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Abstract 

 
Efficient separation and detection of rare cells in a mixed population is important in 

many biomedical applications. For instance, isolating and detecting circulating 

tumor cells (CTCs) from whole blood samples could allow for early cancer diagnosis 

and prognosis during treatment. CTCs are rare cells circulating in blood detached 

from the primary tumor site, carrying important information such as the origin of 

cancer and metastatic information. The detection of CTC from blood samples, 

besides being a minimally invasive procedure, could be vital in case of difficulty to 

access the tumor site via traditional biopsies, such as colon and pancreatic cancer.  

Microfluidics is a research field with great promise towards the development of 

methods to isolate and separate cells for clinical applications. Microfluidic based cell 

separation has been demonstrated using biological approaches using cell surface 

markers, and biophysical approaches using cell size, shape, and deformability. This 

thesis will focus on developing passive strategy using inertial microfluidics 

(biophysical, paper 1-4) and affinity biomarker (biochemical, paper 5) based strategy 

to isolate and analyze CTCs.  Inertial microfluidics relies on inherent hydrodynamic 

forces, inertial forces, in flow through the microfluidic channel. Depending on the 

geometry of the channel, inertial forces drive the particles and cells to a specific 

streamline position, allowing for focusing and separation. In contrast, affinity-based 

isolation relies on biomarkers expressed on the surface of the targeted cells, which is 

highly specific. In paper 1, using the elasto inertial microfluidic technique, high 

throughput particle focusing and separation was achieved in a curved rectangular 

channel with a separation efficiency of 89% for 10 µm and 99% for the 15 µm particles 

at a high volumetric flow rate (1 mL/min). In paper 2, a detailed analysis of particle 

focusing was studied experimentally and numerically in a circular cross-section. 

Using the FENE-P model simulating non-Newtonian fluid and an immersed 

boundary method to account for the particles, it was observed that a combination of 

inertia and elasticity leads to several intermediate focusing positions. In paper 3, we 

developed a portable microflow cytometer using fiberoptics capillaries. By 

combining elasto inertial microfluidics and optical fibers, we focused particles and 

cells and demonstrated particle counting at a throughput of 2500 particles/second. 

In paper 4, we built an all-fiber separation and detection component and 

demonstrated a separation efficiency of 100% for the 10 µm and 97% for the 1 µm 

particles as a proof of principle. In addition, the separated 10 µm particles could be 
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quantified in the all-fiber component. In paper 5, an affinity-based separation 

approach was carried out to utilize the surface markers to capture and release viable 

CTCs for downstream analysis. A novel layer-by-layer nanofilm coating strategy was 

developed using cellulose nanofibril (CNF) built into multiple layers and 

functionalized with antibodies to capture the cells. After capture, the CNF  were 

enzymatically degraded to release the CTCs. HCT116 colon cancer cells were 

captured with an efficiency of more than 97%, and when spiked in whole blood, an 

approximately 200 fold average enrichment was achieved compared to white blood 

cells. 80% of the cancer cells spiked in whole blood were recovered with 97% viability 

in less than 30 minutes.  

 

In summary, this thesis presents different microfluidics-based separation of cancer 

cells based on biophysical and biochemical properties. Using elasto inertial 

microfluidics, we developed several approaches to separate and detect cells and 

particles. Using layer-by-layer coating of CNF, we successfully demonstrated capture 

and release of cancer cells with maintained high viability.  While the thesis has 

focused on different properties of cells for separation and analysis, combining these 

methods will be important for efficient isolation and characterization of CTCs for 

improved diagnostics.  

 

Keywords: Circulating tumor cells, microfluidics, point of care, inertial 

microfluidics, elasto inertial microfluidics, nano-cellulose, layer-by-layer, optical 

fiber, microflow cytometer.  
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Populärvetenskaplig sammanfatning 
 

Separationen och detektionen av specifika celler i en blandad population av celler är 

viktig i många biomedicinska tillämpningar. Som exempel, möjligheten att isolera 

och detektera cirkulerande tumörceller (CTC) från helblod skulle kunna tillåta tidig 

cancer diagnos och prognos under behandling. CTC är sällsynta celler som cirkulerar 

i blodet och bär med sig viktig information, som den specifika cancerns ursprung och 

metastatiska information. Att kunna detektera CTC med hjälp av blodprover, 

förutom att erbjuda en minimalt invasiv metod, skulle kunna vara viktig i fall där 

tumörområdet är svårtillgänglig för traditionell provtagning via biopsier, såsom 

kolon- och bukspottkörtel-cancer.  

 

Mikrofluidik är ett forskningsfält med betydande potential att möjliggöra 

utvecklingen av metoder för att isolera och separera celler för kliniska tillämpningar. 

Separation av celler baserad på mikrofluidik har demonstrerats med olika 

angreppssätt så som biologiska med hjälp av affinitetsmarkörer, och biofysiska 

metoder där man utnyttjar storlek, form, och deformerbarhet för att separera celler. 

Denna avhandling fokuserar på att utveckla en passiv strategi som utnyttjar 

tröghets-baserade mikrofluidik som domineras av tröghetskrafter (papper 1-4) och 

strategier med affinitetsbiomarkörer (paper 5) med målet att isolera och analysera 

CTC. Tröghetsfokusering i mikroflöden baseras på hydrodynamiska krafter, 

tröghetskrafter, som utvecklas i vätskeflöden i mikrokanaler. Beroende på 

mikrokanalens geometriska utformning och vätskans flödes hastighet kommer 

tröghetskrafterna att driva partiklar eller celler till specifika positioner i 

strömningsfältet och i sin tur möjliggöra fokusering och separation. Å andra sidan, 

affinitetsbaserad isolering är beroende på biomarkörer som uttrycks på ytan av 

specifika celler och är därmed mycket specifik. I papper 1 utnyttjas mikrofluidisk 

metod med tröghetskrafter med elastiska bidrag för att möjliggöra partikel 

fokusering och separation vid höga volymsflöden. I papper 2, en detaljerad analys av 

partikelfokusering i en circulärt tvärsnitt genomfördes experimentellt och 

numeriskt. I papper 3, en portabel  mikroflödescytometer utvecklades med hjälp av 

fiberoptiska kapillärer. Med hjälp av mikrofluidik som utnyttjar elastiska och 

tröghetskrafter tillsammans med optiska fibrer, fokuserades partiklar och celler och 

demonstrerade möjligheten att räkna partiklar och celler. I papper 4 beskrivs en 

fiber-baserad komponent för separation och detektion som demonstrerade en 



 vi 

separationseffektivitet av 100% för 10 µm-partiklar och 97% för 1 µm-partiklar  som 

ett bevis på principen. I papper 5, en affinitetsbaserad separationsmetod utvecklades  

för att utnyttja ytmarkörer som finns på cirkulerande tumörceller. En 

beläggningsstrategi med hjälp av nanocellulosa utvecklades för att först fånga in och 

och sedan frigöra levande CTC för vidare analys. Den nya nanocellulosa-baserade 

ytbeläggningen fångar och frigör celler med hjälp av en enzym för analys nedströms.   

Sammanfattningsvis, denna avhandling presenterar mikrofluidik-baserad 

separation av cancerceller som utnyttjar biofysiska och biokemiska egenskaper. Med 

hjälp av tröghetsfokusering i mikrofluidik utvecklades flera metoder för att separera 

och detektera celler och partiklar. Dessutom utvecklades en original metod som 

bygger på att ytbehandla chip med nanocellulosa för infångning och frigörande av 

CTCs. I avhandlingen har vi undersökt olika metoder för isolering and analys av 

cancer celler. Medan varje metod har sin fördel och svaga punkter, kommer det att 

vara viktigt att kombinera dessa metoder och andra för att bidra till bätter cancer 

diagnostik i framtiden. 
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Preface 

 
The work presented in this thesis concern the  development of microfluidics based 

methods to isolate cells from peripheral blood for cancer diagnostics. The thesis is 

presented in five chapters according to the following description.  

 

Chapter 1 talks about how cancer originates, the process of metastases, the role of 

circulating tumor cells, existing diagnostic tools to detect cancer, a new generation 

of liquid biopsy-based diagnosis, and state-of-the-art technologies in detecting 

circulating tumor cells. Chapter 2 gives a detailed insight into microfluidic 

techniques used in cancer diagnostics  and different separation methods that rely on 

either biophysical or biochemical properties of a cell. Chapter 3 briefly discusses the 

biomaterials used in the field of microfluidics to do surface enhancements for the 

capturing and release of circulating tumor cells. Chapter 4 summarizes all the 

techniques used in this thesis to target circulating tumor cell isolation. Finally, 

chapter 5 specifies the conclusion and prospects of the technologies used in this 

thesis. 
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Chapter 1: Introduction 
 

1.1 Beginning of a life  

 
Life begins with a single cell. The cell is the basic building block of all living 

organisms. Breathing, digesting, energy generation, and reproduction are just a few 

of its many duties performed with the help of organs. Organs, bones, and skin are 

formed due to cell division, called the cell cycle. DNA damage repair, tissue 

hyperplasia in response to injury, and diseases like cancer are all impacted by the 

cell cycle, which is an all-pervasive and intricate process1. The eukaryotic cell cycle 

contains four phases: G1, S, G2, and M. (Figure 1). During G1 a cell's DNA replication 

process begins. At this point in the cell cycle, the cell chooses whether or not to 

continue, stop, or terminate the cycle. The G1 phase of mammalian cells has a crucial 

checkpoint. Replication of DNA and the conclusion of a cell cycle are both signified 

by the term "restriction point" in mammalian cells. DNA synthesis occurs during the 

S phase of mitosis. Cells begin preparing for division during G2. The chromosomes 

are copied and then divided into discrete nuclei by cytokinesis to produce two 

daughter cells during the mitotic phase. In addition to G1, S, G2, and M, the term G0 

is used to identify cells that have finished the cell cycle and are now quiescent2-7. 

 

One or more of the three billion nucleotide bases or the phosphodiester backbone to 

which they are linked are continually under assault in every mammalian cell's DNA 

(Figure 2). An organism is exposed to external sources of ionizing radiation in the 

environment where free oxygen radicals, for example, are produced due to regular 

cell metabolism. DNA and base damage both maybe induced by them. When it comes 

to DNA repair, life on Earth has developed a remarkable ability to cope with internal 

and external threats8. Cells have created several elegant but flawed DNA-repair 

methods to cope with the attack on their DNA. This is partly due to the wide variety 

of DNA damages that may be repaired9,10. 
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Figure 1: Checkpoints in the cell cycle. The cell is tested during the second growth phase (G2) to see 

whether it is large enough for the synthesis phase and has produced sufficient proteins. S/G2 phase 

(DNA synthesis) occurs throughout the synthesis process (S). Cell cycle verifies whether DNA has 

been appropriately replicated before being cloned. If this is the case, mitosis will succeed (M). The 

cell cycle's mitotic phase occurs during the M phase. Checks to see whether mitosis has been 

completed. If this happens, the cell divides, and the cycle is restarted. Created with BioRender.com 

 

In addition to actively repairing DNA breaks or adducts, cells react to DNA damage 

by stopping cell-cycle advancement or suffering programmed cell death. Even 

though we are just beginning to understand how cell-cycle arrest or death and DNA 

repair are coordinated, this coordination is essential to the cell's or organism's 

outcome.11,12 In addition to DNA damage, other stressors, such as intermittent or 

prolonged exposure to low levels of oxygen or nutrients, must be addressed. 

Although cells employ different parts of their signaling pathways to deal with these 

kinds of alterations in their microenvironment, the measures taken by cells to deal 

with DNA damage are similar13-15. People's risk of developing cancer is influenced by 

their level of exposure to certain chemicals and their cells' response to DNA damage, 

among other things. 
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Figure 2: Eukaryotic DNA damage may be caused by a wide range of factors, and it can be repaired 

in many ways. DNA lesions may take on a variety of shapes and sizes depending on the substances 

used to damage the molecule. Genome repair processes include mismatch repair, base-excision 

repair, homologous recombination repair, non-homologous end-joining, nucleotide excision repair, 

and direct damage reversal. Created with BioRender.com 

 

1.2 Cancer and Metastases   
 

GLOBOCAN 2020 predicted (figure 3) that in 2020, 19.3 million new cases of cancer 

will be diagnosed, and about 10 million people will die as a result of cancer. The 

illness is a significant source of death and morbidity around the globe, affecting 

people of all socioeconomic levels. In high-income nations in Europe and North 

America, men and women will have about identical cancer-related mortality rates in 

2020. It is thus vital for global cancer control efforts to develop a sustainable 

infrastructure for the spread of proven cancer prevention strategies and the 

provision of cancer care in transitional nations. The global cancer burden is expected 

to rise by 47% from 2020 to 28.4 million cases in 2040, with a more considerable 

increase in transitioning countries (64% to 95%) than transitioned countries (32% 

to 56%) due to demographic changes16. 
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Figure 3: A) Predicted new cancer cases in 2020 to be the same for men and women of all ages and 

every form of cancer. B) Age-standardized incidence rates, regardless of cancer type or sex, based 

on the age at which the disease is diagnosed. C) Regardless of cancer, age-standardized incidence 

and death rates are grouped.  
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Cancer is a disease that includes different side effects. Cancer can develop in every 

tissue in the body, and some tissues may do so in several ways. Malignant tumors 

have distinct traits, as well. Nevertheless, the underlying processes that lead to these 

different malignancies seem to be identical12,17. An initial precancerous lesion may 

become a malignant tumor via a multi-stage process that converts normal cells into 

tumors. External stimuli interact with a person's hereditary factors to cause these 

changes (Figure 4). For example, UV and ionizing radiation are physical carcinogens, 

while asbestos, tobacco smoke components, aflatoxin, and arsenic are chemical 

carcinogens. Biological carcinogens include infections from viruses, bacteria, or 

parasites18. 

 

 
Figure 4: Comparison between a normal cell and cancer cell chromosomes. A) Karyotype of a normal 

cell from a male. B) Breast cancer cell line MDA 231. Marker (mar) chromosomes are architecturally 

aberrant, and they are either inter- or intra-chromosomally altered to generate diverse hybrid 

chromosomes. Copyright © 2005 Hindawi Publishing Corporation and the authors19. 

 

The 30 trillion cells that make up an average human body live in a complex, 

interdependent ecosystem where they regulate one another's development. Normal 

cells only divide when instructed by other cells in the vicinity. Each tissue's size and 

architecture are tailored to the body's needs because of this ongoing partnership. On 

the other hand, cancer cells reject this system by becoming mute to the usual 

limitations on proliferation and instead pursuing their reproduction plans20,21. They 

may also spread to other places of the body from where they originated, infecting the 

tissues around them and forming masses. There is a gradual increase in the 

aggressiveness of tumors generated by these malignant cells over time, which finally 

leads to the patient death22-24. 
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It's not uncommon for healthy cells to undergo a sequence of changes known as 

hallmarks (Figure 5) before becoming cancerous. To facilitate tumor formation and 

malignancy, cancer cells may adopt certain features. Several problems exist in the 

systems that control how frequently cancer cells divide and the feedback networks 

that regulate them. However, normal cells are subject to several limitations in their 

development. For them to grow, they need growth factors. A molecular brake stops 

them from separating if damaged until they are restored. If they can't be saved, they'll 

die due to programmed cell death called apoptosis25-27. They can only divide a set 

number of times until they are done. They are a part of the tissue structure and don't 

move. They need blood to grow. All of these mechanisms must be beaten to 

transform a cell into cancer. A different set of proteins controls each route. A crucial 

protein must obstruct each of these routes. Somatic mutations that alter the DNA 

sequence of these proteins result in their inability to function correctly. Hanahan and 

Weinberg's characteristics describe this progression28. 

 

It used to be that cancer's hallmarks consisted of six biological capabilities, but they 

have now been enlarged to include eight biological capabilities and two additional 

supporting capabilities (Figure 5). The Hallmarks of Cancer28, written by Douglas 

Hanahan and Robert Weinberg, introduced the idea. These qualities serve as a 

unifying framework for comprehending the complexities of cancer. Replicative 

immortality and angiogenesis are two of the most critical aspects of cancer's ability 

to proliferate and spread. Genome instability, which promotes genetic variety, and 

inflammation, which supports numerous hallmark activities, are the foundation of 

these hallmarks' acquisition speed29-31. 

 

A significant factor in cancer's fatality is metastasis or the spread of the disease 

throughout the body. Surgery is no longer an option when cancer has gone beyond 

the tumor's original site and formed metastases in other organs. Because of this, the 

hallmarks of cancer include metastasis and malignant cells entering normal 

tissue32,33. The cells that make up these so-called benign tumors proliferate, but they 

do not infiltrate or spread, unlike malignant cancer cells. As a result, the ability of 

cancer cells to spread to new tissues is a crucial phase in their development. To 

properly metastasize, cancer cells must leave their original site, enter the blood or 

lymphatic vessels, travel through the circulatory system, and establish a new cellular 

colony in a new location34-36. 
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Figure 5: Tumor cell secretory activities impact the characteristics of cancer. The graphic by Hanahan 

and Weinberg shows how the secretory pathway is linked to many cancer hallmarks. Created with 

BioRender.com 

 

 

When cancer cells expand throughout the body, they rely on processes of invasion 

and metastasis to do it. Breaking through the basement membrane, which separates 

cancer cells from the rest of the body, is the first step in the process. Some of these 

invading cells can penetrate the basement membrane and the endothelial cells that 

line blood vessels. After that, the cells are free to move throughout the circulation as 

they like (Figure 6). A cancerous cell may one day find its way into a blood vessel. If 

it adheres to and penetrates the capillary wall again, it might develop into a 

secondary tumor37,38. One out of every ten thousand cancer cells will spread from the 

primary tumor to an adjacent organ. For cell migration to proceed smoothly, 

adhesion between cells is essential. More than half of all human cells contain cell-

cell adhesion and extracellular matrix adhesion. Without adhering to neighboring 

cells, a cell may spread across the matrix and become more invasive39,40. If a cell does 

not attach to the extracellular matrix, it may separate from its original tissue. It is 
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possible for a cell to underdo apoptosis if it does not link to the extracellular matrix 

or adheres to the wrong kind of matrix (cellular suicide). On the other hand, cancer 

cells may remain even if they are not adherent to the body41,42. 

 
Figure 6: In a nutshell, the five critical processes in metastasis are invasion, intravasation, circulation, 

extravasation, and colonization. Created with BioRender.com 

 

An essential aspect of a person's circulatory system may help explain how they get 

cancer. Tumors in the skin and many other tissues often spread to the lungs first 

because the lungs contain the first capillary bed "downstream" of most organs. 

Colorectal cancers typically spread to the liver since the intestines first send blood. 

In addition, prostate cancer commonly spreads to the bones, making circulation a 

secondary problem. Prostate cancer cells have receptors comparable to bone tissue, 

which may explain this tendency43-45. 

 

If cancer cells reach circulation, new tumors are not an inevitable conclusion. 

Circulating cells face several challenges. At this new location, it must first attach itself 

to the inside of an artery's wall before moving on to infiltrate and proliferate in the 

tissues below the basement membrane (Figure 6)41,42. Each of these problems put a 

higher burden on the tumor cell than it had to bear in its natural environment. 

Another obstacle to the spread of cancer is that it may not wholly defeat the defense 

mechanisms that keep our cells in the right places. Most cancer cells that enter the 

circulation do not survive long enough to develop new tumors elsewhere. The 
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reasons for this apparent brittleness in the circulation are unclear; it is possible that 

the anchorage independence of tumor cells is not flawless, and they sometimes die 

via apoptosis. However, scientists think the cells must swiftly stick to a small blood 

vessel's inner lining. Certain metastatic tumors prefer to spread to specific locations 

which attributes to differences in blood flow. 

 

In many cases, the first capillary bed (or network of capillaries, the tiniest blood 

vessels) that circulating tumor cells (CTCs) encounter "downstream" of their origin 

confines them46,47. Only the intestines deliver blood to the liver first before it passes 

via the lungs and into the rest of the circulatory system. Consequently, the lungs and 

liver are the most common sites of metastasis48. 

 

1.3 Circulating tumor cells (CTCs) 
 

One million WBCs and one billion RBCs are found in every milliliter of 

peripheral blood, making the number of circulating tumor cell(s) an insignificant 

proportion of that total. During cancer invasion, the goal is to gain control of the 

territory and ultimately destroy cells46,49. Figure 7 shows an example of how CTCs 

invade through blood vessels from one organ to the other.  These mechanisms and 

the identification of CTCs and leukocytes in the blood have gained the attention of 

many people throughout the years. Knowing the importance of CTC in a cancer 

patient's long-term survival is thus crucial. Cell type enumeration and subsequent 

medication delivery are critical for cancer patient care, as are CTC collection and 

identification procedures50-55.  

 

CTCs, despite their low concentration such as 1-10 CTCs in 1 mL of whole blood, may 

provide diagnostic, prognostic, and therapeutic response monitoring information. 

As a result, CTCs are essential biomarkers in cancer patients' targeted molecular 

treatment and preclinical models for characterizing CTC features. The modest 

concentration of CTCs makes it challenging to isolate, count, and identify them in 

peripheral blood samples. CTCs may also be damaged during the separation 

technique due to the required purification phase for their characterisation53,56. 

 

There are two types of CTCs: single cells and clusters. While circulating clusters are 

more susceptible to metastasis, they are not that common. Invading cancer cells 
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coexist with stromal cells and immune system components in clusters, all of which 

contribute to the heterogeneity and longevity of the cluster. The ability of neutrophils 

to form clusters and limit the activation of leukocytes increases the survival of CTCs. 

CTCs engage with platelets to form a platelet coating barrier, which prevents 

immune cells from identifying cancer cells and provides the structural support 

needed to endure the physical rigors of circulation54,57. 

 

 

 
Figure 7: Cancer cell migration and invasion from primary tumor site (Breast) to a secondary site 

(Brain) via metastases process. Tumor cells that invade the blood vessel and circulate in the 

bloodstream can be seen in the figure shown as circulating tumor cells (CTCs). Created with 

BioRender.com 
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1.4 Conventional diagnostics tools to detect cancer 
 

Imaging-based diagnostics:  

Depending on cancer's location in the body, various imaging technologies may be 

used to detect it. It is possible to detect malignant changes in the throat or the 

esophagus using a barium swallow, commonly known as a barium enema test. X-

rays are acquired when a barium solution is taken orally. Another usage for barium 

is for checking the colon and rectal area 58,59. It is possible to apply radioactive dye 

intravenously before nuclear imaging is utilized to investigate the bone for malignant 

changes to identify cancer that has spread. Computed tomography (CT) scans are 

among the most frequently used imaging technologies for cancer diagnosis. It is 

possible to identify cancer and locate its specific location using CT scans, creating 

very detailed images. The DEXA scan (dual-energy X-ray absorptiometry) measures 

the bone mineral density to estimate the overall bone health and function60,61. By 

employing radiofrequency radiation to make images of the inside organs, magnetic 

resonance imaging (MRI) may be used to diagnose disease. For detecting malignant 

tissue, MRI is routinely used62,63. If the doctor suspects anything is wrong with the 

breast tissue, a mammogram might be done to find out 64,65. Ultrasounds, which 

utilize high-frequency sound waves to produce images of the inside organs, 

commonly detect cancer. Using this technology, the doctor can see inside the body 

in real-time and monitor how various organs are funtioning66,67. X-rays are often 

employed to diagnose, stage, and treat multiple types of cancer. X-ray images are 

formed utilizing electromagnetic radiation with a high level of energy68,69. 

 

Invasive procedures based diagnostics:  

Cancer may be detected with the following procedures, which analyze tissue or blood 

samples (Figure 8). To detect anomalies or collect a sample, an anoscopy is 

performed. The rectum and anus may be seen using an anoscope to help rule out 

cancer. The physician may remove a piece of tissue or fluid from the patient body to 

detect malignant cells. The only way to know whether you have cancer is to have a 

biopsy70,71. A thin instrument with a lit camera is entered via the nose or mouth to 

assess aberrant areas and collect a biopsy to assist in diagnosing lung or oesophageal 

cancer. One of the most popular ways to detect colon and rectal cancer is a 

colonoscopy72. In the course of the process, a colonoscopy, a thin, lighted tube will 

be put into the intestine to check for and remove any abnormal growths. As the name 



 14 

suggests, a spinal tap involves taking a sample of cerebrospinal fluid from the patient 

to check for cancers of the brain, spine, or leukemia73,74. Cervical cancer screening 

tests like the Pap-smear enable the doctor to obtain a sample of cells from the cervix 

and examine them under a microscope in a lab75. 

 

 

 
Figure 8: Conventional diagnostic tools and methods available in the market today. Cancer can be 

diagnosed by imaging techniques, extensive invasive procedures, and analyzing samples in a 

laboratory or combining all of these techniques to provide an accurate diagnostic report. Created with 

BioRender.com 

 

Genetics and genomics-based diagnostics:  

Changes in the DNA, known as gene mutations, may increase the cancer risk. 

Inheritance or acquisition might be the source of specific genetic abnormalities. 

BRCA1 and BRCA2 are two instances of hereditary gene mutations that increase the 

risk of breast and ovarian cancer76,77. Some tests may help determine whether you 

are genetically susceptible to certain cancers. The most advanced kind of genomic 
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analysis is when a biopsy sample cell is collected, and their DNA is sequenced in a 

lab to check for mutation-like features. The doctor will be able to make better 

treatment decisions with this information. A blood or mouthwash sample is taken to 

identify gene changes that may raise the risk of cancer78,79. To find tumor markers or 

abnormal cells, laboratory tests may be used to examine blood, urine, and other fluid 

samples. CellSearch®'s Circulating Tumor Cell (CTC) Test is used to detect and 

monitor the metastatic cancers of the breast, prostate, and colorectal organs, which 

identifies circulating tumor cells80-82. 

 

1.5 Liquid biopsy— A new era 
 

Liquid biopsy is a non-invasive method to detect cancer. Liquid biopsy components 

may be investigated, including tumor cells, tumor-derived extracellular vesicles, 

circulating tumor nucleic acids, and other components of a circulating tumor83 

(Figure 9). Tracking tumor development and recognizing the start of therapeutic 

resistance and tumor recurrence early on is the primary goal of investigating these 

components. Blood-based liquid biopsy with increased sensitivity and specificity has 

been developed in recent decades84,85, thanks to significant developments in 

nanotechnology. 

CTCs may be enriched and identified using a variety of approaches that make use of 

their physical and biological characteristics 50. In the eyes of cancer patients, CTC 

tests are similar to a "liquid biopsy" that occurs in real-time. A patient's prognosis is 

influenced by the spread of cancerous cells from the primary tumor site to distant 

organs such as the bone marrow (BM), liver, lungs, or brain, and the subsequent 

proliferation of these cells in their new microenvironment. Disseminated tumor cells 

(DTCs) and micro-metastases may remain dormant for years after the primary 

tumor has been surgically removed86-88, but they may eventually manifest as visible 

metastases. Secondary metastases may occur from the spread of DTCs generated by 

such metastases89. 

 

DTCs may now be discovered in the bone marrow, lymph nodes, or circulating blood 

utilizing sensitive and specific testing. However, high-resolution imaging methods 

cannot identify the minimal residual illness. Needle aspiration via the iliac crest 

provides easy access to the BM. It has performed the most crucial role in indicating 

little residual sickness as far as distant organs are concerned. For DTCs from a wide 
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range of cancers, the BM seems to be a frequent destination, as well as a source of 

DTCs that may re-emerge in distant organs. Cancer patients need to be followed up 

regularly, and sequential analysis is essential. For prognosis estimation and drug 

monitoring90,91, researchers are currently exploring the clinical relevance of testing 

for tumor cells in the blood rather than the BM aspiration since it is much more 

intrusive than collecting peripheral blood. 

 

In recent years, various new approaches have been developed to detect CTCs in 

cancer patients' peripheral blood. However, detecting CTCs is still a technical 

problem to this day. One tumor cell in a sea of millions of blood cells is what’s needed 

to detect CTCs83. To identify and characterize them, we need highly sensitive and 

specialized analytical techniques that often combine enrichment and detection 

methods92-97. 

 

 
 

Figure 9: Liquid biopsy— a minimally invasive procedure: Blood withdrawn from a patient can have 

vital information such as circulating tumor cells (CTCs), circulating tumor DNA, RNA and exosomes. 

Created with BioRender.com 
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1.6 State of the art to detect CTCs 
 

Biophysical marker-based technologies:  

Physical features have the benefit of allowing CTC separation without labeling 

(Figure 10). In addition to density gradient centrifugation, filtration through a 

special three-dimensional microfilter, a new versatile label-free biochip that exploits 

the unique differences in size and deformability of cancer cells that is larger and 

stiffer than blood cells, a flow cytometer, microfluidic devices that combine 

hydrodynamic forces and the dielectrophoresis (DEP) cell separation technique, and 

a DEP field-flow fractionation device are a few examples that allows for the 

separation of cancer cells from healthy cells98,99. 

 

Microfiltration technology has shown the most promise for the continuous 

processing of enormous quantities of blood. Since its invention in the 1960s, track-

etched polymer filters have been extensively employed for cell enrichment in 

biological research and therapeutic treatment100. The smaller size of contaminated 

leukocytes is exploited to enrich CTCs utilizing either adequately sized holes or 

particular 3D geometries in microfiltration techniques, which are among the most 

prevalent nonepithelial-based enrichment procedures for CTC separation101. 

Rarecells Diagnostics (Paris, France) developed the commercially available ISET® 

(Isolation by Tumor Cell Size) technology. Vacuum filtration is used to pass diluted 

whole blood through a filter with an 8-micrometer pore width. In contrast to 

leukocytes, which pass through the pores at random, larger CTCs retained by the 

filter. The assay's sensitivity has been reported to be 1 CTC per 1mL of blood. To 

enrich and evaluate CTCs in different malignancies, track-etched filters have been 

effectively employed with success102,103.  

 

Separation of CTCs by dielectrophoresis relies on the distinct electrical signatures of 

CTCs compared to contaminated leukocytes. The size, density, conductivity, and 

volume of the cells affect these electrical fingerprints. An electrode on the device 

chamber floor attracts CTCs, whereas leukocytes are flushed out as trash. The 

platform uses these features to its advantage. When cells are exposed to an AC 

electric field, they become electrically polarized. In an non-homogeneous field, cells 

are subject to a lateral dielectrophoretic (DEP) force whose frequency response is 

determined by the underlying electrical characteristics of the cells104,105. A cell's 
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composition and structure, as well as its shape and phenotype, influence these traits. 

As a result of the non-homogeneous electric field, cells with varying electrical 

polarizabilities may experience various forces. According to this, DEP gives the 

means to distinguish between distinct cell types and a physical force for separating 

them. 

 

 
Figure 10: State of the art technologies used to detect cancer using microfluidic techniques. It is 

mainly categorized into two properties of cell— Biophysical properties such as size, shape, density, 

and charge. Biochemical properties rely on the surface protein expressed on the cell's surface. 

Created with BioRender.com 

 

Microfluidics provides unprecedented control and manipulation of very small 

amount/volume of fluids. Increasingly innovative methods for sorting and studying 

biological cells on microchips have been presented during the last decade. For 

microfluidic enrichment of tumor cells, inertial flow fractionation uses 

hydrodynamic forces to select tumor cells of various sizes106. To arrange tumor cells 

and confine tumor cells in micro-scale vortices107,108, microfluidic tubes integrating 

contraction and expansion reservoirs were created109. Compared to prior 

microfluidic techniques, these devices provide substantially greater throughput. 
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However, there may be losses in the cell recovery rate and enrichment against 

leukocytes. This thesis will discuss in detail about inertial focusing in chapter 2.  

 

Biochemical marker-based technologies: 

CTC enrichment techniques based on epithelial cells depend on positive 

selection procedures that use antibodies specific to CTCs (Figure 10). EpCAM, a 

transmembrane glycoprotein expressed by normal epithelial cells, has traditionally 

been the principal marker for immunoaffinity-based enrichment. Even though this 

antigen is present in up to 70% of all primary carcinoma tumor types, it is not present 

in the hematopoietic cells that usually circulate in the bloodstream of healthy 

persons110,111.  

 

Immunomagnetic methods, which depend on antibodies conjugated to the modified 

surface of magnetic particles, targeted antibodies to differentiate antibody-labeled 

CTCs from unlabeled contaminating leukocytes, are becoming more popular. One of 

the most extensively utilized CTC immunomagnetic enrichment technologies is the 

CellSearch® system, previously mentioned as being FDA-approved112,113. Several 

factors have contributed to the growth of microfluidic chip-based techniques in the 

CTC area, including their small size and relative cost efficiency, their versatility in 

research applications, their capacity to collect live CTCs, and their potential for high 

sample purity. However, in contrast to immunomagnetic methods, these procedures 

depend on antibodies that are not iron attached; hence, they are not as effective as 

immunomagnetic techniques. Instead, these systems use fixed antibody-coated 

surfaces for CTC enrichment, which may be achieved directly on the chip surface or 

by coated microposts114-116. 
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Chapter 2: Separation of CTCs using microfluidics 
 

2.1 Introduction of microfluidics and optofluidics 
 

Microfluidics is the manipulation and control of small quantities of liquid or 

fluids, down to femtoliters, and provides precise control of the environment around 

biomedical or environmental samples ranging from individual cells to complete 

tissues (Figure 11)117,118. Microfluidics has the potential to revolutionize future 

healthcare technologies by addressing significant challenges such as drug discovery, 

diagnosis, and novel treatments. Microfluidics also allows real-time, continuous 

measurements and manipulation at the level of individual cells as well as facilitating 

automation at high throughput screening, and multiplexing119,120. The main notion 

of microfluidics is to combine in small millimeter-sized device processes that would 

typically need a whole laboratory121-123. 

 
Figure 11: A schematic representation of size comparison of a human hair to an atom. Microfluidics 

and Optofluidcs lies within a range of 20 micrometers and down to a protein of 10 nanometers. This 

thesis discusses a size range between 20 and 1 micrometer. Created with BioRender.com 

 

In  biomedical analysis, the two primary components of bioanalysis are biological 

system analysis and the detection of biomolecular compounds. Most recently, 

scientists have been concentrating on three main topics: point-of-care (POC) 

testing124,125, examining single cells or molecules at the molecular level to learn about 

the genetic heterogeneity of a particular population126-128, and high-throughput 
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screening for large-scale research129-131. Microfluidic methods, which can 

revolutionize sampling, sample separation, mixing, chemical reaction, and 

detection, are rapidly being developed to address these issues. 'Lab on a chip' (LOC) 

is one of the important tool which takes benefits of the microfluidic technology132. 

Microfluidic technologies have transformed experimental biology and biomedical 

research and made significant advances in chemical synthesis, biofabrication, drug 

screening, and organ/tissue modeling since they were developed. With 

microfluidics, POC testing is able to attain great sensitivity, portability, and 

specificity133-135. Recent advances in bioanalytical microfluidic devices, such as 

"sample-in/result-out" analysis mode, precise nanoparticle size and pattern control 

for drug delivery, and discovery of novel chemical entities, have led to a surge in their 

use in the bioanalytical sector. Faster response times, improved analytical 

sensitivity, improved temperature control, and portability are just some of the 

advantages of microfluidics. Due to the lack of expensive equipment to operate, it is 

considered an affordable low-cost option136,137. 

 

A new branch of study known as optofluidics has emerged due to the convergence of 

microphotonics, optics, and microfluidics. Using a laser, photons are transported in 

a particular sequence known as microphotonics138,139. In optics, light and its 

interactions with other components are studied, and devices that use or detect light 

are manufactured. Fluid waveguides, microdroplets lasers, displays, biosensors, 

optical switches, or molecular imaging tools are all examples of optofluidics 

applications140-142. This thesis has put a substantial effort into miniaturizing tools 

that require a  functional laboratory into portable lab-in-a-fiber devices. With the 

help of optofluidics, we were able to detect and count particles143, which can replace 

the flow cytometer and separate them based on size144.   

 

2.2 Microfluidic based separation methods 

 

2.2.1 Biophysical marker-based separation (Label-free sorting) 
 

Many diagnostic and therapeutic applications rely on cell sorting as a primary 

research tool. Methods that do not identify cells biochemically are in great demand, 

and this is especially true for cell sorting. For example, several microfluidic 

approaches take advantage of cell features such as their size, shape, electrical 
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polarity, or hydrodynamic qualities to solve this problem145-147. Physical approaches, 

like size-based enrichment, are independent of antigen expression on a cell's surface. 

They prevent the inaccuracy of CTC antigen expression. These techniques leverage 

physical and mechanical distinctions between CTCs and other blood cells. 

Microfluidic-based approaches have also been reported148-150. These techniques 

output label-free, unmodified, and viable cells with high capture efficiency and 

enrichment, allowing application of subsequent downstream methods, such as next-

generation sequencing (NGS), to gain insight from one sample and improve the 

comprehensive study of a particular cancer type and cancer development. Since no 

biochemical alterations are required, size-based approaches are projected to be less 

costly and take less time to enrich samples106,151-154. 

 

Microfluidics based filtration 
Because of microfabrication processes, thin polycarbonate sheets with 

regulated nano to micron-sized holes are now accessible for use in microfiltration. A 

flexible micro spring array (FMSA) microfilter (Figure 12 (C)) is a high-throughput 

device with a fast-processing speed to separate CTCs based on size and deformity155-

157. A parylene diaphragm with an effective surface area of 0.5 cm2 is etched with 

micro spring structures that are highly porous and flexible. Large amounts of blood 

may be processed within 10 minutes with this system. Capture efficiency is 90%, and 

viability is over 80%. Another size-based CTC collection method has been made 

possible by a separable bilayer (SB) microfilter which was recently developed158. The 

SB microfilter (Figure 12 (A))  has a unique design and filtering principles. The SB 

microfilter's top and bottom porous membranes are separated by a gap that serves 

as a capture mechanism. Cell viability is better preserved because of the 

biocompatible polymer parylene-C used to make the membranes. Another technique 

that has recently been reported is a fluid-assisted separation technique (FAST), 

which has recently been developed and commercialized by Clinomics to isolate CTCs 

with reasonably high purity from the whole blood159-161. Track-etched polycarbonate 

membranes with 8-micron holes are used to isolate CTCs, and the membrane pores 

are filled with liquid to limit the amount of clogging and the amount of time it takes 

to separate them. CTCs can be extracted from whole blood with a spin of the disc, 

and this process takes less than a minute for 3 ml of whole blood. At a spinning 

velocity of 600 rpm, the capture efficiency was 95.9 ± 3.1%. The purity was more 

than 2.5 log depletion, and the recovery rate was 96.2 ± 2.6%. 
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Figure 12: Images showing different technologies involved in microfluidics-based filtration. A) 
Separable bilayer (SB) microfilter158 B) Parasortix162 C) Flexible micro spinning array (FMSA)155. 
Reproduced with permission from ref [155] [158] [162] under the terms of the Creative Commons 
Attribution License.  
 

A typical issue with mechanical microfilters is sample blockage and 

adherence. Increased fluid-driving pressure resulting from cell buildup on the filter 

increases the possibility of harming trapped cells. ANGLE invented the Parsortix 

disposable microfluidic cassette, which enables the collection and harvesting of CTCs 

through reverse flow162-165. This device utilizes a microscale graduated separation 

structure with a cross-sectional gap that progressively reduces the dimension of the 
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fluid channel and keeps CTCs due to their minor deformable nature and size while 

allowing other blood particles to flow through, as shown in figure 12 (B). For early 

validation of the device, 4 ml of spiked blood samples containing several cancer cell 

lines with varying cell counts were examined, with capture rates ranging from 42–

70 percent for individual cell types. The harvesting efficiency was also determined in 

the same experiment, ranging between 54% and 69%. A microcavity array (MCA)166-

168 is another microfluidic device that separates tumor cells depending on their size 

to achieve highly efficient and repeatable cell recovery. The MCA system is 

comprised of a blood reservoir, a filter-included cartridge, and individual tubes. It 

filters blood using electroformed nickel and gold metal filters. The filtering cartridge 

is made of polymethyl methacrylate (PMMA). It incorporates a metal filter with 

precisely regulated pore shape, size, and density, eliminating the frequent issues 

associated with track-etched polycarbonate filters. 96% detection efficiency was 

reported in a 1-ml blood sample treated with 10–100 cells. Additionally, the MCA 

method separated CTC clusters that immunomagnetic separation technologies such 

as CellSearch could not accomplish153,166. 

 

Deterministic lateral displacement (DLD) 
This technique was initially published by Huang et al. in 2004169, and it was 

used in a continuous flow to segregate particles based on size with an accuracy down 

to 10 nm. It has been employed for a variety of applications since its introdcution, 

including the separation of white blood cells (WBCs), red blood cells (RBCs), 

circulating tumor cells (CTCs), and platelets from the blood170-173. This technique 

uses a channel's exact post arrangement to separate particles based on their relative 

sizes above and below a predetermined critical diameter (Dc). Separate flow laminae 

are formed in the device when successive rows of a constriction are pushed laterally 

apart by a predetermined distance, as shown in figure 13. When a particle is 

encountering a post and its center is beyond the breadth of the first streamline, it is 

displaced into the second streamline, which is how DLD's separation mechanism 

works. Geometric characteristics in DLD are altered and combined with external 

forces to separate particles based on additional factors beyond size, such as the shape 

and deformability of the particles and the dielectric properties of the particles. 

 

Every time a particle bigger than Dc passes through a post and moves to the next 

streamline, the operation repeats. On the other hand, particles smaller than Dc stay 
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inside the initial streamline and follow their prescribed path through the device. 

Along the length of a device, particles smaller and bigger than Dc may be segregated 

from one another. Cell viability was reported to be 87% for cells isolated from CTC 

clusters in a study by Au et al. using a two-stage DLD separation array174. With high 

flow rates and the deformability parameter, Xavier et al. could boost the purity of the 

human osteosarcoma cell lines MG-63 and HL-60 during separation175. A ccording 

to Liu et al.'s work another innovative integrated DLD array was developed and has 

two DLD modules, one for blood cell removal and another for the separation of CTCs. 

Depending on their size and deformability, more than 90% of the CTCs are captured 

by this device, with a purity of more than 50%176. 

 

 
Figure 13: Fundamental principle behind DLD based separation. A) Schematics explain how the post 

arranged at an angle defines the trajectory of the fluid. B and C) The particles suspended in the fluid 

follow the trajectory and either stay or move away from it depending on the size. Reproduced from 

Ref [173] with permission from the Royal Society of Chemistry173.  
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Acoustophoresis 
Acoustophoresis, another microfluidic cell handling technology, provides 

label-free and continuous cell separation that enables high throughput and excellent 

separation performance for bioanalytical or medicinal applications147,177-180. There 

are two ways acoustic radiation forces might drive suspended cells or particles.  One 

way is to have the particles in the pressure nodes at the center of the microchannel. 

The second way is to place towards the anti-pressure node, which is closer to the 

sidewalls of the microchannel, as shown in figure 14 (B). The radiation force depends 

on the cells' size, density, and compressibility with the surrounding medium to 

determine its magnitude and direction. More dense particles like cells tend to 

gravitate toward the pressure node in an aqueous environment, while less dense 

particles like lipids tend to gravitate toward the pressure anti-node179,181,182.  

       
Figure 14: Illustration showing how particles based on acoustic contrast factor are separated. A) The 

separation of different particle size performed using a silicon chip is shown. B) The pressure 

antinodes (towards the side walls) collects all the negative acoustic contrast factor particles, whereas 

the pressure nodes (at the center) collects all the positive acoustic contrast factor particles. 

Reproduced from Ref [183] with permission from the Royal Society of Chemistry 183. 
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The acoustic radiation force scales with particle volume; thus, bigger particles travel 

faster than smaller particles with the same acoustic characteristics. Separation of 

lymphocytes from granulocytes, the isolation of tumor cells, the separation of WBCs 

from platelets, the synchronization of cell cycle phases in mammalian cells, and the 

isolation of bacteria in blood from sepsis patients have all been successfully 

demonstrated using size-based separation184-186. The viability and proliferation 

capability of acoustically-separated cells are unaffected by acoustophoresis. A high-

accuracy acoustic sorting setup was presented by Ding et al. More than 86% of CTCs 

were isolated from WBCs at a flow rate of 7.5 mL/min187. The two-stage 

acoustophoresis-based device presented by Antfolk et al. successfully separated 

DU145 prostate cancer cells from WBCs with a capture efficiency of 86.5% ± 6.7% 

and a throughput rate of 100 µL min-1.182 Cell-free media inlet for laminating pre-

aligned cells close to the channel sidewalls enables high-accuracy cell sorting, as 

performed by Magnusson et al. with their two-stage acoustic platform for CTC 

sorting181. 

 

Magnetophoresis 
 

Non-uniform magnetic fields are used in magnetophoresis to manipulate 

microparticles and cells. Materials for microfluidic device fabrication such as glass 

and polymers may be made from a wide variety of sources due to the ability of 

magnetic fields to pass through them188-190. It is also one of the method for separating 

cells that does not damage the biophysical integrity of live cells and may be utilized 

directly with raw biological materials in a few easy steps. It is also a stronger force 

compared to other active manipulation methods191. The magnetic characteristics of 

CTCs and WBCs are often identical, making it difficult to separate the two cell types.  

 

According to some studies, cells of varying sizes have been shown to suffer varied 

magnetic buoyancy forces in a continuous ferrofluid flow. To sort CTCs in 

biocompatible ferrofluids, Zhao et al. created a ferrohydrodynamic cell separation 

(FCS) apparatus microfilter (Figure 15). Patients with non-small cell lung cancer 

(NSCLC) had their CTCs effectively separated using this technology, with an overall 

capture rate of 88.3%192. 
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Figure 15: Label-free ferrohydrodynamic cell separation for CTCs. A) Traditional antibody conjugated 

magnetic bead based magnetophoresis. B) Label-free isolation of CTC using ferrohydrodynamics. C) 

Actual working device. D) Schematic of the overall design. Reproduced from Ref [192] with 

permission from the Royal Society of Chemistry 192. 

 

Inertial microfluidics 

Inertial microfluidics is a branch of fluid dynamics study where fluid is 

contained in devices with dimensions smaller than a millimeter in width, length, or 

depth. As the dimension get to smaller size, the fluid encounter forces distinct from 

those at larger scales and flows often display features that may benefit microfluidic 

applications193,194. 

 

For an incompressible fluid, the Navier-Stokes equations (Equation (1)) may be used 

to obtain the velocity field (u), which includes the fluid's kinetic viscosity (𝜂) and 

density (𝜌) as well as the pressure field (p). Boundary conditions are not indicated 

here, although they are still relevant.  

 𝜌 (
𝜕𝑢

𝜕𝑡
+ (𝑢. ∇)𝑢) =  −∇𝑝 +  𝜂∇2𝑢 + 𝐹     (1) 

These equations explain how the velocity field changes across time and space in a 

given domain. With the assumption of uniform viscosity and incompressibility, the 
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conservation principles of momentum and mass may be applied to the fluids in 

question to get the corresponding quantities. Non-dimensional metrics, such as the 

hydraulic diameter in a microchannel's hydraulic length, the fluid's typical velocity, 

and its typical density, all have the same order of magnitude.  

 

Equation 1 may also be expressed in the non-dimensional form shown below as the 

Reynolds number (Re). Reynolds number is the ratio of inertia to viscosity. To take 

full advantage of a microfluidic regime we need to reduce Re.  

 

Re = (
𝜌 𝑈 𝐷ℎ

𝜇
) =

𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
      (2) 

 

Equation (2) shows that the amount of the Reynolds number determines the kind of 

flow regime. It is possible to reduce the size and speed of the flow, which is 

considered one of the best indicators of flow patterns. Fluid density(𝜌), flow 

velocity(𝑈), hydraulic diameter (𝐷ℎ), and dynamic viscosity (𝜇) are all variables in 

this equation. The Stokes equation governs the flow at low Re because the right side 

of equation (2) dominates. Because of the inherent regularity of this equation, it 

leads to a flow with parallel streamlines, as shown in figure 16. Laminar flow occurs 

when the viscous forces outweigh the inertial forces. Microfluidics often uses a 

regime exactly to this. The boundary between turbulent and laminar flows may be 

shown experimentally. The flow is laminar if the Re is less than 2300. Turbulent flow 

occurs if the Re is greater than 2300. In able to control the fluid in a confined channel 

it is possible to manipulate both the fluid and particle present in it. Because of it, 

inertial microfluidics has received greater attention. These include ease of operation, 

simple construction, gentle to cells, and high throughput. Using inertial 

microfluidics, particles and cells may be controlled while having a significantly 

greater throughput than was previously not possible with traditional microfluidics. 

Inertial microfluidics has been used to manage particles and cells for a variety of 

applications, including flow cytometry, size-dependent cell separation, high-

throughput cell concentration, and selective cell capture, to name a few. In the field 

of fluid mechanics, research has been done on particles inertial lateral migration in 

channel flows. At 0.3 times the diameter of the centimeter-scale pipe cross-section, 

Segre and Silberberg found particles moving through circular pipes aligned in the 

annulus195. Di Carlo was the first to adapt the macroscale inertial effect to the 
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microscale. Particles in straight and symmetric/asymmetric curved microchannels 

continuously self-focus and organize193.  

With Newtonian Poiseuille flow in a straight rectangular microchannel, the balance 

between shear-induced lift force 𝑭𝑳𝑺~
𝑼𝟐𝒂𝟑𝝆

𝑫𝒉
 and wall-induced lift force 

𝑭𝑾~
𝑼𝟐𝒂𝟔𝝆

𝑫𝒉
  𝟒  actuates the particles to two equilibrium locations. By modifying the 

aspect ratio of the microchannel, these two focusing positions are modified. Inertial 

microfluidics has been used to concentrate and separate bigger particles because of 

the high correlation between inertial lift forces and particle size. The secondary 

cross-sectional flow is generated in curvilinear channels due to the difference in 

pressure gradient between the inner and outer walls. Dean vortices above and below 

the channel symmetry plane are responsible for this secondary flow. Dean drag 

forces 𝑭𝑫~
𝟒 𝑼𝟐𝒂 𝝆

𝑹 (𝒘+𝒉)𝟐
 and inertial lift forces drive particles to move and establish their 

equilibrium places. Inertial microfluidics can achieve exceptionally high volumetric 

flow rates. However, it is challenging to separate tiny particles. Flow cytometry 

applications are hindered because particles concentrate on the walls' center faces196-

198. Non-Newtonian fluids have recently been hypothesized and are receiving 

considerable attention in particle migration, which will be examined in further depth 

in the next section.  

 

Kuntaegowdanahalli et al.194 used a 5-loop Archimedean spiral channel to separate 

three polystyrene beads with diameters of 10, 15, and 20 µm with a 90% efficiency. 

With an efficiency of 80%, high vitality of >90%, and throughput of 1 million 

cells/min, their device separated the SH-SY5Y neuroblastoma cells from the smaller 

C6 glioma cells. Using an improved Archimedean spiral device with a compact 

footprint, Nivedita et al. demonstrated 95.3% separation efficiency at a throughput 

of 1.8 mL/min while sorting RBCs and WBCs from diluted blood199. Huang et al. 

suggested a 99.04% removal rate for blood cells to separate spiked MCF-7 cells from 

diluted whole blood. A recovery rate of 89.78% was also attained for the spiked MCF-

7 cells from the lysed blood200. 88.5% tumor recovery rate and 3.33 ×107 cells/min 

throughput were reached by using the double spiral channel to separate spiked MCF-

7 and Hela cells from dilutions of whole blood, according to Sun et al. 201. CTCs were 

isolated from blood samples of cancer patients using a slanted spiral channel by 

Warkiani et al. 202. Over 80% of MCF-7, T24, and MDA-MB-231 cancer cells were 



 31 

recovered in 8 minutes with a very high purity of 400–680 WBCs/mL and a 4 log 

WBC depletion.  

 

 
Figure 16: Behavior of particles in  Newtonian and non-Newtonian fluids in different geometries.  

Schematic illustrations showing different inertial lift forces acting on a particle in a microfluidic 

channel. Different geometries have unique focusing positions depending on which fluid the particles 

are flowing in. FSG – shear gradient lift force pushes the particle away from the center, while FWI- wall 

induced lift force pushes particle away from the wall. The equilibrium position is where the particle 

settles down in a balance between these two forces. FD- Dean drag force is higher at the center and 

act towards the outer wall which is not a stable position for the particle to settle down.   

 

A substantial inertial lift force caused big cancer cells to concentrate at the inner wall 

of a sheath-assisted spiral channel. In contrast, tiny blood cells which did not meet 

the condition ap/Dh > 0.07, flowed along the Dean vortex and returned to the outer 

wall. Before CTC enumeration in all clinical samples from patients with metastatic 

lung cancer (n = 5–20; 5–88 CTCs/mL), the device performance was optimized 

using cancer cell lines with a >85% recovery ratio. A recovery of 85% for spiked cells 
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across several cancer cell lines and a 99.99% depletion of WBCs in whole blood were 

achieved by Warkiani203. It was shown by Zhang et al. that an automated microfluidic 

apparatus with a flow-regulating chip and eight spiral channels can be used to 

separate CTCs without using labels. Automated MCF-7 cell sorting from diluted 

human blood with a recovery rate of 85% was achieved within a processing time of 

23 minutes using the equipment146.  

 

Di Carlo originally developed the serpentine channel (Figure 17 (A)) for inertial 

microfluidics for the continuous focusing and arranging of polystyrene particles in 

2007204. With a flow rate of 1.5 mL/min and a throughput of 15 000 cells, it is 

possible to focus blood cells and separate 4 and 7 µm polystyrene particles. Even sub-

micrometer particles might be precisely focused to stable equilibrium locations in a 

sinusoidal channel, as proven by Wang et al. 205. Particle focusing is possible by 

utilizing a serpentine channel. The novel focusing idea used secondary flow drag and 

particle centrifugal force. Polystyrene particles as small as 3 µm and as large as 10 

µm have been successfully separated, with separation efficiencies of above 90%, 

which is more than 97.5% for 10 µm particles 92.8 percent for 3 µm particles206.  

 

An efficient vortex chip (Vortex HT) developed by Di Carlo's team has been launched 

for the separation and trapping of CTCs207. There are sixteen parallel channels on 

the Vortex HT processor, each with 12 serial reservoirs. Large cancer cells in each 

reservoir can travel across the fluid stream and into the vortex, while the smaller 

blood cells can flow out of the chip and into the surrounding environment. Using a 

wash solution to remove the remaining blood cells and reduce the flow rate to 

dissipate the vortices was part of the four-step processing procedure. The priming 

wash was followed by sample infusion and size-based capture of target cells. In a 

recent study, CTCs were isolated in less than an hour from 22 patients with advanced 

prostate cancer, with a purity ranging from 1.74 to 37.59% and a high efficiency 

ranging from 1.88 to 93.75 CTCs/7.5 mL of blood. In addition to the fact that the 

Vortex HT chip has a limited capacity in reservoirs, there are two downsides such as 

its not a continuous process of separation and the capture efficiency drastically 

reduces due to that. To continually siphon big particles, Wang et al. devised a new 

design (Figure 17 (B)) with side outputs in each chamber to alleviate these 

drawbacks. Continuous separation of polystyrene particles with a high size-
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selectivity of 2 µm, an efficiency of >90%, and purity of >90% were made possible 

with this modification208. 

 
Figure 17: A) Serpentine channel for continuous particle focusing. Copyright (2007) National 

Academy of Sciences204. B) A vortex aided inertial microfluidic device. Trapped particles are 

siphoned using side outlets improving the overall separation efficiency208. Reproduced with 

permission from ref [207] under the terms of the Creative Commons Attribution License. 

 

 

Elasto Inertial microfluidics  

Due to an uneven distribution of the initial normal stress along the 

microchannel's centerline and walls, particles in a pressure-driven, viscoelastic flow 

gravitate toward the centerline. Non-negligible inertial effects are added to the 

primarily elastic forces209,210. The nonlinear effects of fluid inertia and fluid elasticity 

generated by the non-uniform distribution of normal stress cause the particles in 
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rectangular geometries to migrate towards the channel's center and corners while 

performing 3D focusing under identical circumstances. Fluid elasticity and inertia 

work together to concentrate particles in three dimensions in microchannels with a 

rectangular cross-section211-214. The Weissenberg number describes the relative ratio 

of elastic to viscous properties, Weissenberg number Wi = (
2 𝜆 𝑄

ℎ 𝑤2), where λ is the 

relaxation time of the polymer additives. Elastic and inertial contributions are 

related by the elasticity number El = (
𝑊𝑖

𝑅𝑒
), calculated as the ratio of Weissenberg and 

Reynolds numbers. We previously demonstrated robust single-stream particle 

focusing in viscoelastic fluid at high Reynolds numbers with circular cross-section 

straight channels by eliminating corner effects in rectangular geometries (Re up to 

100)143. Non-Newtonian viscoelastic fluid particle migration in curved channels is 

more complicated and relies on inertial, elastic, and Dean drag forces. The so-called 

nonlinear viscoelasticity property of non-Newtonian viscoelastic fluids is achieved 

by simply adding a small amount of macromolecule polymers, such as 

polyvinylpyrrolidone (PVP), polyacrylamide (PAA), and polyethylene oxide (PEO), 

to Newtonian fluids. This results in a synthesis of liquid-like viscous and solid-like 

elastic properties215,216.  

 

In contrast to the frequently utilized basic straight channels, relatively few studies in 

the field of elasto-inertial microfluidics have attempted to comprehend or use 

particle focusing in complex shaped or curved channels. For example, in typical 

pinched flow fractionation (PFF) channels, Lu et al. exploited elasto-inertial 

phenomena to augment the displacement of focused particle arrays and achieved 

continuous shape or size-based particle separation217. Using a straight channel with 

side wells, Kim et al. created an inertialess viscoelastic flow hoop stress inducer218. 

An asymmetrical expansion-contraction channel was devised by Yuan et al. to allow 

3D focusing at high throughput while maintaining high efficiency219. Lee et al.211 

recently observed an "Elasto-inertial focus band" between 1.5 and 10-micrometer 

beads at low Reynolds numbers, which they called "Dean-coupled Elasto-inertial 

focus band." Yinning et al.220 have shown size-tunable elasto inertial sorting of five 

distinct particles at a flow rate of 160 µl/min using a method developed by the group. 

Nan Xiang reported particles focusing on low aspect ratio microchannels and 

derived the defocusing features in spiral microchannels209. A 1 mL/min flow rate can 

separate 15 µm from 10 µm particles using differential migration as a proof-of-
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principle for high-resolution particle separation, which has only been previously 

shown in inertial microfluidics. The 10 µm and 15 µm particles were separated with 

98% and 97% efficiency, respectively214. 

 

2.2.2 Biochemical marker-based separation 

 

Labeled sorting 
Affinity-based isolation, which is widely used, is now a viable option for CTC 

counting. This technique uses an antigen pattern specific to CTCs. This technique of 

CTC count is based on the unique antigens generated by CTC depending on their 

tissue origin that are not shared with other normal blood components221,222. Negative 

enrichment may also be achieved by using antigens not found on CTCs but other 

blood cells that selectively collect normal blood cells surrounding CTCs using the 

CD45 antigen. Negative enrichment techniques are preferable to positive 

enrichment methods in terms of purity since label-free CTCs can be collected 

independent of specific antigen expression222-224. One of the most common examples 

of positive enrichment is EpCAM (Epithelial cancer adhesion molecule) for CTC 

collection in epithelial carcinoma types. EpCAM, a transmembrane glycoprotein 

absent in normal cells, is found in epithelial cancers. Antibodies against EpCAM can 

isolate epithelial CTCs from peripheral blood153,225-228.  

 

CellSearch52,229 is the CTC industry standard. This is the first and only FDA-

approved technology for performing CTC testing on patients with metastatic 

prostate, breast, and colorectal cancers. Magnetic field-based cell sorting identifies 

CTCs utilizing ferrofluid nanoparticles functionalized with anti-EpCAM antibodies. 

The cells are then separated using a magnetic field. To summarize, plasma and buffer 

are aspirated after blood and buffer are mixed and centrifuged. Ferrofluid 

nanoparticles are used to enrich EpCAM-expressing CTCs. Cytokeratin such as 

Cytokeratin 8,18,19-phycoerythrin is utilized to detect CTCs as epithelial markers 

following CTC enumeration. In the first landmark study with metastatic breast 

cancer patients, CellSearch technology discovered 5 CTCs per 7.5 mL blood sample81. 

Without centrifugation or lysis of red blood cells, MagSweeper230 can separate CTCs 

from blood samples. Non-adhesive, ultrathin plastic sleeves less  than 25 nanometers 

thick are used to catch and release CTCs from liquid samples, allowing for a large 

number of capture and release cycles and a high capture efficiency. A robotically 
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operated magnetic rod distinguishes CTCs by brushing through wells containing 

labeled samples. After the rod-sheath assembly has washed away contaminated 

unlabeled cells, an external magnetic field may release the tagged cells captured. 

MagSweeper can process 9 ml/h of blood with a single automated system and can 

easily be scaled up to process several samples simultaneously. Capture efficiency was 

62% ± 7%, and purity was 51% ± 18% percent for this device's detection when tested 

on cancer cell lines. 

 
Figure 18: Technologies involved in labeled sorting of CTCs. A) Graphene oxide chip231 B) NP- 
HBCTC-Chip232 C) Gilupi CellCollector (reproduced from the official website) D) CTC-iChip233. 

Reproduced with permission from ref [231] [232] [233] under the terms of the Creative Commons 

Attribution License. 

 

Microposts coated with anti-EpCAM antibodies are used in the CTC-Chip approach 

to capture CTCs114. In the initial generation of CTC-Chip, 78,000 microposts were 

put on a 970-mm2 surface and coated with anti-EpCAM antibodies. One to two 

milliliters of blood was flowed per hour through the CTC-Chip to capture and identify 

CTCs. A total of just 2–3 mL of blood may be processed using the CTC-Chip 

technique. The standard blood sample is 7.5 mL in clinical settings, which might be 

a problem for CTC-Chip technique as it cannot process such as huge sample. HB-
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Chip, the successor to the CTC-Chip, was designed with a Herringbone shape to 

disrupt blood flow and increase CTC collisions with antibody-functionalized chip 

walls. When using a new HB-chip design, there has been a significant increase in the 

number of CTC clusters recorded and the capacity to identify clinically substantial 

CTC clusters234. The CTC-iChip233(Figure 18 (D)), the third version of the CTC-Chip, 

employs hydrodynamic size-based cell sorting to lower the number of small blood 

cells like red blood cells and platelets. The inertial focusing microfluidics inserts cells 

in a single cell line and applies a magnetic field to promote EpCAM positive CTCs or 

reduce CD45 positive leukocytes235.  

 

There is an increasing need for in-vivo CTC collection, and a novel approach, the 

Gilupi cell collector (Figure 18 (C)), attempts to address that demand. This technique 

uses an anti-EpCAM antibody-coated medical wire to extract CTCs from cancer 

patients' cubital veins. Compared to conventional ex-vivo CTC tests, this method 

allows for collecting CTCs from 1.5 to 3 L of blood236. A graphene oxide (GO) chip 

(Figure 18 (A)), a microfluidic device, is utilized to increase CTC capture sensitivity. 

Gold floral patterns absorb the gold nanosheets on the GO chip231. To harvest CTCs, 

EpCAM antibodies may be chemically functionalized on GO sheets. More than 80% 

of the EpCAM-expressing cells could be isolated. More than 65% of the spiked 

samples had cells expressing EpCAM. Many immunoaffinity-based techniques have 

a crucial problem in that it is challenging to remove live cells from the capturing 

surface. The GO chip is no different, but a thermoresponsive polymer was fabricated 

to overcome this problem, adjusting to temperature changes without affecting their 

structure. For cancer cells that express EpCAM, a higher capture efficiency of 

84.93%-95.21% has been achieved. 95.21% and 91.56% of released cells were 

determined to be alive in buffer and blood experiments237. Another technique that 

focuses on releasing the captured cells is NP-HBCTC-Chip (Figure 18 (B)). It relies on 

the ligand-exchange technique (AuNP-thiol exchange reaction) to release cells from 

AuNPs in this process232,234. Nonspecific binding was reduced by roughly 20%, while 

capture efficiency was increased by 96.4% ± 2.2%. This study indicated that CTC 

counts ranged from 6 to 12 cells per milliliter in patients with metastatic breast 

cancer. It takes around four hours to process three milliliters of whole blood.  
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Chapter 3: Biomaterials used in capturing CTCs 
 

3.1 Surface modifications in microfluidic chips  
 

As stated in this thesis, microfluidic devices have garnered considerable 

interest due to their competitive advantages. Microfluidic devices are often made of 

silicon, glass, polymers, or a mix of these materials238-240. Glass is a significantly 

more promising option because of its well-defined surface chemistries, favorable 

electroosmotic flow (EOF) properties, and better optical transparency241,242. 

However, when cost, time, and effort involved in fabrication and production are 

considered, polymers and elastomers become more desirable in microfluidic devices. 

Poly dimethyl siloxane (PDMS) is by far the most often used polymeric material in 

microfluidics. This is due to the material's numerous distinguishing characteristics, 

including its elastomeric properties, biocompatibility, gas permeability, optical 

transparency, ease of molding into micrometer features, ease of bonding to itself and 

glass, relatively high chemical inertia, and low manufacturing costs243-246. While 

PDMS offers several advantages, its hydrophobicity makes it difficult to introduce 

liquid into the microchannels of PDMS-based devices. Surface charges are necessary 

to effectively limit non-specific adsorption of hydrophobic substances, increase 

wettability, stabilize and improve EOF247-250.  

 

PDMS or glass surfaces may be modified in a variety of ways. Plasma is a 

partially ionized gas in which a fraction of electrons and ions are unbound from an 

atom or molecule, and radical species are abundant. Plasma surface modification is 

accomplished by dissociating and reacting with gases such as oxygen, nitrogen, and 

hydrogen on the substrate surface, forming chemical functional groups. This form of 

surface alteration is by far the most often utilized nowadays248,251-256. UV-treatment 

is roughly an order of magnitude slower than oxidizing PDMS with plasma in terms 

of time necessary to accomplish the same effect. However, the benefit of UV 

treatment techniques is that they allow for a considerably more profound change of 

the PDMS surface without causing cracking or mechanical weakness256-258. Surface 

silanization may be carried out on various substrates as long as they have hydroxyl 

groups on the surface that react with alkoxysilanes to generate covalent Si-O-Si 

bonds with the underlying substrate. Following surface oxidation, different 

functional head-groups may be added onto the surfaces using amine, thiol, or 
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carboxyl ended alkoxysilanes248,259,260. Within the last two decades, the advancement 

of nanotechnology has resulted in creating a diverse array of novel nano-scaled 

materials with a wide variety of uses. Due to the beneficial surface chemistry of 

nanomaterials and nanostructured substrates, such as a high surface-area-to-

volume ratio and increased local topographical interactions, they play an 

increasingly essential role in detecting cancer components261-266. 

 

In microfluidics, layer-by-layer (LBL) deposition is a new approach for surface 

modification. The LBL assembly process is a broad term that refers to the alternating 

adsorption of polyanions and polycations on nearly any substrate surface to form 

polyelectrolyte multilayers. The LBL assembly approach has several benefits, 

including simplicity, efficiency, and nanoscale thickness control267-271. However, the 

structure, functionality, and stability of polyelectrolyte multilayers (PEM) are highly 

reliant on various parameters, including the ionic strength and concentration of the 

polyelectrolyte, the kind of solvent, the temperature, and pH of the solution, 

especially for weak polyelectrolytes269,272. Schmolke et al. employed an automated 

dipping robot to deposit PEMs of poly(diallyldi-methylammonium 

chloride)/poly(acrylic acid) (PDDA/PAAc) or poly(hydroxyethyl ammonium 

chloride)/poly(acrylic acid) (PAH/PAAc) on a PDMS surface prepared with 

HCl/H2O2. Following that, a top layer of custom-made PAAc-g-PEG was successfully 

grafted onto the PEMs, resulting in a hydrophilic surface273. The protein G-

immobilized hydrogel chip was created by Sung et al. The PDMS surface was 

modified with PEMs (poly(ethyleneimine)/PAAc) in a microchannel using the LBL 

technique; photoinitiator (PI) was absorbed into the PEMs-modified PDMS 

microchannel; protein G was covalently attached to NHS-PEG-acrylate molecules 

for copolymerization with acrylamide/bisacrylamide, and a specific region in the 

PEMs-modified PDMS microchannel was exposed to UV. Hydrogel plugs with 

patterned surfaces were created inside PDMS microchannels274. Schrott et al. 

effectively coupled LBL deposition and protein adsorption to create multilayers of 

dextran sulfate/human IgG on a PDMS surface primed with IgG. The antibodies 

were then crosslinked with glutaraldehyde275. Wang et al. assembled LBL by first 

adding a polyelectrolyte (PDDA, linear polyethyleneimine (LPEI), poly(allylamine 

hydrochloride), or Chit) as a pre-layer. Later, gold nanoparticles stabilized with 

citrate were bonded to the polyelectrolyte modified PDMS surface276. 
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Figure 19: A) A classical bioconjugation of antibodies in microfluidics chips- (MPTMS-GMBS)277  B) 

Alginate nano-film LBL for capture and release of CTCs278 C) Thermo-responsive graphene oxide 

polymer237. Reproduced with permission from ref [267] [270] [237] under the terms of the Creative 

Commons Attribution License. 
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A microfluidic chip with a biodegradable nano-film covering may be utilized to catch 

and release cancer cell lines such as prostate and lung cancer non-invasively 

microfilter (Figure 19 (B)). An ultrathin coating of alginate was achieved using LbL 

assembly by Li et al. Prostate (PC-3, n = 3), and lung cancer (H1650 and H1975, n = 

3) cancer cells spiked in whole blood were captured and released on HBCTC-chips 

modified with Polyallylyamine and Alginate (PAH/ALG). Around 79.2% for prostate 

and 78.9 % for lung cancer cells capture efficiency was observed, which is identical 

to the capture efficiency attained with non-degradable GMBS modified HBCTC-chips. 

After flushing the HBCTC-chip with an enzyme solution at a flow rate of 2.5 mL/h for 

30 minutes, more than 95% of the collected cells were effectively freed278. In another 

approach by Yoon et al. 237. Graphene oxide (GO) chip (Figure 19 (C)) was 

disseminated in a thermoresponsive polymer matrix with a lower critical solution 

temperature (LCST) of 13°C to cover the bottom substrate of the microfluidic device. 

The copolymer poly(N-acryloyl piperidine-co-N, N-diethyl acrylamide) was 

produced using free radical polymerization. At a flow rate of 1 mL per hour, blood 

samples were processed from 10 metastatic breast cancer patients and three 

pancreatic cancer patients. There were 2 to 20 CTCs per mL in samples from eight 

breast cancer patients and two pancreatic cancer patients. Both a thermally 

responsive (for bulk-population recovery at 37°C) and a mechanically sensitive (for 

single-cell recovery through frequency regulated microtip) gelatin nanostructure 

covering the surface was built for the release of CTCs from peripheral blood. In 

another novel approach, Reátegui et al.279 Reátegui et al. employed biotinylated 

gelatin coated with alternating layers of streptavidin on plasma activated PDMS 

surfaces. Polystyrene nanoparticles coated with streptavidin were affixed directly to 

the top surface of a gelatin nanocoating, increasing the local concentration of 

antibodies accessible for binding to the target cell. Capture effectiveness was 95.9% 

± 1.5%. The nanocoating enabled around 93.2% and 88.3% cell recovery and 

viability, respectively, to capture spiking prostate cancer cells in whole blood. 

Cellulose nanofibrils are a biodegradable and versatile material that emerges due to 

their unique three-dimensional structure and high biomolecular surface density. 

Because of their high density, hydroxyl groups may easily be transformed into 

carboxyl, epoxy, or amine groups.  
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Cellulose Nanofibrils 
Bio-based green polymer, cellulose, is the most prevalent, have the most significant 

impact on environmental sustainability. Modern nanocellulose-based materials, 

such as those used in the aerospace, automotive industries, food, paper industries, 

and cosmetics industries, have begun to displace synthetic nanofillers in a variety of 

structural applications280-283. There are several advantages to using cellulose 

nanofibers in place of traditional medical biomaterials. These advantages include 

high aspect ratio and low density of the nanofibers, excellent mechanical 

characteristics, high tensile strength, stability, and biocompatibility. There are 

numerous biomedical applications involving cellulose nanofibers include drug 

delivery284,285, wound dressing286,287 as well as neural regeneration, tissue 

engineering284, bone tissue engineering, and blood vessel replacement, among 

others283,288-290.  A novel approach of using cellulose nanofibrils to build multiple 

layers of a matrix where CTCs can be trapped and released with high viability in a 

microfluidic chip was presented for the first time in this thesis. A series of 

polyelectrolytes were used to build the layers. A microfluidic channel with up to five 

alternating CNF layers was built using the layer-by-layer method. A chemically 

modified surface was utilized to anchor anti-EpCAM antibodies on the surface of the 

microfluidic devices. As many platforms provide the capturing of CTCs, very few 

could release the captured CTCs for further downstream analysis. In this case, a 

harmless chemical gently released the captured cells with an efficiency of 80% with  

high viability of more than 97% in less than 30 minutes291. This platform provides a 

promising device that could be scaled up and potentially applied in a clinical setting.  
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Chapter 4: Present investigation 
 

4.1 Paper 1: 'High throughput viscoelastic particle focusing and 
separation in spiral microchannels' 
 

In paper 1, we present the fundamental physics of particle focusing and separation 

at higher Reynolds number in a viscoelastic fluid, where particles are flowing 

through a rectangular curved microchannel. For the first time, we present particle 

focusing in a rectangular curved microfluidic channel at two order magnitude higher 

flow rate than previously reported in elasto inertial microfluidics. Figure 4.1 a) shows 

the principle behind elasto inertial microfluidics. Due to the balance between forces 

such as Dean force (FD), Elastic force (FE), Shear induced lift force (FLS), and wall 

induced lift force (FW), the particle settles in an equilibrium (position 3- Figure 4.1 

a). Dean force increases with increased flow rate, changing the equilibrium of the 

focused particle and eventually the particles will be defocused.  Figure 4.1 b) shows 

the difference between inertial and elasto inertial microfluidics, in the case of inertial 

microfluidics, the particles focus on the inner wall at a high flow rate of 1 ml/min in 

a curved microchannel, while in using a viscoelastic fluid, PEO (Polyethyleneoxide), 

at a concentration of 500 PPM, the particle completely shifts and focus to the outer 

wall. Different parameters, such as flow rates (Re), spiral curvature (De), aspect ratio 

(fixed width and different heights of the channel) and PEO concentrations were 

extensively characterized to investigate and optimize the particle focusing. While 

keeping the width constant at 500 µm, four different heights were tested (50,100,150 

and 200 µm). A the height increases, particle defocusing was observed. Particle’s 

equilibrium positions were changed as we increased the PEO concentrations from 

500 PPM to 5000 PPM. As the viscosity increases, the particles moved closer to the 

center of the microfluidic channel as expected. Based on the optimized geometry and 

flow conditions, as a proof of principle, particle separation was demonstrated using 

a two-turn spiral microfluidic design (figure 4.2 a). 10 µm and 15 µm polystyrene 

fluorescent particles was suspended in 500 PPM (PEO) and pumped through the 

inner inlet while a sheath buffer of 500 PPM (PEO), was pumped through the outer 

inlet. At a flow rate of 50 µL/min for the sample and 950 µL/min for the sheath, a 

separation efficiency of 97% for 15 µm and 98% for 10 µm was achieved. However, 

despite very high separation efficiency, the system suffered from low sample 

throughput. To overcome this, we designed a novel integrated spiral microfluidic 
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chip, that circumvents the need for a sheath buffer (see figure 4.3 a). The system 

integrated two spirals where the first one is used to pre-focus particles above a 

certain size and the second spiral is used to differentially migrate particles based on 

size. In this setup, the sample is pushed into the chip at a flow rate of 1 ml/min. We 

separated 10 and 15 µm particles at a flow rate of 1 mL/min with an efficiency of 89% 

for the 10 µm particles and 99% for the 15µm particles. In summary, we 

demonstrated a high throughput elasto inertial microfluidics for the particle 

focusing, separation and volume reduction. It has several potential applications in 

rare cell separation that require the processing of large blood volumes, such as CTCs 

for cancer diagnostics and bacteria for sepsis diagnostics.  
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Figure 4.1: a) Overview of particle focusing principle in spiral microchannels. (A) Schematic 

illustration of particle focusing in elasto-inertial microfluidics. Under the influence of Dean drag forces 

(FD), particles migrate along the Dean vortices, and depending on the position the particles 

experience additional strong inertial lift forces (FLS and FW) and elastic forces (FE). How these forces 

acting on a particle focused in a distinct point (positions 1–4) are highlighted. Note, there are vertical 

lift and viscoelastic forces acting on the particles but are negligible at the center line. Inset, COMSOL 

simulation showing a of a skewed mean flow (contours) and cross-sectional flow (arrows). (B) Inertial 

and elasto-inertial particle focusing. Fluorescence image of 15 μm particles flowing through the spiral 

in Newtonian (left) and non-Newtonian (right) fluid using PEO as elasticity enhancer. In a Newtonian 

fluid, the particles are focused at the inner wall and for Non-Newtonian fluid at the outer wall. Scale 

bar: 500 μm.  
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Figure 4.2: Sheath-based flow for particle separation. (A) Differential migration of 10 μm (green) 15 

μm particles (red) from the inner wall. Particle position at the different regions (position 1–6) are 

shown, clearly indicating that the smaller 10 μm particles migrate first towards the outer wall. (B) 

Particle counting results, indicating high separation efficiency where 98% of 10 μm particles were 

collected at outer outlet and 97% of 15 μm particles at the inner outlet. The total flow rate was 1 

mL/min (sheath: 950 μL/min and sample: 50 μL/min).  
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Figure 4.3: Sheath-less flow for high throughput particle separation using integrated spiral. 

Experimental results of two integrated spiral. (A) Particle size with 10 and 15 μm introduced at the 

inlet, where 10 and 15 μm particles are pre-focused in the first spiral and follows to the next spiral, 

where the 15 μm particles remains at the inner wall, while the 10 μm particles moves towards the 

outer wall of the channel. (B) Separation of particle 10 and 15 μm at a high flow rate of 1 ml/min, 

indicating a separation efficiency of 89% for 10 μm particles at the outer outlet and 99% for 15 μm 

particles at the inner outlet.  
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4.2 Paper 2: 'Analogue tuning of particle focusing in elasto-
inertial flow.' 

 
In paper 2, we studied particle focusing in weak viscoelastic flows 

theoretically and experimentally.  Here, we used circular cross-sections and due to 
its uniformity in shape, the behavior of particles was very different but predictable 
compared to a rectangular channel. In order to understand the fundamental 
behavior of the particles, we started with Newtonian fluid, as shown in figure 4.4 a). 
The particles were spread across the channel and reached an equilibrium position at 
0.6 radius from the center, as expected. In contrast, particles suspended in a non-
Newtonian fluid (PEO) behaved differently. As shown in figure 4.4 b-d), the particle 
focusing position shifts towards the center with increased PEO concentration. In 
order to understand this behavior in detail, we applied numerical simulation and 
used  FENE-P model to represent non-Newtonian fluids and Immersed Boundary 
Method (IBM) for the particles. FENE-P model allows us to reach higher 
Weissenberg number (Wi) compare to other viscoelastic flow model such as 
Oldroyd-B. While, IBM provides particle velocities and trajectories.  As can be seen 
in figure 4.5 a, at a fixed Reynolds number (denoting flow rate) of 300 with different 
Weissenberg number (denotes the elasticity of the fluid) of 0, 1, 2 and 3 particles 
released at a fixed position (0.3 R) will gradually move towards the center. At the 
same time, particles released at different positions, such as 0.3R and 0.7R, will 
eventually end up at the same point, as seen in figure 4.5 b), indicative of fixed final 
equilibrium position. In both these cases, Wi = 0 (Newtonian) reached the 
equilibrium at 0.6R of the capillary. In summary, we show that particles can be 
focused at  dynamic focusing positions in weakly viscoelastic fluids.  This can have 
implications in the development of different techniques such as flow cytometry that 
require high resolution focusing and various biomedical applications.   
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Figure 4.4: Different particle focusing equilibrium positions for concentrations of PEO solution ranging 

from 0 to 500ppm and for flow rates in the range from 5 till 180 µL/min. a Top view of capillary for 

Newtonian case, the particles reach equilibrium position at 0:6R from the center at F=0:6D. 

Scalebar:50 µm. b F=0:5D, Non-Newtonian fluid at 10 ppm: the behavior is similar to the one reported 

for a Newtonian fluid, except that the particles never reach a 0:6R distance but focus on a narrower 

bandwidth (F = 0:5D vs. 0:6D at 180 µL/min). c) F =0:4D, Non-Newtonian fluid at 50 ppm: the particles 

move even closer to the center than for 5 ppm (F=0.4D vs 0.6D at 180µL/min). d F=0 case for Non-

Newtonian fluid at 500ppm, where particles achieve centerline focusing at low Reynolds number 

(Re<1, Wi = 0.1 at 20 µL/min)). e Cross sectional view of the four cases a–d  
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Figure 4.5: a Particle trajectories at Re 300 for different Weissenberg numbers. The particles 

progressively focus closer to the centre as Wi increases. b Particles introduced from different starting 

positions converge to the same final equilibrium position for both the Newtonian (Wi=0) and Non-

Newtonian fluid (Wi=1); the two different starting position are 0.3 R and 0:7R  
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4.3 Paper 3: 'High performance micro-flow cytometer based on 
optical fibers' 
 

In paper 3, we developed a portable, miniaturized microflow cytometry and 

demonstrated a high throughput elasto inertial particle focusing in a circular cross 

section. We combined the elasto inertial microfluidics to fiberoptic capillaries  to 

achieve a compact optofluidic platform capable of focusing particles and counting. 

As shown in figure 4.6 a,c, and d), a combination of capillaries and fibers were used 

to fabricate the portable flow cytometer. A capillary carrying the focused particles 

was arranged opposite to the double cladding fiber, which was used for detection. 

After detection of each particle, the sample was collected in an output capillary 

aligned next to the detection capillary. The fourth capillary fiber (figure 4.6 (c)) was 

there to maintain the alignment. To achieve focusing and detection, various 

parameters were characterized such as different capillary diameter, particle size and 

the concentration of PEO. Using different diameter of micro-capillaries, we were 

able to focus a single stream of particles at a high flow rate of maximum of 800 

µL/min, as shown in figure 4.7 b). Also, in increasing the concentration of PEO from 

500 PPM to 2000 and 5000 PPM, we observed a good focusing even at lower flow 

rates (below 200 µL/min). However, at the same time, the higher viscoelastic fluid 

increased the pressure build-up in the capillaries leading to reduced throughput 

(figure 4.7 c). After characterizing the focusing behavior of different sized particles 

in microcapillaries, we detected the fluorescence and scattering of each particle. A 

99% match was achieved between the fluorescent and scattering signals. We were 

able to count 2500 particles per second combining elasto inertial microfluidics and 

a portable optical system. After successfully demonstrating the capabilities of 

focusing of particles, we also focused and counted cancer cells (cell line HCT116) as 

a proof of concept at a flow rate of 400 µL/min (figure 4.8). In summary, we 

developed a portable microflow cytometer combining elasto inertial microfluidics 

and optical fibers. The developed platform can be possibly utilized in point-of-care 

diagnostic settings for cancer diagnostics and also in other areas where counting and 

detection of particles or cells are vital.    
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Figure 4.6: Fibre-based microflow cytometer. (a) Integrated detection micro-chamber; (b) Detection 

principle of the double-clad optical fibre (DCF); (c) Image of the micro-chamber during operation. The 

green light is fluorescence from particles flowing through the input capillary and excited by light from 

the DCF; (d) Cross- sectional views of the micro-chamber; (e) Simulated bi-dimensional map of: (left) 

excitation from the DCF core (9-μm diameter), (centre) collection efficiency of the DCF inner cladding 

(105-μm diameter and 0.2 NA), and (right) light collected by the DCF. An excitation wavelength 450 

nm and a medium refractive index 1.33 (water) are used for the simulation.  
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Figure 4.7: Particle focusing in capillary flow. (a) Inertial and (b) elasto-inertial focusing of particles of 

diameter a flowing in capillaries of diameter d. (left) schematic cross-section and long-exposure 

fluorescence microscopy image of focused particles, and (right) transversal profile obtained from 

fluorescence images indicating particle position for different flow rate (Q) and Reynold number (Re). 

Dashed black lines define the capillary walls; (c) Elasto-inertial focusing of 15-μm particles flowing in 

a 90-μm capillary at different flow rates for PEO concentrations of 500, 2000 and 5000 ppm. The 

figures consist of a contour plot made by stacking transversal profiles as a function of the flow rate.  
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Figure 4.8: Detection of cells. (a) Focusing characterisation in a 90 μm capillary; (b) Long-exposure 

fluorescence microscope images of partially focused (left) and focused regimes (right); (c) 

Fluorescence signals corresponding to the images in (b); (d) Example of scattering and fluorescence 

over a 0.04 s interval. Data was obtained from a 1 minute recording with a total of 35484 fluorescence 

and 46101 scattering events.  
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4.4 Paper 4: ‘Lab-in-a-fiber based particle separation and 
counting' 

 
In paper 4, we present the integration of separation and detection of microparticles 

in a continuous flow all-fiber based capillary system. Here, elasto inertial 

microfluidics was combined with optics and mircocapillaries to first separate 

different sized particles followed by counting of the separated particles.  A series of 

different capillary sizes were fused in sequence to achieve the separation and 

detection in a continuous flow system. We designed a five-hole microcapillary that 

carries the sheath in the center while the sample with the particles were kept at the 

four holes as shown in figure 4.9.  This allowed to pre-position the particles away 

from the center to enable differential migration-based separation of particles based 

on sizes.  To understand the differential migration behavior of a particle, different 

parameters were studied such as the flow rate needed to achieve differential 

migration, length of the separation capillary for the migration of particles to the 

center and different particle size. A sample mixture of 1 µm (red) and 10  µm (green) 

fluorescent particles were kept in the annular space (away from the center) of the 

capillary with the help of the sheath at the center, pushed at a higher flow rate 

compared to the sample. The bigger particles migrated towards the center, whereas 

the smaller particles were focused around the annulus of the capillary (Figure 4.10). 

Experimentally, we found that a minimum of 4 cm capillary length was required for 

the bigger particle to completely migrate to the center of the capillary while smaller 

particle were scattered close to the walls (away from the center) . The flow rate plays 

a crucial role in the migration of particles. A flow rate of the sheath (40 µL/min) at 

the center and sample (10 µL/min) from the side inlets  allows the bigger particle to 

gradually migrate to the center. As shown in figure 4.11, it can be seen that the 10 µm 

particles were focused in the center while the 1 µm particles were away from the 

center. Separation efficiency of 100% for the 10 µm particles and 97% for the 1 µm 

particles was achieved, as shown in figure 4.12. The separated 10 µm particles were 

then counted in a continuous flow system, at a rate of 1400 particles/min as a proof 

of concept. The entire process from separation to detection was performed in a single 

step without any interventions. In summary, we introduced a Lab-in-a-fiber system, 

comprising of a single component, which is capable of separation with higher 

efficiency and detection of particle at the same time. To the best of our knowledge, 

this is the first time inertial microfluidics-based separation has been combined with 
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particle counting in an integrated system. This technology has greater potential in 

cancer cell isolation and detection. 

 

       

 
Figure 4.9: Experimental setup for separating the 10 µm green and 1 µm red fluorescent 

microparticles using an all-fiber separation component. The microfluidic pumps infuses visco-elastic 

fluid mixed with fluorescent microparticles. The separated particles exit the component in two distinct 

capillaries and the 10 µm fluorescent microparticles are counted. A fluorescence microscope is used 

for taking images of the microparticles at various intervals as they migrate through the all-fiber 

component. 
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Figure 4.10: Fluorescent images of the separation channel taken from entrance up to 5 cm at an 

interval of 1 cm for identifying the migratory behavior of particles. The flow rates are 10 µL/min for 

sample and 40 µL/min for sheath. Larger particles enter the separation capillary pre-focussed 

whereas the 1 µm particle enters from all four holes of the 5-hole capillary. 15 µm particle at the top 

migrates to the center of the capillary within 3 cm from the entrance whereas the 1 µm particle remains 

unfocussed within 5 cm.     
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Figure 4.11: A) Fluorescent image of the end of separation capillary taken during separation where 

the 1 µm red particles are separated from the center and enter the outer four holes of the 5-hole fiber, 

B) fluorescent image of the same where the 10 µm green fluorescent particles are focused to the 

center and enter the central hole of 5-hole capillary. C) Normalized intensity graph of the cross-section 

at the end of the separation capillary showing focusing of the 10 µm particles (green). 
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Figure 4.12: Enrichment analysis of separated particles. Results showing the separation efficiency of 

1 and 10 µm particles calculated using a hemocytometer. A) Fluorescent images of 1 (red) and 10 

(green) µm particles before separation, B and C) Fluorescent images after processing the sample 

through the separation device. D) The graph shows a 100% separation of 10 µm particle and 97% of 

1 µm particles.   
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4.5 Paper 5: 'Multi-layer assembly of cellulose nanofibrils in a 
microfluidic device for the selective capture and release of viable 
tumor cells from whole blood' 
 

In paper 5, we developed a novel technique for affinity-based capturing of cancer 

cells from whole blood followed by release for downstream analysis. A layer-by-layer 

(LBL) method was adopted to create a uniform layer of cellulose nanofibril (CNF) 

surface on microfluidic channel. By taking advantage of the polyelectrolyte 

polymers, alternating layers of cellulose nanofibrils, which are negatively charged, 

was built on top of positively charged polymers such as polyallylamine hydrochloride 

(PAH) and polyethyleneimine (PEI). Figure 4.13 shows the overall process of 

building the multiple layers of CNF, anchoring antibodies to capture CTCs, and 

finally releasing it. To achieve a uniform coating of CNF across the microfluidic 

device, different parameters were taken into consideration, such as the 

concentration of CNF and the incubation time required between each layer before 

building the next layer. A final concentration of 0.23 g/L with a 10 minutes 

incubation time was found to be sufficient to build each CNF layer. A minimum of 5 

layers was built to achieve a uniform distribution of CNF to reduce the unspecific 

binding of antibodies and cells on the surface of the microfluidic chip. Viscozyme L 

cellulolytic enzyme mixture, which does not affect the cell viability, was used to 

digest the CNF layers, a process that takes only 30 minutes, as shown in figure 4.14. 

After successful optimization, we demonstrated the capturing and release of cancer 

cells spiked in whole blood, as shown in figure 4.15. A capture efficiency of 97% was 

achieved on the chip. The captured cancer cells were released with an efficiency of 

80% from the microfluidic chip. Also, after releasing, 97% of the released cells were 

viable. The high releasing efficiency and high viability allows for further downstream 

analysis to be performed such as molecular studies including next-generation 

sequencing. In summary, a novel LBL based surface modification method was 

applied on microfluidic devices which enabled capturing and releasing cancer cells 

from whole blood. The possibility of releasing the cancer cells with high viability rate, 

opens several possibilities to interrogate the cancer cells, including culturing the 

primary cells and single cell “omics”. Access to the cells is going to be important to 

know more about the origin of the cancer, prognosis development, proteomic and 

genomic content to tailor the treatment and much more.   
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Figure 4.13: Schematics of LbL CNF assembly for affinity cell capture and enzymatic release and 

AFM characterization. (A) CNF LbL buildup at neutral pH on a surface modified with PAH. Both PEI 

and PAH have a global positive charge, while CNF has a global negative charge. (B) Affinity cell 

capture after conjugating anti-EpCAM antibodies on the upper layer of CNF (top), followed by 

digestion of the CNF layers using a cocktail of cellulolytic enzymes resulting in the release of trapped 

cells (bottom).  
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Figure 4.14: Effect of increasing numbers of CNF layers on CNF surface density, antibody 

immobilization, enzymatic CNF release and cell capture/release. Dotted lines indicate the border of 

the microchannel. The plots superimposed with the fluorescence microscopy images quantify the 

average lateral fluorescent intensity across the channel. (A) Cellulose surface density and 

homogeneity measured with CarbotraceTM 680 after coating 1, 3 or 5 CNF layers, from left to right, 

respectively. (B) Alexa 430 labeled anti-EpCAM antibody surface density with 1, 3 or 5 CNF layers 

from left to right, respectively. The results in A and B were measured in 3 independent devices, each 

coated with 1, 3 or 5 CNF layers. (C) Cellulose after coating (left) and after 30 min of enzyme digestion 

for 1 (top) and 5 (bottom) layers of CNF. The values indicate the background subtracted average 

fluorescence on the channel surface. (D) HCT 116 cell capture (left) and subsequent release (right) 

for 1 (top) and 5 (bottom) layers of CNF. The values indicate the total cell count in each image.  
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Figure 4.15: Schematics of the HB-Chip and HCT 116 cell capture directly from whole blood. On-chip 

immunocytochemistry was performed after cell capture. All images were acquired in a single device 

after flowing whole blood for 2 min at 41.25 μL min−1.  
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Chapter 5: Conclusion and outlook 
 

This thesis focused at developing innovative methods to isolate rare CTCs from 

whole blood using different microfluidic approaches. The current gold standard in 

detecting cancer is primarily based on taking tissue biopsy, advanced imaging, and 

extensive invasive procedures. The current gold standard techniques available are 

often very invasive causing discomfort to the patient. Liquid biopsy is a new trend in 

cancer diagnostics, where non-invasive peripheral blood is used to look for 

biomarkers. It is a minimally invasive procedure and has the potential to provide a 

spectrum of information, such as CTCs originating from the tumor, tumor 

DNA/RNA released by the CTCs in the circulation, and exosomes which carry vital 

information about the cancer cells. Microfluidics is an enabling technology that has 

the potential to isolate and investigate cells and biomolecules in the blood. This 

thesis mainly focused on isolating CTCs from whole blood using microfluidics. We 

focused on two aspects of separation methods: biophysical and biochemical markers 

specific to cancer cells. The biophysical marker approach relies on the size of cancer 

cells compared to other cells present in the blood. On the other hand, the biochemical 

approach relies on the surface marker expressed on the surface, such as EpCAM, 

which is not found in other cells circulating in the blood. Due to heterogeneity of 

cancer cells, it is important to investigate several methods and find the best suited 

one. It is therefore important to pay attention to both approaches, because there is a 

high risk of missing CTCs because they are so rare in the complex biofluid. 

 

We contributed some new findings to the rapidly evolving inertial microfluidic-based 

separation methods. Inertial microfluidics relies on the geometry of the microfluidic 

chip, hydrodynamic forces, and the size of the particle. In our work, we extensively 

studied the physics of viscoelastic fluid confined and flowing in a rectangular channel 

and circular microcapillaries. The physics of elasto inertial microfluidics at high 

Reynolds numbers, especially flow through curved channels, have been poorly 

understood. In this thesis work, we investigated this and demonstrated particle 

focusing in flow through curved, spiral, channels at throughputs previously only 

demonstrated in inertial microfluidics. Based on the fundamental understanding on 

particle focusing behaviour at high Reynolds numbers, the next steps will be to apply 

this technology to sort CTCs from whole blood for cancer diagnostics. While outside 

the focus on this thesis, current work in our group is focusing on this.  
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The fundamentals of particle behaviour in viscoelastic fluid flow was studied 

numerically and experimentally in flows through straight channels. Different 

concentrations of PEO were tested in a circular capillary. As the concentration of 

PEO increases, the microparticles experiences more elastic force which pushes the 

particles closer to the centre of the capillary. The possibility for analogue fine-tuning 

particle focusing position has the potential to open up applications in sorting and 

counting. Traditional lab-on-chip based devices often lack the integration of optical 

components to detect cells and particles in a continuous flow system. Towards this, 

we built lab-in-a-fiber based optofluidic device where the fluidics and optical 

detection are integrated. We developed an all silica microflow cytometer where we 

could focus different sized microparticles and cells in the capillary in viscoelastic 

fluid flow. We focused particles and cells at a high flow rate and detected both the 

fluorescent signal and scattering of the particle. In order to demonstrate the 

feasibility of a point-of-care device, we were able to identify a cancer cell line. Next, 

the capillary platform was further developed to combine separation and detection. 

Separation of different-sized particles and detection of the separated particle were 

accomplished in a continuous system by fusing a series of capillaries with various 

geometries. A higher throughput is still required even after successful separation and 

detection. As a result of the capillary setup's high resistance, it was unable to achieve 

a high flow rate. We can increase throughput by shortening the overall length and 

altering the general design. Finally, as an alternative approach, we also focused on 

the biochemical marker EpCAM, which is expressed on the surface of the CTCs. A 

novel Layer-by-Layer method was adapted to the microfluidic device using the 

naturally abundant material cellulose nanofibrils. CNF allowed us to capture cells 

and release them enzymatically in 30 minutes without harming the captured cells. 

This allowed for greater viability after release, which can be used for several 

downstream analyses.  

 

This thesis provides an overview of integrating different technologies isolating 

cancer cells with greater efficiency. It is important to always consider the complex 

nature of the sample matrix and type of cancer and opt for different isolation 

techniques. While a single isolation technique can be attractive, integrating different 

techniques such as the biophysical and biochemical properties might result in 

improved CTC purity and yield. Also, CTC separation alone is not enough to provide 

information on what a physician might need. Accessing viable cells and doing further 
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downstream analysis, including next-generation sequencing and other omics 

analysis will provide improved cancer patient management. The isolation of CTCs is 

an essential sample preparation step that can analyse the sample in different ways 

to provide tailored treatment to the patient. I believe microfluidics will be a key 

enabler in cancer management in the future.  
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