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1 Working hypothesis 
 
Cancerous diseases and especially tumor metastasis are the fundamental cause for 

approximately 25% of death cases in Germany. Cancerous spread into distant tissues is 

caused by circulating tumor cells (CTCs) that achieved the separation from their former 

cancer tissue and reached the vascular system. If surviving the hostile conditions in the blood 

stream, they can extravasate and form secondary tumor masses.  

These CTCs can be taken advantage of by enriching them from the blood for further analysis 

with a so-called liquid biopsy. As cancer cells are extremely rare in the blood, a CTC 

enrichment is necessary to enable subsequent CTC counting, further molecular analysis, or 

even CTC cultures. Different techniques have been established to achieve the separation of 

CTCs from surrounding blood cells. As CTC numbers in the blood can be low, especially in 

early cancer stages, increasing the sample volumes and therefore the extractable CTC 

numbers might enhance the diagnostic potential of a liquid biopsy. Most enrichment 

techniques currently used struggle when confronted with higher blood volumes with 

limitations in prolonged processing times or clogging of the device. Furthermore, many 

enrichment devices do not enable the collection of viable CTCs. The establishment of CTC 

cultures is a promising perspective in liquid biopsy research. Because tumor cells circulating 

in the blood represent a heterogeneity of cancer cells from the primary tumor as well as from 

metastases, CTC cultures could provide a platform for personalized cancer diagnostics and 

therapy. However, the chances to achieve successful CTC culture also depends on the 

number of CTCs in a blood sample.  

Therefore, this research focuses on the slanted spiral microfluidic device, an enrichment 

technique that is capable of processing large sample volumes with a high throughput in short 

time. In this work, a protocol for its optimal application will be established and the spiral’s 

effectivity compared to the current FDA approved CellSearch® device. Furthermore, a new, 

microwell-based culture technique should be tested to enable culture even from small CTC 

quantities in the blood. Combining these two innovative techniques may pave the way for 

standardized CTC cultures also from patients with low CTC blood counts and help to deepen 

the understanding of CTC behavior in cell culture.  
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1 Introduction  
 
In Germany in 2015, around 500 000 people were diagnosed with cancer and around 125 000 

people died from a cancerous disease. The lifetime risk of developing cancer lies at 42.6% 

for a German woman and 47.5% for a German man and the risk of cancer related death at 

20.7% or 25.6%, respectively (Robert Koch-Institut (Hrsg) und die Gesellschaft der 

epidemiologischen Krebsregister in Deutschland e.V. (Hrsg), 2019). This marks cancer as 

one of the most common causes of death, being responsible for one out of four deaths in 

Germany (Statistisches Bundesamt, 2021). The importance of gaining a better understanding 

of this deadly disease enabling earlier diagnosis and implementing reliable treatment options 

is evident. The following paragraphs provide an inside into the fundamentals of cancer 

development, the formation of metastasis and the role that circulating tumor cells (CTCs) 

might play in the dissemination, but also the detection and therapy of cancer. 

 
2.1 Cancer and Carcinogenesis 

 
2.1.1 Genetic mutations - the basis of tumor development 

 
Tumors derive from normal cells that acquire the capability of uncontrolled cell growth. To 

do so, cells need to achieve the ability to proliferate continuously. Some tumors unable of 

invading adjoining tissues and lacking the capability to metastasize, can be classified as 

benign. Those formations can also affect the patient, e.g. by compressing surrounding organs 

and thereby leading to their malfunction, or by intervening into hormonal releases. 

Furthermore, over time, some benign cellular formations can transform into invasive 

cancers. Malignant tumors, on the other hand, can invade and destroy their healthy 

surroundings in this manner. They can furthermore access blood and lymphatic vessels, 

enabling them to settle in distant tissues and form metastatic lesions (Boutry et al., 2022). 

The basis of all changes a cancer cell undergoes during its evolution are genetic mutations 

and/or epigenetic modifications. A difference must be made between germline mutations 

and somatic mutations, where the former are inherited or newly acquired alterations in the 

genome of the zygote (Pon and Marra, 2015; Stratton et al., 2009). A common example for 

germline mutations are alterations in the Breast Cancer 1 gene (BRCA1) responsible for 

repairing the DNA double-helix. In affected patients, such mutations can lead to impaired 

functionality of the gene products. Without these DNA repairing mechanisms, individuals 

are exposed to accumulation of DNA-damage and are therefore more likely to develop a 

broad range of potentially oncogenic mutations. Women bearing these genomic alterations 
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have an increased risk of suffering from different cancers, with a lifetime risk of 85% for 

being diagnosed with breast cancer and 40-50% for ovarian cancer, respectively (Varol et 

al., 2018).  

Somatic mutations, on the other hand, happen through DNA damage acquired over time. 

Found in 90% of all tumors, they induce cancer formation more frequently (Pon and Marra, 

2015). Different causes lead to the accumulation of these alterations, but as they develop 

over time, age is considered the biggest risk factors for cancer development (Wu et al., 

2018a). 

 

2.1.2 Cancer risk factors 

 
As described above, cancers arise from DNA mutations. The underlying mechanisms for 

these mutations constitute the risk factors for cancer development. 

Intrinsic risk factors derive from random DNA damages during mitosis. It is estimated that 

these coincidental mutations are causative in 10-30% of all cancer cases (Wu et al., 2018b). 

It is presumed that tissues with high division rates, e.g. epithelial tissues, are generally at 

higher risk for developing cancers. This process is considered a basic risk for cancer 

occurrence that is carried by every individual (Tomasetti and Vogelstein, 2015; Wu et al., 

2018a).  

Exposure to external influences with carcinogenic potential constitutes the main preventable 

source for cancer development. The most common oncogenic mechanism of these influences 

is genotoxicity, which leads to DNA damages and gene mutations. Established agents with 

an oncogenic potential are diverse. Lifestyle choices as the consumption of tobacco, 

processed meat, or alcohol, but also the exposure to ultraviolet, solar, X- and gamma 

radiation are shown to be carcinogenic. Furthermore, also chemical substances as arsenic, 

asbestos, or even wood dust can be rated among these. There are also pharmaceuticals with 

an oncogenic potential, e.g. Ciclosporin or Azathioprin (Krewski et al., 2019). Gaining more 

importance over the past years are viral or bacterial diseases with potential to cause cancer 

(Birkett et al., 2019). For example, chronic Helicobacter pylori infections can lead to gastric 

cancer and human papilloma virus infections can cause cancer of the cervix, vulva, penis, or 

anus (Centre international de recherche sur le cancer, 2012).  

However, there are also endogenous factors leading to DNA alterations. As already 

mentioned, age constitutes the biggest risk factor for cancer development. Furthermore, there 

is also a noticeable inherited risk to develop cancer. Tissue inflammation also enhances the 

formation of cancer and individual endocrine factors must be considered (Wu et al., 2018a). 
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In breast cancer for example, the amount of estrogen a woman is exposed to during her 

lifetime is increasing the risk of breast cancer. Therefore, early menarche and late menopause 

but also obesity, which is associated with higher estrogen levels, increase the lifetime risk. 

A high number of carried children on the other hand reduces breast cancer occurrence 

(Samavat and Kurzer, 2015).  

 

2.1.3 Passenger and driver mutations 

 
Of course, not all changes in the DNA lead directly to cancer. Through its lifetime, a cell’s 

DNA is affected by a wide range of alterations most of which do not have oncogenic 

potential. In a cancer genome, these so called “passenger mutations” form a major part of 

detectable DNA-changes. But there also exists a small percentage of mutations that deliver 

advantages in terms of proliferative growth and clonal expansion. These are called “driver 

mutations” and can roughly be separated in two groups: oncogenes and tumor suppressor 

genes. Oncogenes are genes that, when affected by mutations, enhance new capabilities in 

the cell, whereas tumor suppressor genes become inoperable by driver mutations. It can be 

assumed that around 5 to 8 driver mutations are needed in the course of cancer formation 

(Martincorena and Campbell, 2015; Pon and Marra, 2015).  

It is apparent that tumors profit from the accumulation of mutations also in a way that makes 

them more predisposed for further genomic changes. As described above, common 

mutations affect mechanisms that are responsible for detection or repair of damaged DNA. 

In this way tumors become more vulnerable and enter a state of “genomic instability” 

(Hanahan and Weinberg, 2011). 

DNA alterations can range from deletion, insertion or exchange of single bases or longer 

DNA sections (Stratton et al., 2009) up to translocation and fusion of whole chromosome 

arms as in the formation of the Philadelphia Chromosome (Kang et al., 2016). Copy number 

alterations (CNAs), meaning amplification of one or more genes, but also losses of entire 

DNA sections, are also characteristic for cancer DNA (Stratton et al., 2009). By sequencing 

a tumor’s DNA, these CNAs can be used to classify cancer cells, as a specific pattern of 

alterations can be assigned to a particular type of tumor (Hanahan and Weinberg, 2011). 

The most common affected genes are TP53 with mutations existing in 36.1% of all cancer 

cases and PIK3CA and BRAF, being present in 14.3% and 10% of tumors, respectively 

(Martincorena and Campbell, 2015).  
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2.1.4 Epigenetic modifications 

 
Besides genomic changes, there are also non-genetic alterations contributing to cancer 

development. In the human genome, the nucleic acids forming the DNA double helix are 

wrapped around protective proteins called histones. This complex is referred to as a 

nucleosome and, in an inactive state, the nucleosomes arrange in dense formations termed 

chromatins. By unraveling these compact structures, transcription factors can access a 

coding region and induce mRNA synthesis. Furthermore, the reading of the genome is 

regulated by specific DNA sequences that are located before (promoter) or after (enhancer) 

the respective gene. Depending on cell type and circumstances, different genes must be 

accessible for transcription. Hence, the chromatin must be adaptable and be able to switch 

between an active and inactive conformation. The machinery responsible for chromatin 

organization and gene transcription is part of the epigenome. Changes in the chromatin 

complex or in its regulatory units can lead to altered gene expressions (Flavahan et al., 2017; 

Valencia and Kadoch, 2019).  

Half of all cancers show mutations in genes responsible for chromatin architecture and 

regulation (Valencia and Kadoch, 2019). But apart from genetic alterations, also non-genetic 

mechanisms can lead to a modification of the epigenome. For example, alterations in histone 

proteins can lead to chromatin remodeling. Tumors can show suppression of Histone-1 

proteins stabilizing the DNA and linking the individual nucleosomes. Cancer cells with these 

epigenomic modifications express a more stem cell-like phenotype (Hanahan, 2022).  

Another epigenetic mechanism is the methylation status of gene promoters. In a tumor cell, 

methyl groups can be erroneously transferred to CpG dinucleotides, which are all cytosine 

nucleotides followed by a guanine. These methylations lead to the inactivation of the 

associated gene sequence. In many cancers, genes coding for tumor suppressors or DNA 

repair genes are hypermethylated. One example is the methylation and inactivation of a 

promoter associated to the MGMT DNA repair factor. Once this gene is inactivated, 

countless genetic mutations can follow without being repaired. Besides hypermethylation, a 

global hypomethylation can be observed in cancer, leading to chromosomal instability. 

Hypermethylation might be independent of genetic mutations as it can also occur due to 

chronic inflammation, hypoxia, or cell ageing (Flavahan et al., 2017).  

Epigenetic modifications seem to contribute to a wide range of key features a cancer cell 

must acquire during its development. They should therefore be part of future investigations 

and cancer therapy research (Flavahan et al., 2017; Valencia and Kadoch, 2019). 
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2.1.5 The achievement of unlimited cell growth 
 

There are several pathomechanisms leading to the development of malignant cell growth 

called the “hallmarks of cancer” (Hanahan, 2022; Hanahan and Weinberg, 2011).  

The crucial accomplishment distinguishing cancer cells from healthy cells is the acquisition 

of clonal expansion. There are different signaling pathways initiating cell proliferation. 

Growth factors (GF) function as a ligand and bind to receptors as the “epidermal growth 

factor receptor” (EGFR) or the “human epidermal growth factor receptor 2” (HER2), which 

are typically provided with a tyrosine kinase domain. When activated they trigger 

intracellular signal transduction pathways mostly resulting in surviving signals, induction of 

mitosis or cell size expansion. There is a broad range of possibilities to enhance the 

proliferative cascade. Tumor cells can upregulate their receptor density to increase 

stimulatory activity. Furthermore, mutations in the receptors themselves can cause a 

continuous activation leading to constant growth signals. Besides the previous listed 

“upstream mechanisms”, there is also the opportunity to alter intracellular so-called 

“downstream” parts of the cascade. A common example is the rat-sarcoma (RAS) signal 

transducer which is located under the surface of the cellular membrane and is triggered by 

signals forwarded from the activated receptors on the cell surface (Hanahan and Weinberg, 

2011; Stratton et al., 2009). When stimulated, GDP is exchanged for GTP which functions 

as a “turn-on switch” for the RAS protein and leads to downstream signaling for cell growth 

and proliferation. There are three different RAS-genes: K-RAS, H-RAS and N-RAS and all 

can assemble oncogenic mutations leading to continuous activation of the protein (Prior et 

al., 2020). 

These signaling pathways are also in the focus for new therapy concepts. Besides the initial 

three pillars of cancer therapy, surgery, radiation, and chemotherapy (Hunter, 2017), targeted 

therapy gains more and more importance. Small molecules, e.g. tyrosine kinase inhibitors, 

can pass through the cell membrane. Erlotinib or Gefitinib block the tyrosine kinase domain 

of the EGFR. Therapeutic monoclonal antibodies target extracellular structures as 

transmembrane receptors and either inhibit their function or activate immune cells to attack 

the cancer cell (Lee et al., 2018). A notable example is Cetuximab, a monoclonal antibody 

that inhibits the EGFR pathway (Castelli et al., 2019).  
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2.1.6 Overcoming defensive mechanisms   

 
Even if a cancer cell has managed to establish continuous cell growth and proliferation, there 

are still mechanisms provided by healthy cells to prevent clonal expansion. These are 

commonly regulated by gene products of tumor suppressor genes. The two most frequent 

examples are the retinoblastoma (RB) protein and the p53 protein (Hanahan and Weinberg, 

2011). The RB-protein controls the cell cycle by inhibiting the transition into the Synthesis-

Phase (S-Phase) and therefore navigates cell growth and proliferation. Mutations can affect 

the RB-gene itself or influence its function by altering upstream proteins which regulate RB-

function as, e.g. cyclin dependent kinase (CDK) 4 and 6. When affected by a mutation this 

cell cycle checkpoint is missing and cells can achieve the capability of uncontrolled 

reproduction (Dick and Rubin, 2013). The CDK4 and 6 are also a target of molecular 

therapy, e.g. by Palbociclib, which can be used in the treatment of metastatic breast cancer 

(Lee et al., 2018) 

The p53 protein on the other hand, functions as an initiator of apoptosis. If there are 

concerning signals like cellular stress or genetic alterations, this protein can lead to cell cycle 

arrest or programmed cell death. Mutations in this gene, which are present in 36.1% of all 

cancers, are leading to its dysfunction and thereby permit the survival and further 

development of altered cells (Bykov et al., 2018; Martincorena and Campbell, 2015). 

There are also other mechanisms preventing immortality of human cells. In a healthy cell, 

telomeres protect the chromosomes. They consist of a few hundred non-coding base pairs 

located at the end of each chromosome arm and protect the DNA from merging at the edges. 

This would lead to its entanglement and consequently to cellular destruction. With each cell 

cycle these telomeres shrink in length resulting in a limited number of reproduction cycles 

every cell can undergo. When this limit is reached cells switch into a senescence state or 

undergo apoptosis. Cancer cells, on the other hand, have required the ability of continuous 

proliferation. Therefore, they establish mechanisms to preserve their telomeres, for example 

by upregulating the activity of telomerases, enzymes that elongate telomeric ends (Hanahan 

and Weinberg, 2011).  

 

2.1.7 The role of the immune system 

 
Once tumor cells have managed to acquire the ability of unlimited growth and immortality 

there are other obstacles they need to overcome. One big challenge is to escape the immune 

system which can eliminate tumor cells based on the antigens presented on their cell surface. 



 11 

Successful cancer cells evade this eradication by establishing different characteristics. For 

example, they can use the immunosuppressive activity of regulatory T cells by inducing their 

migration or transformation. Furthermore, they can gain the ability to downregulate their 

major histocompatibility complex I (MHC I) which would normally represent tumor 

antigens. Consequently, cytotoxic T cells fail to detect the affected cells as threatening. 

Another mechanism tumors can establish to escape immune response, is by releasing 

immunosuppressive cytokines (Vinay et al., 2015). 

However, the immune system also plays a supportive role in tumor development. Cancer 

tissue is usually infiltrated by a variety of immune cells. Studies have shown that these cells 

can also provide substrates that are important for tumor development as e.g. growth or -

survival factors. Furthermore, the inflammation in cancer tissues leads to the formation of 

reactive oxygen species (ROS) which once again have a mutagenic effect (Hanahan and 

Weinberg, 2011). 

 

2.1.8 Angiogenesis and tumor metabolism 

 
When cancer cells are expanding, they will reach a point at which they will no longer be able 

to nourish themselves in the existing conditions. One big factor is the vascular system which 

was originally not predetermined to provide for this extra tissue. When reaching about one 

millimeter in size, tumors need to induce an expansion of the preexisting blood vessels in 

order to be supplied with a sufficient amount of oxygen and nutrition. This so-called 

angiogenesis is a crucial step in tumor development. If tumors fail to induce vascular 

expansion, they will lack the capability of further growth or invasion. 

As the achievement of tumor metastasis relies on the invasion of cancer cells into the blood 

vessels, a sufficient angiogenesis in the tissue is crucial. When cancer cells proliferate, they 

will become hypoxic to a point, where the existing vascular system can no longer supply for 

their need of oxygen. As a result of hypoxia, but also due to mutations in associated genes, 

they release angiogenic factors as e.g. the vascular endothelial growth factor protein 

(VEGF). The newly formed blood vessels are not as accurately built as in healthy tissues 

resulting in a deficient, chaotic architecture with leaky endothelium (Al-Ostoot et al., 2021). 

This constitutes a favorable factor for invasion of the endothelium by cancer cells and 

therefore enhances the process of metastasis (Sobierajska et al., 2020). Furthermore, these 

vessels might not always be able to guarantee sufficient oxygen supply, so that 

environmental conditions in cancer cells might fluctuate between hypoxia and normoxia 

(Hanahan and Weinberg, 2011). VEGF also plays a major role in targeted therapy as it can 



 12 

be inactivated by different small molecules as Sunitinib or Sorafenib but also by monoclonal 

antibodies as Bevacizumab (Castelli et al., 2019; Lee et al., 2018).  

Cancer cells have a high requirement of energy and essential cell cycle components, due to 

their increased division rate. Therefore, tumor cells can establish altered energy 

metabolisms. The so-called Warburg-effect has already been discovered around a hundred 

years ago (Schiliro and Firestein, 2021; Warburg, 1925). It describes the use of glycolysis 

by the tumor to create adenosine triphosphate (ATP), the main energy carrier of the human 

organism, even under aerobic conditions. Instead of 36 ATP molecules that can be generated 

by oxidative phosphorylation, glycolysis only offers 2 ATP molecules. But cancer cells still 

profit from this approach. On the one hand, aerobic glycolysis can proceed more rapidly than 

oxidative phosphorylation. On the other hand, it offers intermediates necessary for cell 

divisions as nucleosides or amino acids. In tumor tissues there can also be a coexistence of 

cells performing aerobic glycolysis with lactate as the final product and other cells that profit 

from the lactate by using it as source for oxidate phosphorylation (Schiliro and Firestein, 

2021). 

 

2.1.9 Individual tumor characteristics 

 
Every tumor has its own different characteristics and uncovering these attributes plays a 

crucial role in treatment strategies.  

Nowadays it is well established to perform molecular analyses on a patient’s tumor tissue 

searching for common genetic alterations that are linked to these types of tumors (Allison et 

al., 2020; Kalemkerian et al., 2018; Sepulveda et al., 2017). 

In breast cancer for example, these evaluations are the basis for further classification into 

different subtypes fundamental for the choice of therapy regimen. Clinical guidelines 

recommend a distinction based on expression of the steroid receptors “estrogen receptor” 

(ER) and “progesterone receptor” (PR) or upregulation of the “human epidermal growth 

factor receptor 2” (HER2). The luminal-like subtypes are cancers tested positive for 

hormonal receptors. They can further be divided into Luminal A type that is less progressive 

and shows a low proliferation index and better prognosis or Luminal B type that is high 

proliferative and may also be HER2 positive. Then, there is the so-called HER-2 positive 

subtype, that is positive for HER2 but negative for ER or PR, and finally the triple negative 

breast cancer, that does not express any of the stated receptors and shows the worst prognosis 

of all subtypes (Burstein et al., 2021; Łukasiewicz et al., 2021). 
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These tumor characteristics are also used for therapy regimens. As estrogen binds to its 

intracellular steroid receptor, it triggers a cascade resulting in cell proliferation and growth 

(Siersbæk et al., 2018). This knowledge led to the development of endocrine therapies that 

deprive the receptor from its continuous stimulation by hormones. The first developed 

substance was the selective estrogen receptor modulator (SERM) tamoxifen, which binds 

the ER and prevents its activation. This drug is used mainly in premenopausal women. 

Another approach is the inhibition of aromatase, the enzyme that plays the central role in 

estrogen synthesis, with substances like anastrozole or letrozole that are established in 

therapy of postmenopausal women. Therapies also target HER2, a tyrosine kinase receptor, 

as for example the anti-HER2 humanized monoclonal antibody Trastuzumab (Kharb et al., 

2020; Nagini, 2017).  

The concept of choosing a therapy regimen based on molecular characteristics of a tumor is 

implemented also for other cancers. For example, lung and colon cancer can express EGFR 

(Kalemkerian et al., 2018; Sepulveda et al., 2017), which can also be targeted with 

monoclonal antibodies (Castelli et al., 2019). 

 

2.1.10 Cell types within the cancer microenvironment 

 
Molecular characteristics of the tumors do not only differ between patients (inter-tumor 

heterogeneity), but also between cells composing one and the same tumor tissue (intra-tumor 

heterogeneity). Thus, the cancer tissue is not built from an identical group of cancer cells, 

but rather consisting of different subpopulations that show individual genetic traits and also 

vary in susceptibility to anti-cancer therapy. One theory explains this heterogeneity as a 

result of natural selection, where cell clones with special capabilities can outgrow other cells 

lacking these achievements. Different subclones can form within a tumor, as, depending on 

location, disparate characteristics offer a growth advantage. Another theory justifies this 

clonal diversity on the existence of cancer stem cells (CSC). CSCs are cancer cells that 

express stem cell-like markers, show the ability of self-renewal and serve as progenitor cells 

for differentiated cancer cells. Whereas some CSCs derive from actual tissue stem cells, it is 

also proven that normal cancer cells are able to dedifferentiate into a CSC-like state. These 

cancer stem cells constitute a major challenge for cancer research and therapy. As they do 

not express one consistent marker, it is challenging to establish reliable methods to detect 

these cells. Furthermore, CSCs seem to be more resistant to cancer therapy and can serve as 

initiators of cancer relapse (Prasetyanti and Medema, 2017). 



 14 

Contrary to previous assumptions the tumor-surrounding cells are not only associated to the 

cancer but also participate in its formation and development. As illustrated in Figure 1 by 

Hanahan and Weinberg in 2011, the tumor microenvironment (TME) harbors a diverse 

collection of different cell types.  

 

Figure 1 The Cells of the Tumor Microenvironment 
Illustrated here by Hanahan and Weinberg are the different cell types that are involved in the 
formation of the tumor microenvironment. Besides the different types of cancer cells 
including cancer stem cells and invasive cancer cells, also other cell species are part of the 
tissue. Illustrated are immune cells, endothelial cells, cancer-associated fibroblasts, and 
various stromal cells.  

(Hanahan and Weinberg, 2011) 

 

The role of immune cells in tumor suppression but also in promotion of cancer growth has 

been described earlier. As also stated previously, tumor associated endothelial cells result 

from angiogenesis induced by the tumor. Pericytes are associated to the blood vessels and 

stabilize the endothelium wall. In cancer vessels, pericytes are often distributed more loosely 

which may further facilitate tumor cell invasion (Hanahan and Weinberg, 2011).  

Cancer associated fibroblasts (CAFs) play an important role in carcinogenesis. They support 

the cancer tissue in a variety of functions. First, they organize the extracellular matrix (ECM) 

and can, on the other hand, create pathways for tumor cell invasion. However, the CAFs also 

induce the formation of a tighter and less flexible tumor tissue (Sahai et al., 2020). As a 

result, the ECM itself can promote tumor development. The mechanical tensions are detected 

by the cancer cells and provoke further shifts in terms of cell shape, growth or metastasis 

(Prasetyanti and Medema, 2017). But despite the organization of the ECM, CAFs promote 
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carcinogenesis in various other ways. They are significantly responsible for the secretion of 

factors that induce tumor growth, as for example transforming growth factor β (TGFβ) or 

fibroblast growth factor 5 (FGF5) (Sahai et al., 2020), but also VEGF to promote tumor 

angiogenesis (Hanahan and Coussens, 2012; Nurmik et al., 2020). Furthermore, cancer 

associated fibroblasts have the ability to communicate with the immune system and mainly 

induce an immunosuppressive environment (Sahai et al., 2020).  

There are further stromal cells to be found in the TME, as for example local cells can provide 

for the tumor stroma by initiating proliferation and expansion. But it is also known that 

mesenchymal stem cells can immigrate from the bone marrow and develop into different 

stromal cell types (Hanahan and Weinberg, 2011).  

Taken together, it is now evident that a cancer tissue is not only an accumulation of 

proliferating cancer cells, but rather a network of a variety of cancer, immune, endothelial 

and stromal cells that, together, orchestrate the development, expansion, invasion and 

metastasis of cancer.  

 

2.2 Metastasis and the role of circulating tumor cells 
 
Metastases occur due to the spread of single or clusters of tumor cells through the vascular 

or lymphatic system. When these cells manage to extravasate into distant tissues, survive in 

these new conditions and furthermore accomplish to grow and proliferate, new metastatic 

lesions occur (Joosse et al., 2015) (Fig. 2). 

Currently, metastasis is responsible for two thirds of tumor related deaths in cancer patients 

(Dillekås et al., 2019) Therefore, the development from limited to systemic disease is a 

prognostic turning point in a patient’s disease. It is hence crucial to understand the molecular 

biology of metastatic dissemination to improve cancer diagnostic and treatment.  
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Figure 2 The Metastatic Cascade 

Depicted is an overview of the steps a cancer cell undergoes on the journey to the formation 
of distant metastases. Cells are either passively or actively intravasating the vascular system. 
Some of these actively moving cells perform an epithelial-to-mesenchymal-transition 
(EMT). Those circulating tumor cells (CTCs) surviving the intravascular stress of shear 
forces and the attack by immune cells can extravasate in distant tissues. EMT can be reverted 
by mesenchymal-to-epithelial-transition (MET) and, depending on the adaptation to the new 
tissue, the cancer cells can either enter a dormant state or form new tumors is distant organs. 
(Joosse et al., 2015) 
 

 

2.2.1 Migration and intravasation 

 
If a cancer develops from a localized tumor into a metastatic disease, the cells must 

accomplish the detachment from the primary tumor. This can either occur during passive 

separation or actively, when cells acquire the capability of segregation from the primary 

tumor and migrate through the surrounding tissue (Joosse et al., 2015). 

Not much information exists on the passive movement of cancer cells over the course of 

metastasis. When tumors expand rapidly, they simply shed their edging cells into the blood 

stream by pressing them through the leaky cancer vessels (Bockhorn et al., 2007; Joosse et 

al., 2015). This might also happen during surgical procedures as cancer biopsy (Joosse et al., 

2020).  

More research exists on the process of active cancer cell migration. As all other tissue cells, 

also cancer cells express adhesion proteins as cadherins that attach them to their surrounding 

cells. Invasive cancers achieve the downregulation of E-cadherin enabling their segregation 

from the original tumor mass. On the other hand, molecules as N-cadherin that enable 
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cellular migration, e.g. during embryogenesis, can be upregulated in these cancers (Hanahan 

and Weinberg, 2011). 

A very important role in active cancer cell migration is played by the epithelial-to-

mesenchymal-transition (EMT), which, in healthy individuals, has its principal function 

during embryogenesis or wound closure. As epithelial cancers have phenotypes that still 

resemble their cells of origin, they are equipped with features to ensure strong cell-to-cell 

adhesions. One opportunity for them to escape these contacts, is the transformation into a 

more mesenchymal state in which they lose their adhesion proteins, gain the ability to 

migrate to the next blood or lymphatic vessel, and actively infiltrate the endothelium. Cells 

can migrate solitarily but also in clusters. Here, initiating cells acquire mesenchymal features 

and guide the following epithelial-like cancer cells (Hanahan and Weinberg, 2011; Joosse et 

al., 2015).  

 

2.2.2 Circulating Tumor Cells 

 
As cells enter the blood stream they are traveling through the human body as circulating 

tumor cells (CTCs). Advanced tumors secrete thousands of CTCs per day but apparently the 

vast majority of these cells do not end up as metastasis initiating cells in distant tissues. This 

is due to the fact that only a fraction of CTCs survive the new conditions and stressors they 

are exposed to in this new environment (Joosse et al., 2015; Strilic and Offermanns, 2017). 

One limiting factor is given by the elimination of CTCs by the immune system. As they enter 

new territories, they lose the protection of their immune suppressive environment and may, 

once again, fall victim to the attack of immune cell, mainly natural killer cells. Other CTCs 

may simply be eliminated by the shear forces in the arterial high-pressure system, 

mechanical pressure in small capillaries or collisions with normal blood cells. A strategy to 

escape these threats seems to consist in the accumulation of a protective wall of platelets that 

shield the CTCs from immune cells and physical forces (Joosse et al., 2015; Strilic and 

Offermanns, 2017). CTCs that travel in clusters seem to be less vulnerable to elimination by 

natural killer cells (Pereira-Veiga et al., 2022). 

Furthermore, epithelial cells receive survival signals through cell-to-cell contacts from their 

surrounding stroma. Once they have lost these contacts, they enter an apoptotic state called 

anoikis. CTCs bearing mutations that hinder this sort of cell death or that provide very strong 

survival signals can endure in this new state of solitariness.  

Generally, CTCs travelling in clusters seem to have better chances in surviving the new 

conditions they are confronted with in the blood circulation and have also increased chances 
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to form metastasis (Aceto et al., 2014; Gkountela et al., 2019; Joosse et al., 2015; Strilic and 

Offermanns, 2017). These cluster formation not only happen through aggregation with other 

tumor cells but CTCs can also form heterotypic clusters with fibroblasts, platelets or white 

blood cells (WBC) (Pereira-Veiga et al., 2022).  

CTCs also have prognostic importance as their presence has a negative predictive value on 

the disease’s outcome. The presence of even a single CTC in a 7.5 ml blood sample in breast 

cancer patients is associated with a decreased progression-free survival, a higher risk of 

recurrence, and a shorter overall survival (Alba-Bernal, 2020). Also in other entities as 

prostate or colon cancer (Cohen et al., 2008; de Bono et al., 2008), CTC counts can be 

associated with disease prognosis. Additionally, the detection of CTC clusters indicates an 

even worse prognosis and predict a higher risk of metastatic formations (Pereira-Veiga et 

al., 2022). Besides their prognostic significance, the quantification and analysis of CTCs as 

a so called “Liquid Biopsy”, can serve as a marker for early cancer diagnostics, patient 

stratification for treatment, risk estimation for relapse, and real-time treatment monitoring 

(Heidrich et al., 2021).  

 

2.2.3 Extravasation and Colonization 

 
The CTCs that have survived the hostile conditions in the blood circulation also have to 

master the process of extravasation. There are different strategies applied by the cells. One 

opportunity is the arrest in the capillaries simply due to their larger cell diameter. Especially 

cell clusters can easily be trapped in small vessels, where they start proliferating and, at some 

point, break through the endothelial wall. But CTCs are also believed to actively attach to 

and pass through the endothelium as a result of ligand-receptor communications. Two 

mechanisms are described: cells can either slip through the gap between two endothelial 

cells or perform a “transcellular migration”. Also in this situation the escorting blood cells 

can be of help to the tumor cells. Namely, neutrophils are capable of passing through the 

endothelial wall in the course of inflammation. When they form clusters with tumor cells, 

they can enable the CTCs to follow them (Pereira-Veiga et al., 2022; Strilic and Offermanns, 

2017). Platelets can promote mesenchymal characteristics in the cancer cells via stimulation 

with TGFβ, which enhances extravasative capacities in the cells (Strilic and Offermanns, 

2017).  

Once a CTC has overcome all obstacles to finally settle in a distant tissue, it still might not 

have the prerequisites to survive in this new environment or to even initiate proliferative 

growth into a metastasis. Especially CTCs that have undergone EMT to achieve invasion, 
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intra- and extravasation might not possess the optimal qualities to achieve clonal expansion 

in this new tissue. Therefore, when no longer receiving EMT-activating signals, CTCs can 

reverse their previous conversion by performing a mesenchymal-to-epithelial transformation 

(MET). Once settled in the unfamiliar tissue, it may take some time until the disseminated 

tumor cells (DTCs) have sufficiently adapted to the conditions of their new habitat (Hanahan 

and Weinberg, 2011; Joosse et al., 2015). Nevertheless, only one out of 40 disseminated 

cells manages to develop into a micrometastasis and only one percent of cells progress into 

a macroscopic visible metastasis (Phan and Croucher, 2020).  

A fraction of the DTCs also initially enter a non-proliferative, termed “dormant”, state. If 

confronted with overly hostile conditions, as e.g. hypoxia, or a surrounding stroma that is 

providing dormancy signals, the cancer cells can switch into a G0-G1 cycle arrest. In this 

state they are also able to elude cytotoxic anti-cancer drugs as those mainly target highly 

proliferative cells. When the surrounding conditions change, dormant cells can reenter a 

proliferative state. In a patient, this switch manifests in a disease relapse, with new metastasis 

that might even appear years after initially successful treatment (Phan and Croucher, 2020).  

 

2.3 Liquid biopsy 

 
The analysis of cancer-derived material in a patient’s blood stream as a so called “liquid 

biopsy” holds great promises. It can serve as a marker for early cancer diagnostics, patient 

stratification for treatment, risk estimation for relapse, and real-time treatment monitoring 

(Heidrich et al., 2021; Mader and Pantel, 2017). 

There are different analytes that can be examined, including CTCs, ctDNA and cancer-

derived exosomes (Yu et al., 2021). The initial concept consisted in the detection of 

circulating tumor cells in a cancer patient’s blood sample. Circulating tumor cells are not 

only shed by the primary tumor but also from its metastases and can provide valuable 

information on its characteristics (Mader and Pantel, 2017). Besides these intact circulating 

cells also other cellular components can be detected in a liquid biopsy. As cancer cells 

become apoptotic or necrotic, their fragmented DNA can be found in the blood stream. 

However, a fraction of this circulating tumor-derived DNA (ctDNA) might also be actively 

secreted by the tumor (Heidrich et al., 2021). Furthermore, exosomes and other vesicles 

secreted by cancer cells can be detected in a liquid biopsy. They carry valuable information 

in form of DNA, RNA or nutrients and metabolites (Yu et al., 2021). In the following text, 

the focus will lie on CTCs and their potential when extracted from a patient’s blood stream, 

as well as on the current challenges regarding the clinical implementation of liquid biopsies.  
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Compared to the conventional needle biopsy, a liquid biopsy offers several advantages. 

Original tissue biopsies must be considered as small surgical procedures, so they also bear 

potential pain and health risks for the patient. Depending on organ and tumor location, a 

needle biopsy might even be unfeasible. Furthermore, it represents a temporal expenditure 

for patient and physician and high costs for the health care system. A liquid biopsy on the 

other hand, only requires blood sampling from a peripheral vein and is therefore minimally 

invasive with low risks for the patient and carried out in a short period of time at lower costs 

(Alba-Bernal, 2020; Mader and Pantel, 2017; Yu et al., 2021). 

Besides these methodical advantages, also the quality of the material obtained by liquid 

biopsy might be exceeding the conventional tissue biopsies. The latter are most often 

performed on the primary cancer site and contain only a small fraction of the tumor. Since 

cancers are heterogeneous and develop over time, one-time molecular analyses of a biopsied 

cancer tissue might only reflect individual subclones at one specific time. Furthermore, in 

advanced patients, distant metastases may have developed a divergent genome compared to 

the primary tumor and are often present in multiple different locations. A liquid biopsy can 

be performed repeatedly and display the characteristics of all cancer sites. Furthermore, the 

cells detected in the bloodstream, are the subclones that have potentially already achieved 

the first steps of the metastatic cascade which makes them an interesting target for research 

and cancer treatment. Liquid biopsies may therefore permit a real-time monitor of a 

cancerous disease and build a foundation for individual cancer therapies (Alba-Bernal et al., 

2020; Heidrich et al., 2021; Mader and Pantel, 2017).  

Circulating tumor cells also have a prognostic value as the presence of even a single CTC in 

7.5 ml blood in breast cancer patients is associated with a decreased progression-free 

survival, a higher risk of recurrence, and a shorter overall survival (Alba-Bernal, 2020). 

Nevertheless, so far, CTC enumeration lacks sensitivity as a diagnostic marker (Alix-

Panabières and Pantel, 2016). One big hindering aspect is the rarity of cancer cells in the 

blood with only one CTC among 106-107 normal peripheral mononuclear blood cells 

(PBMCs) (Joosse et al., 2015). One way to decrease this impact is by increasing the analyzed 

volume. In a patient with an average of one CTC per 7.5 ml of blood, the probability of 

detecting this one CTC in a 7.5 ml tube is only 63%. But this rate can be increased to 86, 95, 

and 98% by collecting 2, 3, or 4 tubes of blood, respectively (Tibbe et al., 2007) (Fig. 3). 

 



 21 

 

Figure 3 CTC detection rates depending on analyzed blood volume 
This figure published by Tibbe et al. shows the dependency of CTC detection rates from the 
amount of analyzed blood volume. The x-axis demonstrates the probability of detecting at 
least one CTC in the blood sample, the y-axis shows its dependency on quantity of CTCs 
present in a patient’s blood. At 667 CTCs per 5 liters of blood representing one CTC per 7.5 
ml of blood, the probability to detect this one CTC is 63% if one 7.5 ml tube is taken and 
86%, 95%, and 98% when collecting 2, 3, or 4 tubes of blood, respectively. 
(Tibbe et al., 2007) 
 

Therefore, using current standards, patients can easily be misidentified as CTC negative, 

especially when only small numbers of cancer cells are present in the blood circulation. 

Another strategy to increase the likelihood of detecting CTCs at low concentrations is 

diagnostic leukapheresis (DLA). This procedure can drastically increase the number of 

detectable tumor cells per patient. However, it is associated with long sample times of up to 

1.5 hours and currently unmanageable high amounts of white blood cells (Fischer et al., 

2013, Andree et al., 2018).  

Another obstacle for the implementation of liquid biopsies into practice is given by the CTC 

enrichment methods that, so far, do not perform accurately enough to detect all cancer cells 

present in the sample (see 2.4).  
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2.4 CTC enrichment methods 
 
Blood is composed from red blood cells, platelets and white blood cells circulating in a liquid 

called plasma (Castillo et al., 2019). As one CTC is present in front of a background of 106-

107 PBMCs, techniques need to be implemented that separate the cancer cells from the 

remaining blood cells. A variety of these enrichment methods have been developed that can 

broadly be divided into label-dependent and label-independent methods (Joosse et al., 2015).  

Label-dependent methods rely on the distinction of different cell types based on their 

expression of certain cell surface markers. Common proteins expressed by epithelial cells, 

and therefore also by many carcinomas, are the epithelial cell adhesion molecule (EpCAM) 

(Rushton et al., 2021) or intermediate filaments called keratins (Toivola et al., 2015). Many 

enrichment methods use these markers to perform a positive selection by e.g. identifying 

EpCAM positive cells through binding of specific antibodies. The most common instrument 

is the CellSearch® System which, up to date, is also the only Food and Drug Administration 

(FDA) cleared device for tumor cell enrichment (Joosse et al., 2015; Rushton et al., 2021). 

This semi-automated device is using antibody coated ferrofluids that bind to EpCAM-

expressing cells and can be collected from the blood through magnetic separation. In a 

following step the cells can be stained with fluorescent antibodies and examined by an 

expert. But the device is only designed to process blood samples of 8-10 ml (Swennenhuis 

et al., 2016) and cells lose their viability during prefixation (Habli et al., 2020). Besides 

immunomagnetic approaches, there are also microfluidic devices as e.g. the CTC-Chip, 

where blood is processed through EpCAM-coated micropillars. In this approach, cells 

maintain viability but it is also not adaptable to larger volumes (Rushton et al., 2021).  

The downside of label-dependent methods is their reliability on specific cell-surface 

markers. Patients with non-epithelial cancers as, for example, sarcomas cannot be analyzed 

for CTCs by these devices. Moreover, this can also present a problem in the detection of 

carcinoma cells, as cancer cells that undergo EMT also downregulate typical epithelial 

markers as keratins or EpCAM and might be not captured during the enrichment. 

Consequently, enrichment methods relying on these proteins might miss a fraction of cells 

and therefore give imprecise CTC rates. Furthermore, the cells that achieved EMT are 

particularly invasive and therefore of highest interest for a patient’s prognosis and further 

analysis (Joosse et al., 2015; Rushton et al., 2021). 

Some developers have therefore emphasized the concept of negative depletion, where 

leukocytes are extracted from the blood using anti-leukocyte antibodies as e.g. anti-cluster 

of differentiation 45 (CD45). This concept allows CTC-detection independent from cell 
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surface markers and therefore promises a more heterogeneous selection. Unfortunately, 

CTC-recovery rates in these methods are relatively low and cancer cells might accidentally 

be depleted together with the mass of leukocytes surrounding them (Rushton et al., 2021).  

Label-independent alternatives are therefore gaining popularity. There are different 

techniques that all take advantage of physical characteristics distinguishing CTCs from their 

surrounding cells. In density-based concepts, CTCs can be separated from other blood 

components due to their individual density by adding separation media and perform a 

centrifugation. Although they can be conducted in a short time period, the harvested liquid 

is still rich of PBMCs and not very convenient for further analysis (Ferreira et al., 2016; 

Rushton et al., 2021). As a result, these methods are often combined with other strategies. 

In the OncoQuick method, an additive filtering step should achieve further purification of 

the recovered cells. The RosetteSepTM CTC enrichment cocktail, on the other hand, adds 

antibodies that bind to the CTCs and increase their density. Nevertheless, these methods lack 

purity and are commonly used as a pre-enrichment procedure (Ferreira et al., 2016).  

Another label-independent approach is the separation by cell size, as circulating tumor cells 

are usually larger than surrounding leukocytes (Ferreira et al., 2016). The ParsortixTM 

technology, for example, is based on a separation cassette that is comprised of gradually 

narrowing steps where large cancer cells get trapped (Miller et al., 2018). A different concept 

for size-based enrichment are microfiltration techniques. The blood is processed through a 

filter membrane with micropores that the smaller blood cells can pass through while the 

larger CTCs get trapped (Rushton et al., 2021). Both of these techniques enable the 

enrichment of viable cells (Bailey and Martin, 2019; Miller et al., 2018) but also have their 

own limitations. Filter based systems struggle with clogging, specifically when confronted 

with higher sample volumes (Rushton et al., 2021) and according to the user’s manual, 

enriching 8 ml of blood with the ParsortixTM device takes 2 hours and separation cassettes 

are expensive.  

Also in vivo enrichment techniques have been introduced. The CellCollector is a wire that 

can be placed in a patient’s blood vessel. Its anti-EpCAM coated surface gives the 

opportunity to directly detect CTCs from the blood and thereby screen large volumes 

(Rushton et al., 2021). The same advantage is given by a second procedure called diagnostic 

leukapheresis. In an original leukapheresis, leukocytes are filtered from the blood based on 

their density by centrifugation. As CTCs have a similar density as leukocytes, they are also 

enriched by this technique. So far, there is no suitable method to further process the DLA 

product adequately. Most techniques struggle with the large volumes obtained from the 
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procedure and the extremely rich concentration of leukocytes. The CellSearch® system for 

example, is only capable of processing a small fraction of the whole product (Andree et al., 

2018; Fehm et al., 2018). 

With all the options existing on the market, there is still an urgent need for enrichment 

methods, that permit a high throughput of large blood volumes to increase the pool for 

potential CTCs. In order to establish personalized treatment concepts, the CTCs captured by 

those methods should also be enriched in a viable state (Pei et al., 2020).  

The slanted spiral microfluidic device with a trapezoidal cross section designed by Warkiani 

et al. (Fig. 4) presents such an approach. Patient samples are processed through the loops of 

a spiral where internal forces as well as the drag-and-dean force have an influence on the 

position of the cells inside the loops. Larger and smaller cells drive to opposing walls of the 

loops and are consequently collected in different outlets. Samples can be continuously 

analyzed at a speed of 1.7 ml/minute and cell viability is preserved (Warkiani et al., 2014a). 

Existing studies evaluated recovery rates enriching donor blood spiked with cancer cell line 

cells. The original study by Warkiani et al. showed recovery rates from 80% to 87%, 

depending on the cell line, which has been confirmed by following research (Aya-Bonilla et 

al., 2017). Other studies showed more varying results. Müller Bark et al., for example, tested 

the recovery rates of five different glioblastoma cell lines and could show that the smallest 

analyzed cell line presents with rates of only 23-33% (Müller Bark et al., 2021).  

 



 25 

 

 
Figure 4 Illustration of the slanted spiral 
This illustration of the slanted spiral as shown in the first publication is providing 
information on its operating principle. Samples comprising CTCs and white blood cells 
(WBCs) are loaded via an inlet tube and processed through the spiral. Inside of the spiral 
loops, a cell sorting is established due to internal forces combined with the drag-and-dean 
force. Larger cells, such as cancer cells, accumulate on the inner wall and are collected by 
the inner outlet, whereas smaller cells, as WBCs, circulate on the outer wall and are discarded 
by the outer outlet.  

(Warkiani et al., 2014a)  
 

2.5 CTC culture and its role in personalized medicine 

 
A liquid biopsy permits the display of a heterogeneous population of CTCs, not only from 

the primary site but also from potential cancer metastases. It can be performed repeatedly 

over the course of a patients treatment to monitor therapy response and early detection of 

resistance (Alba-Bernal et al., 2020; Heidrich et al., 2021; Keller and Pantel, 2019; Mader 
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and Pantel, 2017). Furthermore, as CTCs represent the fraction of cancer cells that will 

eventually form metastasis in distant organs, cancer medicine particularly targeting those 

cells could have a major impact on a patient’s course of disease (Smit et al., 2021).  

Despite the simple quantification of CTCs in a patient’s blood and their genomic analyzation 

to predict therapy response, an emerging approach to provide personalized cancer medicine 

is given by in-vitro or in-vivo drug testing on CTC cultures (Smit et al., 2021; Tellez-Gabriel 

et al., 2018). In recent years, various short- or long-term in-vitro CTC cultures could be 

established successfully by using different enrichment methods. A few studies also 

performed additional drug testing on the cultured CTCs including chemotherapy as well as 

endocrine therapy or targeted therapies (Smit et al., 2021).  

Nevertheless, there is still no routine that allows reliable culture of patient derived CTCs. A 

major challenge remains the implementation of cell cultures in patients with low CTC 

burden. Most existing cultures were established from patients with high CTC counts where 

an initial CTC count of >100/ml increases chances of success (Shimada et al., 2022).  

In the existing literature, a distinction is made between short-term (<6 months) and long-

term culture (>6 months). As cancer cells have high mutation rates, long-term cultivated 

cells are expected to have undergone a phenotypic change and no longer represent the 

original cancer. Short-term cultures might therefore be more suitable for drug-response 

testing (Shimada et al., 2022; Smit et al., 2021).  

Original cell cultures from established and commercially available cell lines are usually 

performed in two-dimensional methods (2D), as e.g. in a petri dish (Shimada et al., 2022). 

In these conditions, cancer cells form an adhesive layer on the given surface. This is 

accompanied by a change in phenotype and altered cell-to-cell interactions. To perform drug 

testing on CTCs the cultivation method should aspire to be as close to in-vivo conditions as 

possible. As tumors are three-dimensional (3D) tissues that consist of heterogeneous 

subtypes of cancer cells as well as cells from the tumor microenvironment, 3D culture 

methods are on the rise (Tellez-Gabriel et al., 2018). 

Tu et al. presented a rapid and cost-efficient option for the implementation of such cultures 

by using a microwell-based technique. Enriched CTCs can accumulate in the microwells, where 

they can develop cell-to-cell adhesions and form three-dimensional cell clusters. An advantage 

of this method compared to other models is given in the controllable size of the cancer cell 

spheroids, as sizes were only ranging from around 40 to 80 μm (Tu et al., 2014). As the 

circumference of the spheroids affect the drug distribution among the cultured cells (Nath and 
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Devi, 2016), the cultured spheroids should be of comparable sizes to ensure significant drug 

testing and develop evaluation standards. 

The microwell technique has already successfully been used by Khoo et al. to perform drug 

testing on patient derived CTCs. Their team estimated that even one CTC per microwell might 

be enough to induce cancer cell growth, concluding that the technique might be suitable also for 

patients with low CTC counts (Khoo et al., 2016).  

 

2.6 Study design 

 
Low CTC rates in liquid biopsy samples hinder their promising perspectives in regard to 

disease monitoring and targeted therapy. Shimada et al. even described the CTC count as 

“the most important factor for the successful establishment of CTC cell lines” (Shimada et 

al., 2022). As illustrated by Tibbe et al., the screening of increased blood volumes would 

consequently increase CTC counts. Compared to conventional CTC enrichment methods 

that are not suitable for processing larger volumes, the slanted spiral microfluidic device 

with a trapezoidal cross section is capable of enriching enlarged samples in a short time by 

still maintaining cell viability. The aim of this study was to investigate optimal performing 

conditions of the slanted spiral microfluidic device for CTC enrichment from larger volumes. 

Three variables were examined: (1) The influence of increased PBMC concentrations on the 

spiral efficiency. (2) The optimal flowrate for maximum CTC recovery. (3) The utility of 

repetitive enrichments to reduce leukocyte contamination and its impact on CTC counts.  

Once the optimal protocol was defined, patient samples were enriched and analyzed by the 

CellSearch® device and the slanted spiral to compare detection rates. Spiral enriched CTCs 

were stained with immunofluorescent antibodies and identified by microscopy. In a 

consecutive step, enriched CTCs were brought into culture. To verify tumor cell origin, 

molecular characterization using Next Generation Sequencing (NGS) was performed on 

CTCs captured by spiral enrichment. This research aims on establishing a new approach for 

CTC enrichment from large volumes and consecutive CTC culture. Furthermore, we expect 

to acquire new insights on the biology of CTCs, especially regarding their behavior in 

culture. 

 

 

 

 

  



 28 

3 Material and Methods 
 
3.1  Materials 
 
Table 1 Consumable materials 

Product Catalog number Provider 

Adhesion microscope slides 02-0060/90 R. Langenbrinck GmbH 

Cell Culture flask, 25 cm2 38054 Stemcell Technologies 

Cell Save preservative tubes 7900005 Menarini Silicon Biosystems 

Centrifuge tube 50 ml, 15 ml 227261, 188261 Greiner Bio-One 

CytoSep™ Funnel Chamber 11670601 Simport™ Scientific M966-8 

Dako-Pen S200230-2 Agilent Technologies 

Flat Bottom Plate, 12 wells 38052 Stemcell 

Injection Pipettes beveled (45°), 
OD 40 µm, straight, L: 55 mm - BioMedical Instruments 

Micro tubes 2 ml, 1.5 ml, 0.5 ml 72.691, 72.690.01, 
72.698 Sarstedt 

Parafilm 13-374-13 Bemis Company Inc PM1000 

Pipette tip 1000 µl, 200 µl,      
10 µl 

70.3050.205, 
70.3030.205, 
70.3010.205 

Sarstedt 

S-Monovette EDTA, 7,5 ml 01.1605.001 Sarstedt 

Slide carrier 03-0060 R. Langenbrinck GmbH 

Syringe 20 ml, 10 ml, 5 ml 300296, 309110, 
309050 BD Medical Products 

ViCell Sample Vials 5001041 Beckman Coulter 
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Table 2 Reagents 

 
Table 3 Antibodies 

Product Catalog number Provider 

Anti-human CD45 antibody 
labeled with Alexa Fluor® 647 304018 Biolegend 

DAPI (4’,6-Diamidin-2-
phenylindol, Dihydrochloride) D1306 Invitrogen, Thermo Fisher 

Scientific 

Pan-keratin monoclonal 
antibody clone AE1/AE3 

labeled with Alexa Fluor® 488 
53-9003-80 eBioscienceTM, Invitrogen, 

Thermo Fischer Scientific 

 
 
 
 
 
 

Product Catalog number Provider 

AB-Serum 805135 Bio-Rad Laboratories 

Dulbecco’s Modified Eagle 
medium (DMEM) P04-03600 PAN-Biotech 

Dulbecco’s phosphate-buffered 
saline (DPBS) 14190144 GibcoTM 

Fetal bovine serum (FBS) F0804-500 ml Sigma Aldrich 

Ficoll-PaqueTM Plus medium 17-1440-03 GE Healthcare 

Human female DNA G1521 Promega, Thermo Fisher 
Scientific 

L-Glutamine 25030024 Gibco – Life Technologies 

Paraformaldehyde (PFA) K01629705 Merck 

RBC Lysis Solution 158904 Qiagen 

SeaKem® LE Agarose 50004 Lonza 

Sodium hypochlorite 9062.1 Carl Roth 

Trypsin/EDTA 25200072 Thermo Fisher Scientific 
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Table 4 Kits 

Kit Catalog number Provider 

NucleoSpin® Gel and PCR 
Clean-Up 11992242 Macherey-Nagel GmbH & Co. 

KG 

PicoPLEX® Single Cell WGA 
kit v3 R300722 Takara Bio USA 

QubitTM dsDNA BR Assay Kit Q32853 Invitrogen, Thermo Fisher 
Scientific 

QubitTM dsDNA HS Assay Kit Q33231 Invitrogen, Thermo Fisher 
Scientific 

 

Table 5 Devices 

Device Provider 

Axio Observer Fluorescence microscope ZEISS 

Biosafety cabinet HerasafeTM ThermoScientific 

CFX96 Real-Time System, C1000 Touch Bio-Rad 

HeracellTM 150i CO2 Incubator ThermoScientific 

HeracellTM VIOS 160i CO2 Incubator ThermoScientific 

Megafuge 8 Thermo Heraeus 

Multifuge 3 S-R Thermo Heraeus 

Pipetus ® 100-240 Volt Hirschmann 

Primovert microscope ZEISS  

ResearchÒ Plus mechanical pipettes Eppendorf 

Rotofix 32 Hettich Zentrifugen 

Syringe pump Kd. Scientific 

ViCellTM XR Beckman Coulter 
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Table 6 Software 

Software Source 

BWA MEM2 v2.2.1 https://github.com/bwa-mem2/bwa-mem2 

control-FREEC v11.6 http://boevalab.inf.ethz.ch/FREEC/tutorial.html 

fastp v0.20.1 https://github.com/OpenGene/fastp 

In-Silico Online http://in-silico.online 

Microsoft Excel Microsoft 

Microsoft PowerPoint Microsoft 

Microsoft Word Microsoft 

PubMed https://pubmed.ncbi.nlm.nih.gov 

R Foundation for Statistical 
Computing, version 4.1.0 https://www.r-project.org 

Samtools v1.13 https://github.com/samtools/samtools 

ZEISS Axio Vision 4.9.1 Software Zeiss 

Zotero https://www.zotero.org 

 
Table 7 External services 

External Service Provider 

Next Generation Sequencing BGI Genomics, Hongkong 

 
 
3.2  Methods 

 
3.2.1 Sample collection and processing 

 
For optimizing the spiral protocol and testing the culture conditions, healthy donor blood 

samples were provided from the Department of Transfusion Medicine of the University 

Medical Centre Hamburg-Eppendorf. Furthermore, blood samples were taken from 12 

metastatic breast cancer patients and 4 metastatic ovarian cancer patients treated in the 

Department of Gynecology at the University Medical Centre Hamburg-Eppendorf, after the 

patients gave written informed consent (ethical approval number: PV5329). Peripheral blood 
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was drawn into sterile 7.5 ml ethylene diamine tetraacetic acid (EDTA) containing tubes and 

sample processing was initiated within one hour. 

PBMC and CTC isolation was achieved by density-based separation with a Ficoll-PaqueTM Plus 

medium. The blood samples were diluted in DPBS (1:1 - 1:3) and pipetted onto a 20 ml Ficoll 

layer into a 50 ml tube. After a first centrifugation of 30 mins at a relative centrifugal force 

(RCF) of 400 x g the supernatant consisting of the patient plasma and a buffy coat was 

transferred into another 50 ml tube and centrifuged a second time for 10 minutes at a RCF of 

400 x g. To clear the sample from remaining erythrocytes, the pellet was resuspended in 10 ml 

of RBC Lysis solution incubated at room temperature for 5 minutes and centrifuged at a RCF of 

1000 x g for 5 minutes. Cells were then washed with DPBS and the PBMC concentration was 

calculated using the ViCellTM XR. Cell isolation of the samples from the ovarian cancer patients 

was only performed with 3 cycles of RBC lysis. 

 

3.2.2 Enrichment with the slanted spiral microfluidic device 

 
Tumor cell enrichment was performed with a slanted spiral microfluidic device with a 

trapezoidal cross section (Warkiani et al., 2014a). Prior to processing, samples were diluted 

in DPBS to a PBMC concentration of up to 6x106 PBMCs/ml, if not indicated differently. A 

20 ml syringe pump was utilized to process the samples through the spiral at a flowrate of 

1.7 ml/minute unless noted otherwise. The enrichment was performed under sterile 

conditions. Before usage, the spiral was cleaned with 10 ml Sodium hypochlorite (5%) 

(NaClO), followed by 10 ml distilled H2O and 10 ml DPBS, each at a flowrate of 1 

ml/minute. Samples were loaded into 20 ml syringes, processed through the spiral and 

volumes from the inner and outer outlet were separately collected in 15 ml tubes. In a final 

step, remaining cells were eluted by processing 1 ml of DPBS through the spiral. In case of 

a high post-enrichment volume, another centrifugation at a RCF of 1000 x g for 5 minutes 

was performed and the pellet was resuspended in a smaller volume of DPBS. After 

enrichment the device was cleaned with NaClO (5%) and H2O as described above. 

The spiral enriched cells from metastatic breast cancer patients were divided into two 

fractions. One fraction was used for CTC enumeration and method comparison, the other for 

CTC culture. The samples from the ovarian cancer patients were directly transferred into 

culture.  
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3.2.3 CellSearch® analysis 

 
For method comparison, 7.5 ml of the blood drawn from the patients was also screened for 

cancer cells by the FDA cleared CellSearch® System. Samples were transferred to CellSave 

preservative tubes within 1 hour after withdrawal and processed within the next 96 hours as 

recommended by Menarini Silicon Biosystems. The operator did not have access to the spiral 

enrichment data and was therefore blinded to the results. 

 

3.2.4 Culture of MCF7 cell line cells 

 
MCF7 breast cancer cells (ATCC) were cultured in DMEM media complemented with 10% 

fetal bovine serum (FBS), 1% L-Glutamine and 1% Penicillin/Streptomycin in 25 cm2 flasks. 

Flasks were incubated at 37°C with a 10% carbon dioxide (CO2) concentration. When split, cells 

were harvested with trypsin/EDTA and washed with DPBS. 

 

3.2.5 CTC immunofluorescence detection 

 
For cancer cell detection and enumeration, the volume of interest was transferred into an 8 

ml CytoSep™ Funnel Chamber connected to a microscope slide held by a slide carrier. After 

centrifugation at a RCF of 190 x g for 5 minutes and overnight drying, cells were fixed with 

0.5% paraformaldehyde (PFA) (Merck) in DPBS for 10 minutes, washed with DPBS 3 times 

and incubated in 10% AB-Serum (blood group A and B) at room temperature for 45 minutes. 

Immunofluorescence staining was performed with the nuclear stain DAPI (4’ ,6-Diamidin-

2-phenylindol, Dihydrochloride) (1:700), Pan-keratin monoclonal antibody clone AE1/AE3 

labeled with Alexa Fluor® 488 (1:500) and anti-human CD45 antibody labeled with Alexa 

Fluor® 647 (1:700) overnight at 4°C. Under a fluorescence microscope, DAPI+, Keratin+ 

(K+) and CD45- cells were picked and stored under -80°C until further processing. 

 

3.2.6 Culture of spiral-enriched cancer cells 

 
To culture CTCs from patient samples, a microwell-based technique presented by Tu et al. was 

used with some adjustments (Tu et al., 2014). Enriched cells accumulate in the microwells, 

where they maintain close cell-to-cell contact and form three-dimensional cell clusters. In this 

study, Polydimethylsiloxan (PDMS) master molds (diameter: 13mm, height: 3.5 mm) (Fig. 5A) 

were used as a template to produce agar chips with imprinted microwells. 
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The PDMS molds were placed onto microscope slides fixated with funnel chambers in slide 

carriers (Fig. 5B). Under sterile conditions, a 2% agarose gel was prepared from 0.3 g 

SeaKem® LE Agarose and 15 ml distilled H2O. 800 µl of the heated gel was pipetted on top 

of the molds and in the circular space between molds and funnel wall until fully covered. 

The funnel chamber was covered with Parafilm and centrifuged for 4 minutes at 190 x g. 

Subsequently, each agar chip (Fig. 5C) was transferred into one chamber of a 12-well cell-

culture plate. As a final step, the agar chips were sterilized under ultraviolet (UV) light for 

10 minutes. 

 
A              B                                                                 C 

Figure 5 Production of the microwell agar chips 
PDMS molds (A) were used as a template and placed onto a microscope slide with funnel 
chambers into a slide carrier (B). Heated liquid agarose was transferred onto the molds, 
centrifuged and cooled down. In sterile conditions, the mold was removed resulting in an 
agar chip (C) with a microwell-imprinted surface and a surrounding wall to contain liquids 
on the chip.    
 

The sample volume intended for culture was immediately transferred into microwells after 

enrichment with the slanted spiral. 200 µl of the cancer cell enriched volume were pipetted 

into the inside of each agar chip. When the cells had settled into the microwells, 2 ml of 

DMEM medium (complemented as described above) was slowly added in the circular space 

around the agar chip until overflowing into the microwells. Medium was exchanged the day 

after enrichment and then periodically every fifth day. Cultured cells were examined under 

a bright light microscope and pictures were taken with the ZEISS AxioVision 4.9.1 

Software. Cells from the breast cancer patients were cultivated at a 1% oxygen and a 10% 

CO2 level for 10 to 21 days. The culture of the cells deriving from ovarian cancer patients 

was performed under normoxic conditions (21% oxygen) at a 5% CO2 concentration and 

maintained for up to 90 days. At the end of the culture period harvesting from the wells was 

achieved by repetitive pipetting, after washing with DPBS. Cells were then transferred into 

funnel chambers and centrifuged as described above. 
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3.2.7 Whole Genome Amplification (WGA) 

 
Single cell DNA amplification was performed with the PicoPLEX® Single Cell WGA kit 

v3). After amplification, a polymerase chain reaction (PCR) clean-up was completed with 

the NucleoSpin® Gel and PCR Clean-Up. Next, DNA concentrations were measured with 

QubitTM dsDNA BR and HS Assay Kit. All steps were performed according to the 

manufacturer’s manual.  

To evaluate the quality of the amplified product a Glycerinaldehyd-3-phosphat-

Dehydrogenase (GAPDH) multiplex PCR was conducted. A positive control was created 

from human female DNA and a negative control without any added DNA. Four primer sets 

were used, creating 100, 200, 300 and 400 bp fragments from the GADPH gene. A loading 

dye was added to the samples. An electrophoresis gel was prepared from 2% SeaKem® LE 

Agarose TAE gel, loaded with the samples and the electrophoresis performed at 100V. 

Samples that showed three or four bands, indicating high DNA-quality, were classified as 

suitable for next generation sequencing analyses.  

 

3.2.8 Next generation sequencing 

 
DNA amplification products were analyzed by whole genome re-sequencing on a DNBseq 

(BGI, Denmark). Fastq files were processed by fastp v0.20.1 (Chen et al., 2018) to remove 

PicoPlex adapters and low quality reads, followed by aligning to the human genome hg38 

using BWA MEM2 v2.2.1 (Md et al., 2019). Finally, Samtools v1.13 (Danecek et al., 2021) 

was used for converting tocBAM file, fix mate coordinates, sort, mark duplicates, and 

produce an index file. Copy number alterations were detected using control-FREEC v11.6 

(Boeva et al., 2012). 

 

3.2.9 Statistical Analyses 

 
Statistical analyses were performed using R (R Foundation for Statistical Computing, 

version 4.1.0) and In-Silico Online, version 2.3.1 (“In-Silico Online,” 2006). ANOVA was 

applied to determine whether the mean difference between more than 2 groups of 

measurements was statistically significant (p<0.05). 
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4 Results 
 
4.1 Development of the slanted spiral enrichment protocol 
 

To establish a protocol with optimal conditions for cancer cell enrichment from larger 

volumes, influencing parameters on the spiral performance were investigated.  

First, the influence of PBMC concentrations and spiral flowrate on the purity and CTC 

recovery of the enriched product were examined. In a second experiment, the spiral recovery 

rate of breast cancer cell line cells (MCF7) was evaluated. Furthermore, the effectiveness of 

repetitive enrichment cycles for reduction of leukocyte contamination and its impact on CTC 

counts were examined.  

 

4.1.1 PBMC removal efficiency depending on cell concentrations and flowrate 

 
There is a need for CTC enrichment methods that are capable of handling larger blood 

volumes. Furthermore, with the diagnostic leukapheresis there is a new concept that might 

enable the screening of large patient blood volumes but comes with an enormous background 

of PBMCs. Consequently, it is crucial to know which PBMC concentrations the spiral can 

process while still maintaining sufficient purity of the enriched product. 

To investigate the slanted spiral’s efficiency on PBMC removal, blood from healthy donors 

was collected in EDTA tubes. PBMCs were isolated as described before and their 

concentrations counted with the ViCellTM XR. In a following step, the donor PBMCs were 

diluted in DPBS to achieve a spectrum of concentrations ranging from 1x106 to 25x106/ml 

DPBS. Duplicate samples were processed through the slanted spiral at a flowrate of 1.7 

ml/minute and cell concentrations from both outlets were determined by counting with the 

ViCellTM XR.  

The fraction of removed PBMCs in percent was calculated as follows: 

 

𝑟𝑒𝑚𝑜𝑣𝑎𝑙	(%) =
ViCell-counted PBMCs from outer outlet

ViCell-counted PBMCs from inner + outer outlet 𝑥100 

 

The PBMC removal efficiency for samples with a concentration from 1 to 6x106 PBMCs/ml 

was ranging between 94.75% and 97.35%. By further increase of concentration, a decrease 

in enrichment efficiency was observed. For a concentration of 10x106 PBMCs/ml only 

91.48% of PMCs could be removed and for concentrations of 15, 20 and 25x106 PBMCs/ml 

only 91.18%, 89.24% and 85.44 %, respectively (Fig. 6).  
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Figure 6 Influence of PBMC concentration on the spiral’s PBMC removal efficiency 
PBMCs from healthy donor samples were diluted to different concentrations and processed 
through the slanted spiral. The x-axis shows the PBMC concentrations in million/ml and the 
y-axis the percentage of PBMCs that could be removed from the overall concentration 
ranging from 85-100%. For each concentration, enrichment was performed on two samples 
(dots) and the means were calculated (crosses).    
 
Additionally, the influence of the processing speed was taken into account. A faster flowrate 

permits higher throughput which is advantageous when processing large volumes. As the 

authors of the original paper introducing the spiral (Warkiani et al., 2014a) are 

recommending a processing speed of 1.7 ml/min, we wanted to investigate if increased 

flowrates have an impact on the purity of the enriched fraction.  

Therefore, PBMCs were isolated from healthy donor samples and brought to concentrations 

of 1, 5, and 10x106 PBMCs/ml as described before. Duplicate samples were then processed 

at flowrates of 1.7, 1.9 and 2.1 ml/minute and PBMC concentrations from both outlets were 

counted with the ViCellTM XR. Subsequently, the PBMC removal efficiency was calculated 

for each flowrate. For all PBMC concentrations a flowrate of 1.7 ml/minute resulted in the 

best removal. The most prominent discrepancy between flowrates was observed at a PBMC 

concentration of 5x106 PBMCs/ml (Fig. 7).  
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Figure 7 PBMC removal efficiency of the slanted spiral depending on cell concentration 
and flowrate 
PBMCs from healthy donor samples were diluted to different concentrations and processed 
through the slanted spiral at flowrates of 1.7 (–), 1.9 (–) and 2.1 ml/min (–). The x-axis shows 
the PBMC concentration in million/ml and the y-axis the percentage of PBMCs that could 
be removed from the overall concentration ranging from 85-100%. For each concentration, 
enrichment was performed on two samples (dots) and the means were calculated (crosses).   
 

An analysis of variance (ANOVA) showed a significant difference in mean clearance of 

PBMCs based on flowrate (p=0.0080) and initial cell concentration (p=0.0007). No 

interaction effect was found between flowrate and cell concentration (p=0.7).  

Therefore, a flowrate of 1.7 ml/minute and a cell concentration of 6x106/ml were used for 

subsequent experiments. 

 

4.1.2 Tumor cell line (MCF7) recovery rate of the slanted spiral  
 
Previous research has shown that the average recovery of cell line cells using the slanted 

spiral is dependent on cell size and ranges from 23% to 90% (Table 8).  
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Table 8 Tumor cell recovery rates from existing publications 

Publications on recovery rates from cancer cell line cells together with cell diameter. In all 
experiments, healthy donor blood was pre-processed with an erythrocyte lysis buffer and 
subsequently spiked with cancer cell line cells.  
For the study of Warkiani et al. diameters have been adopted from a subsequent publication 
of the group (Warkiani et al., 2014b). No data was available on the diameter of the MDA-
MB231 cell line. Data on the cancer type in the publication of Kulasinghe et al. were taken 
from manufacture sources. For Aya-Bonilla and Müller Bark et al. diameters have been read 
of the associated figures in the studies. 
 

Author Cell-Line Cancer Type Approximate 
Diameter (µm) 

Average 
recovery (%) 

Warkiani et al., 
2014a  

T24 Bladder 30 80 

MCF7 Breast 20 85 

MDA-MB-231 Breast N/A 87 

Aya-Bonilla et 
al., 2017  

A2058 Melanoma ~ 14 
83 

Skmel5 Melanoma ~ 18 

Kulasinghe et 
al., 2017 

FaDu Hypopharyngeal  23 60-70 
(100-150 spiked 

cells) 

40-60 
(<100 spiked 

cells)  

CAL27 Tongue  17 

RPMI2650 Nasal  26 

MDA-MB-468 Breast 22.5 

Müller Bark et 
al., 2021 

U251MG 

Glioblastoma 

~ 16 70-90 

U87MG ~ 16 70-80 

BAH1 ~ 15 56-71 

MN1 ~ 20 90 

PB1 ~ 12 23-33 

 

Recovery rates seem to be depending on cell size (Müller Bark et al., 2021), but also on other 

parameters as amount of spiked cells (Kulasinghe et al., 2017). Other factors as 

concentration of PBMCs or individual characteristics of each cell line might have an 

influence as well. Therefore, we evaluated the spiral’s recovery rate of MCF-7 cell line cells 

under the optimal conditions examined beforehand (3.1.1). 
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The focus of this work lies on successful CTC enrichment also from patients with few 

numbers of circulating cancer cells. Therefore, one ml of DPBS with healthy donor PBMCs 

(concentration 6x106) was spiked with only 100 MCF7 cells. The experiment was performed 

in quadruplicate and the enriched fraction as well as the discarded fraction was spun down 

and stained as described before. Under a fluorescence microscope cells per slide were 

counted manually and the recovery was calculated as follows:  

 

𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
K+/DAPI+/CD45- cells from inner outlet

K+/DAPI+/CD45- cells from inner + outer outlet 

 

Not all recovered keratin positive (K+) cells appeared to have an intact phenotype (Fig. 8A), 

with some cells showing a torn cell membrane, non-circular shape, and diffuse keratin signal 

(Fig. 8B).  

 

 
                  A                         B 

Figure 8 Exemplary pictures of cells categorized as “intact” and “torn” 
During microscopic examination some MCF7 cells were revealed as phenotypically 
damaged. Pictured above is an example of an intact MCF7 cell (A) and a cell counted as not 
intact (B).  
  

Therefore, two different recovery rates were calculated, resulting in a recovery of 63.4% 

counting all keratin positive cells regardless their integrity and an even higher rate of 70.9% 

counting only cells with an intact looking membrane and nucleus (Fig. 9). 

 



 41 

 

Figure 9 Tumor cell line (MCF7) recovery of the slanted spiral 
PBMC solutions spiked with MCF7 cells were processed through the slanted spiral and 
recovery rates calculated by analyzing the enriched fractions under a fluorescence 
microscope. The y-axis is showing MCF7-recovery in percentage. A difference was made 
between cells with an intact looking cell membrane (intact) and the overall K+ positive cell 
counts (total). Results indicate an overall recovery rate of 63.4% and 70.9% counting only 
intact looking cells.  
 
 
4.1.3 The influence of repetitive enrichment cycles on sample volume, CTC recovery and 

PBMC clearance 
 
The slanted spiral processes samples at a speed of 1.7 ml/min and therefore enables a high 

throughput. This gives the opportunity of repetitive enrichment cycles with the goal to 

further decrease PBMC contamination and volume of the enriched fraction. On the other 

hand, this might come along with a loss of CTCs during the additional enrichments.  

The group of Guglielmi et al. showed that spiral devices can offer a big opportunity also 

regarding the enrichment of DLA samples. In their study, mimicked DLA product was 

processed through a so-called DLA biochip that is based on a spiral with a trapezoidal cross 

section. In their study the group performed two enrichment cycles. They only achieved an 

average recovery rate of 47% for all their cell lines (Table 9), which is below the average 

recovery of other studies (Table 8).  
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Table 9 Tumor cell recovery rates after a secondary enrichment 
The group of Guglielmi et al. performed a study mimicking DLA product by isolating WBCs 
from healthy donor samples with Ficoll-Paque or Ficoll-Paque PREMIUM. 50, 200 and 
400x106 WBCs/20 ml were spiked with 1 000, 4 000 and 8 000 cell line cells, respectively. 
Their spiral, called DLA biochip, was used with a flowrate of 2.1 ml/min and the enriched 
fraction was processed through the spiral a second time.  
 

Author Cell-Line Cancer Type Approximate 
Diameter (µm) 

Average 
recovery (%) 

Guglielmi et al., 
2020 

Hup-T4 Pancreas  15.1 

48 Sk-BR-3 Breast 13.7 

LNCaP Prostate 15.9 

 

Due to the use of a different spiral device, the results might not be comparable to the original 

slanted spiral device. Nevertheless, repetitive enrichment cycles might prove useful when 

handling larger sample volumes. We therefore decided to investigate the effect of two 

additional enrichment cycles on the cancer cell recovery rate, the amount of the enriched 

volume and the PBMC removal efficiency. We furthermore examined if an additional 

processing of the normally discarded volume can further increase CTC counts. 

Healthy donor PBMCs spiked with MCF7 cells were diluted in 20 ml of DPBS 

(concentration of 4x106 PBMCs/ml). The experiment was conducted in duplicate once with 

5 000 and once with 10 000 spiked cancer cells. The solution was processed through the 

spiral, the enriched volume collected, retransferred into a syringe, and enriched a second 

time. After the second repetition the enriched volume was processed a third time. 

Volumes were measured after each cycle to determine the effect of repetitive enrichments 

on quantity reduction. The volume recovered from the first cycle amounted to 7 ml and could 

be decreased to 2.63 ml and 0.96 ml, with the second and third enrichment, respectively. 

After each enrichment, 5% of the volume obtained from the first and second cycle and 5.7% 

of the volume gained from the third cycle were transferred onto a slide for microscopic 

investigation. The slides were stained and CTC numbers as well as PBMC numbers were 

counted under the fluorescence microscope. The numbers were then extrapolated to the 

whole processed product and PBMC removal and CTC recovery calculated. 

PBMC counts in the enriched fractions could be reduced by a further 98% with the second 

enrichment cycle, but only by another 1.2% after the third enrichment cycle compared to the 

clearance of the first enrichment cycle.  
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For CTC counts, an average decrease in countable cells of 9.5% after second enrichment and 

36.7% after third enrichment was observed, compared to recovery rates after primary 

enrichment (Fig. 10). 

 

 

Figure 10 Effects of multiple enrichment cycles on CTC recovery rate 
PBMC solutions spiked with precultured MCF7 cells were processed through the slanted 
spiral and recovery rates calculated by analyzing 5% of the enriched fractions after first and 
second and 5.7% percent after the third enrichment under a fluorescence microscope. The x-
axis represents the three enrichments, whereas the y-axis shows the MCF7 recovery in 
percent.  
 

To investigate whether an additional enrichment of the normally discarded fraction has a 

positive effect on CTC recovery, the waste fraction from the first enrichment was re-enriched 

through the spiral. The entire gained volume from this additional cycle was transferred to a 

slide and examined under the fluorescence microscope as well. From the enrichment of the 

discarded fraction, an additional average of 2.7% of CTCs could be recovered (Fig. 11). 
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Figure 11 Increase of CTC recovery after enrichment of the discarded fraction 
PBMC solutions spiked with precultured MCF7 cells were processed through the slanted 
spiral and the normally discarded fraction was additionally enriched. 5% of the volume from 
the first enrichment (yellow) and all volume from the additional waste enrichment (blue) 
were analyzed under the microscope for MCF7 cells. The x-axis shows the number of 
previously spiked MCF7 cells, whereas the y-axis represents the MCF7 recovery in percent.  
 

Taken together, the enriched volume could be decreased by ~63% with every enrichment 

cycle and PBMC background was reduced from first to second enrichment, but not 

relevantly further with the third cycle. However, multiple enrichments also negatively 

affected the recovery rate of detectable tumor cells in the enriched fraction reducing them 

further by 9.5% after second enrichment and 36.7% after third enrichment. An additional 

enrichment of the discarded fraction elevated CTC recovery rates only by 2.7%.  

 
4.2 Viability of MCF7 cells after spiral enrichment and suitability of the culture 

conditions in microwells 
 
One aim of this study was the implementation of successful CTC culture from the spiral 

enriched product. Therefore, after establishing an optimal protocol for the slanted spiral, we 

wanted to investigate cell viability after enrichment and show the suitability of CTC culture 
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in microwells. For this, living MCF7 cell line cells were enriched through the spiral and 

subsequently cultured on the agar-chips.  

PBMCs from healthy donors were isolated and resuspended into 20 ml DPBS to a final 

concentration of 3.79x106 PBMC/ml. Subsequently, the solution was spiked with 1 000 

MCF7 cells. The sample was transferred into a syringe and processed through the slanted 

spiral. The cells from the enriched fraction were transferred onto 12 agar chips as described 

before and cultured under normoxic conditions (21% oxygen). Cell culture medium was 

replaced and cell growth examined under a bright light microscope every second day. 

On day one of culture, solitary single cells of a larger size could be observed in the 

microwells surrounded by small cells and cell debris (Fig. 12A). After incubation under 

hypoxic conditions (1% oxygen) for 2 weeks, those single MCF7 cells were proliferating 

and forming dense three-dimensional clusters while keeping their round phenotype (Fig. 

12B).  

 

 
            A                        B 

Figure 12 Development of the spiral enriched MCF7 cells in microwells 
MCF7 cells were enriched by the slanted spiral and transferred onto agar-chips with 
imprinted microwells. These pictures show one of these microwells with one MCF7 cell on 
day 1 surrounded by small cells and cell debris (A) and a cluster formation of the cells on 
day 13 of culture (B).  

 
On day 14 cells from 6 of the 12 agar chips were transferred into 96-well plate chambers. 

Cells from the remaining 6 chips were spun down on a microscope slide and investigated 

under the fluorescence microscope, where compact clusters of keratin positive cells could 

be identified (Fig. 13A). The cells remaining in culture started to grow adherently on the 

surface of the well plates and further proliferated into circular complexes (Fig. 13B).  
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            A                         B 

Figure 13 Development of MCF7 cells in culture after spiral enrichment 
On day 14 cells from 6 of the 12 agarchips were removed from culture and analyzed under 
the fluorescence microscope. In each agar chip cluster formation could be shown with cells 
being DAPI+, Keratin+ and CD45- (A). Remaining cells were transferred into a regular 96 
well plate where proliferation proceeded (B).  
 

When reaching the size of the chamber, the growing MCF7 cells could be further transferred 

into a 48 well plate chamber and further into a 6 well plate chamber.  

On day 36, cells were removed from culture and counted, resulting in a final cell count of 

1.18x106 cells. Consequently, the spiked MCF7 cells proliferated a thousand-fold proving 

cell viability after spiral enrichment as well as the suitability of our culture method. 

 

4.3 CTC enrichment and microwell culture from patient samples 
 
After establishing optimal spiral conditions and proving the viability of cells after spiral 

enrichment as well as the suitability of the microwell culture method, the method was applied 

to patient samples. To evaluate the efficiency of CTC recovery, patient samples were 

simultaneously analyzed by the CellSearch® System and enriched with the slanted spiral. In 

a second step, spiral enriched cells were transferred into microwells to investigate the 

success of CTC culture with the established protocol. Blood was obtained from 12 metastatic 

breast cancer patients (Table 10). As this study was aiming to implement a method for 

enrichment of enlarged sample volumes, higher volumes than the usual 7.5 ml blood tube 

were aspired. Blood volumes ranging from 10 ml to 51 ml with a mean volume of 27.88 ml 

were obtained, depending on the vein status and physical conditions of the patients assessed 

by the responsible physician. An additional 7.5 ml were provided for CellSearch® analysis. 
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Table 10 Breast cancer patient cohort 
This table gives more information on the 12 breast cancer patients regarding age, sex, 
hormone and HER2 receptor status as well as UICC stage.  

 
n (patients) 12 

Age (years)  

Mean Age 62 

Range 45-97 

Sex  

female 12 

male 0 

ER  

positive 9 

negative 3 

PR  

positive 5 

negative 7 

HER2  

positive 7 

negative 5 

UICC Stage  

IV 12 
 
 
 
4.3.1 CTC categorization after sample enrichment with the slanted spiral depending on 

fluorescence appearance 
 
For CTC enrichment from patient samples with the slanted spiral microfluidic device, the 

samples were subsequently pre-enriched with the Ficoll-PaqueTM Plus medium and an RBC 

lysis buffer solution as described before. PBMC concentrations were assessed with the 

ViCELLTM XR and samples diluted in DPBS to a PBMC concentration of up to 6x106 

PBMCs/ml. The samples were then loaded into a syringe and processed through the spiral 

and the enriched fraction centrifuged onto a microscope slide and stained as indicated.  

By fluorescence microscopy four different types of cells were distinguished, that could 

potentially emerge as CTCs. The cells classified as Type A were positive for DAPI, negative 

for CD45 and expressing a very strong keratin signal. Type B cells were also showing DAPI-
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positive and CD45-negative signals but were only weakly positive for keratins. Additionally, 

also cells were identified that neither expressed keratins nor CD45 which were categorized 

as type C. Furthermore, some cells were positive for DAPI, keratin and CD45. These cells, 

which were much larger than the detected other cell types and were classified as Type D 

(Table 11). 

Table 11 Different cell types detected in the patient samples by fluorescence microscopy 
after slanted spiral enrichment  

After spiral enrichment, CTC candidate cells were categorized into four different subclasses.  
 

Cell 
Type 

Microscopic picture 
of the cell with 
merged signals 

Marker 

A 

 

DAPI+/keratin+/CD45- 

B 

 

DAPI+/keratin(+)/CD45- 

C 

 

DAPI+/keratin-/CD45- 

D 

 

DAPI+/keratin+/CD45+ 

 
 
4.3.2 CTC enumeration from patient samples after spiral enrichment  

 
After establishment of the four different categories, samples of all patients were examined 

under the fluorescence microscope for classification into the outlined characteristics. Those 

cells were counted resulting in a distribution pictured in table 12. 

In total, we could detect DAPI+/keratin+/CD45- cells in 7/12 patients after spiral enrichment 

by fluorescence microscopy. From these seven patients, four were positive for type A CTCs 

and five for type B CTCs. Two of these patients were expressing CTCs from both categories. 
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In the blood of all seven patients, single cells were detected. Additionally, two clusters of 

CTCs were found in the blood of two patients. In three cases a high number of CTCs with a 

faint keratin signal (cell type B) was identified.  

Cells from Category C were observed in seven patients, two of whom also expressed Type 

A and two Type B cells, respectively. Four of the patients positive for Category C cells did 

not show any keratin+ and CD45- cells.  

Discovered cells classified as category D were found in 4/12 patients. In all of these patients 

cells from Type C were found, but only one showed positivity for type A cells.  

In general, CTC size varied between patients, but was also heterogenous in individual 

samples.  

 

Table 12 Classification of cells enriched by slanted spiral from patient samples 
This table gives an overview of the CTC counts after spiral enrichment in all analyzed breast 
cancer patients. The discovered cells are classified in four different categories (A-D). 

 

 Category 

 A B C D 

Patient 1 0 0 3 14 

Patient 2 32 0 6 2 

Patient 3 0 0 158 13 

Patient 4 0 0 0 0 

Patient 5 0 2163 0 0 

Patient 6 0 1386 0 0 

Patient 7 4 1953 0 0 

Patient 8 14 0 0 0 

Patient 9 0 0 46 18 

Patient 10 0 3 10 0 

Patient 11 0 0 2 0 

Patient 12 7 158 20 0  
 

Figure 14 gives an overview of a selection of keratin+ cells detected in the patients as well 

as the detected clusters in patient 8 and 12.  
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Figure 14 Exemplary pictures of CTCs detected in CTC+ patients after spiral enrichment 
To illustrate the heterogeneity of discovered cells after spiral enrichment, this figure shows 
an overview of a selection of patient-derived CTCs from type A and B. Each cell is shown 
with a merged picture of all stained markers, as well as with the individual DAPI, keratin 
and CD45 signals. 
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4.3.3 Confirmation of CTC status by next generation sequencing  

Potential CTCs were picked from the glass slide and stored at -80° C. Consecutively, the 

DNA of a selection of 51 of these cells was amplified and DNA quality checked by GAPHD 

multiplex PCR and electrophoresis. This selection comprised 13 cells of type A, 19 cells of 

type B, 8 cells of type C and 7 cells of type D. Of these 51 cells, 13 showed two or more 

PCR fragments after electrophoresis and were therefore classified as suitable for further next 

generation sequencing analyses. Among these, 6 cells were from category A, 1 from 

category B, 3 from category C, and 3 from category D. Additionally, 2 clusters of category 

A cells, were amplified and transmitted for NGS.  

In 2 of the 15 analyzed cells, the data obtained by NGS showed copy number alterations 

confirming that the identified cells were of malignant origin (Fig. 15).  

The cell isolated from patient 2 was classified as a type A cell. This patient suffered from 

Luminal-A-like breast cancer. After NGS the cell deriving from that patient showed typical 

CNAs for this molecular subtype, including gain of chromosomes 1q and 16p and loss of 

chromosome 16q, as well as CNAs typical for G2 histological grade: 13q and 16q loss 

(Horlings et al., 2010).  

For the category B cell from patient number 5, diagnosed with a triple negative breast cancer, 

the CNA profile included gain of chromosome 6p and loss of chromosomes 4p, 5q and 10q 

which are also matching this cancer subtype, as well as CNAs typical for grade 3 breast 

cancer: gain of chromosomes 6p and 17p and loss of chromosome 8p (Horlings et al., 2010).  
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Figure 15 Copy number alterations in cells confirmed as CTCs  
Copy number alterations confirming CTC status could be found in two patients. The x-axes 
represent the 23 pairs of chromosomes and the y-axes the log ratio of the copy number 
alterations. Coloured in green are copy number gains and in red copy number losses. Marked 
in blue are chromosome regions that did not show significant alterations.  
 

Based on the NGS results, cells from category A (DAPI+, strongly keratin+ positive and 

CD45-) and category B (DAPI+, weakly keratin+ and CD45-) were counted as confirmed 

CTCs henceforth.  

 

4.3.4 Comparison of CTC counts obtained by slanted spiral and CellSearch® system 
 
To evaluate the efficiency of the slanted spiral, 7.5 ml of blood from 8/12 patients included 

in the study were analyzed simultaneously by the FDA-cleared CellSearch® System (Table 

13). For the other 4 patients CellSearch® performance was not feasible due to too small 

blood volumes. To compare CellSearch® to slanted spiral results, the spiral enriched keratin-

positive CTC counts (category A and B) were scaled down to the concentration per 7.5 ml 

of blood volume.  

Three patient samples were diagnosed to be negative for CTCs by the CellSearch® System, 

in all three no CTCs were found after enrichment with the spiral as well. Four patient samples 
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were diagnosed to be positive for CTCs in both the CellSearch® System and after spiral 

enrichment. Finally, blood of one patient was diagnosed with one CellSearch® System 

detected CTC, but no CTC could be found after spiral enrichment. Together, there was a fair 

agreement in CTC status between the two enrichment methods (k=0.75, Cohen’s kappa). 

Although many more CTCs could be detected after enrichment using the slanted spiral, not 

enough samples were investigated to reach statistical significance. In three patient samples, 

CTC counts after spiral enrichment highly exceeded the discovery rate from the CellSearch® 

results. Cells observed in these patients showed a comparably weak keratin signal, 

previously defined as category B cells.  

 
Table 13 Comparison of keratin-positive CTCs detected in breast cancer patients with 
CellSearch® and slanted spiral 
CellSearch® was performed on 7.5 ml of blood while blood volumes for spiral enrichment 
were varying from 10 ml to 51 ml. Therefore, the total CTC counts in the samples were 
compared to downscaled CTC counts in 7.5 ml of blood for easier comparison. In four 
samples no CellSearch® results are available by reason of too small blood volumes.  
 
 

 CellSearch® 
Slanted Spiral 

Blood volume 
in ml 

Total CTC 
count 

CTC count 
per 7.5ml 

Patient 1 N/A 10 0 0 

Patient 2 N/A 10 32 60 

Patient 3 0 42 0 0 

Patient 4 1 45 0 0 

Patient 5 4 10.5 2163 6180 

Patient 6 3 10.5 1386 4950 

Patient 7 12 18 1957 3262 

Patient 8 20 49 14 13 

Patient 9 0 51 0 0 

Patient 10 N/A 12.5 3 7 

Patient 11 0 45 0 0 

Patient 12 N/A 11 165 307 
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4.3.5 Culture of breast cancer CTCs 

 
After showing the suitability of microwells for cultivating tumor cells even from small initial 

cell counts, we implemented the method on cells extracted from 12 breast cancer patient 

samples after spiral enrichment. 

Table 14 gives an overview of the microwell cultures from breast cancer CTCs after slanted 

spiral enrichment. The enriched volume of patient number 3 was not transferred into culture. 

In all the other patients, under bright light microscopy, large cells were apparent in the 

microwells on the day of seeding. In some cultures, these cells survived the first days of 

culture and, in a few samples, there was also little proliferation inside the wells. 

Table 14 Microwell culture of breast cancer cells after slanted spiral enrichment 
Spiral enriched cells of 11 of the 12 breast cancer patients were transferred into microwell 
culture. Blood volume (ml) transferred into culture, as well as the period (days) the cells 
were cultivated and their development in culture. In 2/11 patients, weakly keratin positive 
cells were detected by fluorescence microscopy after culture. 
  

 Blood 
volume 

Days in 
culture Development in culture Keratin+ cells after 

culture 

Patient 1 2.5 ml 33 
§ Large cells in microwells 

after seeding 
§ Cell survival, proliferation 

§ No keratin+ cells 

Patient 2 6 ml 16 
§ Large cells in microwells 

after seeding 
§ No survival, no proliferation 

§ No keratin+ cells 

Patient 3 - - - - 

Patient 4 33.75 ml 31 
§ Large cells in microwells 

after seeding 
§ No survival, no proliferation 

§ No keratin+ cells 

Patient 5 7.86 ml 15 
§ Large cells in microwells 

after seeding 
§ No survival, no proliferation 

§ No keratin+ cells 

Patient 6 8.4 ml 5 

§ Large cells in microwells 
after seeding 

§ Cell survival and 
proliferation 

§ Contamination on day 5 

§ No keratin+ cells 

Patient 7 13.5 ml 21 

§ Large cells in microwells 
after seeding 

§ Cell survival, no 
proliferation 

§ No keratin+ cells 

Patient 8 40.83 ml 14 
§ Large cells in microwells 

after seeding 
§ No survival, no proliferation 

§ No keratin+ cells 
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Patient 9 27 ml 21 

§ Large cells in microwells 
after seeding 

§ Cell survival, cell 
proliferation 

§ 1 weakly keratin+ 
cluster 

Patient 10 9.375 ml 14 
§ Large cells in microwells 

after seeding 
§ No survival, no proliferation 

§ No keratin+ cells 

Patient 11 33.33 ml 7 
§ Large cells in microwells 

after seeding 
§ No survival, no proliferation 

§ No keratin+ cells 

Patient 12 6-97 ml 10 

§ Large cells in microwells 
after seeding 

§ No survival, no proliferation 
§ Contamination on day 10 

§ No keratin+ cells 

 

After the culture period the volume from the agar chips was transferred onto microscopic 

slides, stained, and analyzed under the fluorescence microscope. In one patient a very weakly 

keratin+ and strongly DAPI+  cluster could be identified (Figure 16). After amplification, 

this detected cluster passed the quality check described before and was sent for NGS. The 

performed CNA analysis could not prove the malignant origin of these cells. 

  

Patient 9 
Merged DAPI Keratin CD45 

 

Figure 16 Cell cluster detected in one patient after breast cancer microwell culture 
In the microwell culture of the breast cancer patient 9 a weakly keratin positive cell cluster 
was detected under the fluorescence microscope after culture. Here, it is shown with merged 
fluorescence signals and individual DAPI, keratin and CD45 marker expression. 
 

The cells of patient number 1 showed cell proliferation and were transferred into one 

chamber of a 96-wellplate after 20 days to investigate further cell survival outside of the 

microwells. From this timepoint cells were cultivated under normoxic conditions. In the well 

plates, cells grew adherent to the flat surface and became apoptotic in the course of a few 

days (Fig. 17). When taken out of culture and stained for keratins, DAPI and CD45, no 

fluorescence signal could be observed under the microscope. 
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Day 7                      Day 19 

 
Day 20 

 
Day 27 

 

Figure 17 Breast cancer CTC development in culture (Patient 1)  
In this figure, the development of CTCs from the first breast cancer patient is illustrated. On 
day 7 of culture only a few large cells were inside the microwells. On day 19, these cells 
proliferated, changed phenotype, and seemed to form cell-to-cell adhesions. Subsequently 
on day 20, all cells from the microwells were transferred into one chamber of a 96-well plate. 
Here, some of these cells existed in small clusters, others were present as single cells. On 
day 27, the cells were still alive and there was a clear change of phenotype in some cells, 
that adhered to the surface of the well plate. Furthermore, some of the cells also achieved 
proliferation. 
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4.3.6 Culture of ovarian cancer CTCs 

 
In addition to blood from breast cancer patients, blood from 4 metastatic ovarian cancer 

patients was processed with the slanted spiral as well, and the entire enriched volume was 

transferred into the microwell cell culture. Cells were kept under normoxic condition and in 

two of the microwell cultures proliferation and cluster formation was observed (Table 15).  

 

Table 15 Microwell culture of ovarian cancer cells after slanted spiral enrichment   
Blood from 4 ovarian cancer patients was enriched with the slanted spiral and directly 
transferred into microwell culture. Table 15 is providing an overview of the blood volume 
(ml) transferred into culture, as well as the period (days) the cells were cultivated and their 
development in culture. In two patients we could observe proliferating cells in many 
microwells and under fluorescence microscope the clusters also showed expression of 
keratins.  
 
 

 Blood 
volume 

Days in 
culture Development in culture Keratin+ cells after 

culture 

Patient 13 56 ml 139 

§ Large cells in microwells 
after seeding 

§ Cell survival and 
proliferation 

§ Singular keratin +, 
DAPI + cells 

Patient 14 52.5 ml 115 

§ Large cells in microwells 
after seeding 

§ Cell survival and 
proliferation 

§ Clusters and singular 
keratin +, DAPI + 
cells 

Patient 15 60 ml 40 § No survival, no 
proliferation § No keratin + cells 

Patient 16 49 ml 40 § No survival, no 
proliferation § No keratin + cells 

 

In patient 13, cell growth became apparent on day 37 and in patient 14 on day 24, 

respectively. The cells of both patients continued proliferation and, once dense clusters had 

formed inside the microwells, the cells could be transferred to a normal well plate where 

they adhered to the flat surface and continued proliferation (Fig. 18).  
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Patient 13  
Day 37                       Day 59 

 
Patient 14  
Day 26                     Day 47 

 

Figure 18 Ovarian CTC progression in microwell culture 
In two of the ovarian cancer microwell cultures we observed proliferation in the microwells 
on day 37 and 24, respectively. These cells could be transferred into regular wellplates where 
they grew adherent to the surface. This figure presents pictures of the cultures from patient 
13 and 14. The pictures on the left show the microwells on the first day of noticeable cell 
proliferation and on the right there is a follow-up picture after the cells have been transferred 
into a wellplate. 
 

After 139 and 115 days in culture the cells were removed from culture to perform further 

analysis. In both patients the cultivated cells were positive for keratin and DAPI (Fig. 19) 

which proves their epithelial origin. An additional CD45 positivity was observed. 

Unfortunately, CNA analysis of these cells could not be performed due to insufficient quality 

and low coverage of the cell’s DNA. 

The experimental work on the ovarian cancer samples was performed in collaboration with 

Maximilian C. Wankner. 
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Patient 13 
Merged DAPI Keratin CD45 

 

 

 
 

Patient 14 
Merged DAPI Keratin CD45 

 

 

 

 

Figure 19 Fluorescence microscopy of cells cultured from ovarian cancer patients 
After the ovarian cancer cells were removed from culture, fluorescence staining and 
microscopic analysis were performed. In Patient 13 only singular cells were discovered 
which also expressed a less intense keratin signal. In Patient 14 the cultured cells expressed 
a stronger keratin signal. Here clusters as well as cell couples and singular cells were found. 
Cells from both patients expressed a CD45 signal together with the keratin markers. 
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5 Discussion 
 
5.1 Optimal performing conditions of the slanted spiral microfluidic device and 

potentials in diagnostic leukapheresis enrichment  
 
Despite the great potential of liquid biopsies for the initial diagnosis and treatment of cancer 

patients, the sensitivity that can be achieved with the current enrichment techniques is still 

not sufficient enough for its adaptation to the clinical practice (Alix-Panabières and Pantel, 

2016; Habli et al., 2020; Lawrence et al., 2023). Enabling the screening of higher blood 

volumes could not only increase CTC counts per patient, but also identify CTC positive 

patients with very low CTC numbers (Stoecklein et al., 2016; Yang et al., 2021).  

In our study, we demonstrated that the slanted spiral microfluidic device could fulfill this 

challenge. We showed that this method can easily process higher sample volumes up to 50 

ml of blood in mere minutes. Our results show that the highest purity of the enriched fraction 

is achieved for PBMC concentrations up to 6x106 cells/ml. This exceeds the results from the 

initial spiral presentation where the authors suggested concentrations below ~3.5-4x106 

WBCs/ml (Warkiani et al., 2014a). 

In a healthy individual the concentration of leukocytes in pure blood is 4x106-10x106 

leukocytes/ml. A 7.5 ml tube of blood will therefore be diluted to a maximum of 12.5 ml of 

volume after pre-enrichment to reach this concentration. These quantities are very suitable 

for spiral enrichment as they can be processed in a maximum of 7.35 minutes.  

The slanted spiral should also provide a method for rapid and reliable analysis of DLA 

product. According to previous publications, the DLA harvests a liquid with an average 

concentration of 50x106 to 65.65×106 mononuclear cells/ml (Stoecklein et al., 2016, Andree 

et al. 2018, Fehm et al., 2018). Aiming at a concentration of 6x106 PBMCs/ml, one milliliter 

of DLA product should be diluted by the factor 10. With an average DLA volume of 53 ml 

in this study, a sample of around 530 ml would have to be processed. The volume of the 

enriched fraction to be examined for CTCs would still amount to 177 ml. This seems 

unpractical for clinical practice.  

Nevertheless, there are two ways to address this problem. In the present studies, only a 

fraction of the whole DLA product has been analyzed by the CellSearch® device. Depending 

on publication, 2.3 ml (Fischer et al., 2013), 2.7 ml (Fehm et al., 2018) or 3.7 ml, (Andree et 

al. 2018) were used for downstream CellSearch® analysis. As, according to Fehm et al., 5% 

of the DLA volume in their study is equivalent to 60ml of peripheral blood, analyzing only 

a fraction of the DLA product already increases CTC detection frequencies and CTC counts 

immensely (Fischer et al., 2013, Fehm et al., 2018, Andree et al., 2018, Stoecklein et al., 
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2016). For example, to process 10% of the DLA volume with the slanted spiral at a 

concentration of 6x106 PBMCs/ml, a dilution to an average of 53 ml would be necessary. 

This would lead to only 17 ml of volume in the CTC-enriched fraction. 

Another option is to increase the PBMC concentration in the processed volume despite the 

loss of purity. As we showed, a concentration of 25x106 PBMCs/ml still provides a PBMC 

clearance of 85.44%. In contrast to other methods as the CellSearch® system that does not 

enable the analysis of higher cell concentrations, the slanted spiral is capable of handling 

increased PBMC inputs. The examiner must only be aware of the increased PBMC 

contamination in the final product.  

A solution to handle these higher PBMC contaminations after the first enrichment cycle 

could lie in repetitive enrichment cycles. A work of Aya-Bonilla et al. already described a 

tumor cell loss of 11-33% after a second enrichment step (Aya-Bonilla et al., 2017). Also, 

the group of Guglielmi et al., who used a so-called “DLA biochip” to perform a CTC 

enrichment on imitated DLA products, implemented a secondary enrichment cycle in order 

to increase the purity of the sample. Even though this group used an altered spiral device, 

they only achieved a tumor cell recovery rate of 47-48% (Guglielmi et al., 2020). We 

therefore analyzed the effect that repetitive enrichments have on the spiral’s performance 

and could show that, although multiple cycles are beneficial for further volume and PBMC 

reduction, the recovery of cancer cells is decreased after every enrichment round. But as a 

second cycle only decreases CTC recovery by 9.7%, it could give an opportunity to handle 

the whole DLA volume without increased PBMC concentration and small outcoming 

volume.    

 

5.2 Recovery rate and impact of internal and external factors  
 

As the slanted spiral is a size-based enrichment method, also previous studies already 

indicated that the recovery rate of this device depends on CTC cell size with recovery rates 

ranging from 23% to 90% (Aya-Bonilla et al., 2017; Kulasinghe et al., 2017; Müller Bark et 

al., 2021; Warkiani et al., 2014a).  

As our study was planned to be performed with breast cancer patient samples, recovery 

studies were conducted with the breast cancer cell line MCF7. The overall recovery of 

keratin positive cells was 63.4%. However, by examining the cells under the microscope we 

could see a discrepancy in tumor cell integrity depending on their allocation by the inner or 

outer outlet. From the MCF7 cells falsely sorted as waste through the outer outlet, a larger 

proportion showed a torn membrane and a diffuse keratin signal. When counting only MCF7 
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cells showing an intact membrane and nucleus, the recovery rate was higher with 70.9%.   

To our knowledge, this differentiation was applied for the first time. A reason for this 

observation might be the increased deformability of damaged cells leading to a different 

behavior within the forces of the enrichment process. These findings can be assessed as 

advantageous with the perspective that only intact cells are suitable for downstream analysis 

and culture.  

Nevertheless, previous researchers could show higher spiral CTC recovery rates in their 

publications (Table 8). For example, Warkiani et. al presented a MCF7 recovery rate of 85% 

(Warkiani et al. 2014a). What could have influenced our recovery rate is the staining 

procedure after the spiral enrichment. Warkiani et al. used green fluorescent protein (GFP) 

expressing cell lines, which eliminates the potential cell loss during post-enrichment 

staining. Furthermore, the group used samples spiked with 500 MCF7, whereas in this study 

only 100 cells were used. Higher initial cancer cell input is positively correlated to the 

recovery (Kulasinghe et al., 2017) as we also observed in our experiments (Fig. 10). This 

might be a reason for the discrepancy in the recovery rate. Therefore, starting material with 

cell counts much higher than usually found in cancer patients should be interpreted carefully. 

We believe that our experiments reflect the clinical situation more adequately.  

There are some limitations of this method that should also be discussed. The biggest 

downside is given by the size-dependency of the enrichment. 

Recovery rates are generally calculated using blood samples provided from healthy 

individuals spiked with cancer cell line cells. Different groups have performed experiments 

to calculate spiral efficiency (Table 8). The recovery rates ranged from 23 to 90%, depending 

on study and cell line. In the original presentation of the slanted spiral by Warkiani et al., 

there is no annotation until which diameter cells are sorted into the correct outlet (Warkiani 

et al., 2014a). The group of Müller-Bark et al. state in their experiments, that there is a cutoff 

size for cells smaller than 14 μm, however it is not evident where this information has been 

obtained from. In their experiments, they performed spiral enrichment on five different cell 

lines and show a definite correlation between cell size and recovery rate. Especially cells 

from their smallest cell line, with an average cell size of 12 μm, could be recovered by only 

23-33% (Müller Bark et. al, 2021).  

Nevertheless, the sizes of cell line cells differ from the in vivo situation, as CTCs can be 

more heterogeneous depending on origin but also patient, and cells that have undergone 

EMT can reduce in size and have an increased deformability. For example, breast cancer cell 

line cells show a diameter of 15 to 17 μm, whereas breast cancer CTCs are reported to have 
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an average diameter of only 13.1 μm. Prostate cancer CTCs are even smaller with only 10.7 

μm (Hao et al., 2018). White blood cells are generally smaller, but depending on subgroup 

their sizes also overlap with cancer cell line cell and CTC sizes. Leukocytes have diameters 

of 6-12 μm, granulocytes can measure 8-14 μm and monocytes are the largest blood cells 

with sizes of 15-20 μm (Welsch et al., 2018). Therefore, modifications that can shift the 

cutoff, as for example modifying the flowrate, will also have an impact on enrichment purity 

(Guan et al., 2013), as we could also confirm in this study (Fig. 7). 

In conclusion, for future experiments with the slanted spiral the researcher should have in 

mind that the procedure might not be suitable for cancer entities that are known for small 

cell sizes (Pei et al., 2020), as e.g., small-cell lung cancer. 

Another disadvantage of the presented method, that is shared with other size-based 

enrichment methods (Werner et al., 2017), is the continued need of fluorescence antibodies 

for CTC counting after the initial enrichment. The advantage in our method is given by its 

flexibility regarding the choice of the ideal marker. Depending on cancer entity and 

experiment design, different antibodies or even a combination of multiple markers can be 

selected. However, most markers that are currently applied for CTC enumeration are 

epithelial markers such as EpCAM or keratins. These targets might neither be expressed by 

cancer stem cells nor by CTCs that have undergone EMT. Up to this date there is still a lack 

of established markers for these two subgroups (Werner et al., 2017).  

Nevertheless, the central advantage the slanted spiral brings to the market is its rapid 

processing of larger volumes while maintaining cell viability. Subsequent CTC cultures with 

the opportunity of drug testing may enable an advance regarding personalized cancer 

medicine (Tellez-Gabriel et al., 2018). For these CTC cultures there is no necessity to 

perform an additional antibody reliant CTC counting. CTCs can directly be transferred into 

culture and – in contrary to antibody-dependent enrichment methods as CellSearch® – there 

is no loss of stem cells or CTCs that have undergone EMT. 

During our experiments we experienced that small fibers or dust may enter the spiral loops 

and lead to clogging of the cross section (Fig. 20). We therefore recommend performing all 

pre-enrichment steps as well as spiral preparation and sample processing under sterile 

conditions, even if the slanted spiral is only used for CTC enumeration and no subsequent 

culture is intended.  
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Figure 20 Clogged spiral cross section 
A close-up picture of the cross section of the slanted spiral microfluidic device. The grey 
shaded area are the loops that the fluids are processed through. In the center of the picture 
the spiral splits into inner and outer outlet. In this picture this cross section is clogged by 
fibers, leading to its malfunction. 

  
 
5.3 CTC enrichment from patient samples 
 

When examining patient samples under the microscope after spiral enrichment, we observed 

differences in the fluorescence characteristics. We discovered cells with the standard CTC 

attributes of a strong keratin signal and negativity for CD45. These cells were slightly larger 

than the surrounding blood cells and we could prove that one of these cells had typical copy 

number aberrations of a Luminal-A type breast cancer, which is also consistent with the 

patient information. 

Despite these typical CTC-like cells, we also found cells that did not meet the criteria but 

could still not be categorized as normal blood cells. We therefore decided to perform a 

subgroup analysis. The described above typical CTCs were categorized into subgroup A.  

We also discovered cells that were still positive for DAPI and negative for CD45 but a bit 

smaller in diameter and expressing a fainter keratin signal. These cells were classified as 

category B cells. In the blood samples of patients that were positive for these cells, there was 

always a very high number of detectable cells that majorly exceeded any finding of category 

A cells. One explanation that we considered was a contamination of the liquid biopsy with 

epithelial skin cells. However, for one of these category B cells, we could prove a cancer 

origin with typical CNAs of a triple negative breast cancer, which was in concordance with 



 66 

the patient’s disease. We therefore counted cells from this category as CTCs in our analysis. 

Another explanation for this altered phenotype might be a partial EMT transformation that 

led to the loss of some, but not all epithelial surface markers. Previous authors described that 

breast cancer CTCs can lose keratin expression during EMT (Polioudaki et al., 2015) and 

that breast cancer metastases also show altered keratin expression compared to the primary 

tumor (Joosse et al., 2012). If the spiral is capable of enrichment and enumeration of cells 

that have undergone EMT this would give a great advantage in comparison to label-

dependent enrichment methods. Further research to prove this hypothesis will be necessary. 

Interestingly we also found cells that did not express any keratin signal but were neither 

positive for CD45. This cluster of differentiation is expressed by all nucleated blood cells 

including immature progenitor cells (Rheinländer et al., 2018). Keratin negative but EpCAM 

positive CTCs have been described before (Deng et al., 2008). As we did not use a 

combination of these two fluorescence markers, we are not able to tell if those might be 

epithelial CTCs which can only be stained with EpCAM or CTCs that have fully transformed 

to a mesenchymal state and lost all epithelial surface markers. However, we could not prove 

for any of these cells to have CNAs concordant to a cancer genome after next generation 

sequencing. We therefore decided to not include them in the analysis as circulating tumor 

cells.  

The last subgroup of cells we found, were very large cells presenting a CD45 signal 

alongside keratin expression. These, classified as category D cells, could also not be 

confirmed to be CTCs after next generation sequencing and CNA analysis. The fluorescence 

characteristics of these cells have been described in the literature in cancer-associated 

macrophage-like cells (CAMLs). These cells originate from the tumor microenvironment 

and invade into the blood stream together with the CTCs and have been reported to express 

CD45, but also keratins and EpCAM (Pereira-Veiga et al., 2022). CAMLs are associated 

with a worse prognosis when found in a cancer patient’s blood (Mu et al., 2017). We did not 

perform a staining with additional markers typically expressed by CAMLs 

(CD14+/CD11c+) (Pereira-Veiga et al., 2022), so we cannot prove this hypothesis. The 

ability to detect those cells after slanted spiral enrichment should be investigated in further 

research, as their detection might have a prognostic value (Mu et al., 2017), especially when 

combined with CTC enumeration. 

Unfortunately, we could only prove for two of the 15 analyzed cells to exhibit copy number 

alterations using NGS. Even from the 6 cells of category A, just one was classifiable as a 

CTC. Furthermore, only one of the category B cells was chosen for NGS, as the rest of the 
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amplified cells showed low DNA concentrations or less than three bands after 

electrophoresis. Additionally, none of the category C or D cells could be proven to originate 

from a carcinoma. A revision of the protocol applied for cell storage and amplification will 

have to be performed and further patient samples should be analyzed to support the results 

from this study, especially regarding cells with fainter or no keratin signal.  

To evaluate the credibility of the slanted spiral method, we performed a simultaneous 

CellSearch® analysis of 8/12 breast cancer patients. Due to the low number of investigated 

cases, a comparison with the CellSearch® system did not show a consistent superiority of 

either method. Nevertheless, a high number of CTCs with weak keratin signal were observed 

in the blood of several patients after enrichment with the slanted spiral, but not after 

CellSearch® system-based enrichment. These findings stress the necessity of implementing 

new markers and methods for CTC enrichment to increase the accuracy and reliability of the 

current CTC detection. Additionally, we would perform further experiments with a 

combination of EpCAM and a keratin cocktail to capture CTCs that only express one of 

these markers. To validate the trend indicated in these experiments, further analysis with 

higher case numbers will be necessary. 

 

5.4 CTC culture in microwells  
 
To this date, an obstacle for culturing CTCs and especially for establishing permanent cell 

lines, is still given by the necessity of high CTC counts in the enriched sample to enable cell 

growth and survival after enrichment (Cayrefourcq et al., 2015; Cortés-Hernández et al., 

2020; Koch et al., 2020b). In this work, we established a protocol to allow culture of cancer 

cells even from small concentrations.  

To prove the suitability of the procedure and cell viability after the enrichment, we initially 

performed spiking experiments with MCF-7 cell line cells. After spiral enrichment, the 

captured cells were seeded into microwells providing the advantage that the cells can 

accumulate in the microwells, develop cell-to-cell adhesions, and form three-dimensional cell 

clusters (Tu et al., 2014). In our spiking experiments we could observe that single MCF7-cells 

inside the microwells initiated cell growth and proliferated into a cluster. Cells from already 

established cancer cell lines are easier to cultivate, so these results may not directly translate 

to CTC behavior in culture. Nevertheless, also the group of Khoo et al. postulated that one 

CTC per microwell should be sufficient for the induction of CTC cluster formation (Khoo 

et al., 2016). As successful CTC-culture depends on high CTC counts in the peripheral blood 
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(Shimada et al., 2022) this method, which may permit CTC growth also from small cell 

counts gives a huge opportunity regarding CTC culture in patients with low CTC burden.  

After demonstrating the suitability of the applied methods, CTC culture was performed on 

11 breast cancer and 4 ovarian cancer patient samples. We succeeded in the cultivation of 

keratin-positive clusters from two of the ovarian cancer patient samples. Besides keratin 

positivity, the cultured cells were also stainable with a CD45-antibody. Even though this 

cluster of differentiation is characteristically only expressed by blood cells, previous studies 

reported CD45 positivity in ovarian cancer cells and their derived cell cultures and an 

association to cancer stem cell characteristics (Mitra et al., 2018; Ramakrishnan et al., 2013). 

CD45-positivity was also previously observed in short-term CTC cultures (Shimada et al., 

2022). 

As NGS and CNA analysis were not yet performed on the cultured cells, there is so far no 

proof of their CTC character. However, as the cells showed proliferation in cell culture and 

express typical epithelial surface markers, a CTC status can be assumed. Nevertheless, we 

failed in establishing sufficient, proliferating CTC cultures from the two other ovarian cancer 

patients included in this study, as well as from all the breast cancer patients, even in the 

patients with higher CellSearch® enumerated CTCs. We observed the cell survival and 

sparse proliferation in a few of the breast cancer patients, but not sufficient enough for 

downstream culture. As the goal in terms of personalized cancer medicine is a reliable short-

term culture of all CTC positive cancer patients, the underlying causes of the unsuccessful 

cultures should be identified. 

When cultivating CTCs from the ovarian cancer patients, some modifications were made 

regarding sample preparation and cell culture conditions. At first, instead of using a 

combination of the Ficoll-PaqueTM Plus medium and an RBC lysis buffer solution as 

performed on the breast cancer samples, erythrocyte removal in the ovarian cancer samples 

was accomplished by only using RBC lysis. Although the purest results could be achieved 

by combining the two methods, this procedure may have also resulted in a higher stress on 

the cells and a prolonged sample preparation, which may have led to a loss of cell viability 

in the breast cancer samples. In addition, the breast cancer samples were kept under hypoxic 

instead of normoxic conditions which may have also led to a more hostile culture 

environment. Hypoxic conditions are usually selected to achieve a depletion of the remaining 

blood cells. Previous successes in long-term and short-term CTC cultures were achieved in 

normoxic as well as hypoxic conditions. The transfer of the cultures into normoxic 

conditions within 7 days seems to be generally recommended (Shimada et al., 2022) and 
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most successful short-term CTC cultures were performed under normoxic conditions 

(Shimada et al., 2022). Also in our experiments, proliferation of keratin-positive cells could 

be observed in the ovarian CTC cultures under normoxic conditions, while no proliferation 

was observed in the breast cancer cultures that have been kept in hypoxia.  

In the ovarian cancer CTC cultures that showed cell proliferation we observed cell growth 

on day 37 and 26. The breast cancer CTC cultures were kept in culture for only 10 to 33 

days. It might be possible that the observation period was simply not long enough to capture 

potential proliferation in the breast cancer patients. In previously published successful 

microwell cultures, cell growth started on day 8 (Khoo et al., 2015) and day 11 (Khoo et al., 

2016). We do not know why proliferation was initiated later in our experiments; however, it 

seems advisable to observe the cultures for a prolonged period.  

Apart from the modifications performed in ovarian CTC culture which may have contributed 

to successful cell growth, we also did not succeed in establishing a CTC culture from all 

ovarian cancer samples under these altered conditions. It is therefore plausible, that there are 

other underlying causes concerning the success of a CTC culture. The collected cells need 

to possess the ability to initiate proliferation in culture. In the first instance the CTCs need 

to be in a viable state once they are seeded into the microwells. However, the life span of 

CTCs is short with a half-life time of under 1.5 hours (Vasantharajan et al., 2021). So even 

in the only just drawn blood sample, some CTCs might already be apoptotic. Additionally, 

the process of blood withdrawal, transportation to the laboratory, sample preparation and 

slanted spiral enrichment takes it time. Furthermore, it must be considered that even if low 

numbers of cell line cells might be sufficient for the initiation of cell growth in the 

microwells, this might not be adaptable to CTCs. Most existing CTC-cultures were achieved 

from samples with high CTC quantity (Shimada et al., 2022). It must therefore be taken into 

account that the CTC counts in the unsuccessful cultures were simply not sufficient for 

successful culture establishment. 

Despite the importance of cell numbers and cell viability for culture success, it is also 

possible that not all CTCs have the ability to achieve proliferation in culture. CTCs are very 

heterogeneous, and it is widely assumed that only a part of these cells, so-termed, metastasis-

initiating cells, is capable to induce metastasis (Massagué and Ganesh, 2021). It is therefore 

plausible that also not all viable CTCs captured by a liquid biopsy are equipped with the 

right qualities to survive or even proliferate in cell culture.  



 70 

The optimal CTC culture conditions and the ability of CTCs to initiate cell growth in culture 

are still not fully understood. Further optimization of the protocol might allow successful 

culture in a larger proportion of the patient samples.  
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6 Conclusion 
 
The combination of two innovative techniques, the slanted spiral enrichment device and the 

microwell culture, represents a promising approach for processing larger sample volumes 

and the downstream establishment of patient-derived CTC cultures. 

Our data shows the suitability of the slanted spiral microfluidic device as an enrichment 

method for CTCs. It permits the analysis of high sample volumes at a very high throughput 

while preserving the viability of the enriched cells. Under the established optimal performing 

conditions of the spiral, a recovery rate of intact MCF-7 cells of 70.9% was achieved. 

Regarding the analyzed patient samples, in comparison with the FDA-approved 

CellSearch® device, an agreement in keratin-positive CTC numbers was observed. In a few 

patients, a high number of weakly keratin-positive CTCs was observed after spiral 

enrichment but not by CellSearch® analysis. As the method is not label-dependent, it also 

enables the enrichment of CTCs not expressing the typical epithelial markers as stem cells 

or cells that have undergone EMT. During this research, cells that expressed neither 

epithelial keratins nor typical blood cell markers were observed as well. However, we could 

not identify these cells as CTCs by NGS analysis. A disadvantage of this size-based 

enrichment is the potential loss of smaller sized CTCs during the enrichment.  

In addition, collected cells were also transferred into microwell cell culture after spiral 

enrichment. Spiking experiments with MCF7 cells could show that very small 

concentrations of cell line cells are sufficient to initiate cluster formation. Even though 

achieving successful culture from cell line cells is much simpler than establishing CTC 

cultures, we also succeeded in the culture of keratin positive cells from two patient samples 

by using the combination of the spiral enrichment and the microwell culture method. 

However, we could not yet prove the CTC character of these keratin positive cells.  

Summarizing, the possibility of increasing the screened sample volume enables higher CTC 

yields and spiral enriched cells can proliferate in a downstream microwell-based cell culture. 

Nevertheless, the procedure needs optimization to enable in-vitro culture from all CTC 

positive cancer patients. 
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7 Summary  
 
Cancer is responsible for a quarter of deaths in the German population. Most of these patients 

do not decease from the primary tumor itself but from the consequences of metastatic spread 

of the localized disease. Metastases are initiated by circulating tumor cells (CTCs) that 

detach from the original tumor, invade the vascular system, and enable the formation of 

secondary tumor masses in distant tissues. These CTCs can be detected in the blood with a 

so-called liquid biopsy and be used for downstream analysis. Ex vivo culture of CTCs and 

subsequent drug sensitivity testing could be the next step in realizing personalized cancer 

medicine.  

However, to overcome the limitation of CTC scarcity in most blood samples, it is necessary 

to increase sample volume and throughput of the CTC enrichment. This research focusses 

on the suitability of the slanted spiral microfluidic device for processing larger volumes and 

subsequent in-vitro culture of the enriched CTCs in microwells.  

First, a protocol was developed for optimal operation of the device. The highest purity with 

an average PBMC elimination rate of 97% could be achieved at a cell concentration of 6x106 

cells per ml and a flowrate of 1.7 ml per minute. The average tumor recovery rate of spiked 

MCF-7 cells was 71%. Our results indicated that apoptotic cells have a higher chance of 

elimination than intact cells.  

Subsequently, blood samples from 12 metastatic breast cancer patients were processed with 

the slanted spiral microfluidic device to enrich for CTCs and recovery rates compared to the 

FDA cleared CellSearch® system. Patient samples with volumes of up to 51 ml were 

enriched. Compared to CellSearch® results, a fair agreement in CTC number in patient 

samples was observed (Cohen’s kappa=0.75).  

Spiral enriched MCF7 cells proliferated in microwell culture by the factor 1000 in 36 days. 

Furthermore, cell growth was observed in the cultures from ovarian cancer patients. Cells 

growing in these cultures were positive for keratins and DAPI but could not yet be proven 

as cancer cells by NGS. No successful culture of keratin-positive cells could be achieved 

from the breast cancer samples. 
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8 Zusammenfassung 
 
Krebserkrankungen sind ursächlich für ein Viertel aller Todesfälle in Deutschland. Die 

meisten Patient:innen versterben nicht an dem Primärtumor, sondern an den Folgen von 

Tumormetastasen. Diese werden durch zirkulierende Tumorzellen (CTCs) initiiert, welche 

sich vom Ursprungstumor lösen, in die Blutgefäße einwandern und in peripheren Geweben 

zu der Bildung von Zweittumoren führen. CTCs können im Patient:innenblut mit einer 

sogenannten Liquid Biopsy detektiert werden und für anschließende Analysen genutzt 

werden. Ex vivo Kulturen in Kombination mit Empfindlichkeitstestungen auf Arzneimittel 

könnten den nächsten Fortschritt in der personalisierten Krebstherapie bedeuten.  

In den meisten Blutproben befindet sich allerdings nur eine geringe Anzahl an CTCs. Diese 

Einschränkung kann durch eine Steigerung des untersuchten Blutvolumens überwunden 

werden. In dieser Arbeit soll geprüft werden, ob die Slanted Spiral Methode sich zur 

Prozessierung größerer Proben und anschließender in-vitro Kultivierung von CTCs in 

Microwells eignet.  

Zuerst erfolgte die Etablierung eines Protokolls zur optimalen Anwendung der Methode. Die 

höchste Aufreinigung der Proben mit einer durchschnittlichen PBMC-Eliminierungsrate von 

97% konnte bei einer Zellkonzentration von 6x106 Zellen pro ml und einer 

Flussgeschwindigkeit von 1.7 ml pro Minute erzielt werden. Die durchschnittliche 

Rückgewinnungsrate von MCF-7 Zellen lag bei 71%, wobei unsere Ergebnisse darauf 

hinwiesen, dass apoptotische Zellen häufiger eliminiert wurden als intakte Zellen. 

Anschließend wurden Blutproben von 12 metastasierten Brustkrebspatientinnen mit der 

Slanted Spiral Methode auf CTCs untersucht und Detektionsraten mit der CellSearch® 

Methode verglichen. Patientinnenproben mit einem Volumen von bis zu 51 ml wurden 

prozessiert. Verglichen mit CellSearch® Ergebnissen konnte eine Übereinstimmung in 

CTC-Anzahl gezeigt werden (Cohen’s kappa=0.75). Die mit der Slanted Spiral Methode 

angereicherte und in Microwells kultivierten MCF-7 Zellen vermehrten sich in 36 Tagen um 

den Faktor 1000. Außerdem konnte zelluläres Wachstum in zwei Kulturen von 

Ovarialkarzinompatientinnen beobachtet werden, welche sich unter dem 

Fluoreszenzmikroskop positiv für Keratine und DAPI zeigten, allerdings noch nicht sicher 

durch NGS als Krebszellen identifiziert werden konnten. Aus den Proben der 

Brustkrebspatientinnen konnte keine erfolgreiche Kultur angezüchtet werden.  
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