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Abstract

Lung cancer has been, for several decades, the most common cancer, with the highest mortality
rate for both genders worldwide. In most cases, this pathology is diagnosed already at advanced
stages, when treatment options are scarce, being this one of the main reasons for its high mortality
rate. Another problem regarding this disease are the limitations associated with conventional
biopsies, thus arising the need for less invasive techniques, that are more representative of the
tumour situation, to diagnose and monitor the progression of the disease.

Over the last decades, liquid biopsies have been capturing the interest of the scientific commu-
nity, being potential non-invasive diagnostic alternatives and offering a representative and com-
plete analysis of the current state of each patient, by identifying and characterizing materials con-
tinuously released by tumours, such as circulating tumour cells (CTCs). The greatest challenge
related to the capture and isolation of CTCs is the rarity of these cells in blood, as only techniques
with high capture specificity and sensitivity allow to achieve viable and reliable results. In recent
years, microfluidic devices have revolutionized the liquid biopsy field, due to their high yield and
accuracy in handling small volumes.

The aim of this work is to develop a microfluidic chip to detect and identify CTCs in blood
or plasma samples, thus establishing a diagnosis and follow-up method for lung cancer, based on
liquid biopsy. This device, through a cell filtration based on size, captures CTCs, that will later
be identified, quantified and characterized. Before the development of the microfluidic system, a
study on the different topics addressed, such as lung cancer and typical characteristics of CTCs
derived from this type of pathology, was carried out.

After the microfluidic system design, the microchip was fabricated by soft lithography tech-
niques. Once a closed system was achieved, preliminary experiments with different types of sam-
ples, including with PMMA microparticles, plasma and medium with spiked cells, were performed
to study and select the optimal processing parameters, such as anticoagulant concentration, plasma
dilution and fluid injection speed.

After this, tests with plasma samples from patients with lung cancer were initiated. Of all the
samples evaluated, 3 were from small cell lung cancer (SCLC) patients and 10 were from non-
small cell lung cancer (NSCLC) patients. Once captured, CTCs were characterized using different
surface markers, according to the histopathological type. The results showed that patients with
SCLC typically exhibit a higher number of CTCs, although a higher number of samples for this
tumour subtype are necessary to confirm these claims. The same occurred for patients in more
advanced stages, who also presented higher CTCs counts. The relationship between the number
of CTCs and the existence of metastases was also investigated, however, it was not possible to
establish a direct correlation between them.

Extraction and subsequent quantification of RNA were carried out on the two samples with
the highest CTC numbers.

The obtained results demonstrate the potential of the microfluidic system in assisting the diag-
nose and monitoring of lung cancer patients.
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Resumo

O cancro do pulmão é, há várias décadas, o cancro mais comum e com a maior taxa de mortalidade
em todo mundo para ambos os sexos. Na maioria dos casos, esta patologia é diagnosticada já em
estádios avançados, quando as opções de tratamento são escassas, sendo esta uma das principais
razões a justificar a sua elevada taxa de mortalidade. Outro problema associado a esta doença são
as limitações relativas às biopsias convencionais, tornando-se assim necessário investir em técnicas
menos invasivas e mais representativas da situação tumoral para diagnosticar e acompanhar a
progressão da doença.

Nos últimos anos, as biopsias líquidas têm vindo a captar o interesse da comunidade científica,
sendo potenciais alternativas de diagnóstico não invasivas, oferecendo uma análise representativa
e completa acerca do estado atual de cada paciente, graças à identificação e caracterização de
materiais continuamente libertados pelos tumores, como as células tumorais circulantes (CTCs).
O maior desafio relacionado com a captura e isolamento das CTCs é a raridade destas células
no sangue, sendo que apenas técnicas com elevada especificidade e sensibilidade de captura per-
mitem alcançar resultados viáveis e fidedignos. Nos últimos anos, dispositivos de microfluídica
revolucionaram a área da biopsia líquida, dado o seu alto rendimento e precisão na manipulação
de volumes pequenos.

O objetivo deste trabalho é desenvolver um microchip de microfluídica para detetar e identi-
ficar a presença de CTCs através de uma amostra de sangue ou plasma, estabelecendo assim um
método de diagnóstico e acompanhamento da evolução do cancro do pulmão, baseado em biopsia
líquida. Este dispositivo, através de uma filtração celular baseada em tamanho, captura as células
de interesse, que posteriormente serão identificadas e caracterizadas. Antes do desenvolvimento
do sistema de microfluídica foi realizado um estudo acerca dos diferentes temas abordados, como
o cancro de pulmão e características típicas das CTCs derivadas deste tipo de patologia.

Após desenvolvimento do design do sistema de microfluídica, este foi fabricado através de téc-
nicas de litografia suave. Uma vez produzido um sistema fechado, foram realizadas experiências
preliminares com diferentes tipos de amostras, incluíndo com micropartículas de PMMA, plasma
e meio com concentrações conhecidas de células, para estudo e seleção dos parâmetros de proces-
samento ideais, como a concentração de anticoagulante, a diluição do plasma e a velocidade de
injeção do fluído.

Depois iniciaram-se os testes com amostras de plasma de pacientes com cancro de pulmão.
Da totalidade das amostras avaliadas, 3 eram de cancro do pulmão de pequenas células (SCLC) e
10 de cancro do pulmão de não pequenas células (NSCLC). Uma vez capturadas, as CTCs foram
caracterizadas com diferentes marcadores de superfície, de acordo com o tipo histopatológico.
Os resultados mostraram que pacientes com SCLC tipicamente apresentam um maior número de
CTCs, embora seja necessário um número mais elevado de amostras deste subtipo de tumor para
confirmar estas afirmações. O mesmo ocorreu para pacientes em estádios mais avançados, que
apresentaram maior número de CTCs. Estudou-se também a relação entre o número de CTCs e
a existência de metástases, no entanto, não foi possível estabelecer uma correlação directa entre
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eles.
A extracção e subsequente quantificação do RNA foi realizada nas duas amostras com os

números de CTCs mais elevados.
Os resultados obtidos demonstram o potencial do sistema de microfluídica no auxílio de diag-

nóstico e monitorização de pacientes com cancro de pulmão.
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Chapter 1

Introduction

1.1 Context and Motivation

Lung cancer is the most prevalent type of cancer for both genders worldwide, corresponding to

14,5% of all new cases, and is also the cancer with the highest mortality rate, being associated with

25% of all cancer-related deaths [1]. In Portugal, the most recent data refers to 2018 and reveals

5284 new cases, corresponding to 9.1% of the new cancer cases [2]. Lung cancer mainly occurs in

elder people and, as symptoms are easily confused with other types of respiratory diseases, most

lung cancer patients are diagnosed at advanced stages of the disease. In these cases, knowing the

lack in effectiveness of available treatments and disease aggressiveness, the prognosis is poor. The

most common form of lung cancer, NSCLC, has a five-year survival rate above 20%, while in

SCLC, commonly more aggressive towards patients, it drops to below 5%, which is extremely low

[3].

Currently, imaging methods are used for the diagnosis and screening and, after the detection of

suspicious nodules, patients are submitted to tissue biopsy, if possible. While imaging methods are

not optimised to be used as a single diagnostic strategy since they commonly exhibit false-positive

results, conventional biopsies, where small tissue samples are removed for cytologic analysis, also

present limitations for lung cancer patients due to difficult access and failure to reflect tumour

heterogeneity [4]. Besides, patients cannot be repeatedly submitted to multiple tissue biopsies,

meaning that the assessment of tumour progression is compromised. Therefore, improved diagno-

sis and prognostic procedures for lung cancer are current worldwide needs.

Liquid biopsy represents an innovative strategy for routine oncology clinical practice. By as-

sessing tumour information from both primary tumour and metastases, this attractive alternative

offers the opportunity to early diagnose and perform serial monitoring of cancer patients, improv-

ing the likelihood of survival and avoiding common complications of traditional tissue biopsies.

The most common circulating tumour biomarkers are: CTCs, exosomes and circulating tumour

DNA (ctDNA) and all of them are simply accessed by a single blood draw, a minimally invasive

procedure. Focusing on CTCs, these rare tumour-derived cells represent viable metastatic pre-

cursors and some them morphological aspects vary according to cancer type and stage, as size

1



2 Introduction

[5]. Given the rarity of these cells, only a highly sensitive and accurate tool would be capable of

capturing them.

Microfluidic devices, due to their remarkable characteristics, represent promising tumour di-

agnosis, prognosis and monitoring platforms that could easily be integrated into clinical routine

for liquid biopsy. Since this approach is associated with handling small-scale volumes and usually

does not demand expensive kits, it can present better results when compared to traditional tech-

niques. During recent years, significant improvements have been made in isolation and detection

microfluidic technologies to offer more sensitive and selective devices.

1.2 Objectives and Contributions

CTCs have an essential role in the growth and progression of tumours, being associated with

metastasis formation. Considering the similarity of these cells to the cells from primary cancer

site, an in-depth morphology and gene expression assessment of them, as well of the total number

available on blood, can offer valuable insights about cancer status. However, given their scarcity

and not completely unveil properties, the task of capturing these tumour-derived cells with con-

siderable efficiency and precision is still a challenge.

The aim of this dissertation is to develop a novel simple and non-invasive platform for early

diagnosis, screening and disease monitoring of lung cancer patients. During this work, a PDMS

size-based microfluidic chip was developed and validated for the isolation of lung cancer CTCs,

from both NSCLC and SCLC histopathological types, at different stages. After CTC enrichment,

these tumour cells were later characterized. Results from CTC isolation, detection and characteri-

zation will be presented and discussed in this work.

This dissertation also resulted in the preparation of a review paper, ready for submission:

• A. Carvalho, M.G. Ferreira, D. Seixas, C. Guimarães, F.J. Monteiro, C. Jerónimo. Aiming at

a standardized analysis of cancer biomarkers: microfluidics assisted liquid biopsies of CTCs and

ctDNA in lung cancer research. Cancers

1.3 Structure

This dissertation is divided into 5 chapters, organised as follows. Chapter 2 begins with a brief

introduction to cancer, focusing on lung cancer. Topics such as symptoms, causes and currently

available diagnosis methods will also be addressed. Then, it approaches currently available strate-

gies for lung cancer diagnosis, including the novel liquid biopsy. In liquid biopsy, CTCs are

highlighted and the mechanisms behind their formation, their path during circulation and their

variances within the different carcinomas will also be addressed throughout this chapter. In Chap-

ter 3, utilized materials and a detailed exposition and description of the employed methodologies

and steps are described. Chapter 4 presents the obtained results and outcomes of the previously

described methods, followed by the respective discussion. Finally, in Chapter 5, the main conclu-

sions of the present work and some suggestions for future improvements are presented.



Chapter 2

Literature Review

2.1 Lung Cancer

Despite continuous efforts, cancer remains the second deadliest pathology in the world, after car-

diovascular disease, whereas in 2018, there were approximately 9.6 million cancer-related deaths

worldwide [6]. Cancer is defined as a noncontagious disease responsible for the abnormal cell

growth and division, caused by mutagenic alterations of genes that intricately control cell divi-

sion in otherwise healthy cells, leading to the formation of tumour masses. Also, some of these

mutagenic cells may gain the ability to invade other tissues, by spreading through lymphatic and

circulatory systems, forming metastasis, secondary tumours. Beyond the uncontrollable cell pro-

liferation, abnormal angiogenesis in specific local tissue is another cancer hallmark [7].

Each cancer is named after its primary location, where it originated. Hence, primary lung

cancer is the pathology characterized by uncontrolled overgrowth and division of lung cells, i.e.,

originated in lung tissues. Lung cancer, within the vast list of cancers, is one of the most severe

and serious cancers. Interestingly, while more men are diagnosed with this pathology each year,

more women live with lung cancer [8]. Also, lung cancer presents by far the leading mortality

rate among all tumours for both genders, being responsible for about 25% of every cancer-related

death, worldwide [1]. In fact, more people die of lung cancer than the sum of colon, breast and

prostate cancer deaths each year.

Lung cancer can be divided into two main histopathological types: NSCLC and SCLC. NSCLC

is the most common form of lung cancer, corresponding to about 85% of all lung cancers, and can

be subdivided into three main subtypes [9]:

• Adenocarcinoma (40%), the most common type of NSCLC in non-smokers. This form

starts in mucus-producing cells and commonly presents EGFR, KRAS, ALK, MET, BRAF

mutations;

• Squamous cell carcinoma (25-30%), strongly related to smoking habits;

• Large cell carcinoma (10-15%), presenting similar mutational profile of adenocarcinoma;

3
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Regarding SCLC, although a less common form of lung cancer (15% of cases), this histopatho-

logical type rapidly spreads to other organs, being more severe and aggressive towards patients

than NSCLC [10]. This form of lung cancer is commonly characterized by smaller tumour cells

tending to grow and spread quicker, resulting in early metastasis formation and further develop-

ment of larger tumours. Generally, SCLC is highly sensitive to first stage chemotherapy, however,

can easily acquire resistance, conditioning treatment efficiency [11].

In Table A.2 is presented the 2015 World Health Organization (WHO) classification of lung

tumours [12]. According to disease progression, both lung cancer subtypes can be categorized in

different stages.

Concerning risk factors, smoking is by far the leading risk factor for lung cancer, correspond-

ing to around 80% of lung cancer deaths [13]. Other risk factors can include environmental ex-

posures (asbestos, radon and polycyclic aromatic hydrocarbons) and genetic predisposition [14].

Besides, ageing is also a risk factor to be considered, since the average age of people when diag-

nosed is 70 years old [1]. The symptoms associated with this disease include persistent and bloody

cough, chest pain, rust-coloured sputum and appetite loss. However, these signs and symptoms

can easily be confused with another pathology and vary depending on the type and extension of

the disease, becoming more evident as the disease progresses. Thus, most lung cancer patients are

diagnosed at advanced stages of the disease, when the pathology has already formed metastasis.

Only about 20% of lung cancer cases are diagnosed at early stages of the disease [15]. This is

typically associated with a poor prognosis and low life expectancy, thus justifying the low over-

all five-year survival for each form of lung malignancy. Besides, a minority of the cases may be

asymptomatic, being only detected by investigating other illness. In that way, the urgent need to

diagnose lung cancer in early stages when it is still contained and easier to be targeted arises.

2.1.1 Screening and Diagnosis

Some cases of lung cancer are found by screening. For lung cancer screening, imaging tests, in-

cluding regular chest x-rays, computerized tomography (CT) scan, magnetic resonance imaging

(MRI) scan and positron emission tomography (PET) may reveal valuable and relevant infor-

mation about cancer presence. However, low-dose computed tomography (LDCT) is the only

recommended lung cancer screening test and allows to identify suspicious cancerous growths or

abnormal masses and areas in the lungs and chest. Besides, patients are exposed to a reduced

amount of radiation with LDCT, since this test, when compared to chest radiography, reduces in

20% lung cancer mortality, due to early diagnosis [16]. By the U.S. Preventive Services Task

Force, patients with heavy smoking history, current smokers or that had quit over 15 years and

patients between 55 and 80 years old are recommended for early lung cancer screening, using

LDCT [17].

Unfortunately, imaging tests for lung cancer screening have some risks and concerns, including

poor specificity, due to high false-positive rates, commonly derived from inflammation, and false-

negatives, as small active nodules. By identifying suspicious cancer nodules when they are not

present, patients may be submitted to intense procedures, as follow-up tests or even to tissue
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biopsy mistakenly. Moreover, radiation that patients are exposure from several LDCT tests may

be harmful [4].

Typically, after recognition of the symptoms and if the screening tests indicate suspicious

nodules or areas, patients are submitted to the following diagnostic tests for detailed molecular

analysis of cells:

• Sputum cytology, where a sample of patient’s sputum (mucus from lungs) is removed and

microscopically analysed, to confirm the presence of cancer cells. As mucus comes from

the major airways of lungs, this type of analysis becomes useful only for squamous cell

lung cancer. For cancers originated in other regions, this test may not be so useful. If,

after analysis, mucus cells are suspected to be carcinogenic, patients should undergo further

testing;

• Thoracentesis, when patients exhibit a fluid (pleural effusion) around the lungs. Since lung

cancer can spread into the lining of the lungs (pleura), the study and analysis of a fluid

sample may indicate the presence of lung cancer. However, heart failure or an infection can

also cause this abnormality;

• Tissue biopsy, where a sample of suspicious lung tissue is removed and analysed. This

procedure can be performed in different ways. Needle biopsy is one of the principal tests

and consists in a guided hollow needle passing through the chest wall in order to collect

abnormal cells or masses; Bronchoscopy is another method and consists in a lighted tube

passing the throat of the patient. Finally, in mediastinoscopy, an incision is done in the base

of the patient’s neck and a tissue sample is removed from the lymph nodes.

2.1.2 Tissue and Liquid Biopsy

Currently, tissue biopsy is the gold standard for cancer diagnosis. This procedure is commonly

considered to be a rather invasive and risky practice towards patients, carrying risks of infection

and other complications. Besides, a single tissue sample may not represent the entire tumour,

spatially and temporally, and might not reflect inherent tumour heterogeneity and actual whole

tumour status [18, 19]. In SCLC patients, due to the rapid tumour growing and dissemination, a

tissue biopsy hardly represents whole tumour status. Also, tumours are continuing and dynami-

cally evolving, responding to applied treatment, and are influenced by other conditions too [20].

Hence, their genomic landscape is constantly changing and conventional biopsies are impractical

to perform periodic monitoring of the tumour evolution. Thus, the screening of mutations and

acquired resistance mechanisms from treatments is compromised. Also, tumour or metastases

can be located in inaccessible locations where, even using CT-guided fine aspiration, tissues are

not reachable. Another limitation involving tissue biopsies is the high cost associated with these

procedures.

By not having sufficient information about tumour status, treatment options and patient’s out-

come become extremely limited and poor. As technology evolves in this field, it is imperative
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to focus on less invasive and real-time modalities for clinical oncology diagnosis, allowing serial

assessment of tumour evolution during the disease and systematic treatment, in order to overcome

the shortcoming associated with tissue biopsies. Liquid biopsy meets these requisites, greatly

benefiting cancer patients.

Liquid biopsy is a new non-invasive approach for improved cancer diagnosis and monitoring,

which consists in the detection and posterior analysis of unique and defined cancer molecular

biomarkers as CTCs, cell-free circulating tumour desoxyribonucleic acid (DNA) (cfDNA, that

contains ctDNA), exosomes, and tumour-educated platelets (TEP) retrieved from body fluids, such

as blood, urine and cerebrospinal fluid. Typically, blood is the most used source of this unique

tumour genetic information [21].

The analysis of these tumour-derived biomarkers plays an important role for:

• Screening – Investigate the risk of developing cancer, being an alternative for cancer diagno-

sis in certain populations (patients for whom tissue biopsy is not recommended or high-risk

patients, for example);

• Diagnosis - Investigate the presence, even when imaging studies do not show any evidence

of cancer existence, and the type of cancer;

• Staging and Prognosis – Correlation between tumour progression, metastasis and muta-

tional profile (disease burden);

• Personalized therapy – Detection of cancer driver mutations for selective treatment op-

tions;

• Monitoring – Real-time monitoring response or resistance to systemic treatments, drug

resistance and tumour relapse (minimal residual disease);

By allowing repeatedly reassessment of cancer’s molecular profile, and in combination with

sophisticated novel molecular characterization techniques, liquid biopsies improve diagnosis and

patient care, providing assessment of intra-tumour and inter-tumour heterogeneity and early de-

tection of minimal residual disease, after treatment/removal surgery [21].

Therefore, this assessment of cancer information using tumour-derived components present

in body fluids holds great promise to improve the medical oncology field, overcoming several

drawbacks exhibited by traditional tissue biopsies. A comparison between both approaches is

shown in Table 2.1.

Although holding great promise to revolutionize current clinical and research oncology, liquid

biopsies still encounter some practical challenges. The lack of well-establish biomarkers in several

tumours and the lack of standardizing operating protocols, difficult the integration of liquid biopsy

analysis methods into routine clinical practice. Besides, depending on the cancer stage, circulating

tumour biomarkers are present in highly variable amounts, which makes it more difficult to apply

some methods and kits for liquid biopsy. Focusing on CTCs, only one technology for isolation

and analysis of these tumour-derived cells has been approved by FDA. The presence of these cells
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Table 2.1: Comparison between advantages of liquid biopsies over conventional tissue biopsies.
*cobas EGFR Mutation Test v2 (Roche Molecular Diagnostics) is a Food and Drug Adminis-
tration (FDA)-approved cfDNA-based test already applied for clinical practice. This test detects
epidermal growth factor receptor (EGFR) mutations in cfDNA from lung cancer patients [22]

Characteristic Tissue Biopsy Liquid Biopsy

Clinically validated Yes No*
Invassiveness High Minimal
Pain Yes No
Risk of complications Yes No
Repeatability Low High
Time consumption High Low
Tumour heterogeneity representation Low High
Tumour region selection bias Yes No
Compatibility with serial monitor No Yes
Costs Yes Minimal

in a blood sample is relatively low and only highly sensitive and specific analytic techniques allow

the detection of them.

Thus, this approach does not replace traditional biopsies, as it should be used as a comple-

mentary approach to both imaging and tissue sample removal methods in lung cancer patients

[7]. Although its clinical relevance has already been proved, currently, liquid biopsy is not yet a

widespread molecular diagnostic tool. More studies testing the techniques’ accuracy are needed

to offer better support to the clinical utility of liquid biopsies. Accumulating evidence withstand

the hypothesis that liquid biopsies are the next gold standard of cancer diagnosis and treatment

monitoring.

2.2 Circulating tumour cells

CTCs were first discovery by Thomas Ashworth, an Australian pathologist, in 1869, when he ob-

served cancer cells in a blood sample from a metastatic cancer patient, concluding that these cells

resembled cancer cells from the primary tumour, given the similarities [23]. Despite being discov-

ered more than a century ago, several groups have dedicated to the research of these tumour cells

in the last recent years, suggesting their utmost importance for a better understanding of cancer

progression mechanisms. These cells are tumour-derived cells detached from both primary tumour

and metastatic sites, scattered in the bloodstream, responsible for seeding metastases in distant or-

gans. CTCs exhibit variable cellular characteristics and morphology, depending on cancer type.

Differences in these parameters can offer valuable insights about cancer prognosis and therapeutic

implications of each patient. In lung cancer, CTCs exhibit similar morphology and >70% common

histology to tumour cells from primary tumour [24].

CTCs are extremely rare in blood, being considered a one-in-a-million event, since they are

found in median yield of approximately 1 to 10 CTCs per millilitre of blood, with even lower
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numbers in early-stage diseases, where cancer has not yet disseminated [25, 26]. Besides, not all

CTCs circulate in the bloodstream. Some CTCs enter in the bone marrow, staying in a dormant

state for an indefinite period. This fraction of the CTC population is denominated as disseminated

tumour cells (DTCs) and can later be responsible for tumour relapse [27]. The most common

procedure to access DTCs in the bone marrow is by performing iliac crest biopsy.

As viable metastatic precursors, the presence of these cells is a strong indicator of increased

disease burden, including short survival and poor prognosis (low overall survival (OS) and progres-

sion free survival (PFS)) in several cancers as lung, breast, prostate and bladder [28, 25, 29, 30].

CTC numbers may also offer reliable insights about treatment outcomes, being the absence of

these cells after therapy associated with good prognosis [31]. Interestingly, patients suffering from

SCLC normally present about ten times more CTCs than any other tumour type, including NSCLC

[9]. SCLC has a higher growth rate than other tumours, including breast, colon and prostate tu-

mours, and releases millions of carcinoma cells into circulation per day, which is directly related

with increased risk of tumour dissemination and metastases formation. Therefore, SCLC presents

an impressive number of CTCs in more advanced stages. Metastatic lesion may occur in approxi-

mately one year after cancer appearance, thus the aggressiveness and invasiveness associated with

this disease. Regarding NSCLC, even after complete removal of the primary tumour, 45% of the

NSCLC patients present tumour locally or metastasis reoccurrence [7].

The promising value of CTCs analysis has worth increased numbers of published articles in

recent years, as seen in Figure 2.1.

Figure 2.1: Number of publications per year during 1963-2017 with the key phrase "circulating
tumour cell". Data collected based on PubMed [32]

The growing number of reports regarding CTC study during the last decades had focus on the

intrinsic heterogeneity of these tumour-derived cells. Additionally, several efforts have been made

to unveil unique mechanisms and pathways behind cancer progression. One of the main events

concerning CTCs formation, tumour dissemination and metastasis formation is the epithelial-

mesenchymal transition (EMT).



2.2 Circulating tumour cells 9

2.2.1 Epithelial-mesenchymal transition and mesenchymal-epithelial transition

Most cancer patients die from the spread of the tumour to other organs, i.e., due to metastatic

disease [33]. Despite great efforts, the complex metastatic process is still not fully understood.

To better comprehend the challenges around CTC detection and isolation, it is crucial to under-

stand concepts underlying tumourigenicity. In 1889, Stephen Paget described the first theory of

tumour invasion and spread, the “seed-and-soil” hypothesis [34]. Herein, tumour cells were rep-

resented by seeds, while the host microenvironment was represented by the soil, and the intrinsic

properties of both entities had a significant role for tumour sites formation. Paget concluded that

although tumour cells are widely disseminated during cancer progression, detectable metastases

are only formed in host tissues favourable for cell survival and proliferation. Over the past years,

researchers updated this initial concept.

EMT can be defined as the complex and multistep program of biological processes that induce

cells with epithelial properties to be converted, due to biochemical signalling, into cells with mes-

enchymal phenotype, where typically properties such as invasiveness, mobility, tumour-initiating

ability and drug and apoptosis resistance are enhanced [35].

As during EMT epithelial phenotypes are converted into mesenchymal phenotypes, cells expe-

rience downregulation of their epithelial markers, as E-cadherin, epithelial cell adhesion molecule

(EpCAM), cytokeratins (CKs), and upregulation of mesenchymal markers, including vimentin, N-

cadherins and transcriptional factors as Zeb-1. Cells can also undergo the reverse phenomenon of

EMT, mesenchymal to epithelial transition (MET), i.e., mesenchymal cells revert their phenotype

and recover their epithelial characteristics [36].

Commonly, EMT is categorized into 3 types: Type I for gastrulation and embryogenesis,

Type II for regeneration and wound healing and Type III for carcinogenesis (tumour growth and

cancer invasion). The proposed Type III of EMT occurs in epithelial carcinoma cells, affects

oncogenes and tumour suppressor genes and is associated with the formation of cancer cells with

increased ability to initiate tumours, being qualified to invade tissues and organs aside from the

origin site, via bloodstream. Unfortunately, despite all the effort, it is still unclear what are the

specific inductive signals that promote carcinoma cells to undergo Type III EMT [37].

Epithelial cells border organs, vessels and cavities of the body and are characterized by an

apical-basolateral polarity, responsible for the interaction with a basement membrane via its basal

surface, and intercellular junctions, responsible for intracellular communication and adhesion [38,

37]. These cells generally present columnar shape and limited migratory potential. Elseways,

mesenchymal cells present a higher capacity to produce extracellular matrix (ECM) components

and are more resistant to apoptosis, presenting focal cell-cell contacts and strong migratory and

invasive potential. Mesenchymal cells show higher cell deformation, better shear stress resistance

and are typically more resistant to drugs [39]. While this type of cells supports the maintenance

of other cells and tissues, epithelial cells present tissue-specific protective functions [40].
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2.2.2 Metastatic Cascade

Metastasis is the name given to the phenomenon of cancer spreading to a distinct body part from

where it originated and account for the great majority of tumour-related deaths (approximately

90%) [33]. The metastatic cascade corresponds to a sequential and interlinked set of steps strongly

influenced by the interaction between metastatic cells with homeostatic factors and blood cells.

A representation of the metastatic cascade is schematized in Figure 2.2. CTCs represent an

intermediate step of the cancer spreading/metastasis formation process. This life-threatening man-

ifestation of cancer progression starts with cancer cells from primary tumour sites being induced

to go through EMT by macrophages, platelets and mesenchymal stem cells (MSCs). Tumour cells

lose the epithelial cell-cell contacts with neighbourhood cells, acquire a mobile and invasive phe-

notype, detach from the primary tumour and enter on the circulatory system, via newly formed

blood vessels or through lymphatic vessels, where they disseminate through circulation flow pat-

terns [41]. During the transportation, blood components as platelets and coagulation-related com-

ponents protect tumour cells from cytotoxic immune cell recognition. After finding a permissive

niche for tumour colonization, CTCs, who previously increased cell plasticity during EMT, revert

their mesenchymal phenotype and lose their migratory behaviour. Subsequently, these tumour

cells adhere to capillary endothelial beds of distant organs, extravasate vessels, through cross ves-

sel constrictions, and entry in host tissues. By reverting their phenotype, tumour cells gain the

ability to proliferate in the new foreign tissue forming novel micrometastases, that can remain

dormant or form a novel tumour mass, depending on the obstacles they encounter to cell survival

and proliferation [33, 42].

Lung cancer is known to often metastasize to bones, brain, breast and colon [43].

Figure 2.2: Schematic representation of EMT programme, as well cellular transformations during
cancer progression and dissemination [44]
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2.2.2.1 Intravasation

Metastatic cascade initiates with tumour cells from primary tumour going through EMT process.

Several factors, as signalling molecules, underlie the start of EMT transformation and are respon-

sible for CTCs behaviour change, as [45, 46]:

• transforming growth factor beta 1 (TGF-β1) ;

• hepatocyte growth factor (HGF);

• insulin-like growth factor (IGF);

• fibroblast growth factor (FGF)

By converting their phenotype, epithelial cells break out from primary tumour and, through

blood vessels or lymphatics, enter the bloodstream. However, aspects as accessibility, physical

restrictions and active mechanisms for cell attraction to specific vasculature are major conditioning

factors. If tumour cells entry directly through blood vessels, they are automatically in circulation.

Additionally, CTCs can also enter the bloodstream by lymphatic intravasation [47]. Lymph vessels

merge with blood vessels in the major thoracic duct, however, more evidence is needed to support

this hypothesis, since there is little evidence that tumour cells can pass to the bloodstream when

lymph vessels drain into blood. On the other hand, lymph nodes, where the lymphatic fluid is

constantly filtered, are often the first sites of metastasis [48].

2.2.2.2 Circulation in bloodstream

As already mentioned, approximately only 1 to 10 CTCs are found per millilitre of blood. Inter-

estingly, murine models suggest the release of 106 CTCs per gram of tumour to the bloodstream

per day [49]. However, not many CTCs can survive the journey through the bloodstream, due

to plural factors, including physical forces derived from the blood flow, which leads to cell shear

stress, anoikis, lack of growth factors and immune surveillance [50]. All these conditions induce

continued threat to tumour cells integrity, promoting the death of a large portion of the available

CTCs. Besides, Stott et al. [51] assessed the evolution of the number of CTCs in prostate cancer

patients after tumour removal. Reportedly, 24 hours after surgical resection of the primary tumour,

patients, who previously scored a considerable number of available CTCs, have no CTCs in circu-

lation. These findings demonstrate the short half-life of CTCs when circulating in bloodstream.

Proper knowledge of CTC biology and their response and interaction with the immune system

is mandatory to fully understand cancer mechanisms. There is increasing evidence of the inter-

action between CTCs and platelets, which usually starts as soon as tumour cells enter in blood

system [52]. There, due to platelet tissue factor, factor III/CD142, circulating platelets unite and

form a protective halo around tumour cells. These platelet-rich thrombi protect against potential

negative factors that can affect the integrity of these cells, as immune attacks and shear pressure.

More evidence suggests that the presence of platelets around CTCs also prevents attacks from
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natural killer (NK) cells, who start to fail to recognize tumour cells [53]. NK cells typically de-

celerate primary tumour growth and can kill CTCs circulating in blood. Besides, Placke et al.

[54], studied this CTC-platelet interaction and discovered that a protection mechanism from CTCs

to immune attacks arises from the transfer of the major histocompatibility complex (MHC) from

platelets to tumour cells. This complex enables CTCs to mimic host cells, passing unnoticed from

immune surveillance. Moreover, platelets release TGFβ1, strongly inducing molecules to submit

CTCs to EMT, enhancing their metastatic potential. Because of their active role in the protection

and induction of metastatic potential of CTCs, platelets are one of the most studied blood entities

in cancer. However, CTCs also interact and form aggregates with other blood components, such

as fibroblasts and leukocytes, resulting in accumulative protection from oxidative stress and the

immune system.

CTCs, depending on EMT extension, can detain full epithelial or mesenchymal phenotype

or can exhibit hybrid epithelial/mesenchymal phenotype, commonly named as incomplete EMT

phenotype or intermediate EMT phenotype [55]. This mixed biology leads to mixed epithelial,

as cohesive adhesion, and mesenchymal properties, like mobility. CTCs from this category can

interconnect to each other, aggregate and migrate in form of tumour cell clusters. Hence, CTCs can

be found individually or in the form of clusters, typically in arrays between 2 to 5 cells [56]. Aceto

et al. [57] investigated the metastatic potential of the two arrangements of CTCs and concluded

that these tumour-derived cells in a group format have between 23 to 50-fold increased metastatic

potential, i.e, higher effectiveness in colonization distant sites when compared to singular CTCs

in blood. Haeger et al. [58], suggested that cell clusters of mesenchymal tumour cells prefer the

highest concentration of ECM density whereas individual cells were associated with high porosity

ECM, in vitro model.

CTC clusters exhibit shorter circulation time (6–10 minutes) than individual tumour cells

(25–30 minutes) [48]. This evidence derives from the fact that CTC clusters extravasate faster

than single tumour cells, contributing to their increased survival. Besides, several studies identi-

fied and supported that the presence of CTC associations at baseline harboured worst prognosis for

tumour patients, since, generally, CTC clusters-positive patients were associated with shorter PFS

and OS [59]. The set of physiologic processes leading to CTC agglomerations is still unknown,

however, several studies investigated the influence of these cell groups in cancer metastasis and

their genesis mechanisms leading to several possible factors underlying microemboli formation

[60]:

• detachment of a coherent group of cancer cells from the primary tumour site;

• agglomeration of isolated CTCs undergone from proliferation in capillary bed;

• induction by platelets interaction, ensuring immunity;

Thus, CTC clusters are formed by cells with hybrid EMT phenotypes, with higher metastatic

potential. Giampieri et al. [61] reported the influence of the TGF-β1 in breast cancer cell motility.

Under the presence of TGFβ signal, cancer cells circulated in individually, while, after TGFβ
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signalling blocking, cells switched to only collective cell motility. Epithelial cytoskeletal and

adhesion proteins, as plakoglobin, E-cadherin, among others, are responsible for intercellular ad-

hesion and consequent CTC cluster formation and dissemination. N-cadherin, type II cadherins

and molecules belonging to the family of cell adhesion molecule (CAM) are also involved in

intercellular adhesion of CTC cluster formation [62].

2.2.2.3 Extravasation and colonization

The metastatic cascade can last months or even years [63]. CTCs travel through the whole body

in blood vessels until finding favourable sites for successful micrometastasis formation. There,

tumour cells undergo MET, revert their mesenchymal phenotype and regain epithelial properties

to penetrate the epithelial wall of vessels. The phenomenon of CTCs penetrating the blood vessels

is known as extravasation. Extravasation occurs in small capillaries, with diameters similar to

tumour cells diameters, leading to physical imprisonment of CTCs in the vessel and consequent

adhesion to the endothelium, through the expression of ligands and receptors in both tumour cells

and epithelial cells [64].

Several factors promote extravasation, including the discharge of adenosine triphosphate (ATP)

and increase of the permeability of the capillary walls by platelets and monocytes, able to differ-

entiate into metastasis-related macrophages [65]. Through the release of cytokines by the cancer

cells, epithelial cells are promoted to express E-selectin on their surface, a molecule responsible

for CTC attachment to epithelial cells layer of blood vessels [66]. In addition to the release of

E-selectin molecules, chemokines play an important role by moderating the interaction of CTCs

with epithelial cells from the target tissue, also inducing the adhesion to the blood vessel wall.

After adhesion, the next step is the transendothelial migration. This procedure can be per-

formed paracellularly or transcellularly. Generally, tests in vitro suggest that cells opt for the

paracellular form, where tumour cells or immune cells release TGFβ and vascular endothelial

growth factor (VEGF), factors responsible to induce the opening of the characteristically tight

cell-junctions between the epithelial cells film [67]. However, there is not yet enough evidence

to support which route cells opt in vivo. Although blood vessels are quite narrow in width, Au et

al. [68] proved that clusters with <20 CTCs can travel and extravasate for new tumour destination

colonization.

After crossing the lamina basal, a relatively large portion of the tumour cells are attacked and

eliminated [67]. The remaining fraction of tumour cells can either enter in a dormancy state or can

proliferate, developing a secondary tumour in the new microenvironment. Dormant CTCs recover

their ability to proliferate by the change of environmental conditions, such as angiogenesis or

inflammation induction [69].

The new microenvironment in host tissue must meet all the conditions necessary for proper

growth and survival of the newly formed micrometastases. Stromal and ECM support are essential

prerequisites to aid in the establishment of a suitable environment inductor of metastatic develop-

ment [70]. Lambert et al. [71] proved the influence of hypoxia conditions, while Costa-Silva and

colleagues [72] linked fibrosis with metastasis colonization. The two groups also suggest that the
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target tissue for secondary tumour formation, due to systemic effects of the primary tumour, begins

to gather the favourable conditions to receive the tumour cells before they extravasate. Besides,

the genetic profile of tumour cells also influences their survival in the new microenvironment,

as some tumour cells may present specific genes mediating metastases survival. CTCs can form

distinct subpopulations within a single tumour, expressing different genes and exhibiting different

success rates in metastatic survival, as described by Zhang et al. [73], who investigated these

genetic variations in breast cancer CTC subgroups.

It is important to recognize that the pattern associated with metastatic cascade can vary de-

pending on the tumour type, being this phenomenon called tissue tropism [63]. These patterns

vary not only with the vasculature presented by the chosen site for secondary tumour formation

but also with the combination of the chemokines released by the target tissue cells and consequent

receptors present in tumour cells [67].

2.3 CTCs as liquid biopsy

2.3.1 CTC enrichment strategies

Due to the rapidly growing interest on cancer diagnosis and monitoring, during the last two

decades, several research groups dedicated to the development of novel CTC isolation tools, rely-

ing on capture, enrichment and detection procedures [32]. While some focused on physical prop-

erties differences between the different blood cell types to separate and capture CTCs, the majority

have dedicated to the development of enrichment platforms based on biological properties of cells.

The latter systems perform the separation via antigen-based enrichment either in tumour cells or

healthy blood cells (via positive or negative selection), and require in-depth knowledge of cell

surface markers for complementary antibodies choice.

CellSearch system (Menarini Silicon Biosystems, Italy) is currently the gold standard technol-

ogy for CTC enrichment, being the only commercially CTC detection system approved by FDA

[74]. This antibody-based system enables tumour cells isolation via positive selection using anti-

EpCAM ferromagnetic microbeads and using a secondary selection to distinguish CTCs from the

remaining cells by immunostaining procedure, using CK staining and CD45 (a specific leukocyte

marker) antigen expression. In brief, ferrofluid nanoparticles coated with anti-EpCAM antibod-

ies are added to blood samples for EpCAM-positive tumour cells enrichment. Under a magnetic

field, labelled CTCs are isolated from the bulk of other present blood cells. Hence, this technol-

ogy only validates EpCAM-positive CTCs, failing to detect a significant fraction of the available

tumour cells, CTCs with little or no expression of this protein. Created for treatment monitoring

of patients with metastatic breast, colorectal and prostate cancer, this platform exhibits high repro-

ducibility and high specificity for this set of tumours; however, the purity of the recovered cells

is at risk, affecting posterior procedures, as enumeration and additional gene expression tests for

CTC analysis [75].
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Most of the currently available assays present long processing times, low specificity and need

specific isolation kits that can become expensive for constant usages. Thus, it becomes urgent

to optimize CTC isolation and detection technologies with satisfactory capture performance, i.e,

offering high capture efficiency, recovery purity and throughput, to obtain relevant and reliable

information on cancer metastasis and progression. Microfluidic platforms have the potential to

meet these requirements, considering their substantial advantages over existing platforms.

2.3.1.1 Microfluidics for CTCs enrichment

Microfluidics is the multidisciplinary emerging field and science that studies the manipulation and

control of fluids at the microscale level. Notably, microfluidic devices ensure precise manipulation

and control of small volumes of fluids (10−6 to 10−12L) by employing channels with dimensions

of tens to hundreds of micrometres. This remarkable characteristic is crucial to ensure proper iso-

lation of low abundance cells, as tumour cells present in blood. Microfluidic devices offer many

advantages over bench-top technologies, including reduced size operating systems, less volume

of reagents and power consumption and easy handling with controllable flow patterns. Moreover,

these platforms exhibit high throughput and sensitivity, commonly present low production costs,

flexibility in design and parallelization capabilities, allowing simultaneously multiple samples pro-

cessing in multiplex platforms.

The fabrication of the first microfluidic devices, mainly made by silicon and glass, required

specialized facilities, as expensive machinery and clean room conditions [76]. Besides, it was

also an expensive and time-consuming process. However, as polymers began to be used as man-

ufacturing materials, the microfabrication process has accelerated, as these materials were easy

to use and prototype, reducing the complexity and cost of fabrication [77]. Microfluidic devices,

also known as microfluidic chips, are now often made of ceramics, metals or polymers, being

polydimethylsiloxane (PDMS) the most widely used material for fabrication of these platforms.

The preference for this material is owned by its rapid prototyping, cost efficiency and flexibility,

being easily fabricated and implemented in soft-photolithography techniques. Besides, PDMS is

suitable to work with living cells, since it is nontoxic, biocompatible, mechanically flexible and

porous, allowing oxygen exchange. Also, this silicon-based organic polymer, by being optically

transparent, enables direct observation of the designed 3D-microstructure.

With the advancement of microfabrication, the study and development of microfluidic-based

platforms have been growing exponentially, with more sophisticated and advanced systems, not

only for capture and identification of CTCs and cell-derived products but also for being models to

simulate metastasis complex physiological environment (tumour-on-a-chip), allowing to study the

complex process around cancer dissemination, as tumour cells migration, intra and extravasation

and tumour angiogenesis. Microfluidic devices have been largely utilized in academic research for

tissue engineering, analytic chemistry research, point-of-care testing (POCT) and tumour screen-

ing [78].
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The ideal microfluidic platform for CTC enrichment exhibits high capture efficiency, high

capture purity and high throughput [79]. However, in terms of microfluidic techniques commer-

cialization, there are some device-related issues preventing microfluidic platforms to achieve their

full potential that should not be ignored. Besides, mainly due to material degradation and clot-

ting problems, microfluidic technologies present short lifespans. PDMS is not suitable for scaling

to industrial standards and not-integrated microfluidic platforms are manually connected under

non-standard laboratory tools [80]. Moreover, microfluidic devices are prone to small manufac-

turing defects, as small obstructions, and inevitably gain air bubbles inside the microchannels, that

drastically diminish their performance.

The future of microfluidics-based CTC technologies includes enhancing systems‘ reliability

and robustness, as well as simplifying user-friendly interfaces. Besides, it is essential to recognize

the ample heterogeneous characteristics of CTCs, for cancer type and subtype recognition. The in-

tegration of both isolation and further downstream analysis of CTCs in single microfluidic devices

would also simplify and reduce assay cost significantly. More and diverse clinically relevant tests

to increase the number of microfluidic platforms possible applications in the medical industry are

needed.

Thus, interest in microfluidics for cancer research has been increasing during the last decades,

which has reflected in the number of published studies, as shown in Figure 2.3.

Figure 2.3: Publication numbers of microfluidics used in cancer studies during 2005 and 2018,
searched in PubMed and NCBI databases [81]
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Microfluidic-based approaches apply a wide range of principles for tumour cells isolation,

including principles commonly used in the macro-scale system, and can be classified into two

categories: “affinity-based” and “label-free” strategies. While label-free strategies are based on

physical properties, as size and deformability (membrane filters), electric charge (dielectrophore-

sis), and density (density gradient centrifugation), affinity-based strategies depend on biological

properties of CTCs, relying on specific cell-surface protein expression (immune-based assays us-

ing antibodies against tumour or non-tumour associated antigens) and viability.

Affinity-based strategies

The most common approach taken for CTC isolation relies on the interaction between specific

antigens expressed by cells on their outer membrane and antibodies present on the microfluidic

device structures, surface or microparticles. CTC enrichment can be either performed via positive

immunoselection, by targeting specific tumour-associated cell surface antigens, or via negative

selection, by depletion of hematopoietic cells. However, the optimal selection of antibodies is not

consensual, due to the lack of reliable target antigens, conditioning cellular capture [82]. To date,

a universal CTC-specific antigen is yet to be identified.

CTC enrichment via positive selection, as already mentioned, is performed by targeting spe-

cific tumour-associated cell surface antigens using antibodies. Due to advances in microfabrica-

tion, structures, such as microposts, have been added to microfluidic devices. Additionally, the mi-

croposts suffer surface chemistry modifications and antibodies are attached to them for improved

cell capture. The first microfluidic platform developed for CTC enrichment was CTC-Chip, de-

veloped by Nagrath et al. [83], and consisted of an array of 78000 microposts functionalized with

anti-EpCAM antibody. Despite the inability to process large sample volume and the low through-

put, this platform achieved a purity of 50% when processing peripheral blood from metastatic

cancer patients, detecting 5 to 1281 CTCs per mL. CTCs from different epithelial tumours, such

as lung, prostate, pancreatic and breast cancer, were identified in 115 of the total 116 (99%) anal-

ysed samples. OncoCEE is another micropost-based device that uses a cocktail of antibodies other

than EpCAM (HER2, MUC-1, EGFR, TROP-2 and N-Cadherin) for higher cell capture rates [84].

Instead of microposts, microfluidic surfaces can be coated for CTC enrichment. One of the

main limitations of surface-capture devices is the difficulty in the retrieval of the immobilized

CTCs on the surface of the device for downstream analysis. Trypsin can help in CTC detachment,

however, many surface receptors can be cleaved and lost.

Immunomagnetic approaches use capture agent-labelled magnetic beads to capture CTCs [85,

86]. Similarly, the magnetic particles are coated with antibodies against specific CTC antigens.

The antibodies previously coupled with magnetic beads complex with complementary antigens

and, under a magnetic field, the labelled cells are isolated. Magnetic Sifter is a microfluidic-based

immunomagnetic capture technology with a unique configuration: sample passes through an array

of 3808 square magnetic pores disposed in a honey-comb pattern [86]. This device was validated

with samples from NSCLC patients and CTCs were detected in all.
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Besides, there are also in vivo positive enrichment technologies. GILUPI CellCollector is a

EpCAM-based platform for in vivo direct isolation of CTCs from peripheral blood [87]. This

medical wire covered with anti-EpCAM antibodies is inserted into a standard venous cannula,

which is further inserted into a patient’s vein, where it contacts with an enormous volume of

blood and captures a significantly higher number of CTCs. However, non-cancerous cells, such as

normal epithelial cells, can easily adhere, as they also express EpCAM, and be counted as CTCs.

Besides, after removing the device from the body, microscope observation protocol is still not

standardized, which might result in read-out errors.

Due to tumour markers specificity, CTC isolation using positive selection-based systems typ-

ically exhibit high capture purity. However, due to EMT complexity and variant extension, the

presence of specific surface markers can vary from tumour to tumour. Thus, these strategies tend

to overlook certain subpopulations of these tumour cells, failing to detect some CTCs. An ex-

ample is the use of EpCAM based strategies for CTC enrichment since many CTCs can remain

undetected when lacking EpCAM expression.

Negative selection represents another viable method for CTC enrichment. This type of strategy

relies on the label and consequent depletion of peripheral blood cells, typically leukocytes, using

targeting antibodies, such as anti-CD45 antibodies.

Hyun et al. [88] developed the first microfluidic device performing negative immunoselec-

tion of CTCs. The geometrically activated surface interaction microfluidic chip was composed by

an asymmetric herringbone structure specially designed to produce transverse flow, for enhanced

interaction between immobilized antibodies targeting CD45 in the channels surface and comple-

mentary non-target cells antigens. The number of isolated CTCs by this platform varied from 1 to

51 in 1 mL of blood.

Compared to positive immunoselection technologies, CTC enrichment via negative selection

approaches exhibit a lower number of false-negatives and tumour cell heterogeneity is no longer

a factor to be taken into consideration. Typically, negative-based enrichment strategies achieve

higher CTC recovery rates and tumour cells remain intact for further analysis.

Hence, although affinity-based strategies are the most widely used for CTC enrichment, and

some impressive results were achieved in the isolation of tumour cells mainly with epithelial phe-

notype, they face some limitations. These methods rely on the specificity of antibodies and involve

prior knowledge about cell-targeted proteins, which is not always possible, being this the key lim-

itation of these enrichment strategies. Besides, CTC subpopulations exhibit heterogeneous and

varying immunohistologic profiles, difficulting the choice of the antibodies cocktail. Therefore, a

multi-epitope CTC capture strategy would have improved capture efficiency, enabling the capture

of a greater proportion of cancer cells [89].
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Label-free strategies

CTCs are commonly larger than the leukocytes, exhibit higher density and weaker deformabil-

ity, as well a stronger charge [90, 91]. Knowing the limitations of antigen expression-dependent

strategies, several groups have dedicated to the improvement and development of CTC capture

and detection assays exploiting the morphological characteristics and biophysical differences, like

size, deformability, electric charge and density, of CTCs and the other blood cells, in order to

capture heterogeneous populations of these tumour-derived cells with variant expression levels of

specific surface markers.

Density gradient centrifugation represents one of the pioneers techniques for CTC enrichment.

By adding a density gradient reagent to blood, this technique allows separating cells into distinct

layers based on their different densities, after centrifugation. Usually, CTCs and mononuclear

cells have a lower density, <1.077 g/mL, comparing to the rest of hematopoietic cells, >1.077

g/mL [91]. Thus, centrifugation forces concede the following blood cell separation:

Figure 2.4: Schematic representation of CTC isolation from whole blood based on density gradient
centrifugation principle. Created with www.BioRender.com

OncoQuick [92] is a commercially available kit for CTC isolation using density gradient prin-

ciple. This approach allows to separate CTCs from the other blood cells considering differential

migration of different density range cells during centrifugation and has the advantage of being

a simple, quick and inexpensive approach; however, some CTCs can get lost when migrating to

the plasma fraction and some cancer cells may agglomerate and form CTC clusters, with higher

density, capable of settling in the bottom of the gradient. Also, this strategy presents, at times,

significant cross-contamination of different layers, since the density within cell types may vary,

resulting in poor isolation rate and purity. The most common is leukocyte contamination since

these blood cells can have an identical density to CTCs.

www.BioRender.com
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Different cells typically present different sizes and dielectric parameters, due to the different

membrane and cytoplasm properties. When put under a non-uniform electric field, particles be-

come polarized. The interaction of the particle’s electric dipole and the spatial gradient of the

electric field produces a force, named dielectrophoresis (DEP) force [93]. Therefore, different

cells experience different forces, according to the different cellular properties. These DEP forces

are responsible for the different movements cells perform under the electric field. This principle

has already been applied in several microfluidic devices for CTC isolation, and one of its main

advantages that it can be used for separating different types of cancer cells [94, 95].

Acoustophoresis is another CTC separation technique. Li et al. [96] reported a contact-free

and simple microfluidic device that exposes cells to tilted-angle standing surface acoustic waves.

Considering blood cells variety of size, density and compressibility, different cells experience

different magnitudes. Cancer cells, due to their larger size, present higher density and less com-

pressibility under an acoustic field. This results in a faster move, leading CTCs to focus at the

centre of the microchip. Further, CTCs are collected in a central outlet, while the remaining cells,

that are smaller and more compressible, are randomly distributed on the sidewalls [97].

Size is the major morphological difference between CTCs and the other blood components,

since CTCs are inherently believed to be larger (between 15 µm up to 25 µm) than WBCs (about

9 to 16 µm) and red blood cells (RBCs) (about 6 to 9 µm) [90, 98]. Considering the available

size-based methods, mechanical filtration using membranes is a popular approach for CTC sep-

aration from background blood cells. Here, tumour-derived cells are isolated independently to

their phenotype, since this approach only considers cell size and deformability, resulting in higher

throughput, comparing to label-dependent methods. Mechanical filters can be subdivided into four

categories [99]: microsieve (array of pores on a 2D layer), pillar, weir (narrow cross-sectional gap)

and crossflow.

Regarding microsieve-based microfluidic devices, isolation by size of epithelial tumour cells

(ISET), reported by Vona et al. [100], was the first CTC isolation system based on blood filtration.

After loading blood samples, cells were filtered using a polycarbonate track-etched membrane

with defined pores size of 8 µm, letting pass through cells with smaller diameters, while larger

cells, as CTCs, were retained. Unfortunately, a small fraction of CTC population can pass through

pores and larger leukocytes are retained, leading to cross-contamination by leukocytes. VyCap

[101] is another size-based silicon nitride microsieve platform with uniformly distributed 150000

pores of 5 µm size intended for rapid processing of blood samples. ScreenCell, developed by De-

sitter et al. [102], is composed of a circular track-etched membrane based on a similar principle

of ISET system. This platform allows a rapid and easy process of blood samples for viable CTCs

recovery; however, membrane-based filtration is prone to clogging, affecting the purity rate of the

assays, and hindering standardization of the procedures. This type of platforms requires additional

microfiltration steps for large blood samples processing. Thus, Zheng et al. [103] employed a 2D

parylene membrane-based platform composed of a dense and precisely distributed micropores ar-

ray. When tested with spiked prostate cancer cell lines, the reported recovery rate of the microfilter

device was 90% with high throughput (3.25 mL/min), taking advantage of the precise size of lo-
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cation and shape of pores and controlled membrane thickness. Aside from clogging and CTCs

contamination with leukocytes, other main limitations of the microfilter systems are stress and the

filtering pressure target cells are submitted to, affecting the viability of these tumour-derived cells

and the filtration success. Hence, to mitigate the stress conditions that cells typically undergo and

avoid cell deformation, the same authors optimized the microfiltered device into a 3D bilayers

platform, reducing the filtering pressure in the membrane area.

Regarding the differences between blood cells size and deformability, Hosokawa et al. [104]

developed a size-based selective microfluidic platform patterned with microcavity arrays exhibit-

ing a 97% capture efficiency. Recently, Hvichia et al. [105] reported Parsortix, a size and

deformability-based CTC isolation platform equipped with an array of progressively decreased

obstacles where suspensions flow through. This last system maintained the viability of 99% of

the recovered tumour cells, allowing further analysis. However, due to downstream processing,

including cell handling steps, and due to the different size range, some CTCs are lost.

With the advances in microfabrication, microfiltration-based microfluidic platforms for CTC

separation have been established with micropillars, commonly fabricated by PDMS moulding pro-

cess, as well as weir-structured microstructures. Regarding these microfluidic devices, interspaced

microscale pillars allow small cells to pass through them, while larger cells, as CTCs, get trapped.

The capture efficiency of these devices can be highly enhanced if the space between pillars grad-

ually narrows.

As already mentioned, CTC clusters can be additionally composed of immune cells, such

as neutrophils. These clusters should also be analysed, as they can carry important information

about the tumour. In order to capture and study these cancer cell groups, Sarioglu et al. [106]

proposed a triangular shape micropillar array (Cluster-Chip) with customized bifurcation traps

capable of separating CTC clusters from unprocessed blood samples from breast, prostate and

melanoma cancer patients under low shear stress conditions. The captured CTC clusters were

fixed by a dynamic force balance and are released by reverse flow direction. The release efficiency

was around 80% at 4ºC, while it was 37% at room temperature. This can be justified by lower

temperatures reducing nonspecific cell adhesion [107].

Weir-based microstructures with cross-sectional gaps improve hydrodynamic resistance inside

microchannels. The first developed devices exhibited a single weir structure placed across the

microchannel. In order to improve the recovery rate, devices were optimized, and the single

weir structure was replaced by multichannel weir structures [108]. Quin et al. [109] reported

a resettable cell trap chip in a two-layer PDMS structure. The key advantage of this device is

that it employs an adjustable aperture, a diaphragm, helping the capture and release of the target

cell species, avoiding clogging. In this method, while cancer cells get trapped in microstructured

pockets, the remaining blood cells pass through another layer. This device was tested with blood

from 22 patients with prostate cancer and it could recover ≥5 viable CTCs in 18 out of 22 (82%)

patients with high throughput.

So, mechanical filtration-based methods allow to separate and isolate CTCs from background

cells considering the different sizes and deformability blood cells exhibit. Although filtration is a
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relatively simple and rapid process that consents CTC enrichment from a wide range of tumours

(despite their epithelial or mesenchymal markers expression), due to size overlapping of the tu-

mour cells with leukocytes, smaller CTCs can be loss during filtration and consequently excluded

from counting, resulting in low specificity and capture purity. Clogging and adsorption are other

negative factors influencing the performance of these assays.

Size-based CTC isolation methods also include hydrodynamic-based approaches, relying on

inertial forces generated inside the microchannels due to cell-structure interactions under continu-

ous flow. In brief, under lateral forces, cells tend to migrate to equilibrium positions, varying ac-

cording to cells’ size. Deterministic lateral displacement (DLD) is a representative hydrodynamic-

based approach. Considering deterministic laminar flow inside a dense post array fabricated to

improve hydrodynamic force resistances, while cells under the critical size get trapped between

the post gaps, larger cells, as CTCs, continue to flow laterally, as represented in Figure 2.5.

Figure 2.5: Representative illustration of CTC separation in DLD array [110]

Huang et al. [111] reported the first DLD-based microfluidic device for particle separation

under continuous flow with a resolution down to 10 nm. Years later, Loutherback et al. [110]

reported a DLD array device for CTC isolation with a capture efficiency >85% at a high flow rate

(600 mL/h). Similar to the density gradient centrifugation method, DLD method presents low

purity and is prone to clogging, limiting capture and further manipulation of tumour cells. Thus,

this method is typically used as a pre-enrichment technique, followed by additional isolation ap-

proaches. Dean flow fractionation (DFF) is an alternative method consisting in the generation of

Dean double symmetrical vortices flows in curvilinear channels of spiral-shaped microfluidic plat-

forms. Dean vortices, generated by centrifugal acceleration forces in curvilinear channels, induce

small cells to migrate to the outer wall, while larger cells, as CTCs, are induced to flow towards the

inner wall of the microchannel. Lim group [112] have dedicated to the optimization of DFF-based

methods for CTC isolation in recent years. In that way, the group reported an ultra-fast spiral-

shaped microfluidic platform with high throughput [113]. This device, contrarily to previously
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developed devices, presented a trapezoidal cross-sectional structure, allowing adjustable positions

of Dean vortices, leading to improved CTC enrichment. RBCs and WBCs, smaller blood cells,

migrated along the Dean vortices and moved towards the outer wall of the channel; while CTCs,

due to their size, suffered additional strong inertial lift forces and equilibrated nearby inner wall.

This platform presented high sensitivity and short processing time. Recently, Kulasinghe et al.

[114] have also dedicated to the development of another spiral CTC microfluidic device for in-

dividual CTC and CTC clusters enrichment based of DFF principle, regardless of head and neck

cancer (HNC) patients stage. The device was able to detect 18 out of 60 (30%) single CTCs in

patients at stages I-IV, and 15 of 60 (25%) CTC clusters at late-stage patients.

Size-based enrichment techniques stand out by their simplicity, high speed and the ability to

capture the different and heterogeneous population of CTCs with varying expression levels of dif-

ferent metastasis-associated markers, which can be translated in more useful data and information

related to the metastatic process. However, these methods suffer from a fundamental trade-off be-

tween recovery rate and purity [115]. Most of the marker-independent strategies for CTC capture

exhibited higher counts and variety of recovered CTCs when compared to affinity-based technolo-

gies.

2.3.2 CTC detection and molecular characterization

Since not all CTCs are detectable and not all of the recovered tumour cells have metastatic po-

tential, CTC enumeration alone may not be considered an effective marker of metastatic disease.

[116]. Hence, a complete analysis of these cells’ genome and phenotype offers valuable insights

about metastatic tumour heterogeneity and biology, treatment resistance and targeted therapies

response. CTC identification and detection approaches can be categorized into two main groups:

• immunology-based strategies (protein-based assays), used for phenotypic analysis;

• nucleic acid-based strategies (molecular assays), relying on DNA analysis of the distinct

expression patterns of tumour cells;

Immunology-based techniques, also known as protein-based assays, rely on immunocyto-

chemical approaches, where cells are stained with antibodies, allowing both quantification and

morphological analysis of tumour cells after enrichment. Cellular staining is typically performed

by using primary antibodies with detectable tags, frequently fluorescent molecules, or with tagged

secondary antibodies, binding to primary antibodies [117]. In immunofluorescence assays, by

considering CTC features and markers of interest and using different fluorescent antibodies, com-

plementary proteins present in cells are marked, allowing visual distinction under fluorescence

microscope [118]. The combination of distinct antibodies leads to better and larger identification

of interest cells since it offers more information about specific cell parameters, e.g., morphology,

size, width. Currently, EpCAM is the most widely used antibody for detection of tumour-derived

cells with epithelial-like characteristics. Other antibodies commonly used in CTC detection as-

says are anti-CK, another epithelial marker, anti-CD45, a lymphocyte common antigen and 4,6-

diamidino-2-phenylindole (DAPI), for nuclear counterstaining. Typically, CTCs are CK-positive,
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CD45-negative and DAPI-positive [119]. However, within CTC population, antigens exclusively

expressed by these tumour-derived cells are still variable; therefore, the choice of the appropriate

cocktail of antibodies for CTC detection is not consensual and remains a challenge.

Flow cytometry (FC) is a widely used fast and sensitive technique that enables individual and

simultaneous detection and analysis of rare cells relying on the expression of specific cell surface

molecules. This method allows the use of multiple markers to detect different cell types in a

heterogeneous cell population. Adapted to CTC detection, FC offers detailed and quantitative

information about this heterogeneous group of cells [120].

ImageStream (Amnis) is an advanced multiparameter cell imaging flow cytometer with po-

tential for high-speed image capture and cell identification. The system has already been used

for cancer research, including tumour cell enumeration [121]. A comparative study between Im-

ageStream and CellSearch revealed no significant differences in CTC counting between both meth-

ods, however, ImageStream exhibited a lower level of precision for lower CTC counts (1-10 cells).

On the other hand, ImageStream platform can analyse cells 5 times faster (5000 cells per second)

[122].

Regarding nucleic acid-based analysis, molecular assays for both detection and characteriza-

tion of CTCs have emerged lately as a key element for oncology research. Molecular assays, by

analysing the DNA profile of enriched tumour cells, offer wealth information regarding possible

tumour-resistance mechanisms, as well common cancer pathways, providing the opportunity to

choose and develop the best individual personalized therapy plan for each patient. The more infor-

mation is collected in molecular analysis of CTCs, the more data will be available for widespread

clinical use of these cells in personalized therapies and clinical diagnostics. The most widely used

nucleic acid analysis techniques are fluorescence in situ hybridization (FISH), real-time poly-

merase chain reaction (real-time PCR) and next-generation sequencing (NGS).

FISH is a common nucleic acid-based technique for the detection of specific DNA/RNA se-

quences. This highly commercially technology uses probes, that correspond to small DNA se-

quences, attached with fluorescent molecules, for macromolecule recognition. These probes are

added to samples and bond to specific complementary acid nucleic sequences with a high degree

of sequence complementary. Hybridization results can be visualized by microscopy analysis. This

method can be complementary to the already mentioned immunofluorescence techniques.

PCR-based assays detect and quantify nucleic acids. Standard real-time PCR is a well-established

PCR-based technology used for sensitive and rapid quantification and assessment of gene expres-

sion. While in traditional PCR the accumulation of amplification product is detected and measured

at the end of all PCR cycles (end-point analysis), in real-time PCR this measurement is performed

as the amplification reaction progresses, after each cycle of PCR reaction, relying on spectropho-

tometry methods. To monitor the accumulation of PCR product, fluorescent reporter molecules

are added to the reaction, which display increased fluorescence according to the increase of DNA

amount, since every time a new copy is synthesized, fluorescence signal is released [123]. So, the

amount of nucleic acid present in samples is calculated based on the concentration of the PCR am-

plified products, measured by the level change of fluorescence emitted by the excited fluorophore
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in real-time. However, this technology still faces several limitations. Specifically for low amounts

of genetic material, like for CTCs, variation increases with cycle number and, if the mutant se-

quence is present at a low frequency in bulk reaction, the mutant target signal may be too low and

get lost, not being detected.

NGS is another high-throughput tool that has been increasingly applied for CTC research due

to its increased sensitivity, capable of obtaining nucleic acid sequence profiles, at a single-cell

level. It presents higher accuracy and low sample inputs when compared to the more traditional

PCR tools. However, some challenges associated with this technology are its high complexity of

implementation, the selection of NGS panel genes and the performance validation of assays.

2.3.3 Lung cancer genes mutations

Due to CTC scarcity in peripheral blood, the identification and detection of gene mutations in

these tumour cells reveal to be a challenging task. Besides, only a small fraction of these cells

carry mutations, drastically reducing the number of available mutated CTCs. As mentioned be-

fore, CTCs submitted to EMT and MET processes have an active role in cancer progression and

metastasis. During these transformations, tumour cells transit between different phenotypes and

undergo genetic alterations. As these specific genome modifications are absent in primary tumour,

a full characterization and identification of these specific changes in CTC population may provide

information about potential distant tumour location. Other mutations carried by CTCs may occur

due to acquired drug-resistance to treatments too. Nonetheless, some changes detected in CTCs

have also been detected homogeneously in the primary tumour, suggesting that, to some extent,

these cells are trustworthy indicators of disease progression and may provide valuable information

for monitoring therapeutic response [124]. DNA mutations present in CTCs from lung cancer

patients have been detected in known driver genes, as shown in Table 2.2.

NSCLC SCLC
EGFR MYC
KRAS BCL2
CDKN2A c-KIT
ALK TP53
BRAF RB

Table 2.2: Driver genes where mutations have been identified in lung cancer

EGFR is a transmembrane glycoprotein that is present on the surface of body cells and is

associated with cellular growth and division. When this protein becomes too active, due to some

genetic changes, abnormal cell growth occurs, resulting in cancer growth. EGFR mutations are

the most common driver mutations in NSCLC patients, being associated with a prevalence rate

of 10%-26% [125]. 90% of total EGFR mutations are deletions in exon 19, missense mutations

in exon 21 and substitutions in exon 18 [126]. Activating EGFR mutations in NSCLC patients

are often treated with tyrosine kinase inhibitors (TKIs) therapy, being erlotinib and gefitinib the

first-generation of EGFR-TKIs for NSCLC patients. However, a significant portion of the patients
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submitted treatment with this EGFR-TKIs gain drug resistance to them within a year, being 50% of

the cases derived from T790M mutation (threonine residue substitution by methionine at position

790 of exon 20) [127].

In NSCLC patients, mutations in the EGFR gene have been reported by several groups in re-

cent years, being the detection of these already a widely used tool for CTC detection. Maheswaran

et al. [128] dedicated to the investigation of EGFR mutation presence in CTCs from blood sam-

ples collected from NSCLC patients using a microfluidic system with coated-microposts for CTC

isolation followed by allele-specific PCR EGFR mutation amplification. Interestingly, 19 of 20

patients (95% of the total cases) exhibited identical EGFR mutational status in both CTCs and tu-

mour tissue specimens. Besides, 2 out of the 6 patients with response to EGFR-TKIs therapy and

9 of the 14 patients with progression on TKIs therapy presented T790M drug resistance mutations,

linking the presence of EGFR mutation in lung cancer patients with drug resistance mechanisms

and faster disease spreading. Moreover, patients who initially tested positive for T790M before

treatment had a PFS of 7.7 months, while pre-treatment-negative for T790M patients had 16.5

months. Wang et al. [129] investigated the prognostic value of T790M mutations in 135 TKI-

treated NSCLC patients with a PFS over 6 months. The group reported that patients presenting

T790M levels prior to TKIs therapy showed worse prognosis, poorer PFS and OS, when com-

pared to patients with no evidence of pre-TKI therapy T790M mutations. Ran et al. [130] also

detected the presence of EGFR mutations in single captured tumour cells from late-stage lung

cancer patients. The group used laser cell microdissection (LCM) to proper isolate single CTCs

and whole-genome amplification by PCR sequencing. Punnoose et al. [131], by quantitative

PCR techniques, investigated the EGFR mutational status in CTCs from advanced NSCLC pa-

tients. Again, the results in CTCs were in agreement with the ones from tumour tissue biopsies,

i.e, EGFR mutations were detected in CTCs as well in matched solid tumours. Only one EGFR

mutation (exon 19 deletion) was detected in CTC-derived DNA from the 38 patients’ samples

analysed.

Beyond EGFR, another common NSCLC mutation includes anaplastic lymphoma kinase (ALK)

rearrangements, occurring approximately in 2 to 7% of all NSCLC cases [132]. Similar to EGFR

TKIs, anti-ALK TKIs started to be used in NSCLC targeted therapies, leading to mutation resis-

tance acquisition. Crizotinib is an emerging anti-ALK TKIs used in targeted therapies for NSCLC

patients’ treatment. Recent studies have dedicated to the evaluation of ALK gene rearrangement in

order to study novel targeted therapies for patients suffering from this cancer. Pailler et al. [133]

investigated the presence of ALK-rearranged CTCs in 18 ALK-positive and 14 ALK-negative

NSCLC patients. While all of the 18 ALK-positive NSCLC patients exhibited ≥4 ALK-rearranged

CTCs per 1 mL of blood samples, in the other group either none or one ALK-rearranged CTC were

detected.

Regarding SCLC, mainly due to its association with tobacco consumption, this form of lung

cancer exhibits a highly heterogeneous genomic landscape with high mutational rates. SCLC is

commonly sensitive to first-line therapy, however, easily relapses [134]. Mutations of the tumour

protein p53 gene (TP53) and retinoblastoma 1 gene (RB1) are the most common SCLC somatic
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mutations, being detected in more than 90% of SCLC cases [135]. Other less frequent genomic

abnormalities include the amplification of v-myc avian myelocytomatosis viral oncogene homolog

(MYC) and apoptosis regulator gene B-cell lymphoma 2 (BCL2). 50% of all SCLC cases account

for amplification in MYC family genes [136]. Although key driver mutations in SCLC have been

identified during the last decades, no significant targeted therapeutic improvements were achieved,

so SCLC still lacks effective treatment options.

2.4 CTCs prognostic value and treatment outcome

The prognostic value of CTCs and clinical outcomes in cancer patients under chemotherapy or

after tumour removal surgery have also been investigated. While some researchers support the

hypothesis that the presence of CTCs in the bloodstream of lung patients is strongly correlated

with poor prognosis (low OS and PFS), others report opposite findings. Still, presence surveil-

lance and frequency monitoring of cancer cells in peripheral blood may offer valuable insights

on disease progression and recurrence. Recently, Trapp et al. [137] investigated the relationship

between CTC presence in high-risk breast cancer patients several years after chemotherapy with

survival expectation, concluding that patients with high CTC counts had worst survival prospect.

Similarly, patients with colorectal cancer with higher CTC counts were more likely to have cancer

reappearance after 3 years of curative resections, supporting the relationship between the latency

of post-operative CTCs and worst prognosis [138].

Focusing on lung cancer, Krebs et al. [139] investigated the number of CTCs in blood of

NSCLC patients before and after chemotherapy, using CellSearch technology. By applying a

threshold count of 5 CTCs per 7.5 mL of blood, the group indicated that patients exhibiting a

lower count than the cut-off value, showed a mean PFS of 6.8 months and an OS of 8.1 months,

while NSCLC patients with ≥5 CTCs had a significantly lower mean PFS of 2.4 months and an OS

of 4.3 months. Moreover, 29% of the patients with <5 CTCs decreased in 6 months, while 93% of

the other group patients died in the same interval of time. Muinelo-Romay et al. [140] investigated

the prognostic value of CTC enumeration as a chemotherapy effectiveness indicator for therapy

monitoring before one, two and five platinum-based chemotherapy cycles on advanced NSCLC

patients. For this study, two different cut-offs for baseline were considered (5 and 2 CTCs per 7.5

mL of blood). For the first cut-off, as expected, the OS and PFS for <5 CTC patients (p=0.008) was

better than for those with ≥5 CTC (p=0.034). In treatment response evaluation, patients with <2

CTCs presented a longer PFS of 8.5 months, comparing to ≥2 CTC patients who presented a PFS

of 4.2 months. Interestingly, for this cut-off of 2 CTCs, poor PFS and OS values were associated

with patients which presented an increased CTC count before the 5th cycle of treatment (p=0.019)

compared to baseline values (p=0.003). While relevant, these results need to be extrapolated in

a larger series of patients for clinical validation. Aligned with other studies, Yang et al. [125],

evaluated CTC prevalence and prognosis value with first-line therapy in advanced EGFR-mutant

NSCLC patients. Stage IIIB and IV 107 NSCLC patients were enrolled for the study and were

divided by a 5 CTC cut-off for survival analysis into two groups: favourable and unfavourable.



28 Literature Review

Using CellSearch as CTC detection tool, CTCs were counted on the baseline and on the 28th day of

treatment. At baseline, the favourable group, i.e. patients counting less than five CTCs, presented

a median PFS time significantly longer than the opposite group (11.1 vs 6.8 months, p=0.009).

The same occurred at the 28th day (11.6 vs 6.3 months, p<0.0001). The discrepancy in values

was even greater for median time-to-treatment failure (TTF), at the baseline, where, patients with

lower CTC counts presented a longer value compared with those from the unfavourable group

(12.4 vs 8.0 months, p=0.0107), while on the 28th day of therapy, TTF values revealed less distant

for both groups (7.1 vs 10.6 months; p=0.061). Chudasama et al. [141] established correlations

between CTC detection using size-based ScreenCell technology with survival rate in 23 NSCLC

patients in early and advanced stages with operable cancer. While the CTC detection rate was

higher, compared to previous similar studies, in early-stage NSCLC patients, this study showed

some contrasting results. CTC positive-patients presented a median survival of 1011 days, while

CTC negative-patients presented only 711 days. Likewise, the presence of CTCs was correlated

with a better OS (hazard ratio (HR): 0.04453; 95% confidence interval (CI): 0.007131–0.2781;

p<0.0009). These contradictory results might be explained due to the small cohort sample size,

needing more valid support.

While there are numerous studies focused on the clinical relevance of CTCs in NSCLC, the

significance of CTCs in SCLC is not well defined. Generally, SCLC presents high numbers of

CTCs and is associated with a poor prognosis, with a median survival at an advanced stage of

12 months [142]. Several studies validated the hypothesis of CTCs being promising biomarkers

for cancer assessment and prognosis evidence support in SCLC [143, 144, 145, 146]. Naito et

al. [144] suggested that using a threshold count of 8 CTCs per 7.5 mL of a blood sample, af-

ter therapy, SCLC patients with <8 CTCs presented a longer survival time, than the ones with

≥8 CTCs. The same was reported by Hou et al. [147], using a cut-off value of 50 CTCs/7.5

mL (OS=5.4 months for patients with ≥50 CTCs/7.5 mL vs OS=11.5 months for patients with

<50 CTCs/7.5 mL). Nommanno et al. [143] evaluated the clinical and prognostic relevance of

CTCs in 60 extensive SCLC chemo-naïve patients. Using the CellSearch system to determine

CTC status, at the baseline, 90% of the patients presented CTCs, ranging from 0 to 24281, being

this number proportional to the number of metastasized organs. This assay studied the prognos-

tic role of different cut-offs, in order to find the optimal to identify patients at high risk. After

one chemotherapy cycle, CTCs were again counted and a decrease of 89% in its initial value was

observed (p=0.009), leading to a reduction in risk of death (HR: 0.24; 95% CI: 0.09–0.61). This

study suggests that single CTC counts do not offer much prognosis information, however, CTC

counts after the first therapy cycle may reveal powerful and clinically relevant information for can-

cer prognosis. Cheng et al. [148] did a similar study in order to find the prognostic value of CTC

count in 89 extensive SCLC patients. Using a cut-off of 10 CTCs per 7.5 mL of blood, CTCs were

counted at three different time points: at baseline, after the second cycle of chemotherapy and on

disease progression. While, at the baseline, CTC counts proved to be an independent indicator

of OS, after the second chemotherapy cycle, CTC counts revealed to be independently associated

with not only OS (HR: 0.295; p=0.0002) but also PFS (HR: 0.467; p=0.0211). Messaritakis et al.



2.4 CTCs prognostic value and treatment outcome 29

[145] evaluated the biological heterogeneity and prognostic value of CTCs in 108 SCLC patients.

Using CellSearch method for CTC enumeration and a threshold of 5 CTCs/7.5 mL of blood, CTCs

were counted at baseline and during disease progression, where the results suggest an independent

association with shorter OS and PFS, that is, an unfavourable clinical outcome. Also, the CTC

values measured after the first cycle of chemotherapy reveal to be independently associated with

OS. This study proved the clinical relevance associated with CTC enumeration and characteriza-

tion in SCLC therapy while providing valuable data about resistance to cancer treatment. Salgia

et al. [149] studied a small series of extensive SCLC patients and identified the presence of CTCs

at baseline in 83% of the patients. CTC presence at the beginning of the study served as prognos-

tic evidence for both OS and PFS, whose values decreased (p=0.017 and p=0.024, respectively).

The same correlation occurred for the second cycle of chemotherapy (p=0.001). This data closely

correlates the presence and frequency of CTCs in lung cancer patients with a worse prognosis.

However, these conclusions are not consensual since, in contrast with the above findings, some

studies suggest that the difference of median survival time between lung cancer patients counting

for CTCs and patients counting no CTCs is not significant enough to associated CTC enumeration

with prognosis. Coco et al. [150] did a study with 73 advanced NSCLC patients treated with

first-line chemotherapy regimen using ScreenCell technology for CTC enumeration, and reported

an inverse relationship between the counted CTCs at baseline (6 CTCs/3 mL of blood) and OS.

As above mentioned, Chudasama et al. [141] reported similar findings. Only Juan and colleagues

[151] had previously reported similar findings in advanced NSCLC patients, finding a longer me-

dian PFS and OS in patients with a higher number of CTCs. The group explained these results with

the heterogeneity genotype inside the CTC group in NSCLC, leading to underestimated results

when standard therapies are applied in patients with distinct CTC properties. The same happened

with SCLC studies. Wang et al. [152] and Huang et al. [153] obtained contrary findings to the

investigations described above, failing to establish the association between CTC enumeration, in

both baseline and commencement of treatment, with survival. These results might be explained

by the small sample size (n=26).

A summary of the studies investigating CTC enumeration prognostic value in lung cancer

is shown in Table A.3. Given the controversial results, more evidence is needed to prove the

relationship between the presence and number of CTCs in blood of lung cancer patients, during

and after anti-cancer treatments. If the relation is proved, the type, dose and duration of supervised

therapies should be established for general treatment. However, the aforementioned investigations

established different cut-off values per 7.5 mL of blood, therefore did not use the same conditions,

which hinders the extrapolation of results. Additionally, considering that the methods for CTC

isolation were not the same, results may also vary accordingly.

The development of highly standardized methods that can improve research comparisons will

provide clearer results and improve the discussion on the predictive and prognostic value of CTCs.
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Chapter 3

Materials and Methods

3.1 Microfluidic device development

3.1.1 Microfluidic design

The microfluidic device had been previously designed using dedicated CAD software. The system

consists of three main regions: inlets, microstructured chambers and outlets, all connected via

microchannels. A schematic of the complete microfluidic design is shown in Figure 3.1.

Figure 3.1: Schematic of the microfluidic device design

As illustrated, the entrance region of the microfluidic device is composed of inlets for samples

and reagents, since the microfluidic system was designed for running either whole blood or plasma

samples, along with a buffer for dilution. After entering the system, fluid splits equally through a

channel network, where it is forwarded to the filtration microchambers. Each microfluidic system
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contains six aligned microchambers, responsible for cell filtration and capture. Each chamber, as

presented in Figure 3.2, is composed of an array of micropillars with a decreased interspacing

gradient in the flow direction. Interspacing ranges from 50 µm to 18 µm. The pillars were

designed in repeated patterns in order to maximize post-cell interaction and the gradually narrowed

interspacing between micropillars allows cells under critical size, to reversible deform and flow

through, while larger cells are retained between consecutive pillars.

Figure 3.2: Micropillar pattern structure inside each filtration chamber

After filtration, the remaining solution is forwarded to the system’s outlet. The exit region

is composed of two outlet ports, intended for blood fractioning, where the plasma is extracted

through the channels with higher fluidic resistance and the remaining blood cells are collected at

the waste port. Otherwise, if the inlet fluid is plasma, the two outlet channels will be used for

plasma recovery. Filtered plasma was recovered for further downstream cellular and molecular

characterization and analyses of lost CTCs and ctDNA.

3.1.2 Preparation of silicon master masks by photolithography

After the microfluidic system design, a silicon (Si) mask was fabricated by photolithography pro-

cess. This technique allows to impress the design on a photosensitive material layer, such as

photoresists, using UV exposure. The microfluidic architecture is then exposed to UV light and

cured in the Si wafer, while the remaining areas are protected by the opaque regions of the mould.

After exposure, the material is plunged in a developer solution, to dissolve the areas not exposed

to UV light, and the final master mask is developed.

3.1.3 Microfluidic device fabrication by soft-lithography

After the master masks production, microfluidic devices were fabricated using a standard soft-

lithography technique, a simple, rapid and inexpensive procedure that allows mass production of

microfluidic devices from a single master mask. Firstly, PDMS was mixed and cross-linked with

a curing agent (Sylgard 184, USA), in a 10:1 ratio (wt/wt), and poured over the Si master mask.
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After being evenly dispensed, the PDMS mixture was degassed to remove generated air bubbles,

using a vacuum pump. Lastly, the PDMS was cured by incubation on a hot plate and left for about

4 hours at 60ºC. Upon solidification, the flexible PDMS layer was gently peeled-off from the Si

master mask.

3.1.4 Microfluidic chip assembly - Plasma treatment

Each PDMS layer was cut into coverslip-like sections (50 mm x 55 mm) and both the inlet and

outlet ports were pierced for future incorporation of tubings. Following, the PDMS layer was

sealed against a glass slide by undergoing plasma treatment for 2 minutes. During this procedure,

both surfaces were treated with oxygen plasma, improving surface’s affinity by removing organics

contamination and introducing functional groups to the surface of exposed materials.

Finally, both materials were aligned and assembled in an irreversible seal, creating the final

microfluidic chip.

3.2 Calculation of laminar flow parameters

Fluid behaviour varies according to the scale factor, being that conditions at the micro level may

differ from the macro level. To ensure an effective cell capture inside microchambers, it is required

to evaluate fluid dynamics within the system. Flow regime can be considered a function of the

Reynolds number, a dimensionless ratio of inertial to viscous forces, being defined as:

Re =
ρV D

µ
(3.1)

Where, ρ represents the fluid density, V is the velocity of the fluid, D is the diameter of the

channel and µ is the dynamic viscosity of the fluid. Depending on the magnitude of the Reynolds

number, is possible to predict the fluid behaviour [86]:

• laminar, for a Reynolds number < 2300;

• transient, for 2300 ≤ Reynolds number ≤ 4000;

• turbulent, for Reynolds number > 4000;

It is essential to certify that the fluid adopts a laminar flow behaviour inside the microstructured

chambers to ensure a smooth fluid passage in parallel streamlines, with constant fluid velocity.

Initially, whole blood was tested with flows ranging from 80 µL/min to 200 µL/min to obtain

laminar flow. Assuming the values for the microfluidic chambers dimensions and different prop-

erties of blood and plasma presented in Tables 3.1 and 3.2, it is possible to calculate the range of

flow rate values corresponding to laminar behaviour, ensuring the maintenance of cellular viability

and system integrity. After experimental tests, and taking into account that cells interact with the

micropatterns present in the chambers, in order to maintain cell integrity, the final flow rate was
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established to 100 µL/min. For this flow rate, the Reynolds number was calculated to be 0.246,

considered a laminar flow.

For plasma, considering its viscosity and density, the Reynolds number calculated for 100

µL/min was 0.520, within a laminar flow.

Table 3.1: Properties of each of the microfluidic chambers

Chambers dimensions
Height (µm) 100
Width (µm) 4000
Length (µm) 3400

Blood properties
Viscosity (cP) 3.50

Density (g/cm3) 1.06

Plasma properties
Viscosity (cP) 1.61

Density (g/cm3) 1.03
Table 3.2: Properties of blood and plasma [154, 155]

3.3 Preliminary Experiments and Validation tests

3.3.1 PMMA microparticles assay

For preliminary tests, a solution with phosphate-buffered saline (PBS), red dye and a 10% con-

centration of three different sized PMMA microparticles mimicking blood cells size was prepared.

The size distribution of PMMA microparticles was:

• 9 µm - within the range of RBC;

• 15 µm - within the range of WBC;

• 19 µm - within the range of CTCs;

Firstly, in order to clean, eliminate air bubbles and check possible PDMS collapsed zones

within the system, the microchip was rinsed with a Sodium Chloride (NaCl) solution. The test

solution was then injected using an input flow of 100 µL/min. The results were analysed in an

optical microscope.

3.3.2 Whole blood and plasma assays

The first experiments were conducted with whole blood and plasma samples from unidentified

cancer patients, collected at Instituto Português de Oncologia do Porto (IPO-Porto). Tests were

carried out with several dilutions of plasma, 1:0; 1:1; 1:2; 1:4 in NaCl and using Ethylenedi-

aminetetraacetic acid (EDTA) as an anticoagulant. For whole blood, one test was performed, with

1:5 dilution in NaCl. A solution of 10% EDTA was initially prepared and added to whole blood
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and plasma mixtures at a 2% to 5% concentration. Tests were conducted with a 100 µL/min input

flow rate.

3.3.3 Cell spiking assays

3.3.3.1 Cell culture

Two cancer cell lines with different cell sizes, a bladder cancer cell line (UM-UC-3) and a breast

cancer cell line (MDA-MB-468), were selected for capture and recovery efficiency tests. Both

UM-UC-3 and MDA-MB-468 cells were cultured in 25 cm2 tissue culture flasks with high glu-

cose Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich), supplemented with 10% fetal

bovine serum (FBS, Gibco) and 1% Penicillin/Streptomycin at in a humidified atmosphere of 5%

CO2 at 37ºC.

3.3.3.2 Samples preparation and processing

After reaching confluence, cells were detached by incubation with 0.5% (w/v) trypsin for 5 min-

utes at 37ºC and harvested. Then, UM-UC-3 and MDA-MB-468 cells were resuspended again in

the correspondent culture medium.

The concentration of cells in suspension was determined using a hemocytometer and cells were

spiked into 2 mL of NaCl, at different concentrations. UM-UC-3 cells were spiked into NaCl at a

concentration of 500 cells/mL. Regarding MDA-MB-468, two different approaches were used to

evaluate the isolation and the retrieval efficiency of the system, a in situ approach, where cells were

analysed in-chip, and an ex situ approach, where cells were retrieved by the system using reverse

flow and analysed in suspension. Two 2 mL solutions, with a concentration of 400 cells/mL

and 1000 cells/mL, were prepared to assess the system efficiency in performing cell capture and

characterization in situ. In the ex situ approach a higher concentration of cells (5000 cells/mL)

was used in order to ensure that after applying reverse flow, cells could be recovered.

After initial tests and by assessing the cells’ deformability, a flow rate of 30 µL/min was

defined. Cancer cells’ trajectory and interaction with the micropatterns inside the chambers of the

microfluidic device during sample processing were observed in an optical microscope.

At this stage, a bubble trap (ELVEFLOW) was introduced in the system set-up for inlet fluid

degassing to passively remove air bubbles, avoiding system clogging.

After cell isolation in the microfluidic chip, MDA-MB-468 cells were fluorescently labelled

and quantified using two different strategies, fluorescent microscopy and flow cytometry, for in

situ and ex situ analysis, respectively. Regarding in situ assays, tumour cells were fixed with 4%

paraformaldehyde solution, rinsed with NaCl and kept at 4ºC, while in ex situ analysis, reverse flow

using NaCl solution at 800 µL/min was applied. A solution of approximately 200 µL containing

the retrieved cells was collected and immediately analysed as described in the following section.
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3.3.3.3 Identification and quantification of breast cancer cells

After cell enrichment, breast cancer cells were identified by immunofluorescence staining. Fluo-

rescent labelling was carried in in situ, inside the microfluidic chip, and ex situ, in the retrieved

cells in suspension.

In situ
Firstly, after being washed with NaCl solution, cell membranes were permeabilized with 0.1%

(v/v) Triton solution (15 min), at room temperature. Subsequently, cells were rinsed with NaCl,

followed by a solution of blocking buffer (AbCAM) to block non-specific adsorption of antibodies

(5 min). After this, cells were stained with Alexa Fluor 488 (Life Technologies) at a 1:100 dilution

(60 min) and then washed. Nucleus staining was carried out with DAPI (10 min). Finally, cells

were washed to remove excess dye. Cell counting was performed using a laser confocal scanning

microscope (LCSM), model LCS SP2 AOBS (Leica Microsystems Heidelberg GmbH).

Ex situ
For ex situ analysis, after retrieving by reverse flow, cells were incubated with Alexa Fluor

488 anti-human EGFR (Biolegend) at a dilution of 1:100 for 60 minutes, at room temperature.

Cell nuclei were stained with DRAQ5 (Biolegend) for 10 minutes. Cells were quantified using

ImageStream (Amnis).

3.4 Lung cancer samples assays

In standard clinical practice, when blood samples are not immediately characterized, RBCs are

discarded by centrifugation and plasma is frozen. As CTCs are present in the layer of mononu-

cleated cells, between plasma and the erythrocytes, these cells are also kept after centrifugation.

Besides, there is greater availability of plasma samples already characterized, allowing a proper

validation of the system’s efficiency. The current pandemic situation is another factor to take into

consideration, as some restrictions have been imposed regarding the handling of human blood

samples. For these reasons, it was decided to use plasma samples for this study, gently provided

by Cancer Biology and Epigenetics group from IPO-Porto.

Plasma samples from 14 lung cancer patients were selected for this study, after patient in-

formed consent. Clinicopathological characteristics and clinical data about patients is shown in

Table 3.3. Age, cancer type, tumour stage, smoking habits and detected mutations are among the

most pertinent factors for the study.

3.4.1 Samples preparation and processing

Defrosted plasma samples from lung cancer patients were diluted 1:1 in NaCl with 5% of EDTA

solution (10%). After running NaCl to clean and clear the system’s microchannels, plasma samples

were injected at 15 µL/min. This value of flow rate was optimized after observing the behaviour

of samples inside the microchambers. The final filtered solution was collected in the outlet region

and stored for further analysis of ctDNA.
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Table 3.3: Patient demographic information for studied lung cancer samples. NOS = Not otherwise
specified

Variations Patients (n=14)

Age Mean 66.64
Range 41-86

Gender Male 9 (64.29%)
Female 5 (35.71%)

Tumour Stage I 2 (14.29%)
II 2 (14.29%)
III 3 (21.43%)
IV 7 (50.00%)
NOS 2 (14.28%)

Pathological type SCLC 3 (21.43%)
Squamous cell carcinoma 3 (21.43%)
Adenocarcinoma 6 (42.86%)
Atypical carcinoid 1 (7.14%)
Adenosquamous carcinoma 1 (7.14%)

Smoking Smokers 9 (64.29%)
Non-smokers 5 (35.71%)

Metastasis Yes 9 (64.29%)
No 3 (21.43%)
NOS 2 (14.28%)

EGFR Mutational Status Yes 3 (21.43%)
No 5 (35.71%)
NOS 6 (42.86%)

3.4.2 Identification and quantification of CTCs

The presence of CTCs was investigated by performing an identical immunostaining protocol as in

the spiking experiments described above.

For NSCLC samples, and following the permeabilization, washing and blocking steps, the

isolated CTCs were incubated with a primary antibody against EpCAM (anti-human CD326, Bi-

olegend) at 1:100 for 120 minutes, followed by a washing step. Then, Alexa Fluor 488 F(ab’)2

goat anti-mouse secondary antibody (Life technologies) at 1:150 incubated for 60 minutes. When

information was available regarding tumour EGFR mutation, an anti-EGFR marker was used to

confirm the specificity of using CTCs for such characterization following the protocol described

in section 3.3.3.3.

Finally, for samples from SCLC patients, a mesenchymal marker was used, due to SCLC

aggressiveness. Briefly, cells were incubated with a 1:100 anti-human CD133 (Biolegend) for 120

minutes at room temperature. Cells were then washed and stained using the secondary antibody

Alexa Fluor 488 F(ab’)2 goat anti-mouse at 1:150 for 60 minutes.

Finally, DAPI was used for nuclear staining in all experiments.
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Additionally, in one sample, cells were also immunostained with anti-human CD45, for leuko-

cytes identification. After incubation of the primary antibody for 90 minutes at 1:100 dilution, cells

were washed and stained with Alexa Fluor 594 F(ab’)2 goat anti-mouse secondary antibody (Life

technologies).

To remove unbounded antibody, the system was then rinsed by flowing NaCl and samples

were kept in the dark, at 4ºC.

Cell visualization was carried out using an inverted fluorescence microscope (IFM), model

AxioVert 200 M (Carl Zeiss Microscopy, LLC) and LSCM. Cell counting was performed manu-

ally and cells that stained EpCAM+/DAPI+, CD133+/DAPI+, EGFR+/DAPI+ and CD45-/DAPI+

were scored as CTCs. Cells scoring CD45+/DAPI+ were defined as leukocytes.

3.4.3 Molecular Characterization - Gene expression

3.4.3.1 RNA extraction

RNA extraction from enriched CTCs was carried out using the NucleoSpin RNA kit (Macherey-

Nagel), according to the manufacturer’s instructions. RNA quantification was performed using the

NanoDrop ND-1000 at a 260 nm absorbance (Thermo Fisher Scientific).
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Results and Discussion

4.1 Experimental Setting

The inlet and outlet ports of the microfluidic device were connected to semi-rigid Tygon tubing

of 0.51 mm inner diameter (Darwin Microfluidics). Samples were introduced in the microfluidic

chip using syringes that were fitted into a syringe pump and connected to the microchip by the

Tygon tubings and needles, as seen in Figure 4.1.

Figure 4.1: Experimental setting used for sample processing. A: A general view. B: A closed-up
view
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4.2 Preliminary Experiments - Validation tests

4.2.1 PMMA microparticles assays

The major goal of this initial experiment was to evaluate the behaviour of microparticles mim-

icking CTCs, WBCs and RBCs sizes within the system, considering the size range that has been

reported for CTCs (15 µm up to 25 µm), WBCs (9 to 16 µm) and RBCs (6 to 9 µm) [90, 98]. The

result of the injection of the 9, 15 and 19 µm PMMA microparticles in the microfluidic device is

represented in Figure 4.2.

Figure 4.2: Optical microscope view of the microparticles entrapped in the microfluidic chambers

As expected, larger PMMA microparticles (19 µm), circled in red, were captured inside the

microfluidic device, as they exhibit a diameter larger than the minimum interspacing between the

system’s micropillars (18 µm). However, it was also observed that some smaller particles (15 µm

and 9 µm) did not flow through the micropillar arrays and became adhered to the PDMS structures,

especially clusters of 9 µm particles, as circled in blue.

This evidence may suggest that there is some adherence between the PMMA particles to the

PDMS patterns. Also, the fluid injection speed may have been too low and PMMA microparti-

cles found equilibrium positions nearby micropillars. Regarding clusters formation, which is also

reported for cells, the addition of the anticoagulant EDTA may address this issue.

4.2.2 Whole blood and plasma assays

To test the conditions for the experimental set-up, such as plasma dilution, flow rate and anticoag-

ulant concentration, plasma samples and a whole blood sample were processed. Therefore, these

samples worked as an initial test to define the optimal conditions to ensure high capture efficiency

while maintaining cellular integrity and viability.

First, whole blood was processed and RBCs blocked a few chambers’ rows, which made it

difficult to visually distinguish the other types of blood cells. Besides, due to the low concentration

of EDTA initially tested (2%) and the relatively long duration of sample processing, considering
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the total sample volume, coagulation occurred inside the microchambers, as can be seen in Figure

4.3. No CTCs were detected.

Figure 4.3: Optical microscope observation of whole blood sample processing

Focusing on plasma samples, in Figure 4.4, it is possible to observe a cell cluster trapped

between PDMS micropillars.

Figure 4.4: Optical microscope observation of a cell cluster from a plasma sample entrapped
between micropillars

Since no characterization of the samples was available, such as tumour stage, it is not possi-

ble to draw properly substantiated conclusions about the presence and number of tumour-derived

cells and CTC clusters. Still, using the different conditions initially defined for the flow rate (100
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µl/min), it was observed that cells deformed and escaped the capture chambers and hit the mi-

cropillars with an intensity that could damage the cellular membrane. From these observations,

the flow rate was defined for the remaining studies for 30 µl/min. As for the dilution and EDTA

concentration, the final chosen were 1:1 and 5% EDTA.

4.2.3 Cell spiking assays

4.2.3.1 Bladder cancer cell line

Considering the results from the initial experiments with PMMA microparticles, in which the

smallest and intermediate-sized particles were retained in the system, a cancer cell line, UM-UC-

3, similar in size to WBCs size range, was selected for additional system validation tests. The

average cell diameter of UM-UC-3 bladder cancer cell line has been reported by Khoo et al. [156]

to be around 12.9 µm, a significantly smaller value than the minimum interpillar gap of the size-

based microfluidic chip.

Considering the differences in deformation and stiffness between cells and PMMA particles,

and also considering the previous experiments with plasma samples, the selected input flow rate

was 30 µL/min, in order to ensure the maintenance of cells viability and integrity.

Owing to this cancer cell line size, no cells were captured in the device, since they successfully

flowed through the micropillar arrays, as expected. Also, no cell clusters were observed.

Hence, WBCs with sizes up to 13 µm are expected to flow through the system without getting

captured, thus not compromising the isolation purity.

4.2.3.2 Breast cancer cell line

After the tests with the UM-UC-3 cell line, the next step was to investigate the performance of

the microfluidic chip with tumour cells with identical size to CTCs size range. MDA-MB-468, a

breast cancer cell line with an average diameter of 16.5 µm, according to ATCC (USA), was used.

These cells are commonly used for cell spiking experiments in microfluidic platforms, since

they are well characterized, and due to their higher size, as they are typically larger than other

cancer cell lines [105, 114, 157].

Cell spiking was performed for two different experiments. The first aimed at assessing the chip

efficiency in isolating cells and characterizing them in-chip (in situ), while the goal of the second

experiment was to evaluate the possibility of recovering cells in suspension for ex situ analysis.

Regarding the first analysis, performed in situ, fluorescently labelled cells captured inside the

device, as seen in 4.5, were counted using LCSM and results are presented in Table 4.1.

Table 4.1: Quantification of isolated cells from in situ experiments

No. Number of spiked cells (2 mL) Number of isolated cells

1 800 8
2 2000 11
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Figure 4.5: Immunostaining of MDA-MB-468 cells under LCSM. Nuclei stained with DAPI and
actin cytoskeleton stained with phalloidin 488. Image processed with Fiji (ImageJ) software

Regarding ex situ analysis, the results from cells retrieval, quantified using ImageStream, are

presented in Table 4.2. In Figure 4.6B are presented two MDA-MB-468 cells detected in Im-

ageStream.

Table 4.2: Quantification of the recovered cells from ex situ experiment

No. Number of spiked cells (2 mL) Number of recovered cells

1 10000 255

Figure 4.6: Images obtained by ImageStream. A: Initial tests in brightfield; B: EGFR stained in
green with Alexa Fluor 488 anti-human EGFR and cell nucleus stained in red with DRAQ5
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With the results from the quantification of isolated and recovered cells presented above, the

capture efficiency rate of the microfluidic system for MDA-MB-468 cells was calculated. The

captured cells ratio can be calculated by dividing the number of isolated cells per the number of

spiked tumour cells, as presented in Equation 4.1:

CTC Capture Efficiency(%) =
Recovered CTCs

Spiked cells
×100 (4.1)

Tables 4.3 and 4.4 show the results from the capture and recovery rate of the microfluidic

device for each cell spiking experiment with this breast cancer cell line.

Table 4.3: Capture rates obtained for the in situ experiments with MDA-MB-468 cells

No. Number of spiked cells (2 mL) Capture efficiency (%)

1 800 1%
2 2000 0.55%

Table 4.4: Recovery rates obtained for the ex situ experiment with MDA-MB-468 cells

No. Number of spiked cells (2 mL) Recovery efficiency (%)

1 10000 2.55%

Obtained results from both in situ and ex situ strategies to assess the capture and recovery

sensitivity of the microfluidic system demonstrate that during samples processing a considerable

fraction of spiked cells was lost. The capture sensitivity (mean = 0.78%) is thought to be influenced

by different factors, ranging from technical limitations to flaws of the microfluidic system design

that might compromise its performance and prevent it from reaching more sensitive results.

Firstly, knowing that MDA-MB-468 cells diameter is about 16.5 µm, and considering the min-

imum interspacing between micropillars of 18 µm, it was expected that only cells with higher di-

ameter would get trapped in the microfluidic system. Moreover, primary manual cell counting us-

ing hemocytometers is always susceptible to errors and inaccuracies, including human-associated

error in counting, mixing or diluting the cell concentration, leading to small variations that can

accumulate and cause substantial variations and errors [158, 159]. Cellular aggregations can also

cause fluctuations in total cell numbers affecting the precision and accuracy of counting. Besides,

cell concentration also has an impact on counting errors since if the final concentration is low,

compared to an initial high cell concentration solution, the volume for cellular dilution may be

too low and add small variances to the final cellular concentration value [160, 161]. To minimize

errors and inaccuracies regarding manual cell counting, each tumour cell dilution could be per-

formed in triplicate and the counting be repeated using the hemocytometer for the final cellular

concentration.

Besides, considering the system set-up, composed by syringes, needles, a bubble-trap and

tubings, it is expected that a small fraction of cells may be lost through the system.
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In ex situ analysis, a reverse flow was applied to recover previously captured cells in a cell

suspension. Considering the sample volume for each ImageStream analysis (50-70 µL), the total

volume obtained was about 200 µL. By retrieving such a small volume, it is not possible to guar-

antee the complete recovery of all the isolated cells. Additionally, the microfluidic system was

observed under an optical microscope while applying the reverse flow and some cells remained

entrapped in the system, with an unchanged position despite the flow.

The choice of fluid injection speed in reverse flow is critical to the success of this technique.

Although the recovery of a larger number of cells is ensured by the use of high speeds and, with

reverse flow, cells run in the direction of higher interspacing, with less interaction with the mi-

cropillars, higher loading rates can damage cells, making them unviable for further studies. The

chosen concentration of 800 µL/min did not seem to have caused damages to the membranes of

cells, as the initial flow cytometry analysis, where cells were observed in brightfield (Figure 4.6

A), showed viable cells with round shape and regular morphology.

Rico et al. [107] have reported that altering the temperature from room temperature to 4ºC

significantly improves cell recovery, as a reduction in temperature significantly reduces cell adhe-

sion capacity, helping in cells detachment and release. Further studies should also be performed

at reduced temperature to test the recovery efficiency of the device.

4.3 Experiments with lung cancer samples

Initially, the microfluidic system was designed to isolate CTCs from whole blood, therefore, with

higher interspacing to prevent clogging of the blood cells. However, considering that only plasma

samples were used in this work, and knowing that high injection speeds can lead to cell loss, due

to cell deformation, the flow rate was reduced to 15 µL/min, ensuring minimum pressure applied

on cells and maximum capture sensibility of the device.

For this study, a total number of 14 plasma samples from lung cancer patients were analyzed.

After CTC enrichment, captured tumour cells were subjected to immunofluorescence staining

using different antibodies, according to the histopathological type of each sample, and the number

of CTCs present on each sample was quantified. NSCLC subtype samples were characterized with

anti-EpCAM antibody, while anti-CD133 antibody was used for SCLC samples. Additionally,

with the intent of validating the efficiency of the system in the isolation and characterization of

CTCs, two NSCLC samples that had been identified for the EGFR mutation were stained with

mutation-specific anti-EGFR antibody.

Figures 4.7 and 4.8 show the representative IFM and LCSM images of individual CTCs iso-

lated from plasma samples of both NSCLC and SCLC, respectively. Tumour cells were identified

as EpCAM+ and DAPI+, for NSCLC, and CD133+ and DAPI+, for SCLC.
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Figure 4.7: Representative images of individual CTCs isolated from plasma samples of NSCLC
patients. DAPI coloration in blue and EpCAM in green. Images were processed with Fiji (ImageJ)
software). A: Images obtained in IFM; B: Images obtained in LCSM

Many authors have reported on the use of EpCAM for the detection of CTCs from many

tumour origins, including NSCLC [139, 162, 163]. However, when performing quantification

based on EpCAM+, it is not possible to guarantee that all CTCs are identified, mostly due to

EMT. All cells detected in NSCLC patients expressed EpCAM, hence this surface marker was

applied to characterize all NSCLC samples.
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Figure 4.8: Representative images of individual CTCs isolated from plasma samples of SCLC
patients. DAPI colouration in blue and CD133 in green. Images were processed with Fiji (ImageJ)
software). A: Images obtained in IFM; B: Images obtained in LCSM

Concerning SCLC, this histopathological type of lung cancer is typically classified as the most

aggressive due to its high dissemination capacity, displaying significantly higher CTC counts in ad-

vanced stages when compared to NSCLC [9]. Thus, SCLC CTCs typically display mesenchymal

markers expression. Yet, EpCAM expression has also been detected in neuroendocrine tumours,

as SCLC [164]. Hochmair et al. [165] had previously evaluated the expression of CD133 in

SCLC using indirect immunofluorescence and FC, revealing high expression of this mesenchymal

marker. Other groups have reported similar findings [166, 167, 168]. Thus, the CD133 marker

was selected to identify SCLC CTCs and it was detected on all analysed SCLC samples.
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Moreover, two NSCLC samples, whose tissue biopsies had revealed EGFR mutation, were

characterized with surface markers for EGFR instead of EpCAM. Results showed a positive EGFR

staining, as shown in Figure 4.9.

Figure 4.9: Representative images of individual CTCs isolated from plasma samples of two
NSCLC patients. DAPI colouration in blue and EGFR mutation in green. Images were processed
with Fiji (ImageJ) software). A: Images obtained in IFM; B: Images obtained in LCSM

The identification of EGFR mutated cells shows that the strategy can be applied to characterize

cells for EGFR mutation. Ohnaga et al. [169] had also verified that the EGFR mutation could be

detected in CTCs by imaging techniques.

In terms of other cell surface markers, other authors have also successfully characterized

NSCLC samples with CYFRA21-1 [170] and FRα [162], and SCLC with CD56 [171, 172, 145]

and CD44 [165, 173, 174].
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An important marker that has been recently applied to characterize CTCs is the programmed

death-ligand 1 (PD-L1). Its identification has seriously altered the treatment options for patients

presenting this protein, as anticancer immunotherapy with anti-PD-L1 antibody triggers a response

in the immune system to prevent tumour growth, and it has already been approved for the treatment

of several cancers. Guibert et al. [175] have shown the results of characterizing NSCLC CTCs

for the presence of PD-L1. PD-L1 expression was detected on 93% of the total CTCs and patients

treated with immunotherapy demonstrated significantly improved patient survival. Other authors

reported similar findings [176, 177, 178].

In general, cells isolated on all samples have shown a rounded morphology with a well-defined

nucleus. In certain samples, the cell cytoskeleton appeared to be more faded, while others dis-

played stretching of the cytoskeleton through the interspacing of the micropillars and attaching to

the micropillars. This may be due to the low flow rate, which may have contributed to facilitate cell

adhesion to the PDMS patterns. Cells that presented a more “scattered” cytoplasm may appeared

also due to the processing methods used for CTCs isolation. Sometimes, cells can be damaged

by centrifugation forces during the step of blood fractioning or by other recessions exerted during

sample processing. Thus, their actin structure may suffer damages, showing a more dispersed and

flawed aspect.

Besides, one of the samples was from a patient with atypical carcinoid (AC). DAPI and Ep-

CAM were initially applied to investigate the presence of CTCs in a sample. Interestingly, several

DAPI-positive cells were detected, however, all of the enriched cells showed no EpCAM expres-

sion. In an attempt to investigate the nature of the nucleated cells, fluorescent-labelled antibodies

that target CD45 were added. The results of the immunostaining are shown in Fig.4.10. All the

nucleated and EpCAM- cells previously captured by the microfluidic platform were also CD45-.

Hence, the enriched cells were not leukocytes and did not express the epithelial marker.

Figure 4.10: Representative LCSM images of individual CTCs isolated from a plasma sample of
an atypical carcinoid. DAPI colouration in blue, EpCAM in green and CD45 in red. Images were
processed with Fiji (ImageJ) software
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AC tumour is a rare form of lung cancer, known for its more aggressive clinical behaviour

since this bronchial carcinoid is commonly associated with a higher probability to metastasize and

form micrometastasis, exhibiting a worse patient outcome and prognosis, as reported by Mineo

et al. [179]. This sample showed the highest value for CTCs count (further displayed in Figure

4.11), being this number in agreement with the aggressive and disseminating nature of AC [180].

However, considering that no surface markers were detected, it was not possible to draw any

substantiated conclusions about the type of the captured cells and it was decided to not include

this patient in further analysis.

Considering its origin as a neuroendocrine tumour, AC exhibits similar features to SCLC

[181]. Thus, superficial staining of the enriched cells referring to this AC patient could also have

been performed with mesenchymal markers, such as CD56, as recommended by WHO [12, 182].

4.3.1 CTC quantification and data analysis

Following cell immunofluorescence staining and observation, the number of CTCs enriched in

each sample was counted. CTC counting was based on the detection of both fluorochromes for

the selected surface marker and the nucleus marker of the cells distributed throughout the different

microchambers. In Figure 4.11, the number of CTCs per mL of plasma for the total 14 studied

lung cancer samples is presented.

However, as mentioned above, due to the impossibility of characterizing the enriched cells

from patient 10 as CTCs, no further analysis was performed for this sample and patient 10 was

excluded from the study.

Figure 4.11: Number of CTCs per mL of plasma sample detected by the size-based microflu-
idic chip. Total amount of plasma sample : 2mL. * = Patient 10 represents the amount of
DAPI+/EpCAM-/CD45- counted cells.

Regarding the remaining patients, CTCs were successfully detected in the majority of the

analysed plasma samples and CTC numbers ranged from 0–4 CTCs/mL (mean ± SD; 1.62 ±
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1.23). To assess the relationship between CTC counts and clinical factors, the 13 lung cancer

patients of this study were pooled and classified into different histopathological types and stages

of lung cancer.

Firstly, patients were divided into two groups, according to clinical lung cancer histopatholog-

ical types NSCLC and SCLC. As revealed in Figure 4.12, results show a median CTC counts of

3.50 (range from 0 to 6) for NSCLC and 4.00 (range from 3 to 8) for SCLC. Meanwhile, the mean

CTC counts for NSCLC was 2.70 ± 2.263 and for SCLC was 5.0 ± 2.65.

Figure 4.12: Number of CTCs for each lung cancer subtype. Each data point represents the CTC
counts of each patient. No statistical analysis was performed given the difference between the
number of samples for each group (n=3 and n=10)

CTC counts were higher for SCLC, as expected since the lung cancer subtype SCLC is com-

monly associated with higher CTC values per mL [9]. Therefore, the obtained results are in good

agreement with those previously reported by other authors [183, 184, 185]. However, the number

of SCLC samples under study, n=3, is too small and not representative to conclude the relation-

ship between lung cancer type and the number of CTCs. Furthermore, for each tumour type, the

distribution of samples according to tumour stages is not equilibrated, though the only three cases

examined in this study belong to more advanced stages (III and IV), where the number of CTCs is

expected to be higher, and NSCLC contains samples of initial tumour stages, as I and II. Statisti-

cal analysis was also not performed due to the varying n of both subtypes. Thus, present evidence

does not allow an exhaustive comparison for the values obtained for each.

In line with this, patients were then divided into four groups (I, II, III, IV), according to the

international standard TNM staging classification of pulmonary carcinoma. The results are shown

in Figure 4.13. The mean CTC counts for stage I was 1, 0 for II, 3.67 for III and 4.29 for IV.
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Figure 4.13: Total number of CTCs counted for each tumour stage

According to the presented results, CTC counts change according to the TNM staging, with

increased numbers for higher tumour degree staging. As expected, advanced stages (III and IV)

accounted for significantly more CTCs than the initial stages (I and II). Therefore, considering

these results, an increase in CTC numbers is related to tumour progression and with increased

severity of the disease. That is, CTC counts reflect the severity of the disease. However, again, the

number of samples for each stage, mainly for initial stages (n=1 and n=2), is small, difficulting the

extrapolation of well-founded conclusions. Results were similar to previously reported findings

[185, 186, 187].

The relation between the number of CTCs enriched by the microfluidic device and the presence

of tumour metastasis was also investigated. In the 13 studied lung cancer patients, 9 presented

metastasis, 2 did not and for the other 2, the information was not available.

A direct relationship between CTC numbers and metastasis has yet to be completely estab-

lished. Although the presence of more than one metastatic site can influence the presence of CTCs

available in peripheral blood, no correlation has been defined, as characterizing heterogeneous

populations of CTCs may be challenging. Still, some studies have revealed that more CTCs are

found in patients presenting metastasis than non-metastasis patients [188, 189].

Considering the patient cases presented in this study, it is not possible to identify any rela-

tionship between the presence or absence of metastasis with either the tumour type, its stage or

the number of CTCs. While patients who accounted for low CTC counts already had metastases,

other patients with relatively high CTC numbers did not exhibit metastasis formation. Only SCLC

patients are expected to present distant metastasis at early stages of the disease, due to tumour

malignancy [190]. However, no SCLC patients at early-stage (I and II) were included in this

study. Interestingly, a small number of CTCs were also detected in stage I of NSCLC, indicat-

ing that lung cancer micrometastasis can occur in the early cancer stages. Similar findings were

previously reported by Hamilton et al. [191].

Hence, it is not possible to assume any kind of correlation between the presence of metastasis

and the number of CTCs detected. Further analysis including more patients at different stages
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would help to consolidate the results and draw conclusions about the relationship between CTCs

number and cancer type, stage, mutational profile and metastases.

4.4 RNA extraction

The step of RNA extraction was performed to assess the efficacy of extracting RNA from fixed

cells inside the microfluidic device. The lysis buffer was injected in the system and the product

retrieved for further processing. The two samples with the highest CTC counts were selected to test

this method. The values obtained for RNA extraction where 1.7 ng/µL and 2.2 ng/µL. Although

low levels of RNA, considering the number of isolated CTCs, the method proved to be feasible to

lyse and release RNA for analysis. Further analyses are necessary to verify these results.

4.5 Microfluidic design optimization

Through direct observation of samples’ processing, it was possible to determine that cells tended

to circulate more in the side chambers, than the central ones. Besides, a few rows of micropatterns

presented excessive interspacing between the pattern array and the chamber outer wall, aiding in

cells escaping the enrichment chambers.

To address these problems, the microfluidic design underwent some alterations. The main

micropillar pattern structure remained practically intact, however, interspacing between margin

pillars and chamber walls was reduced. Additionally, the minimal micropillars gap, in the last

rows of patterns, was also reduced to 15 µm. Lastly, the number of enrichment and analysis

chambers was reduced to three, being more appropriate to process plasma samples.

These alterations are expected to improve the processing of samples, especially the processing

time, allowing to increase the input flow rate, leading to a faster and more reliable analysis.
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Chapter 5

Conclusions and Future Work

As the early diagnosis of lung cancer is still a challenge, mainly due to lack of symptoms, limited

diagnosis and monitoring tools and rapid tumour dissemination, the survival rate of lung cancer

patients is still low. Considering the limitations of the current biopsies available for lung cancer

patients, the study and periodically monitorization of CTCs may provide relevant clinical informa-

tion about tumour diagnosis, progression, personalized medicine and post-treatment/surgery mon-

itoring. Despite the absence of standardized methods for proper isolation and analysis of these

tumour-derived cells, microfluidic technologies have been asserting as an applicable solution for

CTC isolation and detection.

Here, a novel size-based microfluidic tool for CTC isolation and characterization to assist in

lung cancer diagnosis and monitoring was developed. The work presented was developed aiming

at validating the system performance and efficacy in the CTCs enrichment and characterization for

application in diagnosis and patients monitoring.

The proposed chip was successfully developed and sealed, producing a functional and closed

system without fluid losses.

Primary tests were initiated with PMMA microparticles, plasma and whole blood samples,

where the optimal anticoagulant EDTA concentration, plasma dilution and flow rate were defined.

System validation was also performed by cell spiking experiments using UM-UC-3 and MDA-

MD-468 cancer cell lines. While UM-UC-3 cells were small (mean size of 12.9 µm) and were

selected to mimic WBCs behaviour according to the system input conditions, MDA-MD-468 cells

were selected due to their increased size (mean size of 16.5 µm), characterized use for microfluidic

systems validation and their availability to use. No UM-UC-3 cells were captured in the system,

as expected. For MDA-MB-468 cells, considering the system’s design and size range of this

cancer cell line, low capture efficiency was obtained. This result was already expected since

the micropillars interspacing was initially selected for whole blood samples processing, where

clogging commonly occurs. These interspaces have already been reduced and the system design

was optimized so that it could perform a better CTC isolation from plasma samples.

As future work, increased replicas for preliminary assays should be performed.

Regarding tests with plasma samples of lung cancer patients, CTCs were isolated in almost

55
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all of the samples. Immunofluorescence staining assays were carried out to label the captured

cells for identification and enumeration. The chosen surface markers were EpCAM and CD133,

selected according to the two main histopathological lung cancer subtypes, NSCLC and SCLC,

respectively.

Immunostaining for EpCAM and CD45 was also performed for a sample of an atypical car-

cinoid. Both markers had no expression, thus verifying that although captured cells were not

leukocytes, it was not possible to conclude the nature of the captured cells. While CD45 was

only used for this sample, further analysis of plasma samples should include this marker for total

validation of CTCs identification.

Samples from two patients with EGFR mutation were selected to evaluate the potential iden-

tification of CTCs using the EGFR expression marker, thus aiding in the recognition of this muta-

tion through CTCs. While it was possible to identify the marker in these samples, additional tests

should be performed to significantly assess the marker expression in different disease conditions.

Considering other identified targets in lung cancer, such as the PD-L1 protein, future valida-

tions tests should include its identification, which could assist in treatment selection. Besides,

although CTC identification and detection were performed by immunofluorescent assays, FISH

would be a specific and effective method to verify the presence of CTCs. This could be easily

applicable to clinical routine, and it would be interesting to develop and evaluate multiplex RNA

in situ hybridization for lung cancer, leading to faster detection.

As expected, more CTCs were accounted for SCLC, although the difference compared to

NSCLC was not very significant. This was consistent with previous evidence, that supports that

SCLC is commonly more aggressive and has higher dissemination capacity than NSCLC.

Besides, CTC numbers significantly increased according to staging degree increase, showing

that CTC counts are closely related to cancer progression. Hence, it is correct to affirm that CTC

numbers can indicate disease severity, providing considerable insights for disease monitoring.

In terms of early diagnosis, it is not possible to draw any conclusions to the system efficiency.

Although CTCs were found in the only stage I sample, in stage II samples (n=2), no CTCs were

discovered. A higher number of samples from patients at early disease stages should be tested

in order to prove the device’s ability to detect CTCs at early stages of lung cancer and thus, its

applicability to early diagnosis.

As metastases are a reality for the majority of lung cancer patients, it was also investigated the

relationship between CTC numbers and metastasis. It was expected that the CTC counts would be

higher when metastasis occurs, however, it was not possible to establish the prognostic value of

CTCs, as CTC counts did not have a direct correlation with tumour metastasis occurrence.

The capture efficiency of the device could also be tested using a combined approach of size and

affinity-based capture of CTCs, by adding specific antibodies, for example, anti-EpCAM antibody,

to the micropillars’ surface. By complementing size-based isolation with label-dependent enrich-

ment, CTCs would be captured through immuno-specific binding and size, potentially improving

the capture results.



Conclusions and Future Work 57

RNA extraction and quantification were performed for the two samples that scored more

CTCs. Considering all the limitations associated with this method when performed within mi-

crofluidic systems and with such a low number of cells, the RNA extraction was successful. Later

on, research should continue molecular characterization and analysis of the mutational profiles of

the isolated CTCs.

In conclusion, the work carried out the establishment of a microfluidic chip capable of (1)

isolate CTCs, (2) identify and quantify tumour cells, according to their surface markers expression,

(3) perform reverse flow to recover the CTCs for further downstream analysis, and (4) extract RNA

from these tumour-derived cells isolated in the chip.

Due to the current global pandemic situation, several constraints affected the development of

this work. Several steps, such as the optimization of the microfluidic design and the repetition of

the validation experiments to obtain statistical significance were affected. The number of plasma

samples processed was also lower than expected and not representative enough. Statistical analysis

was not performed due to the small number of samples. Future studies should increase the sample

size for better representation of each tumour type and stage, to better illustrate the clinical utility

of this device to the study of CTCs in the context of lung cancer.
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Appendix A

Literature Review

A.1 Lung cancer histopathological and staging classification

Table A.1: 2015 WHO classification of lung tumours [12]

Adenocarcinoma
Lepidic adenocarcinoma
Acinar adenocarcinoma
Papillary adenocarcinoma
Micropapillary adenocarcinoma
Solid adenocarcinoma
Invasive mucinous adenocarcinoma
Colloid adenocarcinoma
Fetal adenocarcinoma
Enteric adenocarcinoma
Minimally invasive adenocarcinoma

Squamous cell carcinoma
Neuroendocrine tumours

Carcinoid tumours
Typical carcinoid
Atypical carcinoid

Small cell carcinoma
Large cell neuroendocrine carcinoma

Large cell carcinoma
Adenosquamous carcinoma
Pleomorphic carcinoma
Spindle cell carcinoma
Giant cell carcinoma
Carcinosarcoma
Pulmonary blastoma
Other and unclassified carcinomas
Salivary gland-type carcinomas
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