes (Figure 35 B),

where the intensity of the spectrum of the TH bands appeared with greater intensity compared to SERS.
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Figure 35: SERS spectra of A) TH/AuNSs, (blue) on glass and (green) on gold, B) (pink) spectra of PTH on gold

substrate.

Hence, we can conclude that the distribution of the AuNSs/TH did not occur homogeneously throughout
the surface. However, on the surface of the gold electrodes, we had a homogeneous layer of PTH that
covered the entire surface of the gold. Any reading point of the Raman laser will find PTH deposited,
and its effect intensified by the surface of the gold in which it was absorbed.

The band located at 1616 cm™ corresponded to a shift of 8 cm™ of the band corresponding to aromatic
ring stretching and Namino-H bending for TH on Au-SPEs (1624 cm™). The band located at 1515 cm™
could be attributed to central ring breathing, and Namino-H bond rocking of the amino group such as
TH on the Au-SPEs band was located at 1506 cm™". The band at 1441 cm™ attributed to the asymmetric
stretching vibrations of C=N bond in the central ring decreased by 5 cm™ in TH on Au-SPEs (1436
cm™). The greatest decrease corresponded to the attributed band vibrations of the ring of the dimeric
at 1214 cm™, being 14 cm™ for TH on Au-SPEs (1228 cm™'). Despite the peaks appearing with less
intensity in both spectra, this displacement of the band can be associated with loss or gains of energy
between the atomic vibrations.

Overall, the signal obtained by direct reading to TH on the gold electrode was greater than that observed
with the TH on the AuNSs. In fact, there was no reasonable explanation for this observation, considering
that the gold AuNSs had a much greater surface area than the eventually flat gold surface on the Au-
SPEs (which has great roughness because it was produced by printing a gold electrode on a ceramic
substrate). Likely, this comparison was not valid and should require additional studies with increasing
concentrations of the AuNSs/TH, but this was also made to work very expensively, which is not desired

for a POC system.
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Overall, the results obtained demonstrate that the Au-SPEs/TH substrate had potential to undergo a
SERS reading to CA 19-9 binding in consecutive incubations of standard solutions, which would lead to
a complementary and dual response on the same sensing unit. After incubation of the standard solu-
tions, the electrochemical reading (which is non-destructive) could be followed by a SERS reading for
providing additional information, in a similar approach to that described in Castafio-Guerrero et al. [164]
(without AuNSs and having the signal enhancement at the substrate). This would help increase the

accuracy of the analytical response.

4.4 Conclusions

A new MIPs material for CA 19-9 was presented for electrochemical reading of this cancer biomarker.
When compared to a control, the MIPs showed selective and sensitive responses in reduction peak
currents of the sensing film that were concentration dependent. The materials obtained were monitored
by DPV and analysed by Raman spectroscopy, aiming to confirm the presence of TH and possible
derived species. Raman spectroscopy was useful to determine the presence of TH and its different
interactions with respect to each substrate studied. The results obtained from the characterization of the
TH bands suggest wide range of potential applications.

Importantly, TH was efficient as an indicator of the electrochemical signal, revealing the SPEs to be self-
indicated and label-free to detect CA 19-9. DPV was a useful technique to monitor the effect of CA 19-
9 on the electrode, being an overly sensitive technique. Moreover, studies made with SERS suggested
that the gold substrate with TH could further lead to complementary data, in a dual-detection scheme
on the same electrode.
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Chapter 5. Sensitive SERS detection of L1ICAM using Ag-mi-

crosporous plasmon capsules on am imprinted film

The results presented in this chapter are based on work “ Sensitive SERS detection of L1CAM
using Ag-microsporous plasmon capsules on an imprinted film “ by Castaino-Guerrero, Y., An-
drea Marifio-Lopez, Felismina T.C. Moreira, Miguel A. Correa-Duarte, A.C. Marques®, M. Goreti
F. Sales. To along this chapter has shown a potential in biosensor application of SERS with
MIPs technology. A plasmonic AQNCs were synthesized starting from Au cores continuing with
the growth of Ag. The MBA as Raman reporter, in combination with the AgNCs modify with the
antibody for L1CAM, make possible to recognize the cavities in the MIPs by SERS.
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5.1 Introduction

Many chemical modifications of metallic NPs aim to improve their chemical/mechanical stability and
fine-tune the surface properties in terms of electrical charge or chemical functionalities [278]. This can
include layered core structures [279], [280], [281], which prevent agglomeration or deformation of the
metallic NPs. Mesoporous silica coatings of metallic NPs have gained attention in this context, due to
their numerous advantages, such as high surface area, controllable pore size, high thermal stability and
easy surface functionalization [282].

NPs with a metallic core and a suitably designed protective shell are of interest for SERS, which aims
to maximize the signal enhancement of specific Raman reporter molecules [283]. AuNPs have been
used in SERS in many forms and with many coatings, including silica, with different thicknesses, sizes,
and shapes of the plasmonic core, confirming high enhancement factors [284], [285]. Despite the many
studies on AuNPs, silver nanoparticles (AgNPs) have also been used [286], [287] and outperform
AuNPs due to their special optical properties [281]; AQNPs have a much sharper and stronger plasmon
resonance compared to AuNPs.

The use of AgNPs in SERS is hindered by the low chemical stability of Ag [288], [289], for which core-
shell Ag nanostructures have been developed [286], [287], [290], [291]. A shell with a bimetallic core of
Au/Ag can further combine the advantages of both metals in terms of Raman signal output. In particular,
the combination of Au and Ag provides easy morphology control and strong plasmonic properties, lead-
ing to higher SERS intensity than the pure NPs alone [292].

When these metal NPs are used for SERS sensing, a biological recognition element is desired to im-
prove the accuracy of the determination. Molecularly imprinted polymers (MIPs) have been shown to be
successful biological recognition elements in this context [293]. MIPs are prepared by forming a complex
between the target molecule and selected functional monomers that undergoes appropriate polymeri-
zation. When the target molecule is removed, the vacancies formed on the polymeric network can se-
lectively capture the imprinted target molecules [294][295].

Since the first report on MIPs-SERS sensors in 2003 by Kostrewa et al. [296], special attention has
continued to be paid to this area. According to the recent review by Guo et al, particle-based MIPs-
SERS sensors are divided into three categories [294]. First, there are the MIPs-over-SERS sensors (M-
0-S) [297], [298], [299], which are characterized by presenting SERS NPs coated by MIPs surface im-
printing. Secondly, there are SERS on MIPs (S-0-M) [300], in which a well-tuned number of NPs create
a "hot spot" in the sensor structure. And finally, the MIPs mixed with SERS (M-m-S) [301], which are
easier to fabricate compared to the previous ones and avoid complex SERS substrates.

This work describes a novel chip-based MIPs-SERS sensor that is fabricated in the same way as parti-
cle-based sensors and provides a larger surface area compared to particle-based sensors [294][295],
[302], using a novel microporous plasmonic AQNCs material. It is assembled in a similar way as reported
in [285] and provides stronger amplification of the SERS signal than conventional AuNPs or AgNPs. To
this end, Au-AgNPs coated with silica and MBA, which are absorbed by the Ag surface as Raman tags,

were used as the SERS substrate. This is demonstrated in a direct application to detect the L1CAM in
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a MIPs sensor platform electrochemically constructed on C-SPEs and by binding L1CAM antibodies to
the SERS substrate to perform sandwich detection combining MIPs and antibody. The system was

optimized with respect to several variables in accordance with the EIS and SERS data.

5.2 Experimental Section

5.21 Equipment

The Potentiostat/Galvanostat from Metrohm Autolab was used for electrochemical measurements. It is
equipped with an impedimetric module and controlled by NOVA 2.0 software [237]. Commercially avail-
able C-SPEs were used (DropSens, DRP-C110), which combined WE and CE made of carbon as well
as RE and electrical contacts made of silver.

Raman spectra were recoded using a Renishaw Invia system using a high-resolution grating of 1200 g-
cm-1 and an acquisition time of 10 s. The laser (785 nm) was focused on the samples through a 50x
objective with a power of 2.47 mW. Transmission electron microscopy (TEM) was performed using a

JEOL JEM 1010 transmission electron microscope operating at an accelerating voltage of 100 kV.

5.2.2 Reagents and solutions

All chemicals were of analytical grade and water ultrapure Milli-Q laboratory grade. Potassium hexacy-
anoferrate Il (Ks[Fe(CN)s]), potassium hexacyanoferrate 1l (Ks[Fe(CN)e]) trinydrate, sodium phosphate
dibasic dihydrate (Na2HPOQO4), and Ortho-phosphoric acid 85% (HsPO4) were obtained from Riedel-de-
Haen; sodium chloride (NaCl), ascorbic acid, 4-mercaptobenzoic acid, polyvinylpyrrolidone, poly(dial-
lyldimethylammonium chloride) solution 20 wt. % in H20 (MW: 400000-500000), L1CAM Antigen (4.7
mg/ml, 34 kDa) and Anti-L1CAM (IgG, polyclonal, produced in rabbit) were obtained from SigmaAldrich;
silver nitrate (AgNO3) from Fluka; Sodium phosphate dibasic dihydrate, 99.5% (Na2HPO4.2H20) from
Panreac; Sodium dihydrogen phosphate dihidrate (NaH2P04.2H20) from Scharlau; foetal bovine serum
from Alfa Aesar. Sulphuric acid (H2SO4) was obtained from BDH; thionine acetate from Acros Organics.

5.2.3 Synthesis of the Ag/SiO. m-capsules

Au-based silica shells with Au seeds in their inner cavity (void/Au/mSiO2 composite) were prepared as
described elsewhere [285]. Silver nitrate (10 mM, 1 ml) was added to 0.5 ml of the void/Au/mSiO2 sus-
pension (1.25 mg/ml) with vigorous stirring. After 5 min, 10 pL of ascorbic acid (10 mM) were added to
the solution, which caused a colour change from red to brown due to the reduction of Ag*. The sample
was stirred for 5 min and then centrifuged and washed with ethanol (3500 rpm, 10 min) to remove the
excess reagents and obtain the AgNCs.

The Raman reporter solution (MBA, 1.0 x10# M) was added to the AgQNCs and mixed for 1 h in the dark.
The solution was washed with ethanol and water (3500 rpm, 10 min) to remove unbound MBA.

For coating with polyvinylpyrrolidone (PVP), 25 mg of PVP-30k were dissolved in 0.75 ml of water. 375
ML of this polymer solution were added to the AgNCs (625 mg) and stirred 18 h at room temperature.
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Subsequently, the PVP excess was removed by three centrifugations and redispersing cycles with water
(3500 rpm, 10 min). Finally, the product was dispersed again in water (0.5 ml).

The obtained structures (Au-Ag/MBA/mSiO2/PVP) were functionalized with poly(diallyldimethylammo-
nium chloride) solution 20 wt. % in H20 (PDDA, MW: 400000-500000). For this purpose, PDDA was
dissolved in a 0.5 M NaCl solution (pH 5.0) with a final polymer concentration of 2 mg/ml. Then 1.5 mL
of the positively charged solution was added to the capsules (625 mg) and stirred for 30 minutes at room
temperature. The excess of reagents was removed by three cycles of centrifugation-redispersion (3500
rpm, 10 minutes) the first two with water and the last with PhB, as this was the appropriate medium for
the addition of the antibody for L1CAM (Ab). This polyelectrolyte film provided the necessary electro-
static charge surface to facilitate the subsequent adsorption of the antibody.

The AgNCs were redispersed in 200 pl PhB and 100 pl Ab (0.03 mg/ml) was added. The whole was
stirred for 1 hour, followed by three cycles of centrifugation and redispersion with PhB. Finally, the re-

sulting material was redispersed in 200 pl buffer (3.125 mg/ml).

5.2.4 SERS and electrochemical measurements

For the SERS measurements, a volume of 5 pl of the solution containing the dispersed
Ag/MBA/mSiO2/PVP/PDDA/Ab material (3.125 mg/ml) was used, which was poured overnight onto the
biosensor with different concentrations of L1CAM. Then the surface was washed, and the biosensor
was prepared for Raman calibration with different concentrations of L1CAM as described below for the
electrochemical calibration curves.

The electrochemical measurements were used to follow the construction of the biosensor and its cali-
bration. For this purpose, CV and EIS were used in the presence of a standard redox probe,
[Fe(CN)s]*>/* covering the 3-electrode system. EIS shows the electron transfer and diffusion processes
at the electrode/electrolyte interface in the form of a Nyquist plot. CV shows the current changes as a
function of a series of applied potentials. In the EIS tests, a frequency range of 0.1 to 1x105 Hz was

used, with an amplitude of 0.01 V and a number of 50 frequencies.

5.2.5 Preparation of MIPs

The MIPs synthesis was supported electrochemically and carried out on the C-SPEs surface. A sche-
matic representation can be found in Figure 36. In general, the preparation of MIPs involved several
steps: (i) purification, (ii) preparation of the electrode to receive the protein, (iii) protein binding, (iv)
electropolymerization of the monomer, and (v) removal of the protein template. Each of these phases
was monitored by EIS.

In the cleaning phase, a H2S0O4 solution (0.5 M) was used and the electrodes were subjected to 15
cycles of CV between -0.2 and +1.2 V at a scan rate of 0.05 V/s. Then the WE was covered with TH

(103 M) for 1 hour at room temperature.
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Subsequently, the C-SPEs modified with TH (C-SPEs/TH) was incubated with L1CAM (0.01 mg/ml) for
1 hour. Electropolymerization was performed with TH solution dripped onto the 3-electrodes. A CV be-
tween -0.4 and +0.4 V was used at a scan rate of 0.050 V/s for 15 cycles. Subsequently, the polymer-
modified electrode was incubated with oxalic acid (0.5 M) for 2 hours to remove the L1CAM template,
as described in a previous study [263]. A control sample, a NIP, was prepared using the same procedure
without L1CAM.

(vi)

Figure 36: Schematic representation of the biosensor setup followed by incubation of L1CAM and Raman probe for
SERS readings. (I) casting of TH on the clean C-SPEs; (lI) casting of L1CAM; (lll) electropolymerization of TH; (IV)
removal of L1CAM,; (V) binding with L1CAM (from samples or standards); (VI) binding of AGNCs with Ab; (VII) and
SERS measurement in a confocal Raman spectroscope.

5.2.6 Electrochemical measurements

The electrochemical measurements to calibrate the biosensor were performed in a 5mM [Fe(CN)s]*/+
solution prepared in PhB 0.1 M with a pH of 7.4 (0.0754 M Na2HPO4 and 0.0246 M NaH2PQO4). The
L1CAM standard solutions used in the calibrations ranged from 0.1 to 100 ng/ml and were prepared by
diluting the commercial protein in PhB buffer or in FBS diluted in PhB (1:100). Each solution was allowed
to stand on the electrode for 20 minutes at room temperature. The selectivity study was performed in a
similar manner with interfering species. The interfering solutions, also prepared in PhB, were 7.0x10*

g/ml glucose, 1.0x10- g/ml creatinine, and 37 u/ml CA 19-9.

5.3 Results and discussions

5.3.1 Assembly of Ag/NPs

PS spheres of about 500 nm were used as templates for the electrostatic deposition of 3 nm AuNPs.

The AuNPs were then coated with a layer of mesoporous silica, creating an ordered matrix with
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improved SERS and high signal reproducibility. After addition of Ag+ and ascorbic acid, Ag+ was re-
duced and grew around the Au core. The subsequent addition of MBA molecules allowed Ag to bind to
Ag via thiol groups and generate an intense SERS signal. The resulting nanospheres were character-
ized by TEM Figure 37. The TEM images show mesoporous silica capsules with a size of about 500 nm

in diameter and Ag-based particles in their inner cavity.

—— Capsules with Au
—— Capsules with Au@Ag

400 500 600 700 800
Wavelength (nm)

Figure 37: Schematic representation of the synthetic approach to obtain the Raman probe on the AgNCs (a), the
transmission electron microscopy images of Si-Au (seed) (b) and Si/Au-AgNCs(c); and the UV-Vis spectra of aque-

ous dispersions of Si-Au and Si-AgNCs (d).

The resulting SERS spectra confirmed that MBA was adsorbed/attached to the Ag surface (Figure 38).
The characteristic spectrum of MBA showed two Raman bands at 1078 and 1585 cm™, which were
associated with the characteristic vibrations of the C-H bond of the aromatic ring and the C=C vibrations,
respectively [292], [303]. The bands at 845 and 1420 cm-' belong to & (COO-) and v(COO"), respec-
tively. The band observed at 719 cm™ was assigned to the vibration y(CCC) outside the aromatic ring
[304].

70



Chapter 5

Peak assignment o
Frenquency 2 8
(cm ) g g

@

719 yicco)  E
845 scoo)  § §
1078 V(CC)ng § 8

1420 ¥(COO")

gd 1585 V(CO)ying

0

500 1000 1500

Raman shift

Figure 38: Chemical structure of MBA (left), the characteristics Raman peaks for MBA (centre) and the typical
Raman spectra obtained for MBA (right).

The antibody bound to the AQNCs was previously prepared in a background solution of PhB. This solu-
tion was prepared with phosphate salts and did not contain electrolytes such as NaCl or KCI. These
electrolytes destabilized the formation of the AgNCs, as may be seen in Figure 39. Thus, a positively
charged PDDA was added before the antibody, which as a stabilizer for the AgNCss and facilitated the
binding of the Ab in the PhB solution.

200 nm 200 nm

Figure 39: TEM for AgNPs with AB, without the PDDA.

Overall, the intensity of the spectra was high when compared to the typical Raman signal of the MBA
alone. This confirmed the attainment of a strong electromagnetic field around the silver, referred to as
a “hot spot” [294]. This effect was further enhanced because each AgNCs acted as a second amplifier
of the “hot spots”, as a single capsule contained multiple hot spots of MBA molecules next to the Ag,
most of which should produce a Raman signal. Since a single capsule may be signalling a single L1CAM

protein, the Raman signal generated by a single protein is immensely amplified with our approach. In
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addition, the shell around the silver is expected to have a protective effect against silver oxidation, which

may contribute to extend the self-life of the Raman probe.

5.3.2 SERS response of the nanoprobes

To monitor the signal enhancement produced by seeding Ag around Au, AgNCs or MBA-labeled AUNC
were tested to monitor L1CAM for C-SPEs. The obtained SERS spectra are shown in Figure 40, signal-
ling that the peak at 1078 cm™ was the most adequate to follow the intensity changes in MBA, for con-
centrations of L1CAM ranging from 0.1 to 100 ng/ml. The highest L1CAM concentration showed SERS
intensities of 21276 and 28020 when AuNC or AgNCs were used, respectively; at the lowest L1CAM
concentration, the corresponding SERS intensities were 832 and 3157, respectively. As shown by the
comparative results of the two metal nanomaterials, the growth of Ag-based nanostructures around

AuNPs favoured the SERS signal enhancement by~4x.
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Figure 40: SERS spectra obtained by using the different Raman probes incubated on the biosensor with 0.1, 3 and
100 ng/ml of L1ICAM. (A) Au-Ag/MBA/PVP/PDDA/Ab or (B) Au/MBA/PVP/PDDA/AD.

5.3.3 Electrochemical studies in MIPs

In general, MIPs synthesis requires complex formation between L1CAM and a suitable functional mon-
omer, which is subsequently polymerised. After removal of L1CAM, the resulting empty cavities are
expected to have a shape and stereochemistry complementary to the imprinted protein. These cavities
are therefore able to bind L1CAM, which can be followed up by electrochemical detection [294].

The first step in the construction of the biosensor was to clean the C-SPEs (Figure 36 1). This was done
with successive CVs under a sulphuric acid solution. The resulting Nyquist plots and cyclic voltammo-
grams are shown in Figure 41. They show increasing Rct values and lower current magnitudes and
larger peak-to-peak potential differences, respectively, reflecting the oxidation of the carbon substrate
at the surface of the electrode. The signals obtained offer higher reproducibility within different C-SPEs

units than when using the commercially available C-SPEs units without a pre-purification step.
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Figure 41: Nyquist plots (left) and CV voltammograms (right) of the pristine C-SPEs (Base) and the resulting elec-
trochemical cleaning with 0.5 M H2SO..

The next step in the construction of the biosensor was to cast TH onto the WE (Figure 36 I1). TH belongs
to the group of phenothiazine dyes with two amino groups and is a molecule with good electron transfer
capacity and high solubility in water. TH acts as a cross-linking element between the carbon (on the
SPEs) and the PTH MIPs to ensure the formation of a stable MIPs film: a) TH binds to the carbon
electrode via non-covalent functionalisation [263] by establishing van der Walls interactions between
the aromatic rings of carbon and TH; b) TH also allows subsequent binding to L1CAM via hydrogen
bonding interactions with the chemical functions containing N-H and O-H atoms. The absorption of TH
at the C-SPEs was confirmed by the increase in conductivity at the electrode surface Figure 42, as TH
and the redox probe are oppositely charged.

The next step was the MIPs assembly (Figure 36 IIl). There are a variety of strategies for the fabrication
of MIPs [305] of which surface imprinting by electropolymerisation was chosen. Surface imprinting
makes it possible to increase the number of imprinted sites, which can increase sensitivity. This requires
the incubation of L1CAM on the C-SPEs modified with TH, resulting in electrodes with higher Rct values
(Figure 42). Electropolymerisation makes it possible to control the size of the polymer film by controlling
the electrochemical parameters such as the SR, the number of cycles and the potential window, which
proves to be an advantage in terms of reproducibility [306]. The monomer selected for this purpose was
TH [267], which offers 2 main advantages in terms of MIPs construction. Firstly, it contains two amino
groups in alpha positions with N-H bonds that allow the formation of hydrogen bonds with multiple func-
tional groups in L1CAM, facilitating complex formation [307]. Secondly, it yields a conductive polymer,

PTH, which is expected to improve the electrochemical sensitivity. The higher Rct values observed on
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the electrodes were indeed due to the formation of PTH, as the same electrodes incubated in PhB

(instead of TH) and treated the same way showed much lower Rqt values.
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Figure 42: Nyquist plots after cleaning the electrode surface (green), drop casting of TH, 10-3 M (violet), and binding
of L1CAM, 0.1 mg/ml, (coral) or PhB pH 7.4 (gold).

The MIPs of PTH was obtained by CV, where previous information on the conductive/electroactive prop-
erties of TH made the electropolymerization process simple, stable and satisfactorily reproducible [308].
It was originally assumed that the potential sweep would have an upper limit of 0.9 V, as TH would not
polymerise at lower potentials [268], and that the potential of the electrode should be greater than the
potential at which oxidation of the NH2 groups occurred. In an initial exploration of the potential, a well-
defined shoulder peak was observed at a maximum potential of 0.9 V with a pair of new reversible peaks
(Epc =-0.2 V, Epa = 0.1) with potentials between -0.3 and 1.2 V at a scan rate of 0.050 V/s for 15 cycles
(Figure 43).
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Figure 43: Cyclic voltammogram of the growth process of PTH film, between -0.4 to 1.2 V, at scan rate 0.050 V/s

for 15 cycles (consecutive cycles generated greater current signals).
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As the number of cycles increased, a gradual increase in peak height and a tendency towards stabili-
sation of peak current on successive scans was observed, confirming the formation of a polymer film of
TH on the C-SPEs (Figure 43). Considering that the peak at around 0.9 V showed irreversible behaviour,
the potential range of the CV was narrowed down to obtain only the reversible peaks. A CV between -
0.4 and +0.4 V was sufficient to cause the formation of PTH, as evidenced by the purple colour on the
surface of the electrode and the electrochemical properties of the electrode (Figure 44). In terms of the
number of cycles that regulate the polymer thickness, the current increases with the number of cycles
up to 15, after which the current can be slightly reduced [255]. Therefore, a total number of 15 cycles
was chosen as the optimum number of cycles for the experiments. As expected, the Nyquist diagrams
of the PTH before removal of the template show very low Rt values, which is due to the high conductivity

of the polymer materials (Figure 42).
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Figure 44: Cyclic voltammogram of the growth process of PTH film in MIPs and NIP, (violet) with L1ICAM and
(green) PhB pH 7.4, containing 1x10-3 M of TH.
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Figure 45: EIS plot for MIPs and NIP, A) after formation of polymeric network between L1CAM and TH; B) removal
step with oxalic acid (0.5 M).
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The subsequent stage was template removal (Figure 36 IV), which was performed with oxalic acid. This
chemical treatment may have altered the intrinsic conductivity properties of the polymer films, as the
overall Ret values increased. Compared to the NIP, the MIPs biosensor has intrinsically higher Rt values
(Figure 45 B), which could be due to the presence of L1CAM proteins within the polymeric network or
the fact that the presence of L1CAM hindered the formation of the polymer.

The stability of the signal generated by the sensor was ensured by successive 20-minute incubations in
PhB. Only when a stable signal was achieved were the L1CAM standard solutions incubated in the
sensor layer to record the calibration curves. The concentrations of the L1CAM standard solutions
ranged from 0.1 to 100 ng/ml. As expected, the binding of L1CAM to the complementary MIPs cavities
contributed to an increase in the Rt value, which was more pronounced with increasing L1CAM con-
centration (Figure 46 A). The greater sensitivity of MIPs was confirmed by a slope of ~57 Q/decade,
compared to less than half the slope of NIP (Figure 46 B). This confirms that the dominant response of
MIPs is due to the binding of L1CAM to the imprinted sites and not to non-specific sites in the polymer
film. The linear response of NIP showed much smaller slopes and the quality of the linear fit was poor

with a squared correlation coefficient of 0.96.
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Figure 46: Electrochemical data for calibration with L1CAM standard solutions ranging from 0.1 ng/ml to 100 ng/ml
prepared in PhB using the MIPs biosensor. (A) Nyquist plots for incubations in the MIPs film of increasing concen-
trations of L1CAM, from 0.1 ng/ml to 100 ng/ml; (B) corresponding calibration curves with linear plots, for (darkpink)
MIPs and (lightblue) NIP.

5.3.4 SERS studies in MIPs

In the SERS assays, the Raman probe, Au-Ag/MBA/mSiO2/PVP/PDDA/Ab, was incubated in the C-
SPEs biosensor with a specific concentration of L1CAM. The probe was bound to the electrode surface
via the Ab, which binds to the L1CAM already present at the imprinted sites. This binding was evaluated
for biosensors with L1CAM concentrations ranging from 0.010 to 31 ng/ml, tracking the characteristic

peak of MBA at 1078 cm™'. For this end, the Raman spectra of each concentration were collected at
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various locations of the WE. The intensity of the Raman signal was also considered to obtain estimated
quantitative data on the concentration of L1CAM. Thus, the SERS intensity value at 1078 cm™ (y-axis)
was plotted against the logarithm of the L1CAM concentration (x-axis). The use of the logarithmic con-
centration is related to the typical behaviour of MIPs materials.

Overall, the Raman spectra showed an increasing intensity of the band at 1078 cm-1 with increasing
protein concentration (Figure 47 A). This increase in SERS signal corresponded to a series of consec-
utive events, starting with the higher number of probes Au-Ag/MBA/mSiO2/PVP/PDDA/Ab on the sur-
face, bound to a higher number of L1CAM protein structures, occupying a higher number of binding
positions on the MIPs. From an analytical point of view, the results obtained showed an improvement
over the electrochemical technique. While the sensor was able to detect up to 0.1 ng/ml L1CAM with
the electrochemical technique, the SERS detection reached 0.01 ng/ml (Figure 47 B), which means that

the detection capacity was improved 10-fold.
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Figure 47: SERS spectra obtained using Raman lens and the Raman probe Ag/MBA/PVP/PDDA/ADb for MIPs films
incubated with standard solutions of L1CAM of 0.01, 0.03, 0.3, 1, 31 ng/mL or for NIP films incubated with PhB or
31 ng/mL. A) Raman spectra ranging from 980 to 1150 cm™'; B) Bar graph for the intensity of the Raman peak at

1078 cm-" for each concentration of L1CAM analysed in the MIPs films.

Since the Raman laser beam only irradiated a small portion of each electrode, it was possible that the
SERS signals did not reveal a representative surface of the biosensor. To complement these results,
the spectra were also recorded using a Raman lens that covered a larger area of the electrode surface.
Figure 48 shows the resulting SERS spectra for buffer and L1CAM standard solutions of 0.01, 10 and
100 ng/ml. In general, it was interesting to note that for buffered solutions incubated at the surface, the
Raman signal at 1078 cm™" provided no relevant intensity. As for the response of the MIPs to L1CAM,
the observed response was also a linear trend as a function of log concentration, suggesting that the
surface provided a similar overall response in analytical terms (although the strength of the Raman

signal decreased when the signal acquisition conditions were changed).
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Figure 48: SERS spectra obtained for concentration solution of L1CAM, range 0.01, 10, 100 ng/ml, and NIP; using
Ag/MBA/PVP/PDDA/AB, for more diameter of lent, A) spectra in 980 to 1150 cm-1, B) Barplot for the same range

of protein concentration.

SEM images were added to the Raman data to understand the differences in the analytical response
between MIPs and NIP in terms of the the density of the nanocapsules on the biosensor surface. The
typical images obtained are shown in Figure 49. In general, the differences between MIPs and NIP
electrodes are not obvious when viewed by SEM, but the presence of nanocapsules highlights these
differences and signals L1CAM binding sites. The images obtained are in general agreement with the
results obtained in SERS. The MIPs showed a greater distribution and higher density of AQNCs over
the entire surface compared to the NIP. The presence of some AgNCs on the surface of the NIPs indi-
cates non-specific interactions (albeit to a very small extent compared to the MIPs). There is also some
heterogeneous distribution of the nanocapsules over the electrode surface. This effect is eliminated
analytically by having multiple measurement points on each electrode and selecting the most repre-

sentative response (higher intensity) or a single Raman measurement (lower intensity).

5.3.5 Serum study

The biosensor was calibrated in standard solutions prepared in a 100-fold dilution of serum (Figure 50).
Foetal bovine serum, which is similar in composition to human serum, was used for this purpose. In
general, the serum calibrations showed good analytical properties. They exhibited a linear range from
0.1 to 31 ng/ml, with a slope of 349 Q/decade and a squared correlation coefficient of 0.99. It is clear
that the biosensor is sensitive to increasing concentrations of L1CAM, when compared to the analysis
made in buffered solutions. This high electrochemical sensitivity was likely due to the presence of addi-
tional ionic species in the solutions from the diluted serum and the non-specific binding by coexisting
proteins. This was supported by the fact that initial stabilisation with a blank solution was very difficult to

achieve.
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Figure 49: SEM images of the NIP (top, after incubation in buffer solution) and MIPs (bottom, after incubation in
100 ng/ml) films, with Raman probes incubated on the surface of the electrode. The images on the left and in the
centre correspond to different locations on each electrode; the image on the right corresponds to a higher magnifi-

cation.
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Figure 50: Electrochemical data for calibration with L1CAM standard solutions ranging from 0.1 ng/ml to 100 ng/ml
prepared in 100-fold diluted foetal bovine serum using the MIPs biosensor. (A) Nyquist diagrams. (B) Calibration
plots for relativa R to the blank of the MIPs (dark pink) and NIP (light blue).

When analysing the layer that comes into contact with the sample, it was found that the sulphur atom
on the TH could undergo side reactions with functional groups in non-specific proteins in the serum. To
eliminate this possible non-specific adsorption of components in the serum, a solution of 3-MPA was
added to the construction of the MIPs prior to protein removal. It was hypothesised that it could bind

free -SH in the MIPs layer and thus provide a more stable platform against incubation in serum.
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As expected, an improvement in the stabilization of the MIPs layer incubated with serum was observed,
but this addition of a new layer led to a change in the signal during calibration.

As shown in Figure 51 A, with the successive increase in L1CAM concentration two incomplete semi-
circles became visible. This was reflected in the frequency/phase plots, in Figure 51 B and C, where
this behaviour was much more pronounced for the MIPs. Using data for a fixed frequency of 2.95 Hz,
the linear curve obtained for the MIPs was very different from that of the NIP, corresponding to a linear
range from 0.3 to 100 ng/ml with more than double the sensitivity (Figure 51 D). Thus, an increase in

the phase value with increasing L1CAM concentration is observed, with the R-squared being 0.99.
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Figure 51: Electrochemical data for calibration with L1CAM standard solutions ranging from 0.1 ng/ml to 100 ng/ml
prepared in 100-fold diluted foetal bovine serum using the MIPs biosensor modified with a layer of 3-MPA. (A)
Nyquist diagrams. (B) Frequency-phase diagram of the MIPs. (C) Frequency-phase diagram of the NIP. (D) Cali-
bration plots for a fixed frequency of 2.95 Hz of the MIPs (dark pink) and NIP (light blue).

5.3.6 Selectivity study

Selectivity studies were performed to understand the ability of the analytical system to discriminate be-
tween L1CAM and coexisting compounds in biological fluids. The potential interferents selected for this

study were creatinine, glucose and CA 19-9 and their concentrations were adjusted to 1.0 x 1073 g/ml,
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7.0 x 10~ g/ml and 37 u/ml, respectively. These solutions were prepared in PhB and incubated sepa-
rately on the sensor for 20 minutes. This is the same time given for the standard solutions of L1CAM in
the calibration procedure. These results of the separate incubation of the individual interfering sub-
stances were compared with the response of the device to L1CAM (10 ng/ml).

The average percentage of the response was 1.3 % for creatinine, 9.9 % for glucose and 10.8 % for CA
19-9, compared to L1CAM, indicating a negligible interfering effect (Figure 52). This was an excellent
result considering that this separate interference test corresponds to the worst-case scenario of the
device, as the lack of competition with the target molecule could allow a significant non-specific re-

sponse.
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Figure 52: Relative Rt data extracted from the Nyquist plots for L1CAM standard solutions and other possible

interfering species (creatinine, glucose and CA 19-9).

In general, the results obtained showed that MIPs has high selectivity characteristics, maintaining a high

affinity for the target molecule in relation to secondary components.

5.4 Conclusion

A new material with a porous silica-based structure covering the AgNPs seeded on Au has been devel-
oped. The silica-shell so formed contributed to the stability of the Ag particles against oxidation and
protected them to some extent from external contamination. A Raman tag and an antibody were bound
to the AgNPs inside the silicon to ensure the desired functionality. Since a single nanocapsule contained
a large number of hot spots, it enabled intense SERS signal amplification.

The MIPs sensor for L1CAM constructed with PTH showed high sensitivity in PhB, where pretreatment
with a thiol-based compound was required in serum samples to avoid non-specific binding of coexisting
compounds. The biosensor had good electrochemical sensitivity in the clinical range of interest to pa-

tients. This electrochemical response was complemented by Raman spectroscopy data after the Raman
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probe was added. SERS detection improved the detection capacity at least 10 times the concentration
of the protein.

Overall, the combination of electrochemistry/SERS and MIPs/antibodies is expected to provide an ex-
ceptionally reliable answer. The selectivity imposed by the MIPs is monitored by electrochemistry and
further validated by immunoassay with SERS to perform a “sandwich-like” assay between a MIPs (com-
monly known as a plastic antibody) and a naturally derived antibody. This dual detection capability com-
bined with dual recognition can be extended to other biomarkers, especially when it is important to avoid

negative/positive errors.
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Chapter 6. Silent-region SERS tag detects CA 19-9 captured

in a MIPs surface using the Coomassie Brilliant Blue dye

The results presented in this chapter are based on work “Silent-region SERS tag detects CA
19-9 captured in a MIP surface using the Coomassie Brilliant Blue dye” by Castafio-Guerrero,
Y., Correa-Duarte, M., Aguas, H., Sales, M.G. This work used the background knowledge of
plasmonic AgNCs and the MIP technology to detect CA 19-9. The most innovative part of this
work is related to the use of CBB incubated with the protein before the addition of the monomer
3AP. Also, the Raman tag MBN was employed, displaying a characteristic peak outside of “fin-
gerprint region”. The reporter Raman signal increased with the increasing of CA 19-9 concen-
trations and confirmed the recognition of proteins bond to the MIPs by the AgNCs with antibod-
ies.
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6.1 Introduction

As explained, there is a low precision in a single biomarker detection for monitoring the installation and
aggressiveness of PC, making the development of a multi-biomarker system for PC very important. In
this work, a new device for CA19-9 was implemented. CA 19-9 is the only biomarker approved by the
US FDA for PC in clinical diagnostic [309]. Elevated levels of this biomarker in blood plasma are not
always (and only) associated with PC. High levels of CA 19-9 have occurred in oncological and non-
oncological cases, as well as in other types of tumors, or diseases such as pancreatitis and obstructive
jaundice [310]. Thus, the level of CA 19-9 in serum is used as prognosis and to follow the response to
chemotherapy. Normal serum levels of CA 19-9 have been established under 37 u/miI[311].

Overall, there is a need to find a sensitive and selective technique to detect low levels of CA 19-9, with
particular focus on the early detection of changes in the CA 19-9 levels in blood [312]. Among the tech-
niques developed for the detection of CA 19-9, one can find enzyme-linked immunosorbent assays
[313], electrochemical immunoassays [314], [315], [316], and immunoassays using quantum dots [312].
Most of these provide low detection limits, but they maintain the inconvenience of a long time to re-
sponse, high costs and low selectivity in terms of recognition. In line with the previous works, it would
be interesting to explore the capacity of having a MIPs/immunoassay testing with SERS detection.

In terms of MIPs assembly, it is important to have a monomeric compound with high affinity for CA19-
9. The dye used in the well-known Bradford assay for protein quantification [317], CBB, displays high
affinity for specific amino acids such as arginine, histidine, lysine, phenylamine, tyrosine and tryptophan,
making this a potential candidate for tailoring MIPs for proteins. CBB forms a stable complex with pro-
teins through electrostatic interactions with the amino and carboxyl groups of the proteins [318]. In 2015
[319], CBB was used for the electrochemical polymerization of CBB on carbon paste electrodes. The
modified electrode showed an excellent electrocatalytic activity towards the oxidation of the target mol-
ecules. Electrode modification with CBB also showed good stability, sensitivity, selectivity, and repro-
ducibility, which are also the key parameters for the good operation of the modified electrode [319].

In terms of SERS detection, the use of AgNCs seems advantageous, following the previous work. How-
ever, the Raman reporter signaling the presence of the protein can be changed to improve the selectivity
[320]. In general, the Raman spectra ranges from 500 to 3000 cm™' Raman shift, which can be split into
different regions: (a) the “fingerprint-region” (500 to 1800 cm) that signals the vibrations of most of the
molecules; (b) the “silent-region” (1800 to 2800 cm™") in which only triple-bond vibrations exist and no
cellular vibrations from functional groups are detected; (c) and the “high-frequency region” (> 2800 cm™")
that corresponds to C—H stretching vibrations (CH, CH2, CHs) [320]. As the biological materials include
different biomolecules, the resulting Raman spectra is complex and contains overlapping signals. This
makes the identification of just one molecule very difficult, unless it is found in large quantities or has a
unique signature that distinguishes it from other molecules. Particularly, Raman tags with signal in the
so-called “silent-regions” are an interesting choice. The functional groups in this region have a strong
signal and can be discriminated among endogenous biomolecules. The chemical structures with func-
tional groups like deuterium (stretching vibration —C-D), alkynes (stretching vibration —C=C-) and
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nitriles (stretching vibration —C=N), are candidates to Raman tags due to their chemical stability, small
size, and synthetic availability [320].

This, this work uses CBB to build a biosensor with high selectivity for CA 19-9. Since the CBB dye has
high affinity for proteins, it is possible to create a binding site in the MIP with greater stability and selec-
tivity for CA 19-9. CBB also protects the protein from radical attack during the polymerization because
it forms a complex with the protein and only after 3AP monomers will form polymeric films around this
complex by electrical stimulation. The binding sites in the MIPs are obtained after removing the protein,
and keep the dye attached to the polymer, facilitating the formation of the reversible complex between
the protein and the CBB. In this way, the plastic antibody will be more sensitive to detect CA 19-9. The
MIPs was used as plastic antibody to retain the target to be detect using AQNCs (see Figure 53). The
surface of AgNCs was modified with anti-CA 19-9 antibody and the SERS signal was followed using the
MBN as Raman tag.

~
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tag

2000 2100 2200 2300 2400

MIP for CA 19-9 SERS signal

Figure 53: Schematic representation of the MIPs for CA 19-9 with the detection of protein through SERS using
AgNCs (left) and the peak signal obtained for the Raman tag bond to the AgNCs (right).

6.2 Experimental Section

6.2.1 Equipment

Electrochemical measurements were made with the Potentiostat/Galvanostat from Metrohm Autolab
controlled by NOVA 2.0 software [237]. The C-SPEs were acquired from DropSens, DRP-C110. The
commercially C-SPEs have a three-electrode system, the WE and CE are made with carbon and the
reference is silver material. The control box connecting these SPEs to the potentiostat was from BioTID,
Portugal.

Raman spectra were acquired with a Thermo Scientific DXR Raman Microscope. The laser (785 nm)

was focused on the samples through a 50x objective with a power of 15 mW.

6.2.2 Reagents and solutions

All solutions were prepared with ultrapure water Milli-Q laboratory grade. Potassium hexacyanoferrate

Il (Ks[Fe(CN)s]), potassium hexacyanoferrate Il (Ks[Fe(CN)g]) trihydrate from Riedel-de-Haen; Sodium
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phosphate dibasic dihydrate, 99.5% (Na:HP04.2H20) from Panreac; Sodium dihydrogen phosphate di-
hydrate (NaH2PO4.2H20) from Scharlau; foetal bovine serum and Glucose were obtained from Alfa Ae-
sar. Sulphuric acid (H2SO4) was obtained from BDH; 3-Aminophenol, 99% from Acros Organics; Coo-
massie Brilliant Blue G 250 from Panreac; CA 19-9 obtained from Biotbyt; Carcinoembryonic Antigen
from EastCoastBio; Creatinine obtained from Fluka; Anti-CA 19-9 antibody from Abcam; Ascorbic Acid,
Polyvinylpyrrolidone, Poly(diallyldimethylammonium chloride) solution 20 wt. % in H20 (PDDA, MW:
400000-500000), Gold (Ill) chloride trihydrate 99 % (HAuCls.H20), Latex beads Polystyrene, Poly(al-
lylamine hydrochloride), Oxalic acid dihydrate and Tetrakis hydroxymethyl phosphonium chloride solu-
tion, were obtained from SigmaAldrich. Silver nitrate (AgNQO3) from Fluka; 4-mercaptobenzonitrile ob-
tained by Apollo-Scientific; Sodium Hydroxide (NaOH) obtained from EKA; Sodium Chloride (NaCl) ob-

tained by Normapur.

6.2.3 Preparation of Biosensor

The biosensor for CA 19-9 detection was assembled electrochemically on C-SPEs surface using MIPs
technology. The performance of biosensor in each step of construction was followed by EIS.

The C-SPEs were previously cleaning through an electrochemical oxidation in H2SO4 solution (0.5 M),
made by CV, between -0.5 and 1.5V, at a scan rate of 0.05V/s for 10 cycles.

Then, for the polymerizingn solutions consisted of a solution 1:1 (v:v) with CBB (0.01mM) and 3AP
(0.5mM) in PhB solution (0.1 M). The PhB solution was prepared at pH 7.4 using 0.0754 M of Na2HPO4
and 0.0246 M of NaH2POa. Previously, 150 ul of CBB solution was shaken during 20 min with 50 pl of
CA 19-9 (10 ku-mlI'"). Then 200 pl of 3AP was added to obtain the polymerizing solution yielding the
MIPs. The same procedure was used to prepare the NIP solution replacing the protein solution by PhB.
The electrode was covered with polymerizing solution and was electropolymerization was made by CV,
scanning the potentials between -0.3 to 0.8 V, at a scan rate of 0.050 V/s, fot 10 cycles. To protein was
removed to form the imprinted cavities in the same way as in the previous works [321]. The modified

electrode was incubated during 1 hour with oxalic acid (0.5 M).

6.2.4 Electrochemical measurements

The calibrations of the biosensor were evaluatedout with electrochemical measurements usinga 5nM
standard solution of [Fe(CN)6]*/*, prepared in PhB. The EIS was used at frequency range of 0.1 to
1x10° Hz, with 0.01 V of amplitude and a number of frequencies of 50.

The calibration curves were performed with CA 19-9 standard solution ranging from 0.006 to 100 u/ml
prepared in PhB or in FBS diluted 1:100. Each standard solution was incubated for 30 min onto the
electrode before electrochemical reading. The selectivity studies evaluated the response of interfering
solutions in PhB with 7.0x10** g/ml of Glucose, 1.0x10- g/m of Creatinine, and 2.5 mg/ml of CEA.
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6.2.5 Synthesis of the Ag/SiO; capsules

The AgNCs shelled with silica and Au seeds in the inner cavity (void/Au/mSiO:) were prepared accord-
ing to [285].Under vigorous stirring, a silver nitrate solution (10 mM, 1 ml) was added to 0.5 ml of
void/Au/mSiOz2 solution (1.25 mg/ml°). After 5 min, 10 pL of ascorbic acid (10 mM) were added to the
solution under stirring, resulting in a colour change from red to brown as consequence of Ag+ reduction.
The solution was kept under agitation during 5 min. The excess of reagent was removed by centrifuga-
tion-redispersion cycles with ethanol (3500 rpm, 10 min).

The Raman reporter, MBN (10-3M), was added to the AQNCs and mixed for 1 h in dark. The solution
was centrifuged (3500 rpm, 10 min) in ethanol twice and the last centrifugation was resuspended in 0.5
ml of water.

PVP was used to coat the AgNCs. The PVP solution was prepared by dissolving 25 mg of PVP dissolved
in 0.75 ml of water. 375 L of PVP solution was added to the AgNCs and stirred during 18 h at room
temperature. The excess of PVP was removed by centrifugation-redispersion cycles (4500 rpm, 10 min)
in ethanol, and then redispersed in 0.5 ml of water.

The final material structure (Au-Ag/MBN/mSiO2/PVP) was functionalized with PDDA, (MW: 400000-
500000) to provide of AgNCs surface the necessary electrostatic charge for the subsequent adsorotion
of the antibody. First, the PDDA solution was prepared to final concentration of 2 mg/ml, being dissolved
in 0.5 M of NaCl (pH 5.0). 1.5 ml of polymer solution were added to the AgNCs and left under stirring
for 30 minutes. Then, the solution was centrifugated three times (4500 rpm, 10 min), first in water and
the last in PhB, the appropriate medium for Anti-CA 19-9 antibody binding.

The AgNCs were redispersed in 200 pL of PhB and 100 uL of Anti-CA 19-9 antibody (0.02 mg/ml) was
added. The solution was stirred for 1 h, followed by three centrifugation-redispersion cycles with PhB.
Finally, they were redispersed in 200 pL of buffer and 5 pL of the final dispersion were drop casted on

each electrode (3.125 mg/ml).

6.2.6 SERS measurements

In calibrations with SERS, each C-SPEs was pre-incubated with a specific CA 19-9 standard solution
concentration at the WE surface, as described for the electrochemical calibration curves. A volume of 5
ML of the Raman probe dispersion (Au-Ag/MBN/mSiO2/PVP/PDDA/Ab, 3.125 mg/ml) was deposited on
the electrode overnight, to bind to the protein at the electrode surface. Then, the electrode surface was

washed with water.

6.3 Results and Discussion

6.3.1 Electrochemical studies

The MIP polymer was assembled using electropolymerization of 3AP. The electrochemical behaviour

of aminophenol is variable depending on the groups (-NH2 and -OH) susceptible to oxidation [322],
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[323]. These groups can occupy ortho-, meta- and para- positions, conferring each compound different
electrochemical properties [324]. Studies about the mechanism of electropolymerization through the -
NH2 group [325], and mediated by the -OH group [323], [326] have been reported in the literature.
Polymerization can occur by any of the electroactive groups [326]. The electropolymerization of the
phenols takes place in the vicinity of the electrodes and not exactly on top of the electrode. So, the
adsorption of the molecules that react on the surface of the electrode will be facilitated by the lone pair
of electrons found in the molecule. In this way, the -OH group would be free to anchor itself on the
surface of the electrode [325]. However, experimentally [325] the opposite effect has been observed.
The electropolymerization process of derivatives of phenols, especially aminophenol, produces poly-
meric films with insulating properties [327], [328], [329]. Several factors affect the result of the polymer,
such as the pH of the electrolyte [330]. In the acid medium, the amino group is responsible for the
polymerization process while in the basic and neutral medium the process is mediated by the phenoxyl
radicals (Figure 54) [325].

Under our electropolymerization conditions, according to Franco et al. it is most likely that the polymer-
ization of 3AP occurs through the attack of nitrogen on the aromatic ring [322]. Theoretically, this would
be a possible oxidation mechanism, as we have no studies on functional groups on the surface of the

electrode to confirm this statement.
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Figure 54: Proposed mechanism of Poly(3AP) reproduced from [325].

6.3.2 Formation and electrochemical characterization of MIPs

The electrochemical behaviour of 3AP on carbon electrodes at pH 7.0 is shown in Figure 55. The first
cycle illustrates a single irreversible wave at 0.44 V, and during continuous potential cycling a gradual
decrease in its oxidation is observed. The peak current decreases with the increasing number of poten-

tial cycles indicating the formation of polymeric film onto the electrode surface. The quick decrease of
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oxidation current in the successive CV of electropolymerization suggests that these films is insulating
and may be of self-limited growth. The results in the literature agree that these polymers form a very
thin film, continuous, and usually results in low permeability of compounds inside of them [331]. Figure
55 A to D shows the electropolymerization of 3AP varying the SR. The increase of SR increases the
oxidation peak current, revealing in Figure 55 E a more conductive surface when the current of the
oxidation peak is higher. The results indicate that with increasing the SR, the poly(3AP) formed presents
more permeability to compounds. Since the polymeric surface formed with 50 mv/s allows better charge
transfer, this condition was chosen to perform the subsequent tests.

In the work developed by Chetankumar et al. reported in [332], CBB was used to modify a carbon-paste
electrode (CPE) by electropolymerization with CV. This study confirmed the growth of polymeric films
of CBB on CPEs using specific parameters [332]. In work of Chetankumar et al., used as supporting
electrolyte to undergo the electropolymerization a solution of 0.1 M NaOH. The supporting electrolyte is
critical to define the way the electropolymerization is established, because it defines the polarization of
the monomeric species and determines its reactivity and the atoms/bonds involved in the radical
polymerization. However, this work cannot use an alkaline condition, because the protein must co-exist
with the polymerizing medium. Herein, a solution of 0.1 M PhB was used instead. Under this condition,
there was no evidence of the formation of a polymeric film when the electropolymerization of CBB was
conducted by CV (Figure 56). On the contrary, if the voltammograms were zoomed in, there are a pair
of peaks in the lower potential range that look like a quasi-reversible redox reaction, although in little

extent because the currents produced tend to be small.
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Figure 55: Potential cycling of electropolymerization of 3AP. Increasing scan rate, A) 10 mv/s, B) 20 mv/s, C) 30
mv/s and D) 50 mv/s. EIS for each scan rate for E) 3AP and F) CBB+3AP.
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Figure 56: CV voltammograms (top) of the electropolymerization of CBB (0.01mM in 0.1 M PhB, named as COO)
on C-SPEs, made with different SR, and the corresponding Nyquist plots (bottom), including the signals obtained

with the cleaned electrodes, before electropolymerization.

Still, CBB was selected because it holds a special affinity for proteins, well-known via the Bradford
assay, which is used for determining protein concentration [333]. The assay is based on absorbance
emitted by the complex formed between proteins and CBB. The mechanism of CBB binding to proteins
is widely described [334], [335], mediated by electrostatic and hydrophobic interactions through the
radical groups of the amino acid in the proteins. Thus, the presence of CBB in the assembly of the MIP
can improve its detection features, because it holds great affinity for CA 19-9 and enables a reversible
binding of the protein.

The voltammograms obtained for the polymerization of a solution containing a mixture of CBB and 3AP
at different SR (10, 20, 30 and 50 mv/s) is shown in Figure 57. This test was made first to understand
the progress of the polymerization with the SR for this mixture, before adding CA 19-9 to the MIP as-
sembly. From this study, a SR of 50 mv/s was chosen, because the C-SPE presented a better electron
transfer capacity, displaying a more conductive surface.

The electropolymerization is then made with a mixture of 3AP, CBB and CA 19-9, drop casted onto the
electrode surface and undergoing several CV cycles. Figure 58 shows an oxidation peak that belongs
to 3AP. This peak in decreasing in intensity with the increasing of potential cycles, leading to the for-
mation of an insulating polymeric film. The MIP is obtained after removing the template from the poly-
meric network, achieved by incubation in oxalic acid. The formation of binding sites is evidenced by the
decreasing Rt values, which reveal the exit of the protein (the polymer becomes more porous and less
resistant to charge transfer). This decreasing is also observed in the NIP but with a lower magnitude.
This can mean that some polymeric chains were lost after oxalic acid treatment or that some chemical
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change or protonation may have changed in the course of this process. Overall, the difference between

these events in the MIP and the NIP correspond to the exit of the CA19-9 from the polymeric network.
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6.3.3 Performance of MIPs in the detection of CA 19-9

To capacity of the biosensor to respond to the target analyte was evaluated by electrochemical calibra-
tions. The biosensor was calibrated by using increasing concentrations of CA 19-9, in a range of 0.006
to 100 u/ml. Different background solutions were tested: PhB (Figure 59 A) and FBS (Figure 59 B). PhB
was used to check the response of the biosensor and optimize it in case of need; FBS was used to
simulate the complexity of human serum and predict how the biosensor would behave in this medium.
Figure 59 shows how the Rct decreases with the increasing concentrations of CA 19-9, resulting in a
surface that allows more easily the occurrence of charge transfer. The rebinding of CA 19-9 to the
complementary cavities in the MIP produced increasing currents in the surface, which must be related
to the fact that the superficial charge of protein improved the conductivity of the surface of biosensor.
The calibration in buffer had a higher slope than in FBS, which accounts the possibility of having some
coexisting proteins occupying some of the binding sites tailored for CA 19-9. Overall, both conditions
the biosensor was able to detect low concentration of CA 19-9, obtaining a higher sensitivity in PhB
(higher slope). The calibration of the NIP does not display a linear trend, evidencing non-specific binding

events, but only to a small extent.
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Figure 59: Calibration of biosensor with ranging solution of CA 19-9 between 0.006 to 100 u/ml presented the R
of MIPs and the linear plot for MIPs (pink) and NIP (blue), prepared in PhB A) and in FBS B) solution.

The effect of CBB in this response was checked by evaluating the response of biosensors produced in
the same way but without this component. The typical response obtained is shown in Figure 60 and
indicates a completely different behaviour. First, the polymerization of the MIPs was significantly hin-

dered by the presence of CA 19-9, when considering that the Rct values in PhB are very low (compared
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to the MIPs prepared with CBB). Somehow, this effect may suggest the protective effect of CBB upon
CA 19-9 because 3AP did not interact directly with the protein. About the NIP, the non-specific binding
observed explains the response of the MIP when CBB was present. 3AP was the component in the

system that was responsible for the non-specific binding.
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Figure 60: Calibration of MIPs and NIP with 3AP without CBB.

6.3.4 AgNCs SERS signal

Recent efforts have been directed to include Raman reporter molecules with anti-interfering properties
[336]. This can be achieved by avoiding spectral interferences with biological molecules when using
chemical structures with characteristic peak(s) in the Raman-silent region (1800-2700 cm™). The silent
region is different from fingerprint region because no endogenous biomolecules show peaks in this re-
gion. In the silent region the principal vibrational modes are contributes from stable isotopes or triple
bonds (e.g. alkyne, cyanide, nitrile) [337]. Particularly, MBN [338] shows a strong peak in the Raman-
silent region and was chosen as tag to coat the AgNCs. In addition to this, MBN produces a strong
intensity of peak and allows easy conjugation with silver through the thiol groups.

The Raman spectra in Figure 61 A, show the molecule’s characteristic peaks at around 489, 577, 1017,
1072, 1182, 1480, 1584 and 2231 cm™, which confirms the successful binding of MBN to the AgNCs.
This typical Raman spectrum presents stretching vibrations of the cyano-group (C = N), with acceptable
peak intensities at 2231 cm™.

The AgNCs were also modified with an antibody against CA 19-9 allow the recognition of this protein at
the electrode surface by Raman spectroscopy techniques. To this end, the C-SPEs was incubated with
the respective concentration of CA 19-9 (0.006, 6.3 and 100 u/ml). Then, the solution of AgQNCs modified
with antibody and with the Raman tag were incubated overnight in the C-SPEs. As expected, the inten-
sity of peak at 2231 cm™ increased with the increasing concentration of protein in the C-SPEs surface
(see Figure 61 B). As evidenced by SERS results, other high intensity peaks are noticeable in the MBN
spectrum. The highest intensity peaks are in the spectrum located at 1072 and 1584 cm™', corresponding
to v(C-S), v(C-C) aromatic skeleton stretching vibration, respectively [339], [340], [341]. However, these
peaks coincide with vibrations corresponding to chemical structures of various origins, like proteins,

lipids, nucleic acids, and others Raman reporters.
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These peaks could be markers of surface concentration of CA 19-9, however, as we already know, the
contribution in this region does not come only from the reporter. Hence it is more reliable to follow the

intensity variations of the peak coming from v(C=N) vibration, where we know that only this vibration

comes from.
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Figure 61: Characteristic SERS spectra for Raman tag MBN A), and the spectrum of AgNCs onto C-SPEs for

different concentrations of CA-19-9.

6.3.5 Selectivity Studies

The selectivity is a relevant characteristic of any biosensor. It evaluates the capacity of a bioreceptor to
discriminate the target analyte in a complex solution containing other compounds, with more or less
structural similarity [342]. The conventional representation of a selectivity assay is the interaction be-
tween antigen-antibody. The antibody acts as bioreceptor, then it is exposed to biological solution that
contains the antigen, and the antibody only interacts with the specific target antigens.

In this work, the selectivity of the biosensor was evaluated against CEA, creatinine, and glucose, as

regular components in complex biological solutions. Figure 62 shows the results obtained using these
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interfering compounds in terms of relative Rt to the blank. The concentration of the interfering molecules
was established at 2.5 ng/ml for CEA, 1.0 x 1073 g/ml for creatinine and 7.0 x 10~* g/ml for glucose.
Each concentration was prepared in PhB and incubated in different sensing unit, for 20 min. The results
obtained for each interfering species were compared with the response of the sensor for CA 19-9 (37
u/ml).

Overall, the interfering components played a little interfering effect upont the response of CA 19-9. First,
the singal of the interfering species was only up to 13% of the signal obtained with CA 19-9. Second,
the interfering effect should be even smaller when there is a competing effect with CA 19-9, which was

absent in this study because all solutions were tested individually.
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Figure 62: Relative R values from Nyquist plots obtained for a single solution of L1CAM, compared with single

solutions of interfering species (CEA, Creatinine and Glucose).

6.4 Conclusions

The combination of 3AP as monomer with CBB presents improved the sensitivity of the biosensor for
detecting CA 19-9. CBB promoted stability to the MIP structure and protected the protein during the
assembly of polymer by radical polymerization under an electrical stimulus. The absence of CBB in the
polymerization stage was critical for the analytical detection of CA 19-9. The capacity of the MIPs to
concentrate CA 19-9 for subsequent SERS binding is evidenced by the response obtained at very low
concentrations and by the increasing intensities obtained with the increasing concentrations.

The AgNCs were synthesized as before, yielding a strong plasmonic signal for a new Raman tag in a
special region of the spectra. The large number of hot spots inside of nanostructure resulted in SERS
signals of good intensity, recognizing the presence of the protein bond to the MIPs.

The sensitivity of sensor to detect CA 19-9 in a complex matrix like FBS was effective at physiological
level concentrations. EIS confirmed to be a suitable technique to follow the change in the sensor devel-

opment process.
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Overall, the sensor displayed good sensitivity and capacity to differentiate alterations in CA 19-9 con-
centrations by SERS, and also evaluate small changes in concentrations when assessed by electro-
chemical methods. The combination of MIPs and antibodies with a special Raman tag was successful,

and can be extended to a multiplex domain, to be explored in the next chapter.
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Chapter 7.Multiplex detection of CA 19-9 and GPC1 with Ra-

man reporters in the silent and fingerprint region

The results presented in this chapter are based on the intitled work “Multiplex detection of CA
19-9 and GPC1 with Raman reporters in the silent and fingerprint region” by Castafo-Guer-
rero, Y., Correa-Duarte, M., Aguas, H., Sales, M.G. In this work was used the previously syn-
thetized plasmonic AgNCs to implement a novel multiplex SERS detection. The MIPs technol-
ogy was used to build the biosensor and concentrate the biomarkers on its surface. The bi-
omarkers were previously added to CBB solution and after some time the monomer 3AP was
added. Both reporters previously used were employed here, involving a differentiated Raman
peak in the “silent-region” and in the “fingerprint-region”. Raman reporters MBN and 4-ATP were
used to identify the presence of CA 19-9 and GPC1 in the surface of biosensor.
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7.1 Introduction

The idea of analysing multiple biomarkers for cancer screening and monitoring has been under devel-
opment for some years. Most biomarkers are not specific for a given type of cancer; together with the
genetic variability of human, false positives are obtained, making the result no longer reliable. Hence,
multiplex cancer biomarker assays are considered an alternative for a more reliable use in health set-
tings [343].

There are several multiplex-based works using SERS. In these, there is a specific Raman reporter for
each compound detected. Finding reporters to his combined detection is a difficult task, because the
characteristic peaks of each reporter should not overlap with the background signals or with each other,
which is a real challenge. Koo et al. [344], reported the simultaneous detection of several molecules in
a one-pot, using five reporters with well-separated peaks in the fingerprint region. Other authors have
chosen to design and synthesize SERS tags with triple bonds (C=N and C=C) to keep the relevant
Raman signals outside the fingerprint region [345], [346].

Thus, this work presents a multiplex SERS (Figure 63) analysis to detect two biomarkers of relevance
in PC. The approach taken is similar to the previous chapter but included two distinct Raman probes
with the respective antibodies, to signal only one of the biomarkers present. The detection of CA 19-9
and GPC1 is achieved individually and simultaneously on the surface of C-SPEs, linked to AQNCs mod-
ified with MBN and 4-ATP as reporters, respectively.

Multiple-analyte detection

CA 19-9 GPC1 5‘I’° 10'00 () 22'00 23'00

Figure 63: Schematic representation of multiplex MIPs and SERS detection using as Raman tags MBN and 4-ATP.
7.2 Experimental Section

7.21 Equipament

A Potentiostat/Galvanostat from Metrohm Autolab controlled by NOVA 2.0 software was used in the
electrochemical assays [237]. The commercially C-SPEs were acquired from DropSens, DRP-C110,

component by three-electrode system. The interface connector between C-SPEs and Autolab was made
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in a homade box. The Raman studies were made in Renishaw Invia system using a laser of 785 nm,
focused on the samples through a 20x objective with a power of 5.60 mW.

7.2.2 Reagents and solutions

All chemicals solutions were prepared with ultrapure water, Milli-Q laboratory grade. Potassium hexa-
cyanoferrate Il (Ks[Fe(CN)g]), potassium hexacyanoferrate Il (Ks[Fe(CN)g]) trihydrate from Riedel-de-
Haen; sodium phosphate dibasic dihydrate, 99.5% (Na2HPO4.2H20) from Panreac; Sodium dihydrogen
phosphate dihydrate (NaH2PO4.2H20) from Scharlau; sulphuric acid (H2SO4) was obtained from BDH,;
3-aminophenol, 99% from Acros Organics; Coomassie Brilliant Blue G 250 from Panreac; CA 19-9 ob-
tained from Biotbyt; anti-CA 19-9 antibody from Abcam; ascorbic acid, polyvinylpyrrolidone, poly(dial-
lyldimethylammonium chloride) solution 20 wt. % in H20 (MW: 400000-500000), gold (Il) chloride trihy-
drate 99 % (HAuCl4.H20), latex beads polystyrene, poly(allylamine hydrochloride), oxalic acid dihydrate,
anti-GPC1 antibody, GPC1 antigen and tetrakis hydroxymethyl phosphonium chloride solution, were
obtained from Sigma-Aldrich; silver nitrate (AgNQOs) from Fluka; 4-mercaptobenzonitrile from Apollo-

Scientific; sodium hydroxide (NaOH) obtained from EKA and sodium chloride (NaCl) from Normapur.

7.2.3 Synthesis of the Ag/SiO; capsules

The AgNCs coated with silica were synthetized from Au seed (void/Au/mSiO2). The void/Au/mSiOz were
prepared following the description elsewhere [285]. The synthesis of AQNCs was following the same
procedure described in section 6.2.5. In this time were used two Raman reporters 4-ATP and MBN for
the identification of GPC1 and CA 19-9, respectively. The final AGQNCs redispersed in PhB was modified
with the corresponding antibody (Anti-CA 19-9 antibody, 0.02 mg-ml”'; Anti-GPC1 antibody, 0.05

mg/ml), as described in section 6.2.5.

7.2.4 Synthesis of multiplex MIPs

The same MIP approach were used to assembly the biosensor for GPC1 and multiplex the response
for a combination of biomarkers, GPC1 and CA 19-9. The biosensor was produced electrochemically
on C-SPEs electrodes, following the same procedure described in section 6.2.3, adapted herein to a
different protein. To obtain a multiplex response, the MIP material was produced in the presence of a
solution containing both biomarkers, GPC1 (1.2 ug-mL") and CA 19-9 (10 ku-mL™).

The three electrodes of C-SPEs were covered with polymerizing solution and carried out the electropol-
ymerization procedure using CV between -0.3 to 0.8 V, with SR of 0.050 V/s during 10 cycles. The
removal of the biomarkers was made as previously reported [321], incubating during 1 hour with oxalic
acid (0.5 M).

7.2.5 SERS measurements

The SERS measurements followed the same procedure as that described in previous chapters. The

sensing surface was incubated with different concentrations of GPC1 and CA 19-9, washed and left
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overnight with 5 uL of the mixture of the Raman probe. In the following day, the surface was washed

with water and the Raman spectra was collected.

7.3 Results

7.3.1 Characterization of SERS tags

Figure 64 illustrates the nanostructures obtained in the main stages of the synthesis of the AgNCs. In
the first stage (A), the NCs contained Au NPs (3 nm) entrapped inside the silica shell. The AgQNCs were
obtained after Ag* reduction on top of AuNPs that acted as seeds (the right image, B). The final AQNCs
looked more dense inside, due to the growth of silver around the gold seeds. The well-formed AgNCs

had around 50 nm of diameter, with 10 nm of porous silica covering the outside.

200 nm

200 _nm

Figure 64: TEM images of the synthesized nanocapsules. A) NPs with the AuNPs inside de silica shell, B) nanocap-

sules with Ag grown inside on the AuNPs, which acted as seeding sites.

To evaluate the capacity of the SERS tags to enhance the detected signal, the Raman spectra were
collected for the 4-ATP and MBN molecules. After immobilisation through the Ag-S bonding interaction
on the surface of silver, the Raman intensity of both tags increased significantly, as shown in Figure 65.
In MBN spectra, the most relevant peak is determined by the C=N stretching frequency, which not only
depends on the local electric fields but also on the environment to which the nitrile is exposed [347].
MBN evidences three strong bands localized in the fingerprint region at 1076, 1180 and 1586 cm™,
corresponded to aromatic C=H stretching vibrations, C-H bending vibrations, and aromatic skeleton
stretching vibration [341]. Also, the obvious peaks in the silent region appear at 2227 cm™ corresponding
to the asymmetric stretching of nitrile group (vas(C=N)).

The results confirmed that the SERS-tag contained AgNPs inside functionalized with 4-ATP or MBN
molecules serving as a Raman reporters. The 4-ATP has been used in many studies and is a consistent
Raman reporter [164], [348], [349], [350]. The peak in the Raman biological silent-region of SERS-tag
with MBN indicated the correct functionalization of Raman reporter. The band at 2227 cm™ is not the

strongest signal but the band not overlapping with others and appear pure in biosilent region evidence
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without doubt the vibration mode of nitrile group. The results are consistent with previously report [351],
[352].
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Figure 65: Raman spectra of SERS tags 4-ATP (top, in pink colour) and MBN (bottom, in green colour).

The fingerprint Raman region includes most of the vibrations from conventional SERS tags. When 4-
ATP is used, the three more prominent bands at 389, 1078, and 1590 cm™'. According to the literature
the intensities of peaks at 389 cm™ and 1590 cm™ are attributed to 3(C—S) and v(C-C) vibrations, re-
spectively [339], [340]. The strongest peak observed at 1078 cm™ is assigned to C (benzene-ring)-S
stretching vibration. The spectra showed other bands at 1008, 1145, 1181, 1306, 1365, 1432, 1490 cm’

', whose vibration modes assignment are described in Table 3.
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Table 3: Raman peak of a SERS tags 4-ATP, MBN and both tags, on the carbon electrode.

4-ATP/ MBN/ 4-ATP+MBN/
Assignments
AgNCs AgNCs AgNCs
2227 2228 v(C=N)
1590 1586 1586 v(C-C) + v(C-H)
1490 1480 1480 v(C-C)+ d(C-H)
1432 1439 8(C-H) + v(C-C)
1365 v(C-C)+ d(C-H)
1305 1315 v(C-N)
1181 1180 1182 o(C-H)
1145 1143 o(C-H)
1078 1076 1075 v(C-S)
1008 1017 1015 y(C-C) + y(C-C-C)
581 581 8(C-C)
489 v(C-N) + v(C-S) + y(C-C-C)
418 418 y(C-C-C)
389 363 364 o(C-S)

7.3.2 Multiplex antigens of SERS detection

Multiplex SERS detection of antigens was achieved using two types of antibody-modified tags. The
SERS tags were conjugated with specific antibodies to detect the presence of GPC1 and CA 19-9 sim-
ultaneously. The SERS tags used were 4-ATP for GPC1, and MBN for CA19-9. Each tag provided very
different signals in term of Raman shift.

Under optimized conditions, two different concentrations of antigens were analysed, according to the
linear responses expected and the clinical levels of interest. The lowest detectable concentrations of
GPC1 and CA 19-9 were 0.01 ng/ml and 0.006 u/ml, respectively, shown in Figure 66. The system in
therefore of interest to clinical settings, as the concentration at the physiological limit of each protein in
serum is 5 ng/ml[353]and 37 u/ml [354], for GPC1 and CA 19-9, respectively.

As showed the Figure 66 the peak of 4-ATP at 1078 cm™ increases the intensity with the increasing
concentration of GPC1. The characteristic peaks of tag that follow in intensity at 1590 and 389 cm™ also
show the same behavior, increase the intensity when we go from the lower concentration to cut-off of
the protein. In this case, for the conjugate of the SERS tag with 4-ATP it is evident to differentiate be-
tween two protein concentrations using the strong peak. Although there are other bands overlap in this

region, they remain between the medium to weak signals, which is not an interference problem.
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Figure 66: Raman spectra of AQNCs conjugated with 4-ATP and MBN, to detect GPC1 (top, 0.01 and 5 ng/ml) and
CA 19-9 (bottom, 0.006 and 37 u/ml).

The SERS tag for MBN shows a strong signal located at approximately the same point as 4-ATP at
1076 cm™. As these peaks differ in only 2 cm™", which would be a problem in term of analytical evaluation
of each biomarker, MBN was selected. The thiol group in MBN also allows easy conjugation with AgNCs,
because it produces an evident SERS signal at 2227 cm™'. The characteristic peak of the MBN molecule
is easy to distinguish and does not overlap with the peaks of 4-ATP.

Analysing the spectra in term of Raman intensity, the characteristic peaks located at 1076, 1180, and
1586 cm™" seen in the spectra of MBN would seem useful for detection of CA 19-9. These peaks would
be capable to discriminating better lower and higher concentrations of CA 19-9. However, the objective
of this work is a multiplex detection of the two proteins on the same surface. Thus, overlapping of Raman
peaks is not acceptable. The peaks chosen to follow in the multiplex assays are 1078 cm™" for GPC1
and 2227 cm™ for CA 19-9.
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The multiplex detection assay was carried out with the value of the cut-off concentrations of both pro-
teins, and a second reading of a solution diluted 10 times. The capture platform was produced using the
MIPs technology, aiming to simultaneously capture of biomarkers GPC1 and CA 19-9. After the bi-
omarkers were captured by the MIPs, the Raman signal was obtained through the SERS tags deposited
on the surface of the electrode overnight. It was expected that the MIPs would bind both proteins, be-
cause it was assembled with a mixture of GPC1 and CA 19-9 at the polymerization stage. The selectivity
for each protein was not critical in this case, as the main purpose was to concentrate these proteins.
Any cross-response would not limit the accuracy of the response, because the final signalling was es-
tablished by the antibodies bond to the AgNCs with the respective Raman tag.

The characteristic Raman spectra obtained in multiplex readings are shown in Figure 67, with an aster-
isk (4-ATP) and inverted triangle (MBN). The main spectral peaks of 4-ATP were observed at 418, 1143
and 1439 cm™, while the main peaks of MBN were observed at 581 and 2228 cm~'. Despite some
overlaps, from the contribution of the two tags the spectrum shows the profile of the characteristic peaks.
Considering the peaks at 1075 cm™ for 4-ATP and at 2228 cm~' for MBN (Figure 67), both peaks evi-

denced the presence of the antigens trapped in the MIPs platform.
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Figure 67: Multiplex SERS spectra for GPC1 and CA 19-9, in concentration of physiological values and dilute 10
times. In the small frame represent the spectrum of SERS tags individually (4-ATP, MBN) and a mixture (4-ATP+
MBN).

Figure 67 confirmed the selective antigen-antibody binding, specifically detecting the GPC1 and CA 19-
9 proteins. In terms of quantitative output, the intensity of the Raman peaks decreased upon the 10-fold

dilution of the solution containing the mixture of biomarkers. This was as expected, considering that the
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MIPs response is typical a linear trend with the log concentrations. The peaks at 1075 and 2228 cm"
evidenced some deviation to the original peaks of the tags in single detection, which could be a result

of the combination of the signals from both labels that complement each other.

7.3.3 Single antigen detection

In multiplex SERS detection, GPC1 and CA 19-9 were simultaneously detected and identified using
characteristics peaks of SERS tags. In single SERS detection, the focus is detecting a only GPC1. The
single detection of CA 19-9 is already discussed in section 6.3.4. The typical Raman spectra of the
calibration for GPC1 in SERS is presented in Figure 68.
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Figure 68: Spectrum of SERS tag for detection of GPC1 in concentration of 0.01, 0.1 and 5 ng/ml.

The principal peaks characteristics of 4-ATP are identified by asterisk in the spectrum, located at 389,
1008,1078, 1145 and 1432 cm™'. The most intense band (1078 cm™) evidenced a decrease of Raman
intensity corresponding to the decrease in the concentration of GPC1. The other representative bands
of the Raman reporter evidenced a similar behaviour to the decreasing concentration of biomarker. The
result in SERS against GPC1 corroborated the correct assembly using the MIPs technique through
electrical stimulation. The calibration of MIPs for GPC1 was further performed with EIS, for different
concentrations (0.01, 0.05, 0.1, 0.5, 1, and 5 ng/ml). The typical data is shown in Figure 69. As the
concentration of GPC1 increased, the Rct decreased which meant that the surface was more susceptible
to charge transfer. The rebinding of protein into the complementary hole in the MIPs allowed a more
conductive behaviour at the electrode surface. The possible explanation of behaviour is the way to the

protein rebinding into the cavities of the MIPs and the surface charges exposed. Similar response for
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CA 19-9 was observed in the previous (chapter, 6.3.3.) confirming that the electropolymerization of the
3AP monomer mixed with the CBB dye promotes these results.
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Figure 69: A) EIS reading for GPC1 in a range of concentrations: 0.01, 0.05, 0.1, 0.5, 1, and 5 ng/ml. B) Linear plot
of MIPs and NIP.

The 3AP is considered a non-conducting polymer [322] that produced insulating electropolymerized
films. As a non-conductive polymer 3AP shows high resistivity properties, self-limiting growth which
produces thinner polymer films. In relation to electrical conductivity, non-conducting polymers do not
have a strict definition because it depends on many factors such as the level of electron and proton
doping. Hence, the concept of conductive or non-conductive polymers is interchangeable [322]. So, the
polymeric film produced by 3AP can have conductive or non-conductive properties depending on vari-
ables such as: the pH of the polymerization solution [183], the substrate and particularly in our case the
polymerization mixture.

The CBB dye has been explored in modifications on electrodes demonstrating considerable improve-
ment in sensitivity, stability and improving the electron transfer reaction [332]. Surfaces modified with
CBB acquire conductive properties. Therefore, the combination of the 3AP monomer with CBB contrib-

utes to a polymeric film with improved charge transfer properties.

7.4 Conclusion

Multiplex SERS detection is advantageous in scenarios where one wants to analyse a complex mixture
of analytes or multiple targets need to be identified/quantified at the same time. It allows the simultane-
ous detection of various biomarkers in a single experiment.

The MIP technique was efficient in terms of capturing a single biomarker or both analytes at the same

time. EIS readings were shown to be sensitive in detecting low levels of GPC1, for concentrations down
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to 0.01 ng/ml. The multiplex MIP for the biomarkers GPC1 and CA 19-9 was able to bind both proteins,
allowing their subsequent detection by SERS tags.

The SERS technique proved to be efficient and sensitive enough to distinguish the signals coming from
each protein. In addition to detecting GPC1 and CA 19-9 on the same surface in 10 times more diluted

samples, the SERS signals were also strong enough to suggest the specific detection of the biomarkers.
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Chapter 8.Conclusion and Futures Progress

The results presented in this thesis culminate with the conclusions and future perspectives that may

outcome from the overall work presented.
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In general, this thesis proposed development of a low-cost screen platform for detection of biomarkers
for PC, which was accomplished. Specifically, the recognition of biomarkers combining the electrochem-
ical and SERS as a detection mechanism was implemented successfully. The development of an im-
munosensor for the detection of CEA using SERS meets the clinical requirements intended herein,
mainly in terms of sensitivity, reproducibility, and selectivity. Furthermore, the combination of electro-
chemical detection with SERS greatly improved the sensitivity to detect CEA. The introduction of NPs
for SERS allowed obtaining the expected detection limits for this complex electrochemical system based
in SERS. Knowing that the SERS readings could be improved in relation to the hot spots found on the
surface of the electrode, new NPs were incorporated in the following work. The NPs combined with
Ag/Au coated with silica allowed obtaining better reproducibility for a better detection capacity. The
plasmonic AgNCs allowed recognizing L1CAM with high sensitivity, derived from the evident and strong
Raman peak.

In part, the success of the construction of a biosensor based in MIPs was related to the compatibility
between the monomer and the molecule used as template. Thus, in the following work, a new monomer
was incorporated to detect CA 19-9, the TH dye. This work showed the potential use of TH both in
Raman, as an electropolymerizable monomer and as a self-indicating probe in electrochemical assays.
Despite obtaining promising results with its utility as an electrochemical probe, there were some prob-
lems with the reproducibility of the assays.

Going forward, it is important to note that the sensitivity is controlled by the interactions between the
monomer and the template. Hence, it was important to look for more specific chemical interactions be-
tween monomers and the intended biomarker. The idea was used the CBB to create a protective layer
for CA 19-9 when monomer 3AP underwent electropolymerization. CBB is commonly used in protein
assays because of its capacity to bind to proteins and form protein-dye complexes with high affinity and
non-covalent interactions. Hence, our work used this dye-protein complex to create a more specific
recognition template for the protein. The complex allowed the polymer to grow around it, creating a high
affinity hole for CA 19-9 once the molecule was removed. Once the protein was rebound to the imprinted
sites, the AgNCs could detect bind to it and single its presence by the characteristic MBN Raman tag
peaks.

Combining previous works, a multiplex biosensor was developed to detect two biomarkers on the same
spot, CA 19-9 and GPC1, using the same MIP as biorecognition element. Once the plastic antibodies
were obtained on the WE, the translation of the previously technology for this multiple approach was
straightforward. Through SERS detection, the use of well-selected Raman reporters, showing relevant
peaks in different Raman shift positions, allowed the simultaneous detection of both biomarkers.

In the future, the great potential of this technique may be explored in terms of Raman reports, consid-
ering the need to have individual peaks avoid interference from other components. A special attention
is given to Raman reporters with relevant characteristic peaks in the silent region, which is a fairly un-
studied topic. The idea is to design and synthetize new Raman reporters with other characteristic peaks
in the silent region, and high affinity for metals, such as Au and Ag, to enable a strong and stable binding

over time.
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