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1. Introduction  

Medical samples such as swabs, urine, sputum, or blood are commonly collected in clinical 

practice but analyzed in external, centralized biomedical laboratories. Therefore, several days 

can pass before test results are available which might result in a delay of critical therapy 

decisions. In various cases i.e., sepsis diagnosis or viral infections like COVID-19, a fast sample 

analysis and treatment decision is of great interest to prevent serious health consequences or 

spreading of the disease. Thus, in recent years, point-of-care (PoC) testing, beyond pregnancy 

tests and blood glucose measurements, has gained interest.  

Regarding cancer therapy monitoring, recognizing the development of treatment resistance is 

important for therapy adaptation and might influence the overall success of the therapy. 

However, given the invasive, costly, and time-consuming nature of many cancer monitoring 

methods, patients often do not take advantage of the analyses or might not have access due to 

geographical and ecological barriers (1). Primary tumors constantly release cells into the 

bloodstream and thus, the risk for metastasis might increase continuously. The presence of these 

circulating tumor cells which are present in the bloodstream correlates with prognosis and 

measuring their number might provide valuable information regarding progression, tumor 

growth dynamics and therapy success (2). Therefore, continuous and minimally invasive 

monitoring at the point-of-care might provide a possibility to react to changes in therapy 

response much earlier than changes are recognized by imaging techniques or only after 

symptoms get worse. Moreover, point-of-care test systems for cancer might enable access to 

early diagnosis, therapy monitoring and management in low resource areas (3).  

1.1. Lab-on-chip systems 

Classical medical diagnostic assays encompass numerous manual handling steps from sample 

taking to the final diagnosis. Trained and experienced staff, elaborate and costly equipment are 

required to conduct the analyses. Depending on the sample type, the analyses often need to be 

performed in specialized laboratories. Therefore, test results for subsequent evaluation and 

therapy decision will often be obtained only after several days. A possibility of increasing 

interest to simplify and automatize molecular diagnostic assays is provided by the integration 

of test assays into microfluidic systems, also called micro total analysis systems (µTAS) or lab-

on-chip (LoC) that combine the functionalities of a whole laboratory in a miniaturized, 

microfluidic circuit (4). In such way LoC systems enable the transition to molecular diagnostics 

in a sample-to-result manner at the PoC. 
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1.1.1. Advantages and challenges of LoC systems 

Advantages of LoC test systems compared to the classical sample analysis procedures are the 

reduced hands-on time, the elimination of manual preparation steps and sample transport to 

external laboratories altogether leading to a cost and time reduction (5) (6). Furthermore, the 

systems are easy to operate, and the automation increases the reproducibility of results and 

decreases the risk of contamination. Samples are processed in a sample-to-result manner, 

meaning that a sample is placed in a device that operates all the necessary steps automatically 

and displays the result in the end. Thus, no experienced staff is required for sample preparation 

or bioanalytical evaluation (7). In this way manual, operator-related variations and errors are 

prevented. Examinations and sample analyses can be performed quickly and regularly. This is 

essential for the development of approaches in personalized medicine or in case of critical 

infections or diseases that require immediate action. The result is available at the point-of-care 

(PoC). Thus, the treatment strategy in acute diseases can be adapted earlier and targeted. In 

addition, PoC technologies might help to overcome geographical, cultural, and economic 

barriers (8).  

Challenges, on the other hand, that appear with integration of sample preparation and analysis 

into LoC systems are the incompatibility of the chip materials with certain chemicals and the 

limited volume capacity due to miniaturization. This makes robust and sensitive assays crucial 

that can cope with minimal sample input. The reference assay must be very well known to adapt 

the single unit operation steps for LoC integration by measures like sample and reagent volume 

reduction, replacement of certain assay compounds, reduction of time for the single processing 

steps and evaluation of compatibility of all the components to microfluidics concerning 

viscosity, shear forces and air bubble formation during transport. Thereby, assays integrated to 

LoC systems should achieve the same result in quality and quantity as the conventional manual 

(off-chip) assay. Furthermore, many LoC systems do not generate a quantitative result but offer 

either a positive or negative result only. Obtaining quantitative answers is challenging, as the 

readout often requires complex and expensive electronics and electrical systems and sensors 

(9). 

1.1.2. Vivalytic LoC system  

The Bosch Healthcare Solutions GmbH has developed an automated microfluidic platform for 

molecular diagnostics such as the rapid PCR testing of SARS-CoV-2, respiratory infections, 

sexually transmitted infections, or methicillin-resistant Staphylococcus aureus (MRSA)  
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detection (10). The processing steps for sample preparation such as cell lysis, nucleic acid 

extraction, amplification, and bioanalytical detection are carried out automatically in one 

universal analyzer, the data exchange unit (DxU; Figure 1A) that operates the required steps on 

a microfluidic, assay-specific disposable cartridge, the data exchange control (DxC; see Figure 

1B).  

A

 

B 

 

Figure 1: Vivalytic analyzer (A) and Vivalytic cartridge (B).  

The analyzer (A) is the data exchange unit and enables automated processing of biological assays on the data 

exchange control, a disposable cartridge (B), which contains all the required assay-specific reagents and biological 

content. The sample can be transferred into the cartridge, irreversibly closed and after insertion into the analyzer, 

the fluidic and thermal protocol is run automatically. Afterwards, the test result is presented on the display of the 

analyzer.  

The analyzer is a stand-alone device containing a sample and cartridge barcode scanner needed 

for the assay specific settings and test documentation, a sonotrode for cell disruption, 

pneumatics and thermal elements required for actuation and processing of the sample on the 

cartridge, an optical system for the readout and a display as user interface. The cartridge is 

composed of polymer layers that are connected via a laser welding process: a fluidic layer and 

a pneumatic layer separated by a thermoplastic polyurethan (TPU)-membrane, and a sealing 

layer. Each cartridge is closed with a lid included in the cover with the label for each specific 

assay. Beneath the cover, reagent chambers are included with pre-stored assay-specific reagent 

bars that are sealed and only opened upon cartridge processing in the analyzer. Below the 

reagent storage, a sample with a volume between 50 µL and 2 mL can be filled into the sample 

chamber. On the lower part of the cartridge, the fluidic network is placed composed of 

microchannels, membrane-based pump chambers, reaction chambers and microvalves. These 

serve as micropumps that are opened and closed by the pressure-driven flexible TPU-membrane 

and realize the fluid transport through the network as shown schematically in Figure 3 (11).  

A B 
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Figure 2: Schematic overview of the Vivalytic cartridge is composed of several layers. 

(A): (1) a cover with an assay specific label, (2) a fluidic layer made of injection molded PC, (3) a TPU membrane, 

(4) the pneumatic layer and (5) a PC seal film. Below the cover reagent bars (6) are placed for prestorage of buffers 

and reagent required for the assay. Within the fluidic network (B) of the cartridge, three PCR chambers are on the 

left and right side, possibly storing a PCR lyophilizate for low-multiplex PCR. Alternatively, a silicon or ceramic 

array (7) can be placed in the array chamber for high-multiplex reactions in microcavities.  

The micropumps process the fluids by application of two different pressure levels: 

overpressure (Pc > Ph ) pushes the TPU onto the pneumatic layer and liquid in the chamber is 

displaced from the chamber or valve. In turn, by applying vacuum the TPU is pulled towards 

the fluidic layer and the liquid can flow into the chamber or valves. By alternating vacuum and 

overpressure, the liquid can be transported through the complete microfluidic network using 

different paths that can be defined depending on the sequential actuation of valves and 

chambers. This results in a pulsatile flow whose flow rate is influenced by the pump frequency 

(duration of actuation steps).  

 

Figure 3: Scheme of the setup and working principle of the pneumatically actuated microvalve.  

The functional unit is made of a three-layer stack consisting of an upper fluidic layer and a lower pneumatic layer 

made of polycarbonate separated by a thermoplastic polyurethane membrane. Scheme modified according to (11). 

The three PCR chambers on each side of the microfluidic network can be heated and cooled, 

and the PCR is performed by cyclic transport of the fluid into the chambers of different 

temperatures for denaturation, annealing and extension. The lowermost chambers and the 

rectangular array chamber are within the optical system's field of view and used for fluorescence 
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signal detection. Possible read outs are microarrays, qualitative or quantitative PCR and melting 

curve analyses.  

Therefore, the Vivalytic analyzer is equipped with an optical system for excitation and detection 

of fluorescence probes and dyes. The excitation is achieved by a white light emitting diode 

(LED) and detection is realized by a complementary metal-oxide-semiconductor (CMOS) 

sensor. Four different filters are included in the analyzer enabling the detection of 4 fluorescent 

labels or probes: FAM (Abs/Em: 495 nm/517 nm, CAL Fluor Orange (Abs/Em max: 538 

nm/559 nm), CAL Fluor Red (Abs/Em max: 569 nm/591 nm) and Quasar (Abs/Em max: 

647 nm/670 nm). The field of view is limited to the lower part of the cartridge encompassing 

the lowermost PCR chambers and the array chamber. The resolution of the optical system is 

approx. 56 µm. This is suitable for the detection of the mean fluorescence signal in the PCR 

chamber or microwells in a microarray, where the complete area is used for read-out.  

Due to the platform character of the Vivalytic system, the test portfolio can be continuously 

extended by additional assays that are integrated onto the same device after assay-specific 

adaptations within the cartridges such as the prestored reagents and volumes and the biological 

content like a lyophilized PCR reaction mix bead. For integration of existing or novel biological 

assays into the LoC system, the required processing steps of the reference assay need to be 

identified and understood. Afterwards these steps are miniaturized if necessary and 

implemented to the microfluidic system as single unit operations to optimize the individual 

steps. At last, all single unit operations are combined into an automated protocol. In such way, 

the molecular diagnostic assay portfolio could also be extended by oncology applications for 

cancer therapy monitoring as presented in this study. 

1.2. Cancer detection and monitoring methods 

Cancer is estimated to be the second leading cause of death globally by the World Health 

Organization with breast and lung cancer being the most prevalent and colorectal cancer being 

the third most prevalent malignant tumor worldwide (12) (13). In most cases, not the primary 

tumor itself but metastases that develop in later stages of the disease are the most common cause 

for cancer-related deaths (14). Metastases can occur even several years after therapy or removal 

of the primary tumor (15). Although the metastatic process is not fully elucidated, it is known 

that primary tumors release cells into the blood and lymph system that can exit at a distant site 

in the body and cause metastasis. Under therapy, tumor cells tend to develop treatment 

resistance leading to a decreased or failed response to therapy (16). Therefore, there is a global 
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unmet need for rapid and cost-effective prognostic and diagnostic methods that enable to detect 

spreading cancer before the formation of metastases. However, due to individual manifestation 

and high variability and heterogeneity of metastases there is no universal treatment concept for 

all patients. Ideally, optimal personalized therapy should be determined for each patient (17). 

Therefore, methods and suitable biomarkers for therapy monitoring that enable adaptation of 

treatment accordingly are extensively studied (3). 

Classically, solid tumors are detected by image-based methods such as computer tomography 

(CT), magnetic resonance imaging (MRI) or positron emission tomography (PET). These 

methods are rapid, easy to use and display the tumor visually, but are limited to detection of 

tumors above 1 cm in diameter (18). Thus, they are unable to detect minimal residual disease 

or recurrence of a tumor or metastases after surgical removal at an early state. Also, imaging 

methods are limited to specific sites of the body and are exposing patients to additional ionizing 

radiation and should therefore not be repeated in short intervals (19). When a solid tumor was 

recognized and localized by imaging, a biopsy is performed, and the tissue sample is examined 

by a pathologist. This enables histological and molecular analyses for the characterization of 

tumor tissues and requires only short operation time. On the other hand, a classical biopsy is 

limited to the sampled site. Hence, it is unable to represent the entire tumor mass present in the 

body and does not cover the inter- and intra-tumor heterogeneity. In addition to some tumors 

not being accessible for a biopsy, the sampling method is invasive and serial biopsy is often not 

practicable or can be accompanied with discomfort for the patient.  

Nevertheless, the therapeutic strategy is often defined based on the characteristics of the 

primary tumor that are frequently removed by surgery or destroyed by radiation. However, 

tumor development and metastatic spread might not be based on the same genetic features and 

metastases require systemic treatment such as (targeted) chemotherapy or immune therapy (20). 

For those reasons, in recent years the analysis of blood samples for cancer detection or disease 

monitoring was intensively studied. Thereby, blood is analyzed for suspicious cells (circulating 

tumor cells; CTCs) or other biomarkers (e.g., circulating tumor DNA; ctDNA) indicating tumor 

activity in the body. These liquid biopsies represent a minimally invasive method for cancer 

detection or treatment monitoring. Especially after surgical removal of the tumor and in the 

adjuvant setting, periodical monitoring using liquid biopsies could be beneficial to detect 

regression in early phases or spare the patients side effects of ineffective or unnecessary 

therapies. Moreover, the molecular profile and potential therapy induced changes can mirror 

therapy response as well as emerging therapy resistances or progression.  
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1.2.1. Liquid Biopsy – analysis of blood samples for therapy monitoring 

Blood of the human body is composed of liquid and solid components. The liquid part of the 

blood, plasma, contains water, salts, proteins, and nucleic acids. The solid part contains 

different numbers of erythrocytes (red blood cells; RBCs), leukocytes (white blood cells; WBC) 

and thrombocytes (platelets). The platelets are present in numbers of 150-400/nL and are the 

smallest components of the solid matter with 2-4 µm in diameter. The most abundant cell type 

in the blood are the RBCs with 4.1 to 5.1/pL and have a size of approximately 8 µm in diameter. 

Erythrocytes have no nucleus and are therefore very flexible and able to pass the smallest 

capillaries in the body. The nucleated cell fraction of the blood is represented by the leukocytes 

(4 to 11/nL) with sizes ranging from 8 to 25 µm in diameter. There are different types of 

leukocytes: granulocytes (neutrophils, eosinophils, and basophils), monocytes, and 

lymphocytes (T cells and B cells). 

Depending on the analysis, separation of the different blood components can be necessary. The 

different centrifugation-based methods are shown in Figure 4. The most common method to 

separate the liquid part of the blood from the solid components is centrifugation. Thereby, the 

cells sediment to the bottom of the sample tube and the plasma can be collected. Depending on 

the centrifugal force applied, plasma can still contain the platelets or be completely free of solid 

material only containing nucleic acids, salts, and proteins. By centrifugation, the erythrocytes 

and leukocytes end up in one fraction. For separation of RBC and WBC from each other, one 

option is a density gradient centrifugation. Thereby, the blood sample is layered on top of a 

reagent containing a neutral, highly branched, high-mass, hydrophilic polysaccharide such as 

Ficoll™. This reagent takes advantage of the density differences between mononuclear cells 

and other blood components. After centrifugation, the cells are distributed in the sample tube 

in layers based on the differences in density: the erythrocytes are aggregated and sediment 

though the reagent to the bottom of the tube, followed by the Ficoll™ reagent, on top of which 

the WBCs (or peripheral blood mononucleated cells; PBMCs) are concentrated into the so-

called buffy coat. On top of the buffy coat, the plasma can be collected (21). Another method 

for PBMC isolation is the selective lysis of erythrocytes by ammonium chloride buffer (22) 

(23). Thereby, PBMCs remain intact whereas the RBCs are lysed due to the Cl-/HCO3-

transporter on their membrane and the enzyme carbonic anhydrase, present in RBC. Ammonia 

(NH3), formed by dissociation from NH4
+ in the lysis buffer, enters the RBC by diffusion. Inside 

the RBC, the NH3 is bound to H+ derived from H2CO3, formed by the carbonic anhydrase from 

H2O and CO2. The remaining HCO3– inside the cell is exchanged for Cl– from the medium 
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surrounding the RBC by the Cl-/HCO3-transporter. This results in accumulation of NH4
+ and 

Cl– in the RBC and finally osmotic swelling and lysis of the RBC (24). During centrifugation, 

the intact PBMC can be pelleted while the lysed RBC remain in the supernatant. In all described 

cases, potentially present CTCs would be recovered in the PBMC fraction. 

 

Figure 4: Possibilities to separate the different fractions of whole blood. 

Simple centrifugation leads to sedimentation of RBC and PBMC into the same fraction, whereby most of the 

PBMC are on top of the RBC and are visible as white layer. After density gradient centrifugation with Ficoll, the 

PBMC are collected in one fraction between the Ficoll and the plasma and are separated from the RBC that 

sediment below the Ficoll. Thereby RBC and PBMC can be collected separately and intact. After selective lysis 

of the erythrocytes and centrifugation, the RBC are lysed and locates in the supernatant and the PBMC sediment 

to the bottom and form a pellet that can be collected after removal of the supernatant.  

None of the above-mentioned methods (schematically shown in Figure 4) ensure separation of 

the different cell fractions with 100 % purity. For example, after density gradient centrifugation, 

PBMCs (and if present CTCs) can be recovered from the buffy coat. But due to density 

variations it is possible that some PBMCs or CTCs sediment below the Ficoll™ phase or remain 

above the Ficoll™ phase and are not recovered with the buffy coat. In case of selective 

erythrocyte lysis, some erythrocyte might sediment to the PBMC pellet due to incomplete lysis. 

Some PBMCs, in turn, might remain in the supernatant or might be negatively impacted by 

prolonged incubation time with the lysis buffer. However, in comparison cell recovery is higher 

using the selective lysis method than density gradient centrifugation (25) (26). In addition, 

selective lysis renders RBCs transparent as their inside hemoglobin is exchanged for the 

surrounding medium. After centrifugation, the red color in the suspension and the lysed RBCs 

are removed by discarding the supernatant facilitating optical analysis of the remaining intact 

cells. 

After both density gradient centrifugation and selective lysis with subsequent centrifugation, 

CTCs and PBMCs are recovered in the same fraction. One option to differentiate the cell types 

e.g., WBCs from CTCs, in a mixed cell suspension is microscopic analysis. The different blood  
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cell types can be differentiated by their size but also by specific antigens that can be stained 

using fluorophore-labeled antibodies. Leukocytes can be detected by staining leukocyte specific 

cluster of differentiation (CD) antigens, such as CD-45 (27) (28). Epithelial CTCs on the other 

hand do not express CD-45 but do express the epithelial cell adhesion molecule (EpCAM) or 

certain cytokeratins (CK) (29).  

1.2.2. Metastasis and circulating tumor cells (CTCs)  

Circulating tumor cells were first reported in 1869 after tumor cells with similarities to the cells 

from the primary tumor were found in the blood of a man who died of metastatic cancer (30). 

CTCs are regarded as the major cause for metastasis and their presence in blood has been found 

to correlate with treatment response and prognosis (17). An increase of CTCs correlates with a 

bad prognosis or resistance to therapy (31). Therefore, detection and quantification of CTCs 

could help to predict the risk of metastatic relapse thereby monitoring treatment efficacy (32). 

As shown in Figure 5, CTCs can detach from the primary tumor, enter the vasculature, and 

circulate in the blood stream or lymph system. In such a way they can reach distant organs or 

tissue and form metastases at various sites in the body after extravasation. The first step for the 

metastasis formation after intravasation is a reprogramming of the cell specific characteristics 

through epithelial-mesenchymal transition (EMT) including tight junction dissolution, 

disruption of apical–basal polarity, and cytoskeletal rearrangement (33). Originally, EMT was 

discovered as part of embryogenesis. It plays a significant role in development, wound healing 

but also malignant progression through which cancer cells acquire properties associated with 

more aggressive phenotypes.  

 

 

Figure 5: The process of metastasis.  
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Thereby, cells from a primary (1), vascularized tumor (2) detach (3) and intravasate nearby blood vessels (4). The 

cell can circulate in the vascular system (5) and eventually adhere to blood vessel walls (6). From there they 

extravasate (7) and migrate into the surrounding tissue, where they can form a metastasis (8). Scheme adapted 

from (34). 

The acquired mesenchymal characteristics confer the cells the ability to leave the primary tumor 

site, invade and migrate in the bloodstream either as single cells or cell clusters. Most of these 

cells are destroyed by the immune system, succumb to shear forces, or become apoptotic (with 

a half-life of < 30 min for single cells and < 10 min for clusters) (35). In addition, the missing 

cell-cell contact to the stromal tissue of the primary tumor induces anoikis, a subset of apoptosis 

that is induced as a response to detachment of the cells from their original matrix  (36) (37) 

(38). Only approximately 0.1 % of the CTCs in the bloodstream can survive in the vasculature 

and invade the surrounding tissue (39) (40) (41). There the process is reversed, and cells 

undergo mesenchymal to epithelial transition (MET; schematically shown in Figure 6) leading 

to the formation of metastases in distant organs.  

The factors involved in induction of carcinogenic EMT and repressing epithelial proteins such 

as the tumor suppressor E-cadherin include members of the Snail and Twist transcription-factor 

families. They promote cancer cells motility and invasive properties, and EMT-induction 

correlates with a gain of some malignant properties. A large fraction of human cancers 

overexpresses Twist1 and/or Twist2 that have been shown to favor the metastatic dissemination 

of cancer cells through their ability to induce and regulate EMT (42) (43). Activation of SNAI1 

or SNAI2 has been associated with inhibition of apoptosis and increased invasiveness and 

therefore with elevated risk of metastasis and a poor prognosis in different tumor progression 

models (44) (45). During EMT, the expression of epithelial markers like EpCAM, cytokeratin, 

and E-Cadherin is downregulated (relevant markers are exemplarily shown in Figure 6). There 

are numerous data suggesting that individual markers of EMT (e.g., loss of EpCAM or E-

cadherin expression and overexpression of Twist, Snail, or vimentin) might act as predictors 

for therapeutic and survival outcomes of patients with cancer. Recently, it has been stated that 

the EMT is a process of transitional stages between the epithelial and mesenchymal phenotypes. 

Thus, tumor cells that express a mix of epithelial and mesenchymal phenotypes can be present 

in liquid biopsies. These are described to be even more effective in circulation, colonization at 

the secondary site, and the development of metastasis (46). Therefore, expression analysis of 

EMT-related markers in liquid biopsies in addition to CTC enumeration, is regarded as 

additional promising prognostic indicator.  
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Figure 6: Scheme of gene expression during the EMT and MET process.  

It is involved in intravasation and extravasation of tumor cells during metastasis formation. Epithelial genes are 

downregulated during EMT whereas mesenchymal genes are upregulated and vice versa.  

The physical and biological characteristics enabling the CTCs to survive after their release from 

the primary tumor are not fully elucidated. Recent studies stated that various blood and immune 

cells or multiple CTCs are involved in survival of the CTCs in the bloodstream and the 

formation of metastases (47) (48) (49) (50). Therefore, the detection and characterization of 

both epithelial and mesenchymal CTCs can be relevant for prognostic predictions and clinical 

management during therapy and represent an additional diagnostic marker (51) (52) to detect 

metastases in early stages and for efficiency control during and after a therapy to adapt or 

recommence therapy in case of a recurrence.  

1.2.2.1. Characteristics of CTCs used for their detection in liquid biopsies 

CTCs are highly amenable to PoC detection due to their presence in blood. This enables 

minimally invasive sample taking that can be repeated in short time intervals for treatment or 

relapse monitoring. The unique potential of CTCs as a clinically useful biomarker in a liquid 

biopsy relies in the possibility to gain insight on the burden of disease via cell enumeration and 

on the overall molecular state and risk of progression or therapy failure by downstream analysis 

of phenotype, gene expression, mutational status of the detected cells (53). Cells that are 

isolated viable can even be further cultivated in vitro and subjected to drug sensitivity testing 

(54). Nevertheless, there is no applied standardized concept for therapy monitoring for cancer 

patients based on CTCs so far. The major challenge of CTC detection is posed by their rarity 

among the millions of surrounding WBCs and RBCs per mL blood but also their inter- and 

intra-patient heterogeneity on phenotypic and molecular level. The exact number in patient 

samples is not known and definition and therefore application of a positive control is difficult 

and represents an additional challenge during assay development. Numbers of 1-1000 CTCs 

per mL of blood are reported in the literature, a number which is strongly depended on the 
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applied method. Generally accepted controls are blood samples from healthy donors with no 

detectable CTCs as negative control and with high recovery of cell line cells spiked into healthy 

blood as positive control (55). To successfully investigate CTCs, they must be detected with 

high sensitivity, reproducibility and, depending on the desired analysis, with sufficient purity. 

Over the past years, several CTC isolation and detection methods have been investigated. These 

isolation methods (as schematically shown in Figure 7) are based on either biological or 

physical differences between CTCs and the healthy blood cells.  

Biological methods encompass immunocapture and immunodetection techniques. Cells can be 

isolated by capturing on functionalized surfaces or using functionalized magnetic beads. 

Thereby, CTCs are either positively enriched by direct capture of the target cells or negatively 

enriched by capture of non-target cells for depletion. Physical isolation methods take advantage 

of the differences in size and mechanical compressibility of the CTCs and healthy blood cells. 

After capture, the enriched cells are usually analyzed by immunostaining of characteristic 

antigens which enables the distinction of CTCs from normal blood cells. However, there is no 

standardized and definite staining strategy that encompasses all subpopulations of CTCs.  

As most cancers originate from epithelial tissues, epithelial CTCs express different adhesion 

and structure proteins, e.g., cytokeratins such as CK8, CK18 and CK19 that are intracellular 

structure proteins and the surface protein EpCAM (CD326). These tumor-associated antigens 

can be used for immunocapture and can be optically detected after labeling with specific 

conjugated antibodies. An accepted definition for CTCs is positive staining for EpCAM and/or 

cytokeratins 8, 18 and 19 as epithelial tumor antigens and DAPI or Hoechst33342 for nucleus 

detection. Some methods extended these criteria for negative CD45 staining to exclude 

leukocytes.  

 

Figure 7: Overview of different CTC isolation and characterization methods.  
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Most methods for separation of CTCs from normal blood cells take advantages of differences between the cells in 

terms of biological or physical properties such as surface proteins, size, or electric charge.  

For many years, the most widely used technology for prognostic purposes in clinical studies 

and the only FDA approved CTC enumeration method was the CellSearch® method (Menarini 

Silicon Biosystems, Florence, Italy). For this technique blood is collected in CellSave® tubes 

containing a fixation agent. Epithelial CTCs are isolated from the sample using magnetic beads 

functionalized with EpCAM specific antibodies. The leukocytes are depleted as they are not 

bound by magnetic beads. After immunomagnetic capture, the enriched cells are permeabilized 

and stained with a CK-8, 18, 19, CD-45-antibody cocktail and nuclear stain DAPI. Through 

simultaneous isolation with EpCAM and staining with CK antibodies, CTCs can be identified 

based on their expressed proteins and due to CD-45 staining discrimination of CTCs and 

leukocytes is ensured. Several studies using the CellSearch® have stated that the detection of 

more than 3 to 5 CTC present in the patients’ blood sample correlated with decreased 

progression-free survival in case of metastatic breast, colorectal, or prostate cancer (56) (57). 

For instance, in the case of breast cancer one study showed that women with <5 CTC/7.5 mL 

of blood before therapy had a statistically significantly longer overall survival (OS) of 18 

months and progression free survival (PFS) of 7 months compared to women with >5 CTC/7.5 

mL of blood (OS of 10 months; PFS of 2.7 months) (58). However, the total number of CTCs 

detected by the CellSearch® method within 7.5 mL is very low regarding the high blood sample 

volume that is required. This leads to the assumption that EpCAMlow and EpCAM- CTCs might 

be lost during sample preparation, so their number is underestimated. Moreover, interpretation 

of therapy success from a cell count course described for the CellSearch® method might be 

difficult if for example 3 CTCs are found in the baseline sample before therapy, 4 CTCs in the 

following sample and 2 CTCs are found in the next samples after two cycles of therapy.  

Besides the CellSearch® system, many other EpCAM-based methods have been developed for 

CTC enrichment, capture, and enumeration. The GILUPI CellCollector® is composed of a 

functionalized nanowire that is introduced into the vein for 30 minutes for in vivo capture of 

EpCAM+ CTCs (59). However, the isolation efficiency is rather low due to the high blood flow 

rate and comparable low surface of the wire compared to the vein diameter. Consequently, 

many CTCs can pass the wire without being captured. Moreover, optical detection and recovery 

of the cells from the wire can be difficult.  

All enrichment methods based on immunoaffinity capture of EpCAM expressing CTCs have 

in common that they do not detect certain subpopulations. In the case of CTCs that underwent 
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EMT, the expression of the epithelial (surface) proteins is downregulated and therefore certain 

subpopulations of CTCs can be lost if positive selection is conducted based on EpCAM only.  

Selection based on biological characteristics ensures a high selectivity and specificity. 

Nonetheless, immuno-based isolation is prone to cell loss due to inhomogeneous antigen 

expression or insufficient access of the antibodies on the cell surface. The clustering of CTCs 

with other blood cells and components (as described in chapter 1.2.2) could influence the 

accessibility for EpCAM specific antibodies (60) (61) (62). Thus, some epitopes might be 

masked due to the clustering of CTCs with other blood cells. Additionally, surface proteins can 

be expressed only locally in form of ‘caps’ and cannot be recognized by the respective 

antibody (60).  

To increase the sensitivity and detect EMT cells, different cancer-specific antigens (epithelial 

and mesenchymal) can be targeted along with the surface protein EpCAM. Immunodetection 

of cytokeratins as additional epithelial marker or vimentin as mesenchymal marker might 

increase the probability to detect a wider range of CTCs. However, this would require fixation 

and permeabilization of the cells as these are intracellular proteins leading to some critical 

disadvantages. Fixation causes cross-linking of the proteins, and this may alter the epitopes 

making it difficult for the antibody to recognize the antigen. Furthermore, fixation renders cells 

nonviable such that they are not usable for potential functional analyses such as cultivation. 

An example for a method that forgoes enrichment and cell fixation prior to immunofluorescent 

staining is the maintrac® method (SIMFO, Bayreuth, Germany). In brief, this method starts with 

1 mL blood that is processed 24-72 h after sample taking. It was reported that the storage of the 

blood samples for at least 24 h helps in demasking of EpCAM on the cell surface that is 

probably caused by clustering of CTCs with platelets or leukocytes (60) and the leukocytes and 

CTCs are selectively stained after selective lysis of the RBCs. The advantage of this method 

consists of the few sample processing steps and the omission of CTC enrichment (63). The 

leukocytes and CTCs are processed together in one suspension by staining with conjugated 

EpCAM-antibodies. This results in reduced cell loss and higher sensitivity (threshold 10 CTCs 

in 1 mL blood) regarding the detection of EpCAM positive cells. Moreover, the staining 

technique does not require cell fixation and thus also provides information on the viability of 

the cells identified as epithelial CTCs and the possibility to cultivate CTCs with stem-cell like 

properties (64). The main advantage of this method is the small blood sample volume required 

and the high CTC number reported despite limitation to EpCAM immunodetection. However, 

as all nucleated cells are transferred to a microtiter plate for immunofluorescence detection, the 
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staining strategy could probably be extended to further tumor specific markers to detect 

different CTC subpopulations.  

To overcome the disadvantages of biological isolation methods, label-free and antigen 

independent approaches can be applied. These include methods that separate CTCs and other 

blood cells mainly based on their differences in size, stiffness, and increased nucleus to 

cytoplasm ratio (65). In particular, the physical methods stand out for the high throughput, but 

are less specific and do aim at high yield rather than high purity. The main reason for that is the 

overlap in characteristics of leukocytes and CTC leading to leukocytes being enriched or 

captured along with CTCs. Isolation of CTCs based on their antigen-independent, physical 

differences to leukocytes, has been applied by different filtration-based approaches. An 

example is the commercialized system called isolation by size of epithelial tumor cells (ISET®, 

Rarecells, Paris, France). It is an antibody-independent whole blood filtration approach for 

CTCs that captures CTCs from 10 mL (threshold 1 CTC in 10 mL blood) of whole blood based 

on their larger size. It enables quantification and immunomorphological and molecular 

characterization (66). Another example is ScreenCell® also enabling filtration-based isolation 

of either live or fixed cells by filtration of blood samples of 3 mL (67). The drawbacks of the 

filtration-based technologies are membrane clogging and decrease in purity due to co-capture 

of leukocytes in case of small pores or loss of small and deformable CTCs in case of too large 

pore sizes. To overcome clogging and pressure increase, the area of the filtration unit needs to 

be increased. This in turn makes optical detection of the whole area in real-time during the 

capture process challenging and strongly dependent on an optical system with large field of 

view, which in turn often possesses lower resolution. Therefore, staining, and optical detection 

are often carried out at the end of the capture process by optically scanning the surface in the 

respectable channels. This way, small or deformable cells that can pass the capture unit are not 

detected and the actual number of CTCs present might be underestimated. The clear benefits 

are ease of use, short processing times, high efficiency, fast detection, and label-independency. 

Thus, also cells that underwent EMT and cells with low or no EpCAM expression are captured. 

The biology of EpCAM and its role are not completely understood but different studies 

hypothesize that expression of this epithelial cell-surface protein is crucial for metastasis-

competent CTCs. Therefore, it may not be lost completely during the epithelial-to-

mesenchymal transition (29) (68). The development and validation of a method is often 

performed with model cell lines with known characteristics. For these model samples, EpCAM 

seems to be a suitable marker. However, to cover the complete heterogeneity of CTCs it would 
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be beneficial to develop an isolation method based on both biological and physical 

characteristics and combine the detection of different markers for higher efficiency and 

improved characterization. A method established with one or a few specific markers should be 

easily expandable to multi-marker detection without interfering with cell capture.  

1.2.3. LoC systems for CTC analysis and integration of CTC analysis into Vivalytic 

To increase reproducibility of sample preparation and enable CTC analysis at the point-of-care, 

several technologies have been established for automated or semi-automated CTC analysis in 

recent years (69) (70). They provide the possibility to unite biological and physical methods for 

CTC monitoring and thereby achieve a combination of isolation of (viable) CTCs and further 

morphological or molecular characterization of these cells of interest in one device. LoC 

systems enable microfluidic processing of samples for separation of different cell fractions and 

isolation of target cells from blood. These can be based on immunoaffinity (71), centrifugo-

magnetophoretic (72) or dielectrophoretic methods (73), filtration (74) (75), or a combination 

thereof (76). The major challenge is the throughput and the optimization of the detection despite 

the limitation in applicable sample volumes in microfluidic systems.  

The IsoFlux® system (Fluxion Biosciences Inc, Oakland, USA) combines capture of EpCAM-

positive cells via antibody-coated magnetic beads with microfluidic processing (77). Another 

system described in the literature is a micro vortex-generating herringbone-chip that captures 

EpCAM-positive cells within a microfluidic device containing antibody-functionalized micro 

posts (78). A similar system is the CTC-chip® that is composed of a silicon chip in the size of 

a standard microscope slide containing an array with numerous micro posts with specific 

geometric pattern that are functionalized with antibodies to EpCAM. CTCs are captured 

directly onto the sides of the posts. The captured cells can then be confirmed as CTCs through 

staining which differentiates nonspecifically bound leukocytes from epithelial CTCs (52).  

In May 2022, a second CTC analysis method, the Parsortix® system (Angle plc, UK) was 

authorized by the FDA for the capture and harvest of CTCs from metastatic breast cancer 

patient blood. The method enables isolation of CTCs for subsequent downstream analysis. In a 

microscopic slide format device, non-target cells from whole blood can pass a constricting stair-

like structure and are depleted by the virtue of their differences in size and deformability 

whereas target cells are captured and can be released in reverse direction (79).  



INTRODUCTION 

17 
 

 

1.2.3.1. Requirements for integration of CTC analysis into the Vivalytic LoC system 

Among the methods described in chapter 1.2.2.1, mechanical filtration has the benefit of being 

relatively robust to flow rate variations, making it a suitable method for integration into 

pneumatically driven, membrane-based LoCs like the Vivalytic system described in chapter 

1.1.2. The Vivalytic system was developed and established for PCR-based molecular diagnostic 

assays. The microfluidic network was intended for the transport of liquid samples, for nucleic 

acid extraction and amplification. Cells and cellular material are so far only processed after cell 

lysis for RNA and DNA extraction. Therefore, the system was not validated for processing of 

cell suspensions in such way that cells remain intact and viable. An important aspect to be 

considered during microfluidic transport of cells is the fluid shear stress inside the channels and 

valves. Moreover, the influence of a pulsatile flow profile on cell capture needs to be evaluated 

and the flow path and profile should be optimized to minimize cell loss within the channels and 

during capture. In case of a filtration based-method, immunocytochemistry is essential for 

phenotypic characterization and discrimination of large blood cells like megakaryocytes, large 

monocytes, epithelial cells from the puncture site, and mesenchymal cells enriched in parallel. 

This requires an optical system capable of fluorescence imaging. The optical system of the 

Vivalytic analyzer was intended for detection of fluorescence increase in PCR chambers rather 

than detection of single fluorescent particles such as cells with sizes between 10 and 30 µm. 

The resolution therefore might be more challenging for measuring the fluorescent signal from 

an area like the PCR chamber or a microcavity. The major difference between the detection of 

fluorescence in a qPCR assay and the detection of immunofluorescent cells is the required 

magnification factor and optical resolution. Moreover, for the optical fluorescence detection of 

cells as comparable to a microscopic detection, the cells must be captured in one optical focus 

plane. This could be realized by capturing the cells on a microporous structure. Above all, the 

major challenge that is posed by the limited sample volume capacity of LoC systems is the 

scarcity of CTCs in blood and thus, the need for identification of a highly sensitive method with 

minimal cells loss.  
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1.3. Aim of the study 

In the initial diagnosis, tumors might resemble one another. Characterization using imaging 

techniques and molecular proceedings reveal that tumors differ in their molecular composition. 

Therefore, next generation sequencing (NGS) of tumor material on DNA and RNA levels is 

becoming increasingly important as it can reveal genetic alterations within a tumor. In 

consequence, secreted proteins are analyzed for over- or underexpression. This might enable 

oncologic patients to receive targeted and personalized therapies according to the molecular 

profile of the tumor. Oncologists in turn are confronted with novel therapeutic substances and 

heterogeneous therapeutic strategies. One of the major challenges is assessing therapy 

responses and conventional radiologic imaging procedures. Therefore, approaches for a close 

and accurate monitoring of each patient are urgently needed. Besides the sole detection of CTCs 

in the peripheral blood as a prognostic marker, a reliable method for the isolation and further 

characterization of CTCs, e.g., by single cell sequencing could substantially improve therapy 

monitoring and reveal emerging therapy resistances.  

Therefore, the overall aim of this dissertation was the evaluation of existing CTC analysis 

methods and the assessment of the feasibility of subsequent establishment of a LoC-compatible 

technique for the isolation, enumeration, and characterization of the detected CTCs. Besides 

quantification, the possibility to recover the captured cells or extract nucleic acids was assessed 

as starting point for expression analysis or preparation of nucleic acid samples for sequencing. 

The focus was set on the identification of a technique that can cope with boundary conditions 

given by the Vivalytic LoC system such as a pulsatile flow, limited sample input volume and 

fluorescence-based read-out.  

As a first step, a method for CTC detection method that holds promise to minimize cell loss 

was reproduced and evaluated using samples of gastrointestinal tumor patients. Patient and 

model samples were analyzed in two laboratories using maintrac® as benchmark method and 

the results were retrospectively correlated to the clinical observations of the respective patients. 

Thereby, the overall aim was to assess and evaluate the feasibility of CTC isolation and 

detection for usage as tracking marker for cancer treatment monitoring and detection of therapy 

resistances.  

In the second step, the method was adapted with the aim of automated processing by the 

Vivalytic LoC system. The integration was executed sequentially by breaking down the overall 

workflow into single unit operations that were adapted based on the specifications of the 

Vivalytic system. This included adaptations of the sample and reagent volumes, incubation 
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times, staining protocol, and read-out. As there are no established assays for the Vivalytic 

system processing viable cells so far, in the third part of the study unit operations that are 

required for transport of cell suspensions were evaluated. First experiments with cells in the 

microfluidic network of the cartridge were executed to determine the influence of microfluidic 

system parameters on cell capture, viability, and cell recovery.  

Besides CTC isolation and enumeration, the fourth part of the dissertation included phenotypic 

and molecular characterization of the captured cells. Thereby, the extraction of nucleic acids 

from the captured cells was implemented. The extracted RNA was used for gene expression 

analysis on mesenchymal markers to evaluate both the possibility to detect viable epithelial 

cells and estimate the extent of EMT cells.  

The LoC integrated workflow including whole blood processing, depletion of erythrocytes and 

partly leukocytes, the capture of CTCs and the expression analysis after nucleic acid extraction 

is schematically shown in Figure 8. 

 

Figure 8: Possible LoC workflow for automation of CTC analysis. The overview on top shows the manual steps 

(off-chip) that are necessary steps for analysis of liquid biopsy. The Lab-on-Chip (on-chip) platform enables 

automatization of all the steps in between sample input and diagnosis and therapy decision.  
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2. Material and Methods 

2.1. Material 

2.1.1. Chemicals 

Table 1: List of chemicals used and information on purity, concentration, and supplier. 

Chemical Purity and 

Concentrations 

Manufacturer 

Agarose standard  Carl Roth, Karlsruhe, Germany 

Ammonium chloride  99.5 % Carl Roth, Karlsruhe, Germany 

Bacillol AF  Paul Hartmann, Heidenheim, 

Germany 

Bovine serum albumin > 96.0 % Sigma Aldrich, Steinheim, 

Germany 

DMSO 99.5 % AppliChem GmbH, Darmstadt, 

Germany 

DNA ExcitusPlus™  PanReac AppliChem, 

Darmstadt, Germany 

Ethanol for mol. biology > 99.8 % Merck, Darmstadt, Germany 

EDTA  VWR, USA 

Formaldehyde 37.5 % Sigma Aldrich, Steinheim, 

Germany 

Potassium hydrogen carbonate  > 99.5 % AppliChem GmbH, Darmstadt, 

Germany 

Molecular grade water,  RNase, DNase, 

protease free 

G-Biosciences, St. Louis, USA 

Chemical Purity and 

Concentrations 

Manufacturer 

Phosphate buffered saline  Gibco, Thermo Fisher Scientific, 

Waltham, USA 

RNase Zap  Sigma Aldrich, Steinheim, 

Germany 

ß-Mercaptoethanol > 99 % Sigma Aldrich, Steinheim, 

Germany 

Triton-X-100 10 % in H2O Sigma Aldrich, Steinheim, 

Germany 

Tween®20 10 % Sigma Aldrich, Steinheim, 

Germany 

Tween®80 58 % Sigma Aldrich, Steinheim, 

Germany 
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2.1.2. Solutions and Buffers 

Table 2: List of buffers and their composition.  

Buffer name Function Component Concentration 

Alkaline lysis 

buffer 

Purification of 

filtration functional 

models 

NaOH 

SDS 

200 mM 
2.5 % (w/v) 

Erythrocyte lysis 

buffer 

Selective lysis of red 

blood cells 

NH4CL 

KHCO3 

EDTA 

pH 7.2 

155 mM 
10 mM 

1 mM 

Passivation buffer Blocking of unspecific 

protein binding and 

adsorption 

PBS 

BSA 

EDTA 

1 X 

1 % (w/v) 

1 mM 

 

Table 3: Cell lysis buffers for generation of cell lysates as templates for RT-qPCR. 

Buffer name Function Component Concentration 

LB01 Nonionic detergent 

Chaotropic salt 

Tween20 

Guanidinium chloride 

2 % (v/v) 

50 mM 

LB02 Nonionic detergent 

Buffer component 

Preservative 

Tween80,  

buffered with Tris-

HCL, sodium azide 

0.1 % (v/v) 

LB03.1 Nonionic detergent Tween20 1.0 % (v/v) 

LB03.2 Nonionic detergent Tween20 2.0 % (v/v) 

LB03.3  Nonionic detergent 

Buffer-component 

Tween20 

Tris-HCl 

2.0 % (v/v) 

10 mmol 

LB03.4 Nonionic detergent 

Protein 

Tween20 

BSA 

2 % (v/v) 

1 % (w/v) 

LB04 Nonionic surfactant 

Protein 

TritonX-100 

BSA 

0.25 % (v/v) 

1 % (w/v) 

LB05 Nonionic detergent 

Protein 

NP-40/Igepal360 

BSA 

0.3 % (v/v) 

1 % (w/v) 

LB06 Protein BSA 1 % (w/v) 

LB07 Protein denaturant Guanidine thiocyanate 50 mM 
 

 

2.1.3. Cell culture 

Table 4: List of cell culture media and reagents.  
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Substance Supplier 

Heat Inactivated FBS, gibco®  Life Technologies; Thermo Fisher 

DMEM; GlutaMAX, gibco® Thermo Fisher 

PBS, gibco® Thermo Fisher 

Trypan Blue Stain (0,4 %), gibco® Life Technologies; Thermo Fisher 

Trypsin-EDTA solution, 1X (0,25%/0,02%), 

in PBS 

Biochrom Merck Milipore 

 

2.1.4. Cell lines 

Table 5: List of cell lines, their provider, and the applied media for cultivation.  

Cell line Provider Cultivation medium 

BT-474 German Cancer 

Research Center  

DMEM 

10 % (v/v) FBS 
5 % (v/v) Penicillin/Streptomycin 

BT-20 German Cancer 

Research Center 

DMEM 

10 % (v/v) FBS 

5 % (v/v) Penicillin/Streptomycin 

HCT116 German Collection of 

Microorganisms and 

Cell Cultures GmbH 

DMEM 

10 % (v/v) FBS 

5 % (v/v) Penicillin/Streptomycin 

K562 German Collection of 

Microorganisms and 

Cell Cultures GmbH 

RPMI 

10 % (v/v) FBS 

5 % (v/v) Penicillin/Streptomycin 

NCI-H1975 Cooperation partner RPMI 

10 % (v/v) FBS 

5 % (v/v) Penicillin/Streptomycin 
 

2.1.5. Kits 

 
Table 6: List of commercially available kits for nucleic acid extraction and analysis methods. 

Kits Application Manufacturer 

CIRRUS™ Strips 

RNA 

Lyophilized PCR 

master mix 

Fluorogenics, Wiltshire, UK 

QiAmp DNA 

Blood Midi Kit 

DNA extraction from 

blood samples 

Qiagen, Hilden, Germany 

DNase Digestion of gDNA 

during RNA 

extraction 

Macherey Nagel,  

KRAS, BRAF, 

PIK3CA Array 

Mutation detection Randox 
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Luna® Universal 

Probe One-Step 

RT-qPCR Kit 

RT-qPCR New England Biolabs,  

Qiamp RNA Blood  RNA extraction Qiagen, Hilden, Germany 

RNA 6000 Nano 

Kit  

Determination of 

RNA purity and 

integrity 

Agilent, Santa Clara, USA 

Rneasy  RNA extraction Qiagen, Hilden, Germany 

PureLink™ Quick 

Gel Extraction Kit 

Extraction of DNA 

from bands in agarose 

gels 

Thermo Fisher Scientific, Waltham, USA 

SCRIPT RT-qPCR 

ProbesMaster 

Lyophilisate 

Lyophilized PCR 

master mix  

Jena Bioscience, Jena, Germany 

 

2.1.6. Antibodies and cell staining solutions 

 
Table 7: List of antibodies and staining reagents used for cell detection.  

Substance Isotype Full name Manufacturer 

CD45 (PE) Recombinant 

human IgG1 

CD45, Clone: REA747, 

human 

Miltenyi-Biotec, 

Bergisch Gladbach, 

Germany 

Carboxyfluorescein  

succimidyl ester 

(CFSE) 

n.a. CellTrace™ CFSE Cell 

Proliferation Kit 

 

Thermo Fisher 

Scientific, 

Waltham, USA 

CellTracker™ 

Deep Red (CTDR) 

n.a.  Thermo Fisher 

Scientific, 

Waltham, USA 

Cytokeratin (APC) Recombinant 

human IgG1 

Cytokeratin Antibody, 

anti-human, APC, 

REAfinity™  

Miltenyi-Biotec, 

Bergisch Gladbach, 

Germany 

EpCAM (Alexa 

Fluor 488) 

Mouse / IgG2a, 

kappa 

CD326 (EpCAM) 

Monoclonal Antibody 

(MH99), Alexa Fluor 

488, eBioscience™ 

Thermo Fisher 

Scientific, 

Waltham, USA 

EpCAM (APC) Recombinant 

human IgG0 

CD326 (EpCAM)-

FITC, human 

Miltenyi-Biotec, 

Bergisch Gladbach, 

Germany 

EpCAM (FITC) Recombinant 

human IgG0 

CD326 (EpCAM)-

FITC, human 

Miltenyi-Biotec, 

Bergisch Gladbach, 

Germany 

EpCAM 

(unlabeled) 

Recombinant 

human IgG1 

 
OriGene 
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Hoechst 33342 n.a. n.a. Thermo Fisher 

Scientific, 

Waltham, USA 

Isotype control 

(FITC) 

Recombinant 

mouse IgG1 

n.a. Miltenyi-Biotec, 

Bergisch Gladbach, 

Germany 

Propidium iodide n.a. n.a. Sigma Aldrich, St. 

Louis, USA 

SYTO9 n.a. n.a. Thermo Fisher 

Scientific, 

Waltham, USA 

Vimentin (APC) Recombinant 

human IgG1 

 
Miltenyi-Biotec, 

Bergisch Gladbach, 

Germany 
 

2.1.7. Nucleic acids, Oligonucleotides 

 
Table 8: List of oligonucleotides. 

Name  Sequence 5’ – 3’  Product size [bp] 

EpCAM forward 

Proprietary primer sequence of 

20-30 bases 

163 

EpCAM reverse 

EpCAM probe (Cy3/BHQ-2 or 

FAM/BHQ-1) 

 

EpCAM standard forward 
Proprietary primer sequence of 

20-30 bases 

 

 

851 

EpCAM standard reverse 

GAPDH forward 

Proprietary primer sequence of 

20-30 bases 

 

 

138 

GAPDH reverse 

GAPDH probe (FAM/BHQ-1)  

Snail forward 

Proprietary primer sequence of 

20-30 bases 

 

151 Snail reverse 

Snail probe (HEX/ or 

Cy3/BHQ-2) 

 

Snail standard forward 
Proprietary primer sequence of 

20-30 bases 

 

 

661 

Snail standard reverse 

Twist forward 
Proprietary primer sequence of 

20-30 bases 

 

147 Twist reverse 

Twist probe (HEX/)  

Twist standard forward 
Proprietary primer sequence of 

20-30 bases 

 

800 
Twist standard reverse 
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2.1.8. Standards 

 
Table 9: List of commercially available standards applied for analysis methods. 

Name Application Manufacturer 

DNA ladder Agarose gel 

electrophoresis 

Lonza, Basel, Switzerland 

Human blood, peripheral 

leukocytes total RNA 

Background RNA for 

RT-qPCR with model 

samples 

Takara Bio, Kusatsu, Japan 

Human genomics DNA; 

human peripheral leukocytes 

total DNA 

Background DNA for 

mutation detection with 

model samples 

Roche, Basel, Switzerland 

 

2.1.9. Data bases and software 

 
Table 10: List of databases and analysis software. 

Name Resource 

CellSens Dimension Olympus, Shinjuku, Japan 

Fluculator Robert Bosch GmbH, Stuttgart, Germany 

Fusion Solo X Vilber Lourmat, Eberhardzell, Germany 

ImageJ National Institutes of Health (NIH), Bethesda, USA 

MATLAB MathWorks, Natick, USA  

PrimerBLAST National Center for Biotechnology Information (NCBI), 

Bethesda, USA 

SPSS IBM, Armonk, USA 

UniProt EMBL-EBI, SIB, PIR 

VPhotoStar Robert Bosch GmbH, Stuttgart, Germany 
 

An image of the Fluculator user interface is shown in Figure 9. 
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Figure 9: User interface of the Fluculator software.  

The Fluculator software is used for programming and processing fluidic protocols on the Vivalytic cartridge. Shown 

in green is the list of processing steps of an exemplary protocol. By choosing a step in this list, the settings of the 

chambers and valves on the cartridge are marked in green (shown in the box marked in blue). Each step can be 

named, and the duration can be set in the area marked by the yellow box. In the area of the orange box, the valves 

and pump chambers are listed. In the grey box, the pressure, temperature, frequency, volumes, and cycles can be set. 

A 
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B 

 

Figure 10: User interface of the VPhotoStar software for cartridge processing and imaging.  

(A) Interface for device preparation and cartridge insertion. After the analyzer was prepared and a functionality test 

was performed, the sample could be loaded and clamped for the start of an experiment. (B) Interface for image 

acquisition. The respective filter sets were set, the illumination time adapted, and the ROI set for imaging of a desired 

region on the cartridge.  

 

2.2. Cell biological methods 

2.2.1. Blood samples 

Blood samples were obtained from volunteers who have signed written informed consent. The 

blood samples were used to generate blood cell background for spike-in experiments. Thus, known 

markers from spiked cells were analyzed and no information on the health status of the donors was 

obtained from the experiments. Blood samples were collected into 3.4 mL or 7.5 mL EDTA 

tubes (Sarstedt, Nümbrecht, Germany) and stored for a maximum of 3 days at 4 °C or room 

temperature. Patient blood samples were obtained from patients suffering from gastrointestinal 

cancer who were treated at the university hospital Tübingen. The patients had signed written 

informed consent and the experiments were approved by the ethics committee of the university 

hospital under the ethics statement project number 480/2019BO2. Patient blood samples were 
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collected into 7.5 mL EDTA tubes, shipped to Bosch and SIMFO and stored in maintrac® boxes 

at room temperature for a maximum of 72 hours. 

2.2.2. Cell culture 

Different cell lines were used as model cells. Human breast cancer cell lines BT-474 and BT-20 

were obtained from the DKFZ (Deutsches Krebsforschungszentrum), human colon cancer cell line 

HCT116 and hematopoietic cell line K-562 were obtained from the Leibniz Institute DSMZ and 

human lung cancer cell line NCI-H1974 was kindly provided by a cooperation partner. For long-

term storage, cells were preserved in the liquid nitrogen vapor phase in a cryotank at -135 °C. For 

cultivation, cells were thawed quickly (< 1 min) at 37 °C in a water bath and transferred into a 

15 mL tube containing 5 mL of the respective medium prewarmed to 37 °C. The cryo vial was 

rinsed with 4 mL of medium. The cell suspension was centrifuged at 150 x g for 3 min and the 

supernatant was discarded. The pellet was resuspended in 10 mL of prewarmed medium, and the 

complete cell suspension was transferred into a cell culture flask. The 15 mL tube was rinsed with 

an additional 5 mL of medium and transferred to the cell culture flask. Cell lines BT-474, BT-20 

and HCT116 were routinely cultured in DMEM medium and cell lines K-562 and NCI-H1975 in 

RPMI medium supplemented with 10 % (w/v) fetal serum albumin and 1 % (v/v) Pen/Strep under 

standard conditions (37°C, 5 % CO2, 100 % humidity). Cells were harvested by trypsinization with 

0.25 % (w/v) trypsin and 0.02 % (w/v) EDTA in PBS for 3 min to 5 min at room temperature. Cell 

passages from 4 to 30 were used for experiments. For freezing, cells were harvested by 

trypsinization, washed with fresh medium, and counted using a hemocytometer or automated cell 

counter R1 (Olympus, Shinjuku, Japan). The cell number was adjusted to 1 x 106 to 3 x 106 cells 

per mL and 950 µL of the suspension were mixed with 50 µL DMSO. Before freezing, a sample 

for mycoplasma PCR (polymerase chain reaction) was taken. The cryo tubes were placed in a 

CoolCell® cell freezer in the -80 °C freezer. After 7 days the tubes were transferred into the liquid 

nitrogen tank.  

2.2.2.1. Cell counting and viability determination by trypan blue exclusion  

A cell suspension was mixed with the equal volume (1:1) of a 0.4 % (v/v) trypan blue solution. 

The stained cell suspension was transferred into a Neubauer counting chamber or an Olympus cell 

counting slide. Trypan blue can pass the membranes of dead cells, which resulted in a blue staining 



MATERIAL AND METHODS 

 

29 
 

of dead cells. Viable cells appeared white in transmitted light microscopy. The number of blue and 

white cells was determined and the cell number per mL of cell suspension was calculated by 

equation 1 for the Neubauer chamber or automatically by the Olympus cell counter. The cell 

counter determined the average cell diameter, additionally.  

𝐶𝑒𝑙𝑙𝑠 𝑚𝐿⁄ =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
 𝑥 𝑑𝑓 𝑥 104 

Equation 1 

 

2.2.2.2. Cell viability assay 

Cell viability was either assessed by trypan blue exclusion assay as described in chapter 2.2.2.1 or 

by CellTiter-Glo® Luminescent Viability Assay (Promega G7570, Madison, USA). The latter is 

an assay for determination of the number of viable cells based on quantitation of the ATP present. 

The assay was performed as described in the manufacturer’s technical bulletin (80). In short, 100 

µL of the CTG reagent were added to 100 µL cell suspension and mixed on an orbital shaker for 2 

min. The mix was incubated for 10 min at room temperature in the dark, followed by luminescence 

measurement using the SpectraMax M (Molecular Devices, San Jose, USA) and the preinstalled 

assay settings. In addition to the samples, blank wells were prepared for each assay with PBS or 

medium without cells, a cell dilution series, and an ATP dilution series. The relative luminescence 

units (RLU) were plotted against the cell number or ATP concentration for the generation of 

standard curves.  

2.2.2.3. Immunocytochemistry with and without fixation 

Cells were stained with 5 µM CellTrace™ CFSE or CellTracker™ Deep Red for viable cell 

detection, with 1 µM propidium iodide for dead cell detection and with 2 µM Hoechst33342 for 

nuclei staining. Cell-membrane bound EpCAM was stained with antibodies conjugated to either 

FITC (fluorescein isothiocyanate) or APC (allophycocyanin). Leukocytes were stained with 

antibodies against CD-45 conjugated to PE (phycoerythrin; all antibodies: Miltenyi Biotec, 

Bergisch Gladbach, Germany). Cell surface markers were stained without prior fixation. Therefore, 

a cell suspension of 100 µL to 200 µL was stained with 2 µL of the desired antibody with a 

concentration of 20 µg/mL and incubated for 20 min at 4 °C in the dark.  
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For staining of intracellular antigens like cytokeratin, cells were fixed prior to staining. For this 

purpose, the cell pellet was resuspended in 1 mL ethanol (C2H5OH) with 2 % (v/v) formaldehyde 

(CH2O) and incubated for 10 min at room temperature (RT). After centrifugation at 150 x g for 

3 min, the supernatant was discarded, and the cells were resuspended in 1 mL 0.25% (v/v) triton 

X-100. After 10 min, centrifugation was repeated, cells were resuspended in PBS and stained with 

anti-Cytokeratin-APC or anti-vimentin-APC (Miltenyi Biotec, Bergisch Gladbach, Germany) as 

described for the unfixed cells. The stained cells were observed by transmitted light and 

fluorescence microscopy in the respective channel and manually adjusted illumination time using 

the inverted microscope IX83 (Olympus, Shinjuku Japan).  

2.2.3. CTC detection according to maintrac® 

The maintrac® method developed by SIMFO (Bayreuth, Germany) was used for detection 

circulating epithelial tumor cells (CETCs) present in a blood sample based on the EpCAM-antigen. 

Briefly, 1 mL blood stored at RT for at least 24 h and 72 h at most was mixed with 14 mL of 

erythrocyte lysis buffer and incubated for 15 min. After centrifugation at 700 x g for 7 min, the 

supernatant was discarded, and the pellet was resuspended in 500 µL PBS + 1 % (w/v) BSA + 

1 mM EDTA. Afterwards, 25 µL of the cell suspension were transferred into a sample tube and 4 

µL of EpCAM-FITC antibody (Miltenyi Biotec, Bergisch Gladbach, Germany) were added and 

incubated for 20 min at 4 °C in the dark. Then, the suspension was filled up to 250 µL with PBS + 

1 % (w/v) BSA + 1 mM EDTA and 100 µL thereof were transferred into a microtiter plate in 

duplicate. Added were 5 µL of propidium iodide (Thermo Fisher Scientific) to each well and the 

suspension was layered with 100 µL PBS + 1 % (w/v) BSA + 1 mM EDTA. After sedimentation 

of 1 h, the wells were analyzed by fluorescence microscopy using the inverted microscope IX83 

(Olympus, Shinjuku Japan). EpCAM-positive and PI-negative cells with a visually intact nucleus, 

detected in transmitted light, were considered for CETC quantification.  
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Figure 11: Schematic overview of the maintrac® method.  

Starting with 1 mL blood that was prestored for 24 h at RT, the erythrocytes are selectively lysed and depleted by 

centrifugation. Afterwards, the pellet of WBC and CTCs are stained with conjugated EpCAM-antibodies and PI for 

detection and quantification of EpCAM-positive, viable and nucleus containing cells.  

2.2.3.1. maintrac® trial with SIMFO and UKT – experimental set-up 

For evaluation of the reproducibility and comparability of the maintrac® method, the possibility to 

adapt and integrate the method into a microfluidic sample preparation system and the correlation 

of the maintrac® results to the clinical observations, a methodological feasibility study was 

conducted together with SIMFO and the university clinic Tübingen (UKT). The Maintrac® method 

used in the study is protected by a patent held by Katharina Pachmann (81). The trial was conducted 

under the ethics statement project number 480/2019BO2 with the title ‘Therapy monitoring by 

circulating tumor cells (CTC) for patients with advanced gastrointestinal tumors (GI-CTC 

monitoring)’ as an observational, prospective, single center study including 30 patients with 

gastrointestinal tumors and treatment recommendation with molecular targeted agents. Therapy 

monitoring was performed using the maintrac® method and results were correlated with clinical, 

radiological and laboratory chemistry findings during therapy at the UKT.  

Blood samples were collected prior to therapy (baseline) and at predefined points in time during 

the treatment period. The aim of the trial was to assess the main research questions: whether it is 

possible to detect CETCs by the maintrac® method in the patient cohort with advanced GI tumors, 

to isolate CETCs for further characterization (feasibility of isolation) and whether changes in the 

CETC counts correlate with disease response under the new targeted or immune therapeutic 

approach at any point in time. 

Patients were separated into three groups:  
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1) Upper gastrointestinal tract (esophageal cancer and gastric adenocarcinoma) 

2) Hepato-/pancreatobiliary type (HCC, CCA and pancreatic adenocarcinoma) 

3) Colorectal cancer  

Table 11: List of patient pseudonyms and sample time points. The last sample obtained is marked, bold and highlighted 

in grey. Sampling ended in case of death or because therapy ended.  

Pseudonym BO-749 BO-184 BO-572 BO-408 BO-645 BO-720 

Sample 1 19.05.20* 02.07.20 09.07.20 21.08.20 10.02.21 17.03.21 

Sample 2 09.06.20  06.08.20 18.09.20 10.03.21  

Sample 3 08.07.20  10.09.20 16.10.20 31.03.21  

Sample 4 23.07.20  08.10.20 31.10.20 21.04.21  

Sample 5 05.08.20  19.11.20  04.06.21  

Sample 6   17.12.20 

** (n.a.) 

   

Sample 7   21.01.21    

Sample 8   04.03.21    

Sample 9   15.04.21    

Sample 10   02.07.21    

Sample 11   30.07.21    

Sample 12   27.08.21    

Sample 13   05.11.21    

*Analysis after 8 days due to problems during delivery; **Blood was coagulated at arrival; n.a.: not analyzed  

2.2.4. Decision matrix for CTC isolation evaluated regarding LoC integrability  

To determine a CTC isolation method that is suitable for integration into the Vivalytic LoC system, 

a decision matrix according to Pugh (82) was created including all important criteria for efficient 

isolation and considering the boundary conditions given by the current Vivalytic system. Several 

different CTC isolation techniques described in literature were ranked. The concept selection was 

shown as a chart including criteria after which it should be chosen, weighting of the criteria, and 

different benchmark concepts.  

The following steps were conducted:  
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1) Collection of evaluation criteria 

2) Weighting according to importance of the solution 

3) Decision on a benchmark method 

4) Set-up of alternative concepts 

5) Rating of the alternatives in comparison to the benchmark 

6) Analysis of the rating and elaboration of a hydride concept from the best concepts  

 

2.2.5. Blood sample pre-processing 

One major challenge in either method used for isolation of CTCs from blood is the large number 

of erythrocytes accounting for the viscosity and optical properties due to the hemoglobin present. 

Thus, one crucial step in blood sample pre-processing was the depletion of erythrocytes. 

2.2.5.1. Density gradient centrifugation 

The blood sample was mixed 1:1 with PBS and overlayed on the Histopaque® in a conical 

centrifugation tube. The tube was centrifuged at 400 x g for 30-40 min at RT with brakes off. Using 

a sterile Pasteur pipette, the upper two thirds of the supernatant were removed. The buffy coat 

(containing the mononuclear cells and the CTCs) was carefully aspirated and transferred into 

another conical tube. For subsequent washing of the isolated cells, 10 mL of PBS were added, and 

the tube was again centrifuged at 400 x g for 10 min. The washing step was performed twice.  

2.2.5.2. Erythrocyte aggregation  

Erythrocyte depletion by aggregation was achieved with the commercially available 

HetaSep™ (Stemcell Technologies Inc., Vancouver, Canada) and either by centrifugation or 

sedimentation. Therefore, five parts of blood were mixed well with one part of the HetaSep™ 

solution and incubated at 37 °C for 30 min. This step could have been shortened by centrifugation 

at 90 x g. However, as centrifugation was not possible on the Vivalytic LoC system, the 

sedimentation-based method was evaluated only. 
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2.2.5.3. Selective erythrocyte lysis  

One volume of whole blood was mixed with 10 to 15 volumes of erythrocyte lysis buffer. After 10 

min of incubation, the suspension was centrifuged at 400 x g to 700 x g for 7 min to 10 min. 

Afterwards, the supernatant was discarded, and the leukocyte (and CTC) pellet was used for 

experiments or washed two times with ELB and once with PBS for RNA or DNA extraction.  

2.2.5.4. SEM-analysis of blood cells and ESEM analysis of cancer cells 

Scanning electron microscopy (SEM) analysis was planned and performed in cooperation with 

Samir Kadic (PhD in CR/ATM3, Robert Bosch GmbH) as preliminary research for both 

dissertations.  

For SEM-sample preparation, either 100 µL of whole blood or blood containing lysed erythrocytes 

were spiked with tumor cells and mixed with 1 mL of a 2.5 % (v/v) glutaraldehyde solution and 

incubated for 1 h. Afterwards, the suspension was centrifuged at 200 x g for 2 min, the supernatant 

was removed, and the fixed cells were washed with 1 mL ddH2O. For dehydration of the sample, 

an ethanol series followed by addition of 30 %, 50 %, 70 %, 80 %, 90 %, 100 % (v/v) ethanol with 

10 min incubation and centrifugation between each step. The fixed and dehydrated sample was 

transferred onto a cellulose acetate filter and air dried before sputtering and analysis.  

As an additional possibility, cells were analyzed without fixation and dehydration using an 

environmental scanning electron microscope (ESEM) to analyze native, humid cells. Analyses 

were performed in the chemical analytics department CR/ANA1 or CR/ANA2 of Bosch corporate 

research.  

2.2.5.5. Determination of the erythrocyte lysis buffer efficiency 

Different blood to RBC lysis buffer ratios were analyzed as shown in Table 12. The lysis efficiency 

was assessed by optical evaluation of the transparency of the suspension and the color/purity of the 

leukocyte pellet.  
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Table 12: Different lysis buffer volumes evaluated to determine the minimal volume required for efficient 

erythrocyte lysis.  

Blood volume [µL] RBC lysis buffer volume [µL] Dilution 

100 1400 1:15 

100 900 1:10 

200 800 1:5 

200 600 1:4 

200 400 1:3 

 

2.2.6. Generation and evaluation of model samples for target cell isolation  

To evaluate and validate CTC isolation and detection methods, model samples were generated by 

using defined cell line samples or spiking whole blood samples with cell lines. Three cell lines, 

NCI-H975, BT-474 and HCT-116 cells, were stained with 0.02 µg of anti-EpCAM-FITC (stock 

concentration 20 µg/mL) or with 5 µM carboxyfluorescein succimidyl ester (CFSE) and analyzed 

by fluorescence microscopy as described in section 2.2.2.3. 

Cells were diluted to the desired cell concentration, and the required number of aliquots were 

transferred into sample tubes and a 96-well microtiter plate in triplicates for counting. After 

sedimentation of the cells, the wells were scanned by the fluorescence microscope (Olympus, 

Shinjuku, Japan) in the “Instant Multiple Image Alignment” mode at 40-fold magnification. The 

stitched image was automatically assembled by the software and the cell number was determined 

using the ‘count and measure tool’ of the cellSens Dimension software of the microscope. 

Therefore, background subtraction was applied, and threshold object detection was set to a 

minimum intensity of 300 before segmentation. The object filter was set at a diameter of 5 to 35 μm, 

at a shape factor higher than 0.3 and a roundness of at least 0.2. Manual corrections were made 

when cell clusters were recognized. The determined number of cells was then either used for 

experiments with cell lines only or spiked into a blood sample for generation of a model liquid 

biopsy sample. 
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2.3. Microfluidic methods for LoC integration of CTC detection 

2.3.1. Cell isolation by filtration – off-chip methods 

For integration of cell isolation and detection into a microfluidic system, a filtration-based method 

was chosen. To evaluate the efficiency of the filtration method and characterize and verify the 

chosen assay, a single unit operation model was produced to simplify the implementation of the 

experiments. Afterwards, the functional structures and parameters were transferred to the existing 

Vivalytic LoC platform using adapted cartridges with specific modifications.  

2.3.1.1. Rapid prototyping of a filtration functional model 

Microfluidic structures were designed using computer aided design (CAD) by Hannah Bott 

(CR/ATM3, Robert Bosch GmbH). They were micromachined into injection-molded 

polycarbonate (PC) slides with the dimensions 75.5 mm x 25.5 mm x 3 mm by ultrashort pulse 

laser ablation (Nd:YAG USP-UV-laser, GL.compact, GFH GmbH, Germany). For the microfluidic 

unit operation model for cell capture, a cavity for integration of a filtration component was 

incorporated into the microfluidic structure. After laser micromachining, the polymer parts were 

smoothened by vapor-chemical treatment (as described in (83)). Thereby, optical transparency of 

the channels was achieved. As porous structure for cell filtration, a transmission electron 

microscopy (TEM) grid (G2799C, Plano GmbH) was used. It was mounted manually with adhesive 

bonding (2-component epoxide glue Plus endfest 300, UHU GmbH) applied using a 

microdispenser (Microdispenser Ultimus 1, Nordson Deutschland GmbH). After a curing time of 

24 h the channels were sealed with adhesive film (MicroAmp™ Optical Adhesive Film, Thermo 

Fisher) and tubing adapters were mounted at the inlet and outlet of the channels via adhesive 

bonding (2-component epoxide glue Plus schnellfest, UHU GmbH) and cured for 12 h. For 

operation, the filtration functional model was connected to a syringe pump (Low Pressure Syringe 

Pump neMESYS, Cetoni GmbH) using silicone tubes. The fabrication workflow is shown 

schematically in Figure 12. 
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Figure 12: Design and fabrication steps of the cell capture device.  

(A) Dimensions of a microscopic PC-slide. (B) CAD design of a microscopic PC slide and fabrication steps for PC 

slide to obtain cell capture device. The CAD design was 1) micromachined into a PC slide through laser ablation. After 

2) vapor-chemical surface polishing and smoothing, 3) the filtration component was integrated using an adhesive. After 

sealing of the microfluidic structures through sealing foil and adaptation of tube adapters, the slide was ready to use. 

(C) Fabricated PC slide as filtration functional model with integrated TEM-grid as filtration component.  

2.3.1.2. Verification of the TEM-grid properties 

According to the manufacturer, the TEM-grids (Plano GmbH, Wetzlar, Germany) with 2000 mesh 

had a pore size of 6.5 µm. For verification, the TEM-grid was analyzed by scanning electron 

microscopy (TM300 Tabletop Microscope, HITACHI, Japan). Images were taken at two different 

positions and 5 pores and pore-to-pore distances were measured in each image using ImageJ 

(National Institutes of Health, Bethesda, Maryland, USA).  

2.3.1.3. TEM-grid cell filtration procedure off-chip 

For evaluation of the cell isolation efficiency of the filtration functional model and determination 

of the ideal parameters, a model sample composed of cell lines spiked into a blood sample as 

described in chapter 2.2.6 was drawn over the filter with the help of a syringe pump. Different 

parameters were varied and optimized as shown in Table 13. Before filtration, the set-up was 

passivated by rinsing with PBS + BSA (1 % w/v) and incubation for at least 30 min and images of 

the filter in the required fluorescent channels (EGFP, DAPI, DsRED) were acquired to subtract this 

background after filtration. The sample was transferred into a pipet tip that served as funnel and 

was connected to the filtration model by silicon tubes. The sample was drawn over the filter, 

followed by a washing step with one volume of 1 × PBS. Cell capture was observed by 

fluorescence microscopy either in real-time, video recording, serial imaging or end-point imaging 

after the filtration process as described in chapter 2.3.1.3. In addition to determination of the cell 

capture on the filter, cell recovery with and without passivation of the system was analyzed to 

determine the system-related cell loss in experiments without integrated TEM-grid filter. 
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One-armed structure vs. two-armed filtration functional model  

Two different designs of the filtration functional model were investigated regarding an even 

perfusion of the filter and the capture rate. The first design had one inlet channel and one outlet 

channel, the second design had two inlet channels and two outlet channels. The samples were 

drawn over the filter at a flow rate of 2 µL/s and the cell capture rate was determined by 

fluorescence microscopy at the end of the filtration process.  

 
Figure 13: Filtration functional model for cell capture.  

One-armed and two-armed design of the filtration functional model for integration of a TEM-grid into a microfluidic 

network.  

Cell types 

Three different cell lines were evaluated regarding their capture rate on the TEM-grid filter. BT-

474 cells were used for the evaluation of the two filtration functional models. Afterwards, BT-474, 

HCT116 and K562 capture was analyzed using the two-armed structure. Pre-determined (see 

chapter 2.2.6) numbers (approx. 300 cells) of cells were filtered separately at a flow rate of 2 µL/s, 

the capture rate was determined and compared by fluorescence microscopy (chapter 2.3.1.3). 

 

Blood sample volumes 

The effect of the leukocytes and lysed erythrocytes on the retention of tumor cells was evaluated 

by using different blood sample volumes. 40 µL, 100 µL, 200 µL and 1000 µL of blood were 

spiked with a pre-determined (see chapter 2.2.6) amounts of stained cell line cells. The blood 

sample was mixed at a ratio of 1:5 with erythrocyte lysis buffer before filtration at 2 µL/s. The 

capture rate of the spiked and stained cells was determined by fluorescence microscopy as 

described in chapter 2.3.1 after filtration of the different volumes.  

Spike cell numbers 
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Cell suspensions with different pre-determined cell numbers (10 cells, 50 cells, 100 cells, 300 cells, 

600c ells, 1000 cells, 5000 cells) were prepared according to the method described in chapter 2.2.6 

for filtration to investigate the limit of the cells that can be effectively captured from a blood sample 

and detected by fluorescence microscopy. 

Flow rates and flow profiles  

The syringe pump was programmed to generate flow rates of 1 µL/s, 2 µL/s, 5 µL/s and 100 µL/s 

either with a continuous, laminar or a pulsatile flow profile. The pulsatile profile was chosen to 

mimic the flow in the pressure-driven LoC system. The mimicked actuation mechanisms include 

pumping via a pump chamber with a volume of 25 μL and peristaltic pumping via the pressure-

driven valves of the LoC system with a volume of 1 μL. The exact parameters set for the syringe 

pump and the flow profiles are shown in Table 13. 

Table 13: Syringe pump settings for the off-chip filtration experiments.  

Flow 

profile  

Syringe 

pump flow 

rate settings 

Syringe 

pump time 

settings 

Resulting flow profile 

Laminar − 2  µL/s Continuous 

 

− 5  µL/s Continuous 

− 100  µL/s Continuous 

Pulsatile 

pumping 

− 100 

0  

µL/s  

µL/s 

300 ms 

1700 ms 
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Peristaltic 

pumping 

0  

6  

− 6  

− 12  

 µL/s  

 µL/s 

 µL/s  

 µL/s 

300 ms 

100 ms 

100 ms 

100 ms 

 

 

2.3.1.4. Methods for determination of the cell capture rate 

The cell retention rate was determined by fluorescence microscopy after spiking the sample with a 

pre-determined number of stained cells and counting of the number of cells captured on the filter 

after the filtration process and the number of cells in the waste fraction, additionally. Afterwards, 

the number of captured cells was divided by the number of spiked cells and multiplied by 100 to 

obtain the capture rate in percentage.  

𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 [%] =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑖𝑘𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
× 100 

Equation 2 

Two evaluation methods were compared: the captured rate was either determined based on an end-

point image, or in real-time based on a video or image series. Endpoint counting of the cells was 

either performed using the cellSens Dimension Count and Measure Solution as described in chapter 

2.2.6, or manually using ImageJ. For real-time counting, a MATLAB based, and a Python based 

method were developed. All evaluation methods were compared using the same images and videos.  

2.3.2. Integration of CTC-detection into the LoC system 

For the experiments described in this thesis, the analyzer prototypes (referred to as processing 

station on the following for differentiation from the Vivalytic analyzer) were used to process 

cartridges. For evaluation of the optical detection system, the Vivalytic analyzers were used. 

Fluidic protocols were established using the MATLAB based software ‘Fluculator’ (Robert Bosch 

GmbH).  
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2.3.2.1. Integration of TEM-grid cell filter into the LoC cartridge 

The filter chamber of the Vivalytic cartridges for silica filters have a diameter of 3.2 mm. The 

TEM-grid with a diameter of 3 mm was fitted into this filter chamber. To introduce the TEM-grind 

into the cartridge, a modification of the TPU membrane was necessary at the filter position. By 

CO2 laser cutting, the TPU membrane was enlarged to the appropriate diameter at the filter's 

position. Before complete assembly of the cartridge, the TEM-grid was mounted between the layers 

manually using adhesive bonding. However, the microfluidic channel geometry was not changed 

and thus differed from the off-chip functional model used for assay characterization. Nevertheless, 

the selected cartridge position provided no access for optical evaluation of the filtration process of 

whole cells. Thus, direct optical detection of the filter is not possible for which reason the cartridge 

was withdrawn from the processing station and observed under the conventional microscope. As a 

result, the on-chip experiments were performed as a proof-of-principle for the current Vivalytic 

cartridge with modifications regarding the filtration unit and only end-point determination of the 

cell capture rate was possible. 

2.3.2.2. Microfluidic cell processing on-chip – influence on the cells 

The viability of cells was assessed using two different assays: trypan blue exclusion and CellTiter-

Glo® viability assay as described in chapter 2.2.2.2. 

 

Influence of the temperature on cell viability 

The Vivalytic system operates at a minimum temperature of 40 °C. The maximum time range cells 

survive at this elevated temperature was assessed using HCT116 cell suspension and a leukocyte 

suspension. The cells were transferred into sample tubes and incubated for 15 min, 30 min, and 

45 min at 40 °C and viability was determined for each time point in comparison to a control 

incubated at room temperature.  

 

Influence of the microfluidic transport on cell viability and cell capture rate 

Different microfluidic programs were evaluated to determine the influence on the cell viability and 

the capture rates achieved.  
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Short path Long path 

  

Figure 14: Microfluidic paths visualized using the Fluculator software.  

1) Short path using pump chambers 

2) Long path using pump chamber 

3) Long path using peristaltic pumping using valves only 

4) Long path using suction pumping with the pump chamber beneath the filter 

The same microfluidic programs were used to determine the cell capture rate on the TEM-grid 

integrated into the Vivalytic cartridge. Cell suspensions were transferred into the sample chamber 

or a reagent chamber by pipetting and the cartridge was inserted into the processing station. After 

cells were transported over the filter using the different microfluidic programs, the cartridge was 

retrieved from the processing station and the stained cells were analyzed by fluorescence 

microscopy. Furthermore, the remaining cells in the channels before and after the filter were 

counted to determine the number of cells that have passed the filter and the number of cells that 

did not reach the filter.  

2.3.2.3. Optical cell detection in the LoC system 

A 3D-printed sample holder in the shape of a Vivalytic cartridge (shown in Figure 15) was used 

for simple optical cell detection in the Vivalytic analyzer. Model cells were stained with CFSE, PI, 

SYTO9, CellTracker™ Deep Red (CTDR), anti-EpCAM-FITC, anti-EPCAM-AlexaFluor488 and 

anti-EpCAM-APC according to chapter 2.2.2.3. Stained cells were transferred to a cell counting 

slide (shown in Figure 15A) or a TEM-grid mounted on a microscope slide (shown in Figure 15) 

and imaged with the Vivalytic analyzer and the software VPhotoStar with varying illumination 
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duration. For comparison, the cells were additionally analyzed by fluorescence microscopy, so that 

the limit of resolution of the Vivalytic system could be determined.  

All fluorescent dyes required for efficient CTC detection and several fluorescent dye 

combinations were evaluated and are listed in Table 14. 

A 

  

B 

 

 

 

 

Figure 15: Optical cell detection using the Vivalytic analyzer.  

A: cell counting slide mounted on a 3D printed sample holder with the shape of a Vivalytic cartridge. It was used for 

simple optical analyses in the Vivalytic analyzer. B: Scheme of microscopic slide with mounted TEM-grid for 

evaluation of stained cells on the grid.  

 

Table 14: Fluorescent dyes used for CTC detection by fluorescence microscopy and with the Vivalytic system, the 

respective excitation and emission wavelength and detection channels.  

Fluorescent dye or 

conjugate 

Excitation/Emissio

n [nm] 

Filter channel 

microscope 

Filter channel 

Vivalytic analyser 

Hoechst3342 361/497 DAPI N.a. 

CFSE 494/521 EGFP FAM 

FITC 490/525 EGFP FAM 

PI 535/617 DsRed/Cy3 CalFluorOrange/ 

CalFluorRed 

APC 594/633 Cy5 CalFluorOrange/ 

CalFluorRed 

N.a. = not applicable 
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2.4. Molecular biological methods 

The determination of the CTC count in a blood sample can give information of the therapy success 

(84). To further increase the information obtained from one liquid biopsy, molecular biological 

methods were used to characterize the isolated CTCs.  

2.4.1. Nucleic acid extraction 

For molecular analysis, RNA and DNA were extracted from either model samples or patient 

samples. Model samples were either cell lines only, or cell lines spiked into blood. The patient 

samples were obtained pseudonymized from the UKT. 

2.4.1.1. RNA extraction 

RNA from blood and cancer cell lines was extracted using the QIAamp Blood Mini Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s protocol. For RNA extraction from blood, 1 mL 

whole blood was mixed with 5 mL buffer ELB and incubated on ice for 15 min. After 

centrifugation at 400 x g for 10 min, the supernatant was discarded and the remaining leukocyte 

pellet was washed two times with 2 mL buffer ELB, repeating the centrifugation step. The washed 

leukocyte pellet, or alternatively a pellet of cell line cells, was mixed with 600 µL buffer RLT. The 

suspension was mixed by pipetting and transferred into a QIAshredder column and centrifuged at 

8000 x g for 30 s at RT. The flowthrough was mixed with 600 µL 70 % (v/v) ethanol and 

transferred to a QIAspin-column in two aliquots of 600 µL followed by centrifugation at 8000 x g 

for 30 s after each aliquot. The spin column was washed with 350 µL buffer RW1 and centrifuged 

at 8000 x g for 30 s. 75 µL of rDNase (Macherey Nagel, Düren, Germany) were added and 

incubated for 15 min at RT. After that, 300 µL of buffer RW1 were added followed by 

centrifugation at 8000 x g for 30 s. A volume of 500 µL buffer RPE was added and centrifuged at 

8000 x g for 30 s and the step was repeated with centrifugation at 8000 x g for 3 min. Afterwards 

the spin column was centrifuged on an empty collection tube at 20,000 x g for 1 min. For elution, 

the spin column was placed on a PCR-clean sample tube and 30-50 µL nuclease free H2O were 

added and the spin column was centrifuged at 8000 x g for 30 s. The extracted RNA was stored at 

-80 °C. 
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2.4.1.2. Quantification nucleic acids and quality control  

RNA and DNA concentration as well as purity were assessed using the NanoDrop2000 (Thermo 

Fisher Scientific, Waltham, USA). The NanoDrop2000 device was blanked using H2O before 

measurement of the samples. 1 µL of each sample was pipetted onto the measurement pedestal, the 

sampling arm was lowered, and the spectral measurement was initiated. The concentration in 

ng/µL, the absorbance at 230 nm, 260 nm, and 280 nm, as well as the 260/230 and the 260/280 

ratio were determined (LOD = 2 ng/µL).  

Additionally, the RNA quality was evaluated using the Agilent 2100 Bioanalyzer by determination 

of the RNA integrity number (RIN). Therefore, an RNA 6000 Nano Kit (Agilent, Santa Clara, 

Germany) was used and performed according to the manufacturer’s protocol. A RIN above 5 was 

regarded as sufficient.  

DNA fragments and PCR products were analyzed by agarose gel electrophoresis for analysis of 

their purity. Therefore, 1-2 % agarose gels were prepared by solving agarose in 1 ×  TAE buffer 

by heating. The melted agarose was poured into a gel casting tray and a 10 well comb was inserted. 

After approximately 30 min, the comb was removed, the agarose gel was overlaid with 1 × TAE 

buffer and samples were loaded after mixing with 6 × loading dye (Lonza, Basel, Switzerland) in 

a ratio of 1:6. Besides the samples, a DNA ladder (Thermo Fisher Scientific, Waltham, USA) was 

loaded onto the gel for comparison of the DNA fragment sizes. The gel was run at 110 V for 1 h 

and analyzed using UV-light.  

2.4.2. Primer and probe design 

Primers were designed using Primer BLAST (NCBI) in such way that all primers consisted of 18-

29 nucleotides, a GC-content of approximately 40-60 % and the melting temperatures were 

between 50 °C and 60 °C. Furthermore, whenever possible, primers were designed to bind at exon-

exon-boundaries to prevent binding to genomic DNA.  

2.4.3. Expression analysis  

If not otherwise stated, expression analysis was performed by RT-qPCR using the Luna® Universal 

Probe One-Step RT-qPCR Kit Protocol (New England Biolabs) using the composition and protocol 

shown in Table 15 and Table 16. Thereby, in the same tube, RNA was first transcribed into cDNA 
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and afterwards, the respective target was amplified. Amplification was detected due to the added 

hydrolysis probe. Solely for generation of standards for absolute quantification, a two-step RT-

PCR was applied as described in 2.4.3.2.  

Table 15: Composition of RT-qPCR singleplex mastermix using the Luna® Universal Probe One-Step RT-qPCR. 

Components per reaction Volume per reaction [µL] Final concentration 

Luna Universal One-Step 

Reaction Mix (2X) 

10 1 × 

Luna WarmStart® RT Enzyme 

Mix (20X) 

1 1 × 

Forward primer (10 µM) 0.8 0.4 µM 

Reverse primer (10 µM) 0.8 0.4 µM 

Probe (10 µM) 0.4 0.2 µM 

Template RNA variable  < 1 µg (total RNA) 

Nuclease free water to 20   

The RT-qPCR program was set according to Table 16.  

Table 16: Program for the RT-qPCR using Luna® Universal Probe One-Step RT-qPCR Kit 

Cycle step Temperature [°C] Time [min:s] Cycles 

Reverse 

transcription 

55 10:00 1 

Initial Denaturation 95 01:00 1 

Denaturation 95 00:10  

40 Annealing 60 00:30 

Extension 72 01:00 

 

2.4.3.1. Relative quantification of transcripts 

For the ∆∆Ct-method, the housekeeping gene GAPDH was used in each RT-qPCR reaction to 

normalize the amplification data of the genes of interest. All samples were compared either to a 

reference blood leukocyte sample or patient samples were compared to the baseline sample before 

treatment. The Ct-values of each target were subtracted by the Ct value of GAPDH for the 
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respective sample resulting in the ∆Ct value. The ∆Ct value of the control sample was subtracted 

from the ∆Ct value off all other samples, resulting in the ∆∆Ct value. The change in expression 

fold was calculated by 2(-∆∆Ct). 

∆Ct = Cttarget −  Cthousekeeping
 Equation 3 

∆∆Ct = Cttest samples − Ctcontrol samples
 Equation 4 

Relative fold expression =  2−∆∆Ct Equation 5 

 

2.4.3.2. Absolute quantification of transcripts 

For absolute quantification of transcripts of interest, standards of approximately 800 bp to 1000 bp 

of all analyzed targets were generated to enable the analysis of dilution series with known copy 

numbers for standard curves. Therefore, additional primers for PCR products of at least 800 bp 

were designed. The standards were generated by two-step RT-PCR using the SuperScript™ III 

First-Strand Synthesis SuperMix Kit (Thermo Fisher Scientific, Waltham, USA) for cDNA 

synthesis using HCT116 cell RNA. The pipetting schemes and PCR programs are listed in Table 

17 und 18. 

Table 17: Reaction setup using SuperScript™ III First-Strand Synthesis SuperMix Kit by Invitrogen (Thermo Fisher 

Scientific, Waltham, USA) for generation of cDNA. 

Component Volume [µL] 

RT Reaction Mix (2X) 10 

RT Enzyme Mix 2 

RNA  1 

Nuclease free water 7 
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Table 18: Temperature setup for SuperScript™ III First-Strand Synthesis SuperMix (Thermo Fisher Scientific, 

Waltham, USA) for first strand cDNA synthesis using the Mastercycler® Gradient cycler (Eppendorf, Hamburg, 

Germany). 

Cycle step Temperature [°C] Time [hh:mm:ss] Cycle 

Primer Annealing 25 00:10:00 1 

cDNA synthesis 50 00:30:00 1 

Heat inactivation 
85 00:05:00 1 

After reverse transcription, the cDNA was used as template for specific PCR for amplification of 

the EpCAM, Snail and Twist standards using the Q5 High-Fidelity 2X Master Mix (New England 

Biolabs, Ipswich, USA) as listed in Table 19 and Table 20. 

Table 19: Reaction setup for two-step RT-PCR using Q5 High-Fidelity 2X Master Mix (New England Biolabs, 

Ipswich, USA). 

Component Volume [µL] Final Concentration 

Q5 High-Fidelity 2X Master Mix 12.5 1X 

Forward standard primer (10 µM) 1.25 400 nM 

Reverse standard primer (10 µM) 1.25 400 nM 

DNA template 2 250 mM 

Nuclease-free water 
8 - 

Table 20: Temperature setup for Q5 High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, USA) PCR using 

the Mastercycler® Gradient cycler (Eppendorf, Hamburg, Germany). 

Cycle step Temperature [°C] Time [hh:mm:ss] Cycles 

Initial Denaturation 98 00:00:30 1 

Denaturation 98 00:00:10 

40 50-72 00:00:30 

72 00:00:30 

Final extension 72 00:02:00 1 

After PCR with the standard primers, the products were analyzed on an agarose gel and the 

respective bands were cut out and purified using the PureLink™ Quick Gel Extraction Kit (Thermo 
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Fisher Scientific; Waltham, USA) as described in the manual. The purified PCR-products were 

sequenced by GATC Biotech (Ebersberg, Germany) and stored at -20 °C. From the nucleic acid 

concentration measured using the NanoDrop, the exact copy number was calculated using 

Equation 6. 

Number of copies =
Amount [ng] × 6.022 × 1023

Length [bp] × 1 × 109 × 660
 Equation 6 

Using a dilution series of the standards or total RNA, the theoretical PCR efficiency could be 

calculated by Equation 7. The copy number of selected targets could be determined from PCR with 

dilution series of the standards (101 to 106 copies) using Equation 8 and Equation 9.  

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑃𝐶𝑅 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  10−1/𝑠𝑙𝑜𝑝𝑒 Equation 7 

𝑦 =  𝑚𝑥 + 𝑏 Equation 8 

𝑥 =
𝑦 − 𝑏

𝑚
  

With y = Ct value, m = slope, x = copy number,  

b = y-intercept 

Equation 9 

 

2.4.3.3. Multiplex one-step-RT-qPCR  

To simplify the assay, a multiplex approach of expression analysis was established. Therefore, a 

mix of primers and probe was prepared for each target as listed in Table 21. Different primer 

concentrations of 150 nM, 400 nM or 900 nM for each target were evaluated to compensate for 

low and high expression levels (85). For establishment, singleplex reactions for each target were 

prepared in addition as control (as described in Table 15) and to directly compare the Ct values and 

relative fluorescence of the singleplex and multiplex approaches (composition as shown in 

Table 22).  
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Table 21: Composition of the primer and probe mixes with different primer concentrations 

 Concentration 

Expression level  Assay mix final  Primer 1 Primer 2 Probe 

High 20X 3 µM 3 µM 5 µM 

Medium 20X 8 µM 8 µM 5 µM 

Low 20X 18 µM 18 µM 5 µM 

 

Table 22: Composition of the RT-qPCR multiplex mastermix using Luna® Universal Probe One-Step RT-qPCR Kit 

Components per reaction Volume per reaction [µL] Final concentration 

Luna Universal One-Step 

Reaction Mix (2X) 10 1 × 

Luna WarmStart® RT Enzyme 

Mix (20X) 

1 per target 1 × 

Primer and probe mix (20X) 1 150 nM, 400 nM, 900 nM 

Template RNA Variable  < 1 µg (total RNA) 

Nuclease free water to 20 µL  

 

 

2.4.3.4. Liquid RT-qPCR vs. lyophilized RT-qPCR 

In order to prestore master mixes and other PCR components on the cartridge and preserve their 

functionality, the components need to be dried or lyophilized. For evaluation of a suitable 

lyophilized master mix, two different one-step RT-qPCR beads were tested: CIRRUS™ Strips 

RNA (Fluorogenics) and the SCRIPT RT-qPCR ProbesMaster Lyophilisate (JENA Bioscience). 

The reaction mixes for the RT-qPCR beads were set up as listed in Table 23.  
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Table 23: Pipetting scheme for the CIRRUS™ Strips RNA and SCRIPT RT-qPCR ProbesMaster Lyophilisate 

master mix.  

Component Volume [µL]  Final concentration [µM] 

CIRRUS Strips RNA or 

SCRIPT RT-qPCR 

ProbesMaster Lyophilisate 

 

1 Bead 

 

- 

Forward primer 1.0 0.5 µM 

Reverse Primer 1.0 0.5 µM 

Probe 0.5 0.25 µM 

Template Varying  Varying 

Nuclease free water Up to 20 Varying 

The required volume of master mix was prepared in one tube without added template and 

transferred into a sample tube containing one bead per reaction. Depending on the experiment, 1 to 

5 µL of target containing cell lysate, corresponding to 5 to 25 % of the reaction volume, were added 

to determine the maximum volume of lysate that is PCR compatible and not inhibiting. The applied 

PCR programs are shown in Table 24. 

Table 24: PCR program for the CIRRUS™ strips RNA reactions.  

Phase Temperature [°C] Duration [hh:mm:ss] 

Reverse transcription 55 00:02:00 

RT inactivation and Initial 

Denaturation 

95 00:01:00 

Denaturation 95 00:00:10  

40 

cycles 

Annealing  60 00:00:30 

Elongation 60 00:00:30 
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Table 25: PCR program for the SCRIPT RT-qPCR ProbesMaster Lyophilisate reactions.  

Phase Temperature [°C] Duration [hh:mm:ss] 

Reverse transcription 55 00:10:00 

RT inactivation and Initial 

Denaturation 

95 00:05:00 

Denaturation 95 00:00:15  

40 

cycles 

Annealing  60 00:00:30 

Elongation 60 00:00:30 

 

2.4.3.5. Stability testing of air-dried primer and probe mixes 

Primers were air-dried with and without the addition of the additives trehalose (33.3 mM end 

concentration) or xanthan (1.6 mM end concentration) (86). The primer and probes were added in 

the same concentrations as given in Table 15. The additives were solved in molecular grade H2O 

to obtain stock solutions of 100 mM trehalose and 5 mM xanthan of which 1 µL was used for the 

primer and probe mix for drying. After drying of the primer and probe mixes, their functionality 

was assessed by multiplex RT-qPCR as described in 2.4.3.3 after storage of 3 h, 24 h, 21 d and 

42 d at RT and after storage at 55 °C for accelerated aging analysis that can be calculated according 

to Equation 10 to Equation 12.  

Accelerated aging factor AAF = Q
10

(
T-Troom 

10
) = 7.82 

Equation 10 

Accelerated aging [d] = t ×AAF Equation 11 

Expected storage stability [d] = accelerated aging + storage time Equation 12 

2.4.3.6. Nested-PCR 

For targeted pre-amplification of a defined region of interest, an additional primer pair was 

designed that binds outside the inner primer pair used for RT-qPCR. Then, the nested PCR 

approach consisted of two PCR runs. The first PCR was performed as RT-qPCR with 15 PCR 

cycles according to Table 16, followed by an additional qPCR run for quantification of the inner 

target. Linearity of the nested RT-qPCR was assessed, and the Ct-values of the samples amplified 
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by nested RT-qPCR in comparison to conventional RT-qPCR as well as the minimal copy number 

or cell suspension dilution detected were compared. 

 

2.5. Statistical analysis 

Data are presented as means ± standard deviation of the mean. Statistical analysis was performed 

using SPSS statistics software version 25 (IBM, Armonk, NY, USA). Shapiro-Wilk’s test and 

Levene’s test (p < 0.05) were applied to evaluate normal distribution and homogeneity of variances. 

Differences between groups were determined using t-test or one way ANOVA for normally 

distributed data sets with homogeneous groups variances, Welch’s test with the Dunnett-T3 

posthoc test for normally distributed data sets with heterogeneous group variances, or Kruskall-

Walli’s test for data sets that are not normally distributed. p < 0.05 was considered to indicate 

significant difference. Significant differences were displayed by different letters above the bars.
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3. Results 

In the following chapter, the results on the clinical trial using patient samples for CTC analysis and 

the results on the established of a LoC compatible cell staining are presented. The aim was to 

reproduce a benchmark methods and to make the necessary adjustments to Vivalytic integration. 

Moreover, first proof-of-concept experiments on protocols for downstream molecular analysis of 

the isolated CTCs are shown.  

3.1. CTC detection in patient samples according to the maintrac® method 

For enrichment-free detection of epithelial tumor cells from blood samples the maintrac® 

method (SIMFO, Bayreuth), as described in chapter 2.2.3, was applied as reference method. The 

reproducibility of the method and the possibility for integration of a similar method into a LoC 

platform were evaluated using patient samples obtained from the UKT for proof-of-principle 

studies. Patients suffering from gastrointestinal tumors were included into the study and donated 

blood before treatment and every 3 to 4 weeks during therapy. The number of CTCs present in the 

blood samples was determined and correlated to the clinical presentation of the patient. Therefore, 

samples of the patients were analyzed at BOSCH and SIMFO in parallel to evaluate interlaboratory 

reproducibility and identify differences or challenges. Example images of the cells detected in the 

patient samples are shown in Figure 16. 
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A 

 

B 

 

C 

 

D 

 

E

 

Figure 16: Example images of cells detected in patient samples.  

The cells were stained with Hoechst33342 for nucleus detection (blue), EpCAM-FITC for EpCAM detection (green), and PI for 

detection of dead cells (red). A: result of the image acquisition using the well navigator of the cellSens Dimension software of the 

Olympus IX83 fluorescence microscope (Olympus, Shinjuku, Japan) at 200-fold magnification. Images are acquired sequentially 

in each channel and the single images are stitched (with 10 % overlap) to one overview image by the software. B to E: example 

images of EpCAM-positive cells with uniform EpCAM expression (B viable and C non-viable), single EpCAM-‘caps’ (D), and 

several EpCAM-‘caps’ (E). 

CTCs with uniform EpCAM staining on the surface were observed by microscopic analysis, as 

well as CTCs with punctual EpCAM staining, where only a part of the membrane was stained (so 

called “EpCAM caps”). Figure 16B and C show CTCs with uniformly stained membranes, whereas 

Figure 16D shows cells with one EpCAM cap and Figure 16E shows a CTC with several EpCAM 

caps on one cell. This means that the EpCAM expression was not evenly distributed over the whole 

cell membrane but rather condensed and limited to certain areas on the membrane. EpCAM 

positive cells were counted independent of the homogeneity of EpCAM staining on the surface. 

However, these observations raised the questions whether the differences in EpCAM localization 

on the cell surface have a clinical relevance, and whether uniformly stained cells differ from cells 

with EpCAM caps in terms of invasiveness.  

Caps Caps 
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D

 

Figure 17: Patient samples obtained from the UKT analyzed by the maintrac® method. 

Blood samples of four pseudonymized patients (A-D) were subjected to CTC detection using the maintrac® method. Analysis was 

conducted at BOSCH and SIMFO in parallel. The number of EpCAM-positive events is shown as ‘all green events’ and the number 

of EpCAM-positive, viable and nucleus containing cells is given as ‘viable cells’. The colors in the background mark the 

administered drug and the orange arrow marks a progression detected by CT scan.  

The CTC count course of patient BO-749 as determined in this study at Bosch showed a baseline 

CTC count of 1200 CTC/mL blood at baseline that decreased to 450-500 CTCs/mL blood at the 

second and third sampling point. The count increased to 800 and 1950 CTC/mL again at the fourth 

and fifth sampling point. Thus, the CTC count in the last samples was even higher than the baseline. 

The CTC course determined by SIMFO started at 50 CTC/mL blood at baseline and decreased 

below the LOD at the second, third and fourth sampling point. At the fifth sampling point, the 

count increased to 100 CTC/mL blood. The courses of the counts were similar, but the absolute 

counts differed due to differences in image evaluation. However, both detected an increase after 

the initial decrease that correlated with a progression observed by CT scan indicating the prognostic 

value of the CTC count for detection of a therapy resistance or failure.  

For Patient BO-408, a baseline CTC count of 350 CTC/mL blood was determined by BOSCH. The 

count decreased after therapy started but increased again at the third and fourth sampling point. In 

contrast, SIMFO observed a decrease from 50 CTC/ml to below LOD at the following time points. 

The fourth sample was not analyzed by SIMFO, or data was not transmitted. The increase observed 

by the BOSCH analysis correlated with a progression observed in the CT scan.  

The CTC count of patient BO-645 as determined by BOSCH showed a baseline of 350 and 

increased to 450 (1.2-fold increase) at the second time point. After the second time point a constant 

decrease to 350 CTC/mL (0.7-fold) and 250 CTC/mL (0.7-fold) was observed. SIMFO determined 

a baseline count of 200 CTC/mL. For the following samples, a constant 0.5-fold decrease to 
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100 CTC/mL, 50 CTC/mL, and 10 CTC/mL was observed. Again, not the absolute values but the 

CTC count courses of Bosch and SIMFO were comparable.  

The CTC count of patient BO-572 showed a heterogeneous CTC count course over the 12 sampling 

time points. This observation was consistent with the results of SIMFO and with the observations 

made in the clinical setting via investigation of tumor markers CEA and CA 19-9. This can be an 

indicator for a response to therapy that was not only observable by tumor marker analysis but also 

by CTC quantification. 

In the case of patients BO-184 and BO-720, only the baseline samples were analyzed. Patient BO-

184 had a baseline CTC count of 400 CTC/mL and for patient BO-720 a baseline count of 

150 CTC/mL was determined.  

The absolute CTC count differed from the absolute CTC count reported by SIMFO. However, the 

CTC count course over time was comparable in most of the samples.  

For simplification of the CTC count course evaluation, the CTC counts were normalized to range 

between zero and one using the lowest and highest count observed, respectively. 

3.2. Establishment of LoC compatible unit operations for CTC detection 

For integration of a CTC enrichment and characterization method, including whole blood 

preparation, isolation of the target cells, immunocytochemistry, counting of the cells, cell lysis and 

nucleic acid analysis, the sample processing steps were adapted to the technical parameters and 

boundary conditions of the LoC system. These included the processing of a whole blood sample 

without external preprocessing such as centrifugation and with limited volume capacity. 

Furthermore, the optical analysis of the CTCs in the Vivalytic system was limited to fluorescence 

detection and reduced resolution.  

3.2.1. Establishment and adaptation of CTC detection for integration onto the LoC-system 

According to the maintrac® protocol (chapter 2.2.3), a cell suspension containing leukocytes and 

circulating epithelial tumor cells (CETCs) was obtained after red blood cell lysis, centrifugation, 

and resuspension. These were stained with anti-EpCAM-FITC for identification of CETCs and PI 

for exclusion of dead cells. Furthermore, cells were analyzed using transmitted light imaging for 

identification of nuclei containing cells. First, the maintrac® method was reproduced using whole 

blood spiked with different cell lines, either NCI-H1975, BT-474 or HCT116 to identify a suitable 
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cell line with homogeneous EpCAM expression on the surface of all cells for generation of 

reproducible model samples. As exemplarily shown in Figure 18A, only approximately 50-60 % 

of the NCI-H1975 cells were EpCAM-positive, whereas the BT-474 cells (Figure 18B) and 

HCT116 cells (Figure 18C) showed uniform EpCAM distribution on the cell surface as well as a 

uniform EpCAM protein expression throughout 100 % of the cells. Therefore, the BT-474 and the 

HCT116 were used for positive controls in spike-in experiments.  

A 

 

B 

 

C

 

Figure 18: EpCAM-FITC and PI staining of cell lines.  

(A) NCI-H1975 cells; (B) BT-474 cells and (C) HCT116 cells. Imaging was performed using the inverted fluorescence microscope 

IX83 at 200-fold magnification separately using transmitted light with 3 ms illumination, the EGFP channel (Ex/Em 470/525) and 

the DsRed channel (Ex/Em 545/620) with 50 ms illumination and the acquired imaged were merged afterwards.  

For integration into the LoC system, all required cell characteristics had to be detected using 

fluorescence staining as there was no possibility for transmitted light imaging in the system. 

Therefore, the staining protocol was adapted for Vivalytic compatible detection. The cells were 

stained with anti-EpCAM-FITC or anti-EpCAM-APC for antigen detection, with CFSE and PI for 

live/dead distinction and additionally with Hoechst33342 for nucleus detection using fluorescence 

microscopy. As shown in Figure 19, the staining protocol was confirmed suitable using BT-474 

and HCT116 cells. Especially the possibility to detect all nuclei using Hoechst33342 instead of 

transmitted light was shown.  
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Figure 19: Adapted staining protocol.  

BT-474 and HCT116 cells stained with anti-EpCAM-FITC (Ex/Em 490/525, 50 ms illumination), Hoechst33342 (Ex/Em 350⁄461, 

15 ms illumination) and PI (Ex/Em 535⁄617, 50 ms illumination). Imaging was performed using the inverted fluorescence 

microscope IX83 at 200-fold magnification separately using transmitted light with 3 ms illumination. The acquired images were 

merged afterwards.  

Both cell lines were suitable for application as EpCAM-positive model cells for spike-in 

experiments. The BT-474 cells represented large cells and the HCT116 smaller cells, covering the 

heterogeneity of real CTCs as isolated from patient samples. During routine cultivation and 

passaging of the cells, their average diameter was determined by the Cell Counter R1 (Olympus, 

Shinjuku, Japan). The mean diameter of the BT-474 and HCT116 cells was 17.4 µm ± 1.5 µm and 

12.6 µm ± 1.6 µm. 

For integration of cell detection (detection of EpCAM-positive, PI-negative, nucleus containing 

cells) into the current Vivalytic system, further fluorescent dye combinations were evaluated using 

cell lines. As there was no possibility to integrate transmitted light analysis into the Vivalytic 

system the aim was to provide the possibility of cell differentiation and characterization of the 

given prerequisites solely by fluorescence detection without transmitted light and without loss of 

information. The different combinations evaluated are listed in Table 26. 
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Table 26: Fluorescent dye combination for CTC detection and characterization. 

Cell characteristic EpCAM antibody 

(labeled) 

Viable Dead Nucleus 

Combination 1 

According to 

maintrac® 

FITC No dye (PI-

negative) 

PI No dye (Bright 

field) 

Combination 2 FITC CTDR (optional) PI Hoechst 

Combination 3 APC CFSE (optional) PI Hoechst 

Combination 4 APC CTDR (optional) PI Syto9 

Including Hoechst3342 into the staining protocol provided the possibility for nucleus detection 

without transmitted light imaging. Although the current Vivalytic system does not provide UV-

light excitation required for Hoechst33342 detection, the integration of a UV-light source would 

be easier than the integration of transmitted light imaging. Therefore, Hoechst was regarded as one 

suitable possibility for nucleus detection. Alternatively, another nucleus dye such as SYTO9 could 

be used if the EpCAM antibody labelled with FITC was replaced by another label, e.g., APC. 

   

Figure 20: HCT116 cells stained with CFSE for viable cell detection, EpCAM-APC for detection of EpCAM-positive 

cells and PI for dead cell exclusion.  

The dye combination represented an alternative staining strategy in which the green EGFP channel was not used for 

EpCAM detection but was available for another cell dye such as CFSE or SYTO9. 40-fold magnification. The white 

bars represent 200 µm.  

In addition, leukocytes could be stained for identification using anti-CD45-PE which stained the 

cell membrane and provided a way of differentiating leukocytes from spiked or real cancer cells. 

An image of the CD45-PE-stained leukocytes is shown in Figure 21. 
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Figure 21: Leukocytes stained with CD45-PE.  

200-fold magnification. The white bars represent 50 µm. 

 

3.2.2. Selection of a method for erythrocyte depletion in blood samples 

Three common methods for erythrocyte depletion were evaluated with the aim of identifying a 

method that is suitable for separation of nucleated blood cells from erythrocytes without losing 

CTCs: density gradient centrifugation, selective erythrocyte lysis and erythrocyte aggregation 

(described in chapter  2.2.5.2). The recovery rate of spiked cell lines was determined for all three 

methods.  

After density gradient centrifugation, a buffy coat was visible between the upper phase, the blood 

plasma, and the erythrocyte pellet. The buffy coat containing the nucleated cells was transferred 

into a microtiter plate for microscopic analysis (Figure 22).  

A  B  

Figure 22: Microscopy of the cells extracted from buffy coat after density gradient centrifugation. 

The BT-474 cells were stained with CFSE before spiking into to whole blood prior to centrifugation. The images were 

acquired at (A)  40-fold magnification (bar = 200 µm) and (B) 200-fold magnification (bar=50 µm) in transmitted light 

(2 ms) and the EGFP channel (50 ms) separately and merged by the software.  

As shown in Figure 23, before selective erythrocyte lysis only erythrocytes were visible by 

transmitted light microscopy of a blood sample. After lysis, the other blood cells like leukocytes 
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and, if present CTCs, became visible and the erythrocytes became transparent. The contrast 

decreased mainly because of the simultaneous release of hemoglobin and uptake of the surrounding 

medium of the erythrocytes. Before lysis, the blood and lysis buffer suspension appeared red and 

turbid by optical inspection, whereas after lysis, the solution was red and transparent. After 

centrifugation, most of the lysed erythrocytes were contained in the supernatant and were 

discarded. The pellet containing most of the leukocytes and spiked cells was resuspended and 

transferred into a microtiter plate for microscopic analysis. As 97 % ± 2 % of the spiked cells were 

recovered in the pelleted fraction, it was assumed that the loss of target cells into the supernatant 

could be neglected in the case of the cell lines.  

 

Figure 23: Blood sample observed by light microscopy during selective erythrocyte lysis. The left image was taken 

before lysis and the right image was taken after 10 min incubation with erythrocyte lysis buffer. After lysis, the contrast 

of the erythrocytes decreased, and the leukocytes were visible. 

Erythrocyte depletion by aggregation consists of increasing their density relative to the other blood 

cells leading to accelerated sedimentation without centrifugation. After treatment with the 

HetaSep™ solution (chapter 2.2.5.2), the supernatant was transferred into a microtiter plate for 

fluorescence microscopy evaluation (shown in Figure 24A-C). The erythrocyte fraction was 

selectively lysed, and the remaining cell pellet was also analyzed microscopically (shown in Figure 

24D). Although, the erythrocytes formed rouleaux and thus sedimented to the bottom of the tube, 

residual erythrocyte aggregates were found in the supernatant, where only leukocytes were 

expected. Staining of the leukocytes with anti-CD45-PE revealed that the supernatant contained all 

three cell types, leukocytes, the spiked BT-474 cells and erythrocytes. However, the erythrocytes 

were depleted in number and most of the erythrocytes sedimented to the bottom. As shown in 



RESULTS 

64 
 

Figure 24D, a high number of spiked BT-474 cells was found in the erythrocyte fraction, leading 

to the assumption that the erythrocyte rouleaux trapped some of the target cells and dragged them 

to the bottom.  

 
Figure 24: Erythrocyte depletion by aggregation.  

The supernatant fraction in which the leukocytes and CTCs were expected, and the pellet in which the aggregated 

erythrocytes were sedimented were analyzed by microscopy. (A) erythrocyte aggregates found in the supernatant 

fraction, in the right corner, the image is enlarged for better visualization of the erythrocyte rouleaux; (B) one spiked 

CFSE stained BT-474 cell recovered in the supernatant; (C) anti-CD45-PE-stained leukocytes recovered in the 

supernatant; (D) spiked, CFSE stained BT-474 cells found in the erythrocyte fraction as analyzed by fluorescence 

microscopy after erythrocyte lysis. The white bars in A-C represent 50 µm, the white bar in D represents 200 µm.  

The recovery rates of target cells from the spiked blood samples in the leukocyte fraction using the 

three methods are shown in Table 27.  

Table 27: Comparison of the recovery rate of stained BT-474 cells spiked into whole blood using three erythrocyte 

depletion methods.  

Method 
Target cell recovery 

in the leukocyte fraction [%] 

Erythrocyte aggregation 76 % ± 6 % 

Erythrocyte lysis 97 % ± 2 % 

Density gradient centrifugation 88 % ± 3 % 

Results are given as mean ± SD of 2 biological and 3 technical replicates. 

Erythrocyte aggregation resulted in a recovery rate of 76 % ± 6 % and density gradient 

centrifugation in 88 % ± 3 %. Selective erythrocyte lysis resulted in the highest recovery rate of 

97 % ± 2 %. Thus, this method was selected for further adaptation for a LoC integration of CTC 

isolation from blood samples.  
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3.2.2.1. Minimization of erythrocyte lysis buffer volume 

As the LoC cartridge sample chamber encompassed a maximal volume of 1.1 mL, a minimization 

of the required erythrocyte lysis buffer volume would enable a maximization of the blood sample 

volume that can be analyzed by the system. A reduction of the blood sample volume, in contrast, 

would decrease assay sensitivity and reliability. Analysis of high blood sample volumes was 

preferred due to rarity of the CTCs present. Thus, the reduction of the reagents needed for sample 

preparation was more favorable. First, the minimum required volume of erythrocyte lysis buffer 

(ELB) was determined as described in chapter 2.2.5.3. Therefore, blood was mixed with 

erythrocyte lysis buffer at different ratios. These were evaluated regarding transparency of the 

suspension before centrifugation and purity of the leukocyte pellet after lysis and centrifugation. 

According to the maintrac® method, a blood to ELB ratio of 1:15 was required, whereas a 

published Qiagen protocol recommended a ratio of 1:5 (63) (87). Thus, ratios of 1:15, 1:10, 1:5, 

1:4 and 1:3 were investigated. After an incubation time of 10 min, the transparency of the 

suspension was optically evaluated and is shown in Figure 25. The 1:4 ratio was the minimal ratio 

resulting in a completely transparent blood ELB suspension. The 1:3 resulted in sedimented, intact 

(dark red) erythrocytes at the bottom of the sample tube. After centrifugation, the purity of the 

leukocyte pellet was evaluated and is shown in Figure 25. The preferred ratio of 1:4 could also be 

confirmed to provide the purest pellet. At a ratio of 1:15, the leukocyte pellet appeared smaller than 

at other ratios, indicating undesired lysis of the leukocytes. 
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Figure 25: Determination of the minimum required erythrocyte lysis buffer.  

Upper row: suspension before centrifugation. Lower row: sample after centrifugation with visible pellet.  

All subsequent experiments were performed with a blood to ELB ratio of 1:4. Regarding the 

maximum sample volume that can be applied to the Vivalytic cartridge this enabled the input of 

200 µL blood. As relatively high numbers of CTCs were detected in the patient sample (described 

in chapter 3.1), in which only a blood equivalent of 20 µL were analyzed optically, the volume of 

200 µL was regarded as sufficient even for samples with low CTC numbers. 

3.2.2.2. SEM-analysis of blood cells after erythrocyte lysis  

For a better understanding of the erythrocyte lysis process and for evaluation of potential benefits 

for the whole assay, all cells present in a blood sample were analyzed by SEM after selective lysis 

of the erythrocytes. Therefore, the blood sample was spiked with BT-474 cells, treated with 

erythrocyte lysis buffer, and washed with 1 x PBS after 10 min incubation. Afterwards, intact 

erythrocytes of 20 µL of blood were added as control to enable visual comparison of lysed and 

unlysed erythrocytes. The sample was prepared for SEM as described in chapter 2.2.5.4. Figure 

26A shows an overview of all present cell types: spiked BT-474 cells, leukocytes, unlysed 

erythrocytes, lysed erythrocytes, and thrombocytes. Figure 26B shows an unlysed erythrocyte in 

comparison to an intact erythrocyte. The lysed erythrocytes lost their stability due to release of 

their intracellular protein, the hemoglobin, and membrane collapse during the fixation process. The 

SEM-analysis proved that erythrocytes lose their integrity due to selective lysis and the density is 

decreased after hemoglobin release. Therefore, lysed erythrocyte can be separated more easily from 

the intact nucleated blood cells by gravity or centrifugation. Furthermore, the remaining 

erythrocyte membranes after lysis were expected to be even more deformable than the intact ones 

and thus easily pass a porous structure in a filtration process.  

A B 
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Figure 26: Blood sample spiked with BT-474 cells analyzed by SEM.  

(A) Overview at 2000-fold magnification; all types of cells are visible: leukocytes, BT-474, lysed and unlysed 

erythrocytes and thrombocytes. B: Lysed and unlysed erythrocyte at 5000-fold magnification.  

 

3.2.2.3. Influence of the ELB on cell viability  

The viability of the cells after incubation in ELB was assessed by CellTiter-Glo® assay (chapter 

2.2.2.2) to ensure, that only erythrocytes but not leukocytes or CTCs were lysed by the ELB at a 

ratio of 1:4. The viability of HCT116 cells before addition of ELB and the viability of the 

leukocytes after 15 min incubation in ELB and centrifugation were considered as 100 % reference. 

As shown in Figure 27A, HCT116 viability decreased by 7 % after 45 min and did not significantly 

decrease further after 60 min. After the recommended 15 min incubation, viability did not 

significantly change. An incubation time of 10-15 min was required for sufficient erythrocyte lysis 

before centrifugation. The prolonged incubation time was evaluated to ensure that longer 

processing time needed for leukocyte and CTC isolation from the sample was still possible without 

adverse effects on the target cells.  
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Figure 27: Cell viability after erythrocyte lysis.  

Viability of A: HCT116 cells and B: leukocytes after 15 min, 45 min, and 60 min incubation in ELB. The viability of 

the first measurement was set as 100 %. Results are given as means ± SD of two biological and three technical 

replicates. 

3.2.3. Evaluation of RBC depletion and CTC isolation methods for LoC integration  

One of the major challenges during CTC isolation and detection in front of the high number of 

healthy blood cells (non-target cells) within the sample. Different CTC isolation and cell separation 

systems and methods from literature were compared and rated using the concept decision matrix 

according to Pugh. The most important criteria for the concept selection included boundary 

conditions given on one the hand by the Vivalytic system and on the other hand by the sample 

composition and included:  

- Complexity of the fluidics: limited continuous flow, requirement of a sheath flow, clogging, 

dependency of the diameter, dilution of the sample 

- Separation efficiency: collection rate, purity, throughput 

- Integrability: Component’s complexity, external field, space and location, manufacturing 

technology, independent of a 30° angle, storage conditions 

- Benefits from selective RBC lysis 

As described in chapter 3.2.2, selective erythrocyte lysis was selected as beneficial method for 

depletion of erythrocytes. The method included lysis of the erythrocytes in the first step and 

centrifugation in the second step. As there was no possibility for centrifugation in the LoC system, 

the most important criterium for the LoC concept selection was to define an alternative for 
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centrifugation. Taking into consideration all the criteria above, mechanical filtration was 

considered the most suitable method for Vivalytic integration.  

3.2.4. Evaluation of filtration-based methods for CTC isolation 

The main advantages of a filtration-based approach were the interdependency of a constant flow 

rate and the possibility to remove red blood cells and partially leukocytes without centrifugation. 

The filtration process's aim was to capture CTCs with a high rate and deplete lysed erythrocytes 

and leukocytes if possible. The focus however was set on a high capture rate of CTCs over high 

purity. First, the integrated glass fiber filters B and D that were already used for nucleic acid 

extraction in other diagnostic assays in the Vivalytic cartridge were tested. Additionally, a filtration 

functional model was established for simple evaluation of the compatibility of the filtration method 

with on-chip conditions. 

3.2.4.1. Evaluation of filtration for CTC isolation using the Vivalytic cartridge 

A whole blood sample of 200 µL spiked with 500 stained BT-474 cells was transferred into a self-

assembled spin-column containing either the filter B (particle retention rating 1.0 µm, thickness 

550 µm) or filter D (particle retention rating 2.7 µm, thickness 640 µm; Figure 28A). The 

erythrocytes were previously selectively lysed as described in chapter 2.2.5.3. The spin column 

containing the spiked blood sample was centrifuged at 3000 x g for 1 min. Afterwards, the filtrate 

was transferred into a 96-well plate and the cell count in the filtrate was determined by fluorescence 

microscopy. 
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A 

 

B 

 

Figure 28: A: Experimental set-up and B: results of cell filtration using the filter B and D integrated into a spin column.  

The cells recovered in the filtrate were counted by fluorescence microscopy to determine the cell recovery rate and the 

cell ratio retained by the filter. 

As shown in Figure 28B, in the filtrate of the B spin column, 115 ± 20 cells (23 % ± 4 %) were 

counted. As expected, the thicker filter D was able to retain more cells than the B filter. Here, only 

2 ± 1 cells (<1 %) were able to pass the filter. However, as both filters retained at least 77 % of the 

spiked cells, both filters were used for on-chip cell filtration on the Vivalytic cartridge. Hereby, a 

blood sample of 200 µL spiked with 500 BT-474 cells was transferred into the sample chamber, 

800 µL erythrocyte lysis buffer was added and incubated for 10 min at RT. The sample was then 

pumped over the filter into the waste chamber and the filtrate from the waste chamber was analyzed 

by microscopy. In the case of the filters being inserted loosely into the filter chamber more than 

50 % of the cells were found in the filtrate. Subsequently, the filters were mounted into the filter 

chamber leakproof by welding with the TPU membrane and the experiment was repeated. In these 

experiments, the filter was clogged after 200 µL to 700 µL of the sample observed by residual 

sample (300 µL to 800 µL) in the sample chamber. Only up to around 30 cells were found in the 

waste chamber after filtration. But, due to clogging of the filters and recovery of the captured cells 

not being possible, the filter material currently integrated into the current Vivalytic cartridge was 

considered not suitable for filtration and recovery of cells from a blood sample which is why an 

alternative filtration system was established for the proof-of-principle of LoC-compatible CTC 

isolation by filtration. 

3.2.4.2. Filtration functional model for CTC-isolation and detection using TEM-grids 

Parts of the results presented in this chapter were published in Biosensors 2021, 11, 312, 3 

September 2021: Real-time detection of circulating tumor cells during capture on a filter element 
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significantly enhancing detection rate (88). The results were complemented by unpublished data 

of additional experiments in this thesis.  

To ensure reproducibility and enable microfluidic processing in a LoC-like environment, rapid 

prototyping is a valuable method to produce functional models. A filtration functional model was 

fabricated using TEM-grids as filters and cell retention was evaluated. The TEM-grids with a 

diameter of 3 mm were integrated into the fabricated microfluidic slide with either one or two inlets 

and outlets (chapter 2.3.1.1). The grid was analyzed by scanning electron microscopy (Figure 29) 

and revealed a pore size of 7.4 ± 0.1 µm and pitch size of 4.5 ± 0.2 µm. According to the 

manufacturer, a pore size of 6.5 µm and a pitch size of 5 µm was expected.  

 

 

Figure 29: TEM-grid imaged by SEM for pore size measurement.  

The white arrow represents the pore diameter of 7.4 µm, the black arrow shows the pitch size of 4.5 µm (88). 
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Evaluation of the impact of surface passivation for cell capture optimization 

For experiments, the slide was connected to a syringe pump on the outlet side and to a funnel on 

the outlet side using silicon tubes (Figure 30A). The set-up was placed on an upright fluorescence 

microscope for optical detection of the cells (see Figure 30B). 

A

 

B 

 

Figure 30: Filtration functional model.  

A: Filtration functional model connected to a funnel and a syringe via silicon tubes. The arrows indicate the sample 

pumping direction. B: Observation by fluorescence microscopy was possible in real-time. 1: Pipette tip used as funnel; 

2 and 4: tube connecting the funnel and syringe with the filtration slide; 3: filtration slide as single unit operation 

model; 5: syringe connected to syringe pump for precise processing of the sample (88). 

First, the cell loss by the microfluidic system was analyzed by pumping cells through a slide 

passivated with 1 x PBS/1 % (w/v) BSA/1 mM EDTA for 30 min without TEM-grid integrated 

compared to a non-passivated slide. As shown in Figure 31, approximately 18 % ± 4 % of the 

spiked cells were lost in the system without passivation, due to adherence to the microfluidic 

channel and tube walls. After passivation, 100 % ± 9 % of the spiked cells could be recovered. One 

reason for the recovery rate above 100 % could be cell clusters that were not counted correctly 

during determination of the initial spike cell number. After transport through the system, these cell 

clusters could have been separated into single cells that were then counted separately and resulted 

in the cell number being slightly higher than initial. 
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Figure 31: Cell recovery by the system with and without passivation of the channels and tubes with 1x PBS/ 1 % BSA/ 

1 mM EDTA. Without passivation, 18 % of the cells were not recovered. With passivation, recovery of 100 % was 

achieved. Results are given as mean values ± SD of two biological and technical replicates. Different letters above the 

bars (a and b) indicate statistical significance, p < 0.5 (88). 
 

Consequently, the passivation step with 1 x PBS/1 % (w/v) BSA/1 mM EDTA for 30 min was 

performed before each experiment to minimize the effect of cell loss by the system.  

 

Capture rate dependent on filtration functional model design  

Two different designs of the filtration functional model were used for integration of the TEM-grid 

and cell capture: a one-armed structure, with one channel leading to the filter and one channel 

leading to the outlet; and a two-armed structure with two inlet-channels and two outlet channels, 

twisted by 90°. The two designs are shown in Figure 32A and B. 

The cell distribution on the filter was evaluated for the two filter slide designs. As shown in Figure 

32C to F, cell capture and distribution on the surface was dependent on the design of the channels. 

On the filter with one inlet and one outlet channel, the cells were captured mainly on one side of 

the filter close to the inlet channel, leaving a dead zone on the filter side closer to the outlet channel 

(Figure 32C and E). The cells were captured on approximately 60 % of the filter area. In contrast, 

the design with two inlet and two outlet channels favored an even distribution of the cells over the 

whole filter surface (Figure 32D and F) and only a minimal dead zone was visible in the center of 

the filter (Figure 32F). These distribution differences were confirmed by simulation. The results of 

the simulation were published in (88).  
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A

 

B

 

C

 

D

 

E

 

F 

 

Figure 32: Images of the (A) one-armed and (B) two-armed single unit operation model for integration of a TEM-grid 

for cell capture.  

The designs are shown as a top view photograph after fabrication and mounting of the TEM-grid, the sealing foil, and 

the tube connectors. C to F: Cells captured on the filter after filtration with filter slides with different channel designs. 

The one-armed design led to cell capture on 60 % of the filter area only (C and E), whereas the two-armed design (D 

and F) favored an even cell distribution on the whole filter area. Modified from (88). 
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The two filter slide designs were also evaluated for cell capture efficiency. Therefore, a known 

number of stained BT-474 cells were filtrated using the two different slides and the captured cells 

were counted on the filter by fluorescence microscopy after the filtration process. This revealed a 

capture rate of 75 % for the one-armed structure and a significantly higher capture rate of 89 % for 

the two-armed structure (Figure 33).  

Figure 33: Comparison of cell retention rates achieved by the two different filter slide designs. With the two-armed 

filter slide design, a higher retention could be achieved. Results are given as mean values ± SD of two biological and 

technical replicates. Different letters above the bars (a and b) indicate statistical significance, p < 0.5; (88). 

 

The results led to the assumption that an even distribution of the cells on the filter favors both the 

optical detection and the retention of the cells on the filter and thus, the two-armed filter slide was 

used for all further experiments. 

 

Cell type dependent capture rate with the passivated two-armed filtration functional model 

Known numbers of stained BT-474, HCT116 and K562 cells were filtrated, and the cells captured 

on the filter were counted by fluorescence microscopy. The results are shown in Figure 34. The 

highest capture rate of 89 % ± 6 % was achieved for the breast cancer cells BT-474. This was the 

cell line with the largest cell diameter of 17.4 µm ± 1.5 µm. As expected, the lowest capture rate 

of 54 % ± 10 % was achieved for the K562 cells. As this cell line originates from the bone marrow 

and is cultivated in suspension, the cells were assumed to be more deformable than epithelial cells, 

and thus, pass the filter more easily. Their median diameter was 15.4 µm ± 0.8 µm. For the 

colorectal carcinoma cell line HCT116, a capture rate of 64 % ± 5 % was determined. Of the cell 

lines evaluated, this was the cell line with the lowest diameter of 12.8 µm ± 1.6 µm.  
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However, the capture rate was higher than for the K562 cells, reinforcing the assumption that the 

K562 cells are retained poorly due to their increased deformability.  

 
Figure 34: Comparison of the capture rate for BT-474, K562 and HCT116 filtrated using the two-armed filter slide. 

Results are given as mean values ± SD of n=5 (88).  

To challenge the filtration system with a cell line with small cell diameter that resembles real CTCs 

the most, the HCT116 cell line was used for all further filtration experiments. 
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Blood sample volume dependent capture rate using the two-armed filtration functional model 

Known numbers of HCT116 cells were spiked into different volumes of blood to evaluate the 

possibility to isolate the cells from blood by filtration and the influence of the cells contained in 

blood on the capture rate. HCT116 cells in PBS without blood and spiked into 40 µL and 200 µL 

of whole blood were filtrated at 2 µL/s. The capture rates are given in Figure 35. 

 

 
Figure 35: Capture rates of HCT116 cells without blood and spiked into 40 µL and 200 µL of whole blood.  

Results are given as mean values ± SD of n=5. The different letters above the bars (a and b) indicate statistical 

significance, p < 0.5; (88). 

 

The highest capture rate of 85 % ± 12 % was achieved for HCT116 cells filtered without the 

presence of blood. Presumably, the presence of blood cells increased the pressure difference on the 

filter, leading to cell loss. However, there was no significant difference between the capture rate of 

68 % ± 12 % for a volume of 40 µL blood and a capture rate of 66 % ± 4 % for 200 µL whole 

blood. Thus, it was possible to apply the higher blood volume of 200 µL for CTC isolation, 

generally increasing the probability to effectively isolate these rare cells.  

 

Cell number dependent capture rate using the two-armed filtration functional model 

Capture rates for several spike-in concentrations were evaluated ranging from 10 cells to 

5000 HCT116 cells per sample of 200 µL blood. As shown in Figure 36, no significant difference 

was observed regarding the capture rate of different cell spike numbers in a range of realistically 

expected CTC numbers in patient samples. The cell capture rate determined was 60 % ± 14 % with 
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a correlation coefficient of 0.95 leading to the assumption that the CTC count course could be 

evaluated despite the cell loss as the proportion of cells captured is constant. 

 

Figure 36: Different cell numbers spiked into 200 µL blood for evaluation of the blood volume dependent capture rate. 

Results are given as mean values ± SD of at least n=3; (88). 
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Filtration of patient samples using the two-armed filtration functional model 

Exemplary patient samples in which at least 300 CTCs per mL were detected by the maintrac® 

method as described in chapter 2.2.3 were subjected to filtration using the filtration functional 

model. Three samples of each patient sample were filtered, and the captured cells were quantified. 

There were 70 % ± 10 % of the EpCAM-positive cells of BO408-3 captured, 68 % ± 19 % of the 

cells of BO408-4 and 75 % ± 5 % of the cells of BO572-4 were captured. Thus, on average 70 % 

± 13 % of the EpCAM positive cells detected in patient samples by the maintrac® method were 

captured and detected on the TEM-grid after filtration. These results are shown in Figure 37. 

 

Figure 37: CTC capture rates after TEM-grid filtration of patient blood samples.  

The number of cells captured was compared to the number of cells detected by the maintrac® method as reference. 

Samples were analyzed in triplicates. Results are given as mean values ± SD of n=2.  

The capture rates were comparable to the capture rates obtained for samples spiked with HCT116 

cells (as shown in Figure 34), where on average 64 % ± 5 % could be captured. It was therefore 
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assumed that the HCT116 as colorectal cancer cell line represented the size and deformability of 

real CTCs from colorectal and gastrointestinal tumor patients well. Thus, the HCT116 cell line was 

regarded as a suitable cell model for further experiments with model samples representing a cell 

line with similar cell diameter as colorectal patients’ CTCs, uniform EpCAM expression and 

comparable deformability as patients’ CTCs. 

Flow rate and flow profile dependent capture rate 

The influence of different flow rates and profiles on the cell capture efficiency was evaluated to 

estimate the possibility for on-chip cell capture. First, cell capture at different flow rates was 

analyzed. Additionally, two different flow profiles available on the Vivalytic cartridge were 

mimicked with the syringe pump (shown in chapter 2.3.1.3) and cell capture rates were compared 

to continuous flow: firstly, a flow profile as realized by peristaltic pumping using valves on the 

cartridge and secondly, a flow profile realized using pump chambers on the cartridge further on 

called pump chamber pumping.  

A

 

B

 

Figure 38: Influence of flow rate and flow profile on cell filtration.  

A: Capture rates of HCT116 cells filtered at different flow rates. B: Comparison of the capture rate achieved by 

continuous flow and by mimicking flow profiles that can be realized on the Vivalytic cartridge. Results are given as 

mean values ± SD of n=9. The letters above the bars (a) indicate that no statistical significance was determined, p < 0.5. 

As shown in Figure 38, neither the different flow rates (A) nor the flow profiles (B) had a significant 

influence on the HCT116 cell capture rate. The mean capture rate was 64 % ± 13 % without 

significant differences between the different flow rates and profiles. 



RESULTS 

81 
 

Therefor it was assumed that filtration was independent of a constant flow rate, cell spike number 

and blood volumes up to 200 µL and was suitable for integration into a membrane-driven 

microfluidic system with pulsatile or peristaltic flow.  

3.2.4.3. Real-time detection for CTC quantification and evaluation of cell detection  

During filtration experiments described in chapter 3.2.4.2, it was observed that EpCAM-positive 

target cells were captured on the filter but passed the structure after some time, possibly due to the 

constant flow over the filter and increasing pressure difference. Owing to the transparency of the 

two-armed filtration functional model (Figure 32B), the process could be observed in real-time and 

videos, or time serial images could be acquired by the microscope software. This enabled 

quantification of cells captured until the end of the filtration process and cells captured for a short 

time. Thus, small CTCs that could pass the filter after some time were detected and quantification 

efficiency was increased. Quantification was performed either based on an endpoint image or based 

on serial images acquired every minute (shown in Figure 39A) by using the cellSens software with 

additional manual cell counting named real-time manual in Figure 39B. In addition, a MATLAB 

based cell counting script was used for cell counting in the end-point image and the serial images 

(Figure 39C). Manual end-point counting resulted in a detection rate of 64 % ± 3 % whereas by 

manual real-time counting 84 % ± 4 % of the spiked cells could be detected. The MATLAB based 

end-point counting resulted in 57 % ± 14 % and real-time counting resulted in a detection rate of 

73 % ± 8 %. Although the MATLAB based tool performed better in separating and recognizing 

cell clusters, the determined call capture rate was lower than in the case of manual counting. Just 

as the microscope evaluation tool of the cellSens software, the MATLAB based counting was based 

on thresholding methods according to Otsu (89) for cell detection and segmentation. However, 

only the microscope evaluation tool allowed for manual correction of the cells not recognized due 

to changing signal to noise ratios during serial imaging. Therefore, the manual counting of cells in 

serial images was still more efficient. The MATLAB based tool needed further improvement. The 

challenges of correct cell detection resided in the heterogeneous background noise due to 

overlapping fluorescent spectra when samples were stained with different specific fluorescent dyes 

and highly different signal to noise ratios from experiment to experiment. Furthermore, the region 

of interest changed for each image series or video, cells could appear as clusters or air bubbles 

could be trapped on the filter.  
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Figure 39: Comparison of endpoint and real-time cell counting on the filter.  

A: serial images of HCT116 cells arriving on the filter. The colored squares mark cells that are not detected in the next 

frame. B: Cells were counted manually using the cellSens software after the filtration process and in serial images 

acquired every minute during the filtration process. C: Endpoint and real-time counting were performed automatically 

using a MATLAB based tool applied to the endpoint image and the serial images. Results are given as mean 

values ± SD of n=5. Different letters above the bars (a) indicate statistical significance with p < 0.5; (88). 

For complete automation of the cell detection process, machine learning tools were evaluated for 

real-time counting of the cells captured on the filter. This aimed at enabling integration of 

automated cell recognition and counting into the Vivalytic system. A Python based convolutional 

neural network was established and used for the detection and segmentation of cells in fluorescence 

microscopy images. The first steps were the same as in the standard microscope software: an ROI 

was identified, and the background was subtracted. Then, specialized algorithms e.g., for detecting 

star-convex polygons were adapted by using data available from literature for training of the 

networks. Each cell that appeared in the ROI was tagged and tracked throughout all frames of the 

video. Thereby, different situations were possible: an ‘enter’ when a cell appeared for the first time, 

an ‘exit’ when a cell passed through the filter, a ‘miss’ for a cell that was detected in some frames 

but not in others, and a ‘track’ for a cell that was recognized in all frames. This is schematically 

depicted in Figure 40. 
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Figure 40: Schematic overview of the object detection pipeline applied for cell tracking in videos of the filtration 

process. Each cell was tagged upon an ‘enter’ event and tracked until the ‘exit’. Cells that were tracked in several 

frames but not detected in one frame in between, were labeled as a ‘miss’.  

In this study, a method for automatic real-time detection and tracking of CTCs in sequences of 

fluorescent microscopy images was established. The qualitative performance of the algorithm was 

demonstrated on several experiments using the filtration functional model for CTC capture. The 

results are shown in Figure 41. In the videos of the cell filtration process, fluorescent target cells 

were detected and marked with a certain color (as shown in Figure 41A). The color for each cell 

was depicted in a diagram shown in Figure 41B and the location on the filter was plotted by their 

x,y-position. The period in which a cell was kept back on the filter was plotted on the z-axis and 

depicted as a colored line. The longer the colored line, the longer the period a cell was retained on 

the filter. For quantitative evaluation of the algorithm, the cell counts as determined by counting 

of the object in the last frame of a video versus counting the objects in real-time throughout the 

video were compared. By cell-tracking and real-time counting, between 5 % and 50 % more cells 

were detected than by counting the cells that were present on the filter in the last frame. On average, 

in the given example videos, only 70 % ± 20 % of the initially spiked cells were detected using the 

last frame, whereas 92 % ± 7 % of the cells were detected by tracking resulting in the detection of 

significantly more cells observed by real-time detection. The established method increased 

quantification precision compared to end-point detection of the cells on the filter.  
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Figure 41: Automated cell counting in images and videos.  

(A) Detection of cells captured and passing the filter in a video acquired during the filtration process using the 

fluorescence microscope. (B) Cell detections plotted by their x-y-positions as detected on the filter represented by the 

colored dots. The colored lines represent the time-resolved tracking/ number of frames in which a cell is detected (z-

axis). (C) Number of target cells present in the blood sample as detected by endpoint vs. real-time detection. The total 

number of spiked cells was set to 100 %. 

Taken together, the filtration set-up presented in this study provides a system for isolation and 

simultaneous counting of viable CTCs present in blood samples. Keeping in mind that the absolute 

number of CTCs in the bloodstream is important for therapy monitoring and that the phenotype of 

the CTCs (size, deformability) might change under therapy, this method improves reproducibility 

at each time point during serial assessment of the CTC count. 
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3.2.4.4. Leukocyte depletion for background reduction and increased sample purity  

Besides high capture efficiency, sample purity and depletion of non-target cells are often evaluated 

in CTC isolation methods, because the isolated cells can be used for further analysis on molecular 

level such as expression analysis or mutation detection. Thereby, high numbers of non-target cells 

such as leukocytes would decrease sensitivity. It was shown that the described filtration method 

was suitable for removal of lysed erythrocytes. Additionally, the leukocytes that could pass the 

filter during filtration were quantified to determine the proportion of leukocytes contaminating the 

fraction of CTCs captured. These leukocytes might influence further molecular analysis by 

lowering their sensitivity. Blood samples of 20 µL and 40 µL were first stained with anti-CD45-

PE and Hoechst33342 as described in chapter 2.2.2.3 for visualization of the leukocytes and 

afterwards the erythrocytes were selectively lysed. The samples were filtrated using the two-armed 

filtration functional model and the leukocytes captured were counted after filtration (as described 

in chapter 2.3.1.3). The leukocyte count of the samples was estimated from the average leukocyte 

count of a healthy adult (4,000/µL to 11,000/µL) resulting in about 150,000 leukocytes in 20 µL 

and about 300,000 in 40 µL blood. After filtration of 20 µL samples (n=2), 8,041 and 10,868 

leukocytes could be detected on the filter. After filtration of 40 µL blood (n=2), 18,535 and 25,960 

leukocytes were captured. This amounted to a depletion rate of 93 % ± 1.4 %. However, the sum 

of the leukocyte counted in the filter and in the waste did not add up to the expected leukocyte 

count that was assumed from the average number of 7500 leukocytes in one microliter of human 

blood. The number can however vary between 4000 and 11000 and the exact leukocyte count of 

the anonymized, voluntary donor was not known. Therefore, the value for the depletion rate must 

be considered as an approximate value. Figure 42 shows leukocytes of 40 µL blood stained with 

Hoechst33342 as detected on the filter after the filtration process. The leukocytes were captured 

separately on one pore per leukocyte but there were still empty pores available. During filtration, 

leukocytes passed the filter, and the filter was at no point during the filtration completely covered 

by leukocytes.  

 

A B 
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Figure 42: Leukocyte depletion by filtration of blood using the TEM-grid two-armed filtration functional model.  

Blood samples of 20 µL or 40 µL were treated with ELB and the resulting lysed blood sample was drawn over the 

filter at a flow rate of 2 µL/s. After two washing steps with 200 µL PBS, the number of leukocytes captured on the 

filter counted with the cellSens Dimension Count and Measure tool. A: leukocytes stained with Hoechst3342 captured 

on the filter. B: leukocyte capture and depletion rate after filtration of 20 µL and 40 µL blood. Experiments were 

performed in biological and technical replicates, n=2.  

Additionally, the leukocyte depletion rate was determined by RT-qPCR as described in chapter 

2.4.3.2. Therefore, the leukocytes captured on the filter, as well as the leukocytes in the waste 

fraction were lysed separately, and the lysates were used as template for RT-qPCR with GAPDH 

as target gene. These samples were compared to lysates from leukocytes included in 40 µL of 

blood. As shown in Figure 43, in the first experiment, a difference of 7 cycles was determined 

between the control (Ct 25.8) and the filter lysate (Ct 32.9). In the second experiment, 10 cycles 

were determined between the control (Ct 25.3) and the filter lysate (Ct 35.9). From the difference 

in the CT values, depletion rates of > 93 % were estimated.  

A 
B 
 

Sample Ct ∆Ct 
∆ log 

level 

Depletion 

[%] 

Control 1 25.8 
7 ± 2 

2.1 ~97 ± 2 

Filter 1 32.9   

Control 2 25.3 
10 ± 2 

3.2 ~98 ± 1 

Filter 2 35.9   
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Figure 43: Leukocyte depletion determined by RT-qPCR with the target GAPDH.  

Leukocyte lysates of 40 µL blood were used as control lysates for comparison to the lysates generated from the 

leukocytes captured on the filter. The reduction in the GAPDH amount was regarded as depletion rate given in %. (A) 

Ct values of GAPDH detected in the control lysates and the filter lysates with the increase in cycles. (B) Calculation 

of the depletion rate from the Ct difference of the control lysate and the filter lysate; 3.3 cycles difference represent a 

change of approximately one log-stage at 100 % of RT-qPCR efficiency.  

It was assumed that the filter was not clogged completely at any time of the filtration with the 

applied blood sample volume, due to microscopic evaluation of the pores on the filter. Furthermore, 

high depletion of leukocytes resulted in higher purity of the isolated CTC fraction and thus in a 

probable lower background for molecular analysis.   

3.2.4.5. ESEM analysis of the cells captured on the filter  

The TEM-grid was analyzed by ESEM after the filtration process of either cell lines HCT116 only 

or cell line spiked blood samples to better understand the process of cell capture on the filter. First, 

HCT116 cells in PBS were filtered using the two-armed filtration functional model (as described 

in chapter 2.3.1.3) and the filter was analyzed by ESEM afterwards without further preparation. 

Figure 44 shows the cells captured on the filter. The cells were either captured inside of the pores 

adhered to the surface or were captured on the surface of the pores. It was theorized that smaller 

and more deformable cells could pass the pore or got stuck inside it, while larger and less 

deformable cells were captured on the surface. 
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A

 

B 

 

Figure 44: ESEM analysis of HCT116 cells filtered using the two-armed filtration functional model. 

The filter was analyzed directly after filtration without fixation or drying. Images were acquired at A: 2,000 and B: 

1,500-fold magnification.  

Filtration of blood samples have shown that more than 93 % of the leukocytes pass the 

filter (Chapter 3.2.4.4). For better understanding of the target cell and leukocyte capture, a spiked 

blood sample was filtered using the two armed-filtration functional model and analyzed by ESEM. 

In this case, the cells captured on the filter were fixed, dehydrated, and dried prior to analysis to 

maintain the exact localization of the cells after filtration. The fixation solution was pumped 

through the filter using the syringe pump right after the sample was filtered without additional 

washing step. Due to this, not only the cells but also the remaining hemoglobin in the system was 

crosslinked and the filter was clogged instantly. Consequently, the cover foil of the two-armed 

filtration functional model was removed after the fixation step and the dehydration was performed 

by incubating the slide in the alcohol series according to chapter 2.2.2.3. As shown in Figure 45, 

cells were stuck in most of the pores while some cells were located on the surface of the filter or 

on top of pores.  
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Figure 45: ESEM analysis of blood spiked with HCT116 captured on the TEM-grid.  

After filtration, the cells were fixed with 2.5 % (v/v) glutaraldehyde and dehydrated in an ethanol series prior to air 

drying. Images were acquired at 1,014-fold and 2,000-fold magnification.  

Possibly, leukocytes that were deformable or small enough to pass the filter during the washing 

steps in the previous experiments as described in chapter 3.2.4.4 were retained inside the pores due 

to fixation without a washing step. Larger cells like the HCT116 cells or large leukocytes like 

monocytes, were captured on the surface of the filter. As shown in chapter 3.2.4.2, similar capture 

rates were determined for the HCT116 cell line and the patients’ CTCs. From these results, it was 

assumed that the CTCs would be captured on the surface of the filter as seen in Figure 45 for the 

HCT116 cells.  

3.3. Integration of the CTC detection method into the LoC 

The microfluidic unit operations and the filter element that were evaluated using the two-armed 

filtration functional models were integrated into the Vivalytic cartridge for an on-chip proof-of-

principle. First, the microfluidic transport of cells in the system was examined in general without 

isolation or capture of the cells to evaluate the influence of the shear stress on cell viability and 

channel geometry on cell recovery. In the next step, the filter element was integrated at a location 

suitable for optical detection using the fluorescence microscope after processing in the analyzer 

prototype. Hereby, the cell capture rate by the filter on the cartridge was determined. As a last step, 

the optical detection of the cells in the Vivalytic analyzer was evaluated to define requirements for 

an improved optical system.  
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3.3.1. Influence of the forces inside the microfluidic system on the cells 

The Vivalytic system was established for and is used for molecular diagnostic assays. Thus, the 

implemented unit operations were so far optimized for the microfluidic transport of nucleic acids 

containing liquids rather than for the transport and processing of intact human cells. Therefore, 

established protocols were evaluated in regard of the processibility of cells and the influence of the 

forces inside of the microfluidic network on the cells.  

Influence of the operating temperature on cell viability 

The operation temperature of the Vivalytic analyzer is specified to be at least 40 °C whenever the 

heaters are turned off. Human body temperature and optimal cell cultivation temperature is 37 °C. 

The CellTiter Glo assay was used to evaluate the HTC116 cell viability at 40 °C and to determine 

the time span in which the cells survive this elevated temperature. As shown in Figure 46, after 15, 

30 and 60 min at 40 °C viability decreased to 91 % ± 5 %, 87 % ± 7 % and 82 % ± 9 % 

respectively. However, in summary the elevated temperature had no significant influence on the 

cells. 

 

Figure 46: Viability of HCT116 cells after 15 min, 30 min and 60 min incubation at 40°C.  

Analyses were performed in triplicates; results are given as means ± SD of biological and technical triplicates. The 

letters above the bars (a) indicate that no statistical significance was determined, p < 0.5. 

  

 

  

  

  

  

   

      

 
 
 
  
  
  
  
  
  
 
  
  
   

 

                   

      

      



RESULTS 

91 
 

Influence of the material and forces in the microfluidic system on cell viability and recovery  

Fluid samples can be transported in the microfluidic system using different pump mechanisms and 

different paths on the cartridge. Two paths suitable for mixing of the suspension and transport of 

the cell line samples from the mix through the filter chamber back into the mix chamber were 

defined to evaluate the influence of the microfluidic transport itself without capture of the cells. 

The cell suspensions were circulated for 20 or 200 cycles at 1 Hz using the pump chamber P1 for 

a short path (Figure 47A) or pump chamber P1 and PCRmm2 for a long path (Figure 47B) on the 

cartridge to determine the influence on the cell viability and number. The protocol for the short 

path with 200 cycles was evaluated at 0.5 Hz, 1 Hz and 2 Hz.  

A  B  

Figure 47: Fluidic paths for transport of cells on the cartridge and evaluation of the influence on cell viability.  

(A) short path, (B) long path.  

To examine where the cells are retained in the system, stained cells were transported through the 

microfluidic channels using the long path and the cartridge was optically examined by fluorescence 

microscopy. Figure 48 shows microscopic images of different channels of the cartridge after the 

cell suspension was transported into the channels without subsequent washing of the channels. 
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Figure 48: CFSE stained HCT116 cells in the microfluidic channels of a Vivalytic cartridge.  

The different positions on the cartridge are visualized by the colored squares. Images were acquired at 25-fold 

magnification. 

It was observed that cells got stuck between the polycarbonate and the TPU membrane. This might 

lead to loss of target cells and was therefore quantified by transport of HCT116 cells using the 

different protocols described before and quantification of the cells extracted from the waste 

chamber after processing. A BT-474 suspension with a concentration of 2.3 x 105 ± 0.5 x 105 cells 

was transported on the cartridge. After 20 and 200 cycles in the long path at 1 Hz, only 59 % and 

40 % of the BT-474 cells could be recovered. Transport in the short path for 20 cycles and 1 Hz 

and 200 cycles at 2 Hz resulted in the highest recovery of 91 % and 93 %. After 200 cycles at 1 Hz 

and 0.5 Hz, 83 % of the BT-474 cells were recovered. In the case of the HCT116 cells, the highest 

cell recovery of 95 % and 97 % cells was achieved by the long and short path for 20 cycles at 1 Hz. 

The lowest recovery of 70 % and 77 % was achieved by the long path for 200 cycles at 1 Hz and 

short path for 200 cycles at 0.5 Hz. Probably because these were the two protocols with the longest 

residence time of the cells in the channels. At 1 Hz, 78 % and at 2 Hz 81 % of the cells were 

recovered. 
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A  

B  

Figure 49: Quantification of cells after microfluidic transport.  

A: BT-474 and B: HCT116 extracted from the waste chamber of the cartridge after processing using different 

microfluidic protocols. The results are given as means ± SD of biological and technical triplicates. 

The viability of the cells was assessed by trypan blue exclusion as described in chapter 2.2.2.2. An 

unprocessed cell suspension of the same cell line was used as viability control sample. The results 

are shown in Figure 50. The effect on cell viability was higher in the case of the BT-474 cells than 

in the case of the HCT116 cells. One reason could be the larger cell diameter of the BT-474 cells. 

The smaller HCT116 cells might be transported through the channels more easily and shear stress 

could be smaller. The impact on cell viability was higher when the short path was used, and 

viability further decreased with increasing cycle number and pump rate. Viability was best 
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preserved using the protocol for the long path and decreased by 10 % after the 20 cycles protocol 

and by 19 % after the 200 cycles protocol in case of the BT-474 cells and by 8 % and 17 % in case 

of the HCT116 cells. BT-474 cell viability was reduced by 21 % after 20 cycles at 1 Hz, by 25 % 

after 200 cycles at 1 Hz, by 19 % after 200 cycles at 0.5 Hz and by 31 % after 200 cycles at 2 Hz 

by the short paths, whereas HCT116 cell viability was reduced by 12 %, 24 %, 7,4 % and 28 % by 

the same protocols.  

A  

B  

Figure 50: Cell viability after on-chip processing using different paths, cycle numbers and pump rates.  

A: BT-474 cells, B: HCT116 cells. The results are given as means ± SD of biological and technical triplicates.  

In summary, recovery of both cell types was highest using the short paths. However, cell viability 

was best preserved using a long path at pump rate of 1 Hz or a short path at reduced pump rate 
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whereas the impairment on the viability was higher in case of the short paths with 1 Hz or 2 Hz 

pump rate. As cell viability is an important characteristic determined according to the maintrac® 

method, the paths that preserve cell viability were preferred to the paths with the highest recovery 

in terms of cell numbers. The latter might be optimized by passivation of the microfluidic channels 

or adaptation of the channel geometry to prevent cell loss.  

In the next step, different pump mechanisms possible for cell transport over the filter using long 

paths on the cartridge were compared in regard of their effect on the cell viability: the pump 

chamber pumping and peristaltic pumping using valves. The paths on the cartridge are shown in 

Figure 51. The path for the transport using the pump chamber above the filter is shown in Figure 

51A and Figure 51B shows the path for the peristaltic transport using valves or the transport by 

suction using the pump chamber beneath the filter. For determination of the effect on the cell 

viability, no filter was integrated into the cartridge. The cells were transported into the waste 

chamber from which an aliquot was analyzed by trypan blue exclusion as described in chapter 

2.2.2.2. Figure 51C shows the results of the viability determination.  
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A 

 

B 

 

C 

 

Figure 51: Determination of cell viability after transport of cells through the filter chamber on the cartridge without 

integrated filter.  

(A) shows the path for the transport by pumping using the pump chamber above the filter. (B) shows the paths for 

transport by peristaltic pumping and suction with the pump chamber beneath the filter. (C) shows the results for the 

viability determination by trypan blue exclusion. The results are given as means ± SD of biological and technical 

triplicates. The letters above the bars (a) indicate that no statistical significance was determined, p < 0.5. 

Active pumping using the pump chamber above the filter, and passive pumping by suction using 

the pump chamber beneath the filter had the lowest impact on cell viability. Whereas 95 % ± 3 % 

of the cells in the unprocessed control were viable, the cells after transport by pumping and suction 

showed a viability of 93 % ± 3 % and 94 % ± 2 %, which correspond to a reduction by 6 % ± 7 % 

and 5 % ± 8 %. Peristaltic pumping resulted in the highest reduction of cell viability to 87 % ± 6 %. 

Also, the standard deviation was the highest for the peristaltic transport using valves. Probably 

cells were damaged in between the flexible TPU membrane and the fluidic layer by actuation of 

the TPU at the valves. However, although there is a tendency towards higher cell damage by 
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peristaltic pumping, the changes in viability were not significant for all the evaluated fluidic 

programs.  

In summary, transport of the cells in the microfluidic environment was possible. By varying and 

adapting the pumping techniques, the paths and the flow rate applied the loss of cells and the 

influence on the cell viability could be reduced. The most favorable was the transport of the cells 

using the suction pumping via the pump chamber beneath the filter chamber.  

3.3.2. Cell capture by filtration in the microfluidic system (on-chip) 

The dimensions of the filter chamber fitted the dimensions of the TEM-grid used in the two-armed 

filtration functional models and was therefore also used for a proof-of-principle of cell filtration on 

the current Vivalytic cartridge without the need of major modifications of the design. The TPU 

was enlarged in the filter area to enable optical observation of the filter. A cartridge with an 

integrated TEM-grid is shown in Figure 52. In Figure 52A, an explosion image of the cartridge is 

shown for visualization of the integration location of the TEM-grid. An image of the TEM-grid 

mounted into the cartridge is shown in Figure 52B and C. In Figure 52D, the integrated TEM-grid 

is shown as observed by microscopy after complete assembly of the cartridge. Thus, the inlet 

channel disturbed the clear view on the TEM-grid which was not optimal for optical detection of 

the cells captured by on-chip filtration. However, this set up was used for a simple proof-of-

principle experiment and evaluation of the cartridge compatibility with cell processing.  

A

 

B 
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C 

 

D 

 

Figure 52: Vivalytic cartridge with enlarged TPU membrane and TEM-grid integrated into the filter chamber for a 

proof-of-principle experiment of cell filtration.  

(A) Exploded view drawing of the Vivalytic cartridge composed of different layers with the enlarged area in the TPU 

membrane and the location of the TEM-grid, (B) top view of the TEM-grid mounted into the cartridge, (C) image of 

the fluidic network of the cartridge with integrated TEM-grid, (D) microscopic image of the TEM-grid integrated to 

the cartridge, 10-fold magnification. 

A HCT116 cell suspension was transferred into the cartridge and transported onto the integrated 

TEM-grid using the Vivalytic analyzer. After filtration, the cartridge was removed and analyzed 

by fluorescence microscopy. Thereby, the filter was optically evaluated as well as the channels 

leading to the filter and the channel behind the filter to determine whether cells could pass the filter. 

As shown in Figure 53, cells were captured on the TEM-grid, and many cells could be detected in 

the inlet channel (Figure 53A) whereas only a few cells were detected behind the filter (Figure 

53C). Consequently, to ensure that all cells are transported onto the filter, one or more washing 

steps with 1 x PBS/1 % (w/v) BSA/1 mM EDTA were included into the on-chip protocol. 

A

 

B

 

C

 

Figure 53: CFSE stained HCT116 cells filtered on-chip.  

A: channels in front of the filter, B: Cells captured on the filter, C: channels behind the filter. 2.5-fold magnification, 

200 ms illumination. 

For quantitative evaluation of the on-chip filtration, HCT116 cell suspensions with defined cell 

numbers were transferred into the sample chamber of the Vivalytic cartridge and processed using 

TEM-grid 
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the Vivalytic analyzer prototype. First, the sample was introduced from the sample chamber and 

transported onto the filter by peristaltic pumping. After the first cycle of pumping until the sample 

chamber was emptied, only 18 % ± 11 % of the cells were detected on the filter (Figure 54). The 

sample chamber design contained a ledge at which cells could get stuck. This could be prevented 

by back flushing or by active resuspension of the cells via pipetting. Therefore, one volume of PBS 

was pipetted into the sample chamber and the remaining cells were resuspended prior to a second 

round of pumping that resulted in detection of 34 % ± 9 % of the cells. The resuspension step was 

repeated and resulted in a 39 % ± 11 % recovery rate. 43 % ± 10 % of the cells were retained in the 

sample chamber despite washing. The missing 18 % ± 20 % of the cells could not be detected and 

passed the filter or were retained inside the channels leading to the filter.  

 

Figure 54: Cell capture on the TEM-grid integrated into the Vivalytic cartridge. After the first cycle of cell transport 

from the sample chamber onto the filter and after two washing steps as determined by fluorescence microscopy 

detection and manual counting. Additionally, the number of the residual cells in the sample chamber was determined.  

To prevent the loss of cells at the ledge of the sample chamber, the cell suspension was transferred 

to a reagent chamber (R13) above the sample chamber without ledge, for microfluidic transport 

onto the filter. Different microfluidic programs, pump mechanisms and paths were compared 

regarding the cell capture rate on the TEM-grid: Peristaltic pumping, pump chamber pumping, and 

suction pumping. As shown in  

Figure 55, peristaltic pumping and suction pumping resulted in the highest cell capture rates of 

55 % ± 17 % and 55 % ± 7 %, whereas pumping resulted in a capture rate of 34 % ± 8 %. In total, 

the maximal capture rate achieved after transport of the cell suspension from the reagent chamber 
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R13 instead of the sample chamber was higher indicating that less cells remained in the chamber 

R13 than in the sample chamber. This supported the assumption that the ledge in the sample 

chamber could be a reason for cell loss.  

 

Figure 55: Number of cells captured on the TEM-grid integrated into the Vivalytic cartridge.  

After one cycle of transport from the reagent chamber onto the filter, one washing step, and residual cells in the 

reagent chamber as determined by fluorescence microscopy detection with manual counting. Results are given as 

mean values ±SD of three individual experiments.  

In summary, cell capture rates on the Vivalytic cartridge adapted for cell detection were lower and 

the variations were higher than the capture rates achieved using the two-armed filtration functional 

model. A major reason could be the limited view onto the filter on the cartridge due to the channel 

leading to the filter chamber. Approximately one third of the TEM-grid was covered by the 

channel. Furthermore, the cartridge needed to be removed from the analyzer prototype for optical 

evaluation using the fluorescence microscope. Due to this, the TPU membrane of the cartridge was 

relaxed, and all chambers and valves were opened leading to dispersion of the sample into the 

surrounding channels.  

3.3.3. Optical cell detection using the Vivalytic analyzer  

Differentiation of CTCs from leukocytes and evaluation of the cells regarding viability, integrity 

and target antigen expression was evaluated by fluorescence cytochemistry. A cell-detection 

system requires a light source for excitation, respective filters for the desired fluorescent dyes and 

a detection system, such as a camera. All these components were already integrated into the 

Vivalytic analyzer. However, the system was established for fluorescence readout of qPCR assays 

via intensity measurement using a whole chamber on the cartridge. In this study, the possibility to 
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detect stained cells in the existing system was evaluated and characterized using model samples. 

Therefore, cells were transferred into a cell counting slide (Olympus, Shinjuku, Japan) that was 

placed on a 3D printed slide holder with the shape of a Vivalytic cartridge. This enabled placing 

the cell counting slide in the field of view of the Vivalytic analyzer (see Figure 56). 

 

Figure 56: 3D printed cartridge used as a cell counting slide holder for optical analysis of stained cells in the Vivalytic 

analyzer. 

Different fluorescent dyes enabling the detection of CTCs within a blood sample were evaluated 

regarding their detectability with the Vivalytic analyzer: Hoechst33342, CFSE, EpCAM-FITC, 

EPCAM-APC and PI. The dyes, their extinction and emission wavelengths and the results obtained 

for the stained cells are shown in Table 28. The detection of Hoechst33342 stained cells was not 

possible as the Vivalytic analyzer had no UV-light excitation source. The most distinct and 

brightest detection was possible for CFSE despite the short illumination time. Dead cells could be 

detected successfully by PI staining. EpCAM could be detected using FITC labeled antibodies only 

with very weak fluorescence. However, staining with and detection of EpCAM-APC was possible.  

 

 

Table 28: Cells stained with different fluorescent dyes detected using the Vivalytic analyzer and VPhotoStar control 

software. 

Fluorescent dye Extinction

/Emission 

[nm] 

Characteristic 

detected 

Image Analyzer 

compatible 
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Hoechst33342 361/497 Nucleus n.d.* No UV-light 

excitation 

possible 

CFSE 494/521 Viable cells 

 

50 ms 

yes 

EpCAM-FITC 490/525 EpCAM-positive 

 

1950 ms 

partly 

Propidium 

iodide 

535/617 Dead cells 

 

100 ms 

yes 

EpCAM-APC 594/633 EpCAM-positive 

 

1500 ms 

yes 

*n.d.: not detectable 

The cell dyes CFSE and PI were very well detectable using the Vivalytic system. The cells were 

visible as distinct light dots. It was not possible to differentiate between single cells and cell 

clusters, but it was assumed that brighter and larger dots resulted from cell clusters. The cells 

stained with labeled antibodies were harder to detect and higher illumination time was required 
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resulting in higher background fluorescence. Finally, cells stained with EpCAM-APC could be 

detected better than cells stained with EpCAM-FITC.  

As a result, the most suitable staining strategy for CTC detection using the Vivalytic analyzer for 

detection of viable, EpCAM-positive cells and distinction from dead and/orEpCAM-negative cells 

such as leukocytes was to detect EpCAM positive cells via EpCAM-APC and viable cells by CFSE. 

For the detection of dead cells, PI can be used. To additionally detect the nucleus after 

Hoechst33342 staining, an adaptation of the light source will be necessary.  

To determine which cells could be detected either as individual cells or cell clusters, optical 

detection of CFSE stained HCT116 cells captured on the TEM-grid using the fluorescence 

microscope (Figure 57A and B) and the optical system of the Vivalytic analyzer (Figure 57C) were 

compared by imaging the exact same TEM-grid.  

 

 

Figure 57: HCT116 cells stained with CFSE and captured on a TEM-grid. 

As detected by the fluorescence microscope Olympus BX61 (100 ms illumination) at 200-fold and 25-fold 

magnification and the Vivalytic analyzer (100 ms illumination). 

Using the fluorescence microscopical image (Figure 57B), the distances between the cells on the 

TEM-grid could be measured to determine the minimal distance in which the cells were recognized 

as single cells in the Vivalytic analyzer. Cells with distances of more than 60 µm (as determined 

in Figure 57B) could be recognized as single cells and counted. Cell cluster with distances below 

60 µm were recognized as one light spot.  

3.4. Molecular characterization of the cells captured on the filter 

For characterization of the cells captured on the filter element on molecular level, different 

possibilities to extract nucleic acids were evaluated. All experiments were performed off-chip but 

were incrementally adapted to on-chip conditions for a proof-of-principle experiment. Cell lysates 

A B C 
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prepared in a sample tube were used as a reference and compared to lysates obtained from lysis on 

the TEM-grid directly as templates in singleplex and multiplex RT-qPCR. Furthermore, the 

performance of liquid reagents (master mixes, primer-probe-mixes) were used as baseline and 

compared to the performance of lyophilized master mixes and airdried primer-probe mixes.  

 

RNA extraction from blood and evaluation of the influence of storage on RNA quality 

Patient blood was used for RNA extraction for expression analysis. As the samples were 

transported from the UKT in approximately 2 h at room temperature (RT), the influence of storage 

at RT in comparison to storage at 4 °C on RNA integrity was evaluated as described in chapter 

2.4.1.2. 

 

Figure 58: Determination of the RNA integrity after extraction from whole blood. 

Using the Bioanalyzer (Agilent Technologies, Santa Clara, USA), RNA integrity was assessed within 2 h after sample 

taking and transport at RT, and after 24 h and 48 h storage at RT and 4 °C. RIN: relative integrity number. A RIN of 

> 6 was regarded as sufficient.  

As shown in Figure 58, blood sample storage of 2 h at RT resulted in a RIN of 7.6 used as reference 

value. Storage of 24 h at RT, resulting in a RIN of 7.2, was superior to storage at 4 °C resulting in 

a RIN of 6.6. After storage for two days, RNA integrity was not maintained. The highest RIN and 

most distinct 18S and 28S band in the electropherogram were determined on the same day of 

sampling, after 2 h. Consequently, the patient blood could be used for RNA extraction at the same 

day or at maximum one day after sample taking and storage at RT.  
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3.4.1. Correlation of EpCAM staining to EpCAM and mesenchymal marker expression 

Epithelial marker EpCAM and mesenchymal markers Snail and Twist were analyzed in patient 

samples by expression analysis using relative quantification as described in chapter 2.4.3.1. The 

results of the expression analysis were correlated to the EpCAM cell count determined by the 

maintrac® method (described in chapter 3.1) and to the disease progression as observed in the 

clinical examinations. The clinical data was kindly provided by the UKT. Evaluation focused 

especially on the hypothesis that in case of detection of none or only few EpCAM-positive CTCs, 

the expression of EpCAM was downregulated and in contrast the expression of Snail and Twist 

could be upregulated indicating the presence of EMT cells. 

As shown Figure 59, the EpCAM cell count of patient BO-645 observed by the maintrac® method 

showed an increase from 7 CTCs blood to 9 CTCs per 20 µL from the first to the second sampling 

time point and afterwards a constant decrease (7 CTCs in the third sample, 5 CTCs in the fourth 

sample per 20 µL blood). The EpCAM expression on molecular basis also showed a similar trend. 

First, EpCAM expression increased 6-fold between the first and second sampling. Then expression 

decreased to 0.6-fold and 0-fold compared to the baseline expression before therapy. At the same 

time, Snail expression increased from time point two (0.7-fold) to time point three (5-fold), 

showing an opposite trend than the EpCAM expression and number of EpCAM positive cells. 

Twist expression decreased constantly under therapy and was below the baseline expression at all 

following sampling time points. In contrast to the decreasing number of EpCAM-positive cells, the 

clinic reported progress after the fourth sample time point. A plausible reason for the contrary 

course of the EpCAM-cells and the clinical observations could be the EMT of the CTCs and 

therefore the failed detection by using EpCAM-antibodies. 
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Figure 59: CTC count course and gene expression results of patient BO-645. 

The numbers behind the patient pseudonym represent the sampling time point. Sample 1 was taken before therapy, the 

following samples in intervals of 3-4 weeks. The y-axis on the left side represents the expression fold change and the 

y-axis on the right side represents the number of EpCAM-positive cells as determined by the maintrac® method using 

fluorescence microscopy.  

The EpCAM cell count of patient BO-408 (Figure 60) determined by the maintrac® method 

decreased from 7 CTCs to 2 CTCs per 20 µl blood after the first month of therapy and then 

increased to 25 and 24 CTCs at the third and fourth sampling time point. EpCAM and Snail 

expression levels were below the baseline expression at time point two and three and increased at 

time point 4. EpCAM expression level showed a 1.2-fold increase, Snail showed a 2.5-fold 

increase. Twist expression increased to 12-fold at time point three and 5-fold at the timepoint  four 

compared to the baseline value before therapy. Comparing this to the clinical observations, a 

correlation of the EpCAM-positive CTC count, increased Twist expression and the disease 

progression could be observed. Progress was detected by computed tomography at the third 

sampling time point (marked by the yellow arrow in Figure 60). Consequently, the therapy was 

changed. No following CTC count course could be determined after change of therapy because no 

further blood samples were taken. Nevertheless, another progress was observed by computed 

tomography two months later indicating lack of effect of the adapted medication. On RNA level, 

EpCAM expression did not correlate to the detection of EpCAM surface antigen by 

immunofluorescence.  
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Figure 60: CTC count course and gene expression results of patient BO-408. 

The numbers behind the patient pseudonym represent the sampling time point. Sample 1 was taken before therapy, the 

following samples in intervals of 3-4 weeks. The y-axis on the left side represents the expression fold change and the 

y-axis on the right side represents the number of EpCAM-positive cells as determined by the maintrac® method using 

fluorescence microscopy.  

In summary, it was observed that the CTC count as determined via the maintrac® method might 

correlate to disease progression as shown in three individual patients (see Figure 17). Furthermore, 

the overexpression of the mesenchymal markers Snail and Twist could also indicate a change in 

therapy success when only few or no EpCAM positive cells could be determined by 

immunofluorescence as observed for patient BO-645-3. For a definitive conclusion and correlation 

of observed EpCAM positive cells and RNA markers to therapy success more patient samples need 

to be analyzed to define changes in CTC count courses or expression patterns that indicate clear 

clinical relevance.  

 

3.4.2. Evaluation of direct cell lysis and usage of cell lysates as template in RT-qPCR 

For analysis of low abundance targets, such as mRNA transcripts in CTCs in a blood sample, a 

highly efficient RNA extraction method with a low number of steps, was essential to minimize 

RNA loss. Therefore, a method was established that enables reverse transcription (RT) to be 

performed directly on the crude cell lysates. Moreover, the filter chamber on the Vivalytic cartridge 

was used for integration of the TEM-grid for CTC capture (as shown in Figure 52) in the proof-of-

principle experiments. Several lysis solutions were evaluated in regard of detection efficiency, 

RNA stability, reproducibility, and LoC integrability.  
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Firstly, different cell lysis buffers (as listed in Table 3) were evaluated regarding their ability to lyse 

6 x 106 HCT116 cells for release of nucleic acids, especially RNA. Using EpCAM standard curves 

ranging from 106 to 102 copies/µL for absolute quantification, the number of EpCAM copies that 

were detectable in the cell lysates were determined. The PCR products were evaluated by agarose 

gel electrophoresis for detection of unspecific bands.  

The highest copy number was detected in the lysate generated by LB04 containing Triton-X and 

BSA and the PCR product was pure without unspecific amplification. Thus, LB04 was used for all 

further experiments. 

In the next step, two possibilities for off-chip lysate generation for determination of RT-qPCR 

efficiency using a dilution series were evaluated (see Figure 61A).  

First, an approach compatible with on-chip conditions was examined: cell suspensions were first 

diluted in PBS or cell culture medium, the suspensions were centrifuged, and the obtained pellets 

were lysed with equal amounts of lysis buffer. The results of the RT-qPCR with the cell lysates 

generated by this method are shown in Figure 61B. Detection of Twist and Snail was not possible 

in the lysates of the cell dilutions containing 103 and 102 cells. EpCAM and GAPDH were detected 

in the lysates of all cell dilutions. However, PCR efficiencies of EpCAM, Twist, and Snail were 

only at about 70 %. The PCR efficiency of GAPDH was at 75 %. Thus, the PCR with the lysates 

from the cell dilutions were not sufficiently efficient. One reason could be that the cell lysates 

generated from the different cell dilutions all contained lysis buffer and contaminants as well as 

inhibitors were not diluted before entering the RT-qPCR.  

Alternatively, to find out whether cell debris was the reason for the PCR inhibition, the cell 

suspension of the starting cell concentration of 106 cells was lysed with LB04, the obtained lysate 

was centrifuged to sediment the cell components and the supernatant was serially diluted in LB04 

(results in Figure 61C). In this case, all targets were detected in each dilution. Furthermore, the 

targets were detected at lower Ct values than by the previously described method and PCR 

efficiencies of EpCAM, GAPDH and Twist were in the desired range between 90 % and 110 % 

(EpCAM 102 %, GAPDH 103 %, Twist 110 %). Only Snail PCR efficiency was at 89 % and thus 

only slightly below the desired range of 90 % to 110 %. An explanation for the higher efficiency 

and lower limit of detection of this method could the dilution of the cell lysate containing 106 cells 
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initially to generate the following dilutions after centrifugation. Not only the RNA contained in the 

lysates but also the cell components released, the contaminants and inhibitors were serially diluted. 

Thus, the PCR inhibiting effect was assumed to result from the cell components rather than from 

the lysis buffer itself, as the content of lysis buffer was the same for all experiments and cell lysates.  

A 

 

B

 

C 

 

Figure 61: Possibilities for the generation of cell lysates for usage as templates in RT-qPCR.  

In (A), the different possibilities to generate cell lysates are depicted. Cell suspensions were either first diluted and the 

dilutions were lysed by LB04 and directly analyzed by RT-qPCR (B), or the cell suspension was lysed, and the lysate 

was serially diluted before analysis by RT-qPCR (C).  

In conclusion, the cells isolated from blood and lysed after optical detection needed to be diluted 

for further molecular analysis to maintain high PCR efficiency. 
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3.4.3. Maximal tolerance of leukocyte background in cell lysates 

As the method of choice for CTC isolation using a filtration unit aimed at maximal CTC capture 

efficiency rather than maximal leukocyte depletion and purity, it was assumed that many 

leukocytes might be retained on the filter. Therefore, it was determined whether the leukocytes 

inhibit the RT-qPCR and how much background leukocyte RNA in the lysates is tolerated by the 

assay. Same numbers of HCT116 cells (104) were mixed with leukocytes obtained from 1 mL of 

blood after erythrocyte lysis. Different leukocyte dilutions from 1:10 to 1:100,000 were used. As 

shown in Figure 62, the Ct values of EpCAM, Snail, Twist and GAPDH remained about the same 

for the samples containing leukocytes dilutions 1:1,000; 1:10,000 and 1:100,000 and increased in 

case of the samples containing the 1:100 and 1:10 dilutions. This led to the assumption that the RT-

qPCR was reproducible only after dilution of at least 1:1,000 which corresponds to a blood sample 

volume of 1 µL (based on an input blood volume of 1 mL).  

 

Figure 62: Ct values of the RT-qPCR with lysates of 104 HCT116 cells mixed with different leukocyte dilutions 

obtained from a blood sample of 1 mL after erythrocyte lysis.  

Thus, when 100 µL blood were applied in the filtration for CTC isolation, about 99 % of the 

leukocytes needed to be depleted for efficient RT-qPCR. As shown in Figure 42 and Figure 43, 
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> 95 % of the leukocytes could be depleted by filtration with one washing step. For further, 

sufficient background reduction, the depletion rate could be increased by additional washing steps. 

However, in this case it must be assured that no target cells are lost.  

3.4.4. Cell lysis on the filter 

As a LoC compatible possibility, the cell suspension was transported through the filtration 

functional model as described in chapter 2.3.1.3 and the captured cells were lysed on the filter 

directly for subsequent RT-qPCR with cell lysates.  

Therefore, HCT116 cell suspensions with defined cell numbers of 104, 103, and 102 cells were lysed 

in a sample tube as references. The same cell suspensions were filtrated using the filtration 

functional model. For lysis of the captured cells on the filter in direct comparison to the lysis in the 

sample tube, the lysis buffer was filled into the syringe connected to the syringe pump and 

transferred into the filtration functional model from the outlet site. The lysis buffer was incubated 

on the filter for 10 min, the lysate was collected in the pipette tip (shown in Figure 30) and 

transferred to a sample tube for DNase digest and application as template in RT-qPCR. The results 

of the RT-qPCR are shown in Figure 63A to C. The copy numbers of EpCAM Twist and Snail 

determined in the direct lysates were regarded as control and were compared to the copy number 

determined after cell lysis on the filter.  

As shown in Figure 63, EpCAM could be detected in all cell dilutions analyzed from both lysates 

(lysis in the sample tube vs. filter lysates). Twist and Snail could only be detected in all cell 

dilutions of the sample tube lysate. The detection of Twist and Snail was not possible in the filter 

lysates of 102 cells. Higher copy numbers were detected using the cell lysates generated in the 

sample tube in all cases. Whereas in the lysates from the sample tube, 1.6x107 copies, 1.0x106 

copies and 1.0x105 copies of EpCAM were detected in 104 cells, 103 cells and 102 cells, if 1000 

copies can be detected per cell. In the filter lysates only 2.0x106 copies, 1.0x105 copies and 2.0x102 

copies of EpCAM were detected in the lysates from filtration of the same initial cell numbers. In 

the case of Twist, 4.0x104 copies, 2.0x103 copies and 2.0x102 copies were detected in the sample 

tube lysates of 104,103 and 102 cells. In the filter lysates only 8.0x103 and 2.0x103 copies were 

detected in the samples of initially 10 4 and 103 cells. Detection of Snail and Twist was not possible 

at all in the filter lysates of initially 102 cells (Ct values were higher than 40). This indicates, besides 

the loss of cells (around 40 % as determined in the experiments described in chapter 3.2.4.2) a 
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RNA loss could be observed using the cell lysates generated on the filter. A reason for the loss of 

RNA could be an incomplete lysis of the cells on the filter as observed by optical evaluation of the 

filter by fluorescence microscopy right after lysis of the cells.  

A

 

B 

 

C

 

D 

 

Figure 63: (A) EpCAM, (B) Twist and (C) Snail copy number determined in HCT116 lysates by RT-qPCR.  

Crude lysates were used as templates and were prepared either by lysis of the cells in a sample tube (= direct) or after 

capture on the filter (= filter). HCT116 cell numbers of 104,103 and 102 were used. D: CFSE stained HCT116 cells and 

CD45-PE-stained leukocytes captured on the filter shown before lysis and after lysis on the filter.  

Regarding the CTC numbers in patient samples (as described in chapter 3.1) this led to the 

assumption that patient samples containing more than 103, preferably more than 104 CTCs per mL 

blood would be applicable for expression analysis. Then, during filtration of 100 µL to 200 µL 

blood, more than 102 cells were expected. As cells needed to be filtrated for optical detection and 

counting first, and lysis for molecular analysis is performed afterwards one possibility would be to 

add a higher sample volume to the set-up to capture enough cells for molecular analysis. However, 
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the filtration capacity of the higher volume needs to be evaluated. Consequently, patient samples 

containing only 102 cells or less cannot be efficiently analyzed on-chip at this moment without 

significant increase of either sample volume, cell capture rate or assay sensitivity.  

3.4.4.1. Increase of sensitivity by nested RT-qPCR 

One possibility to increase RT-qPCR sensitivity could be provided by the technique of nested RT-

qPCR. Hereby, a second primer pair (outer primer pair, see Table 8) was applied in an additional 

amplification step before the actual qPCR. The additional primer pair was used for specific 

preamplification of a larger fragment than the primer pair used for quantification of the targets 

EpCAM, Snail and Twist. Conventional RT-qPCR as described in chapter 2.4.3 was compared to 

nested RT-qPCR using cell lysates of 104, 103, 102 and 101 HCT116 cells. As shown in chapter 

3.4.4.1, in the conventional RT-qPCR, EpCAM could not be detected in the cell lysate of 101 cells, 

and Snail as well as Twist could not be detected in the cell lysates of 101 and 102 HCT116 cells. In 

the nested RT-qPCR all targets could be detected in the lysates of down to 101 HCT116 cells. 

Sensitivity was significantly increased by the preamplification phase with an outer primer pair. The 

benefit of the nested RT-qPCR needs to be further evaluated using patient samples. In this context 

it would require the storage of additional reagents, primers, probes, and master mix components 

on the cartridge. In addition, two rounds of PCR would need to be performed, increasing the time 

to result.  
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Figure 64: Comparison of conventional and nested RT-qPCR using cell lysates of 104, 103, 102 and 101 HCT116 cells 

as templates.  

3.4.5. Establishment of RT-qPCR protocols for LoC integration 

The current cartridge design provided two individual PCR strands. These could be used to detect 

one target in each PCR strand as singleplex approach. Alternatively, for detection of more than two 

targets, such as EpCAM, GAPDH, Snail and Twist, the reactions needed to be implemented as 

multiplex approaches. Furthermore, all components needed to be stable during long-term storage 

of one year on the cartridge at RT. Therefore, the stability of the PCR components after 

lyophilization or air-drying was assessed. 

3.4.5.1. Establishment of duplex and multiplex RT-qPCR protocols 

In a first step, detection of the targets Twist, Snail and EpCAM in duplex reactions in comparison 

to singleplex reactions were evaluated. Dilutions of HCT116 cell RNA (100 ng to 0.01 ng) were 

used as templates and singleplex as well as duplex RT-qPCRs were performed. In summary, all the 

Ct values were 0.3 to 1.6 cycles higher in the multiplex approaches. This results in a higher LOD, 

and low abundancy targets were better detected in singleplex reactions. However, all 

targets (except Snail in the sample containing 0.01 ng RNA in the multiplex approach) could be 
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detected both in singleplex and duplex reactions with high efficiency in the acceptable range 

between 90 % and 110 %.  

Consequently, combination of EpCAM, GAPDH and Twist or EpCAM, GAPDH and Snail in 

triplex reactions was evaluated. For multiplex RT-qPCR, different primer concentration 

combinations were examined as the targets might differ in abundance. It was assumed that EpCAM 

and GAPDH were highly abundant in the HCT116 cells, and that Twist abundance was lower. 

Therefore, the primer concentrations were varied: EpCAM and GAPDH primers were applied in a 

final concentration of 150 nM and Snail and Twist primers were applied in final concentrations of 

300 nM (referred to as medium for medium abundance targets) and 900 nM (referred to as low for 

low abundance targets). The results are plotted in Figure 65. In Figure 65A, the results of EpCAM 

detection in either singleplex or triplex approach show maximal Ct differences of 0.8 cycles for the 

lowest template RNA concentration of 0.01 ng. GAPDH was not detected in the triplex approaches 

containing 100 ng template RNA. In all other approaches GAPDH could be detected with a 

maximum difference in Ct values of 0.9 cycles between the singleplex and the triplex approaches. 

The differences in Ct values of Snail and Twist were higher, ranging between 1.0 and 1.6 cycles 

for template RNA amounts of 1 ng to 100 ng and between 1.4 and 2.7 cycles difference for template 

RNA amounts of 0.01 ng and 0.1 ng. The Snail transcripts in the singleplex sample containing 0.01 

ng of HCT116 RNA and Snail primer in a final concentration of 900 nM could not be detected at 

all.  
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B  

C  

D  

Figure 65: Multiplex RT-qPCR with different primer and target concentration combinations. 

Different concentration of primers for multiplexing for RT-qPCR with template concentration ranging from 0.01 ng to 

100 ng of HCT116 RNA were examined as the targets differed in abundance. A: EpCAM, B: GAPDH, C: Twist, D: 

Snail were analyzed to determine the PCR efficiencies using the different primer concentrations.  

In summary, detecting all desired targets was possible in multiplex approaches, and sensitivity was 

only decreased compared to singleplex approaches when template concentrations were very low. 
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However, by varying primer concentration combinations, the efficiency of the multiplex RT-qPCR 

could be optimized to reach the desired ranges between 90 % and 110 %.  

3.4.5.2. Evaluation of long-term stability of RT-qPCR components 

Application and long-term storage of liquid mastermixes as used in conventional molecular 

diagnostic assays is not possible in the LoC system. However, PCR master mixes can be stored on-

chip in the PCR chamber as lyophilized beads. Therefore, RT-qPCR using lyophilized master mix 

beads in comparison to the liquid mix (described in chapter 2.4.3.4) was evaluated. Two different 

master mix lyophilizates were analyzed and compared to the liquid Luna® Universal Probe One-

Step RT-qPCR (New England Biolabs, Ipswich, USA): the CIRRUS Strips RNA (Fluorogenics, 

Salisbury, UK) and the SCRIPT RT-qPCR ProbesMaster Lyophilisate (Jena Bioscience, Jena, 

Germany). As shown in the exemplary standard curves in Figure 66, the best result regarding the 

correlation coefficient of R2=0.9985 was obtained using the liquid mix Luna® Universal Probe 

One-Step RT-qPCR (New England Biolabs, Ipswich, USA). The PCR efficiency as calculated from 

the linear regression using Equation 7 to Equation 9 resulted in 91 %. Using the SCRIPT RT-qPCR 

ProbesMaster Lyophilisate (Jena Bioscience, Jena, Germany), an efficiency of 108 % and a 

correlation coefficient of R2=0.9590 were achieved and all copy number concentrations could be 

detected. The RT-qPCR efficiency with the CIRRUS Strips RNA (Fluorogenics, Salisbury, UK) 

resulted in 172 % with a correlation coefficient of R2=0.9639. This artificially increased efficiency 

could indicate presence polymerase activators that lead to faster amplification and higher efficiency 

but are too diluted in the reaction with the lowest copy number of 102 copies/µL. The latter could 

not be detected with the CIRRUS Strips mix. It was assumed that the CIRRUS Strip mix was more 

sensitive to the presence of activators leading to falsified results. As the lowest copy number could 

not be detected and the efficiency was outside the desired range of 90 % to 110 %, this lyophilizate 

was not further applied for RT-qPCR experiments. In turn, the SCRIPT RT-qPCR ProbesMaster 

Lyophilisate (Jena Bioscience, Jena, Germany) was preferred as it was suitable to detect all copy 

numbers analyzed and the efficiency was within the desired range. 
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A 

 

Figure 66: (A): Exemplary EpCAM standard curves. 

For comparison of the Luna® Universal Probe One-Step RT-qPCR (New England Biolabs, Ipswich, USA) and the 

lyophilized RT-qPCR beads CIRRUS Strips RNA (Fluorogenics, Salisbury, UK) and SCRIPT RT-qPCR 

ProbesMaster Lyophilisate (Jena Bioscience, Jena, Germany).  

Due to the higher efficiency and successful detection of all copy number concentrations, SCRIPT 

RT-qPCR ProbesMaster Lyophilisate (Jena Bioscience, Jena, Germany) was preferred as 

lyophilized master mix for further experiments. The SCRIPT RT-qPCR ProbesMaster 

Lyophilisate (Jena Bioscience, Jena, Germany) and the Luna® Universal Probe One-Step RT-

qPCR (New England Biolabs, Ipswich, USA) not only resulted in comparable results regarding 

PCR efficiency and linearity but also required similar PCR temperature and time protocols 

resulting in 65 min and 77 min duration in total. The temperature protocol of CIRRUS Strips RNA 

(Fluorogenics, Salisbury, UK) was shorter in time (47 min in total), especially in case of the reverse 

transcription step (2 min instead of 10 min).  

Besides lyophilized master mix beads, also primers and probes needed to be stored in a dry form 

on the cartridge at RT. Therefore, the possibility to airdry primers and probes and store the 

components at room temperature for 3 h or 24 h to determine whether the oligonucleotides 

maintain their function was investigated. In addition, storage for 21 d and 42 d was evaluated (as 

described in chapter 2.4.3.5) at RT and 55 °C for accelerated storage stability testing. According 

to Equation 10 to Equation 12, storage at 55 °C for 21 d and 42 d corresponds to an expected 

storage stability and functionality for 185.3 d and 370,6 d. After the respective time of storage, the 

dried primers and probes were applied in both singleplex and multiplex RT-qPCR. Air-drying of 

primers and short-term storage for up to 24 h at RT had no adverse effect on RT-qPCR.  
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After storage of the oligonucleotides at RT and 55 °C for 21 d and 42 d, multiplex RT-qPCR with 

the SCRIPT RT-qPCR ProbesMaster Lyophilisate (Jena Bioscience, Jena, Germany) was 

performed in comparison to a multiplex one-step RT-qPCR with lyophilized master mix and liquid 

oligonucleotides. As presented in Figure 67, the resulting Ct values obtained from the reactions with 

the air-dried primer mixes and lyophilized mastermix beads were comparable or even lower for 

GAPDH, EpCAM and Twist. Solely in the Snail analysis, the Ct values slightly increased in the 

reactions with the mastermix components dried at RT and 100 ng, 10 ng and 1 ng RNA indicating 

lower PCR efficiency. However, Snail was still detectable in all approaches and Ct values only 

differed by one cycle at maximum. The difference in Ct values was even lower using the 

components that were stored at 55 °C indicating that quicker drying might be favorable for the 

primer and probe stability during storage.  

  

Figure 67: Results of multiplex RT-qPCR with air-dried primers and probes. 

Primers and probes with 33.3 mM trehalose as additive stored at RT and 55 °C for 21 d for detection of GAPDH, 

EpCAM, Twist and Snail. Results are given as means ± SD of biological and technical triplicates.  

In conclusion, the results presented, describe the establishment and evaluation of a one-step 

multiplex TaqMan®RT-qPCR assay for the comparison of EpCAM expression and EMT-related 

expression of Snail and Twist. The protocols were established and adapted for integration into the 
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LoC system and were evaluated in a proof-of-principle using LoC compatible off-chip approaches. 

The targets selected in this assay can be adapted and expanded to further epithelial, mesenchymal, 

or diagnostically relevant targets. 
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4. Discussion 

Cancer therapy monitoring by liquid biopsy harbors several advantages. Besides being less 

invasive than tissue biopsy and easier to assess in regular and short time intervals, a more global 

insight into cancer progression can be acquired as liquid biopsy is not limited to one tumor sight in 

the body (90).  

In this study, an established method for detection of epithelial CTCs was reproduced with model 

samples, verified in two independent laboratories with the same patient samples in parallel and the 

results were correlated to the clinical observations. In the next step, the method was adapted with 

the purpose of automatization by integration into a microfluidic LoC system. The Vivalytic LoC 

platform is a fully automated microfluidic system enabling molecular diagnostics in a sample-to-

answer manner. The previously implemented unit operations, like fluid transport, filter-based 

nucleic acid extraction, and optical detection were used and adapted for integration of cell detection 

and analysis. This study's aim was to evaluate the possibility for cell processing on the existing 

platform. The required unit operations for an implementation of CTC analysis on the LoC system 

were identified. Thereby, the boundary conditions and parameters of the current Vivalytic LoC 

system of the Bosch Healthcare Solutions GmbH (Waiblingen, Germany) were considered for the 

design of the experiments. A microfluidic filtration functional model was fabricated using rapid-

prototyping methods and evaluated regarding CTC isolation efficiency and possibility for both 

quantification and downstream processing of the captured cells. All steps required for isolation and 

detection of the epithelial CTCs for possible downstream analysis were performed and shown in 

single unit operations as proof-of-principle. The unit operations that could not be performed on-

chip due to the limitations of the system were performed off-chip using prototypes by application 

of LoC compatible conditions. 

The results presented in chapter 3 are critically discussed in the following chapters considering the 

state-of-the-art methods and current scientific research in the field of liquid biopsy.  

4.1. Reproducibility of the maintrac® method and correlation to the disease progression  

The maintrac® method was selected as benchmark method for the detection of CTCs from 

gastrointestinal tumor patient blood samples. The main advantages of the maintrac® method rely  
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on the simple performance and in the reported high number of positive CTCs detected in blood 

volumes as little as 20 µL to 100 µL when compared to other methods using several milliliters such 

as the CellSearch® method. One reason might be that the cell loss is minimized because cells are 

not enriched in an elaborate multi-step process but only differentially stained after erythrocyte 

depletion and directly detected by fluorescence microscopy. The minimized cell loss was proven 

in an experiment by comparison of different preparation methods like erythrocyte lysis, density 

gradient centrifugation and erythrocyte aggregation as shown in chapter 3.2.2. Selective lysis of 

the erythrocytes had several advantages compared to density gradient centrifugation and 

erythrocyte aggregation. The method was easy to handle, quick and spike cell recovery was 

improved compared to the two other methods. 97 % ± 2 % of the spiked BT-474 cells could be 

recovered after erythrocyte lysis and centrifugation. Lara et al. similarly described a lower recovery 

of 89 % for MCF-7 cells but still higher than recovery of 73 % with density gradient centrifugation 

(91). Many CTC isolation methods lose a large fraction of the CTCs during initial sample 

preparation by using density gradient centrifugation for the depletion of erythrocytes (91) (92). 

Another reason for CTC loss during sample preparation might be the positive or negative selection 

by antibody-coated magnetic beads for the recovery of the CTCs. Highly varying recovery rates of 

5 % to 95 % were described for immunomagnetic enrichment of CTCs (93) (94) (95) .    

The UKT provided samples from gastrointestinal tumor patients for a multicenter proof-of-concept 

study including sample analysis by the maintrac® method at SIMFO and in our laboratory. The 

aim was to assess the reproducibility and comparability of the method in two laboratories by 

different operators in parallel. As shown in chapter 4.1, the absolute CTC numbers determined at 

SIMFO and our laboratory differed significantly, whereas the relative cell count courses were 

comparable. The raw data obtained by Bosch and SIMFO and the exact procedure of the 

experiments were compared in a retrospective for an alignment, and differences in sample 

processing and evaluation were identified:  

- Different microscopic equipment was available (including illumination source, optic filter 

sets, evaluation software) 

- the area of the wells scanned were different (correction factor can be calculated from the 

area of the well) 

- the illumination times were different as they were set individually for each 

sample (EpCAM-sample and isotype control were acquired with the same settings) 
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- the antibody concentrations were different 

- the isotype control concentrations were different and therefore the threshold setting might 

be different as well as the rate of unspecific binding 

- incubation times (of blocking agent) were different 

- Bosch evaluation was performed manually, SIMFO evaluation was performed semi-

automated 

- differences in evaluation of viable and PI-positive cells and cells with EpCAM caps 

The differences stated above could have led to the differences in the absolute CTC numbers. 

Normalization of the CTC counts, and inclusion of an area correction factor might provide 

comparability of the values.  

Regarding the CTC count dynamics of most of the patients analyzed in this study, CTC count 

changes of 9-fold and less were observed except for the highest increase (25-fold increase) at one 

instance for patient BO-408. At the same time progression of the disease was detected by CT 

scanning supporting the observations described in the study of Pachmann et al. of 2008 in which 

91 patients in the adjuvant setting were analyzed. CTC counts were determined before treatment, 

prior to each chemotherapy cycle, and after treatment completion. Here they reported that CTCs 

were detected in 90% of the patients using the maintrac® method. They described three 

possibilities in the change of the CTC count course during therapy: a >10-fold decrease, a >10-fold 

increase or a change of <10-fold in either direction that was regarded as marginal. Comparing this 

to my own results, a >10-fold change could only be observed for patient BO-408. A 25-fold 

increase was determined at sampling time point three in comparison to the second sampling time 

point. At the same time, an increase in LDH and progression of the tumor were reported by the 

UKT based on clinical examinations. LDH can be used as an indicator for tissue damage as it is 

caused by tumor growth during initiation, invasion, metastasis, and recurrence (96). Further, 

elevated levels of serum LDH are also described as prognostic biomarkers for poor survival in 

multiple cancers and increase especially at terminal phases of cancer disease (97; 98). In the study 

of Pachmann et al., the development in the CTC count courses showed good correlation with 

disease outcomes. During a period of 40 months, 22 % of the patients relapsed. Therein included 

one of 28 patients with a decrease of the CTC count, five of 30 patients with minimal change, and 

14 of 33 with an increase of the CTC count (99). Regarding the UKT samples analyzed 

in this dissertation, a progression was reported for patient BO-749 at sampling time point four at 



DISCUSSION 

124 
 

which the CTC count was doubled compared to the third sampling time point. For patient BO-408 

a progression was reported after the 25-fold increase in the CTC count. In contrast, for patient BO-

645, a progression was observed despite a continuous decrease in the CTC count. In the latter case, 

the EMT could be one reason for the decrease in the EpCAM-positive CTC count although tumor 

progression occurred. This observation is consistent with the RT-qPCR results of the mesenchymal 

markers described in chapter 4.3. The CTC count of patient BO-572 showed a heterogeneous 

course over 17 months leading to the assumption that the therapy led to a longer progression free 

survival.  

The proof-of-principle study in this dissertation including correlation of the CTC counts to the 

clinical finding and disease progression of the patients indicated that the CTC count course and the 

relative change between two time points are more relevant than the absolute CTC count 

determined. The determination of the CTC count over the course of a therapy indicated a 

correlation with the observations by the clinical examinations like tumor markers and CT scans 

supporting the hypothesis that CTC enumeration could serve as feasible marker for therapy 

monitoring.  

In the underlying comparative study with SIMFO, samples from patients with advanced 

gastrointestinal tumor cases were analyzed. In these cases, CTCs are described to be detected more 

numerous and thus more easily than in early stages of the disease (100; 101). For more precise 

evaluation, early phase trials or the inclusion of samples from other cancer types should also be 

considered. One use case that could highly profit from therapy and disease monitoring by liquid 

biopsy is during adjuvant therapy (102) (103). Patients could be monitored to decide whether 

therapy can be stopped or needs to be continued. Alternatively, patients could be monitored after 

therapy completion to decide whether another cycle of therapy is necessary. However, if 

monitoring reveals therapy could be stopped, patients could be spared unnecessary side effects. 

Another use case might be the detection of CTCs from different pancreatic cancer subtypes, 

differentiation of epithelial, mesenchymal or hydride CTCs and identification of their ratios present 

(104). As shown in (105), the number of epithelial CTCs was a significant independent predictor 

of overall survival whereas the hydride types of CTCs were predictors of metastasis.  
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4.2. Establishment of protocols for LoC integration of CTC detection 

The aim of this study was the integration of CTC analysis and enumeration by liquid biopsy into a 

microfluidic sample processing system comprising several advantages over conventional systems: 

Microfluidic assays require smaller sample and reagent volumes, which is beneficial in the case of 

limited patient sample material and expensive reagents such as labelled antibodies for their 

detection. Furthermore, the hands-on steps could be reduced to transfer of the sample into the LoC 

system and analysis would run automatically. In this study, time-to-result could be significantly 

reduced from 2 hours required for manual processing to <30 min required for processing with the 

microfluidic filtration model or on the Vivalytic cartridge. Thereby reproducibility might be 

increased by reduction of manual sample preparation steps. 

In this study, detection, identification, and discrimination of CTCs from other blood cells was based 

on the expression of proteins that could be stained using specific antibodies detected by 

fluorescence microscopy. Given the fact that CTCs mostly originate from an epithelial tumor, most 

of the CTCs harbor epithelial characteristics and express EpCAM. By using a multitumor tissue 

microarray (TMA) for determination of the frequency of EpCAM expression among different 

tumor types, Went et al. found EpCAM expression in 98 of 131 tumor categories, including 81 % 

of adenocarcinomas of the colon (106). As EpCAM is highly abundant in epithelial tumors, many 

detection methods depend on identification of epithelial specific markers. According to the staining 

method used in this study (see chapter 3.2.1), cancer cells were identified based on the presence of 

EpCAM on their surface. The main advantage in the usage of EpCAM resided in the fact that 

EpCAM is located on the cell surface and therefore can be stained without prior fixation of the 

cells. This had the decisive advantage that the cell viability could be assessed in parallel. Cell 

viability is also an investigated feature of the maintrac® method and a criterion for CTC counting. 

This was important, because only cells that reside viable in the bloodstream and escape the immune 

system were considered as potentially metastatic (107). Therefore, FITC-labeled EpCAM 

antibodies, and dead cell indicator PI were used for immunostaining of spiked cell lines and CTCs 

present in patient blood samples without fixation and permeabilization. The importance of cell 

viability assessment was described as cancer-type specific. For example, in the adjuvant setting, 

viable cells and cells that can divide may provide relevant clinical information. Whereas in 

metastatic disease, the simple presence of CTCs was described to predict metastatic disease 
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prognosis, regardless of their viability, in early breast cancer non-viable cells have limited clinical 

relevance (108) (109). Thus, the assessment of CTC viability is still an important feature for an 

analysis method and was provided as well by the maintrac® method as by the filtration-based 

method evaluated in this study.  

Another feature required for the self-renewal potential of cells was an intact nucleus. Therefore, 

nuclei were either visualized by transmitted light microscopy or stained with the dye Hoechst33342 

for fluorescence microscopy. The latter option was preferred for integration into a LoC system, as 

it did not require transmitted light imaging and fluorescence detection is easier in such a system 

and needed for evaluation of the other described cell properties anyway. Moreover, the Vivalytic 

LoC platform's optical system already contained one capable of fluorescence detection. Cells that 

stained positive for EpCAM, Hoechst33342 nucleus dye and negative for PI as dead cell dye were 

counted as relevant CTC.  

Several staining strategies compatible (listed in Table 14) with the Vivalytic system were evaluated 

and successfully established using cancer cell lines. EpCAM-positive BT-474 cells and HCT116 

cells were reproducibly detected after staining with EpCAM antibodies conjugated to either FITC 

or APC. The APC conjugated antibody showed lower efficiency in staining cells in patient samples. 

Therefore, the FITC-labeled antibodies were preferred for immunofluorescent analysis of patient 

samples. Using cancer cell lines, both conjugates were suitable. In the Vivalytic analyzer, the APC 

conjugated EpCAM antibodies were detected more easily than FITC conjugates EpCAM 

antibodies. According to the Fluorochrome brightness index (Miltenyi Biotec), APC is rated with 

the brightness value of 5 based on mean fluorescence intensity, whereas FITC is rated with 2. The 

highest brightness is rated with a value of 6 and the lowest brightness with a value of 1 (110).  

Although overexpression of EpCAM is described for cancer cells of epithelial origin, and the 

detection of EpCAM-positive cells strongly indicates them as being malignant, the simple presence 

of EpCAM does not unequivocally identify a cancer cell. Using EpCAM as cancer cell biomarker 

is critically discussed. EpCAM expression is downregulated during EMT, and CTCs and even 

normal cells present in blood might show very heterogeneous EpCAM expression leading to 

misinterpretation (111; 112; 113; 114). As an alternative or additional epithelial cell identifier, cells 

are often stained for detection of cytokeratines (CK) 8, 18 and 19 to verify the epithelial origin of 

the detected cells (115). However, for staining with fluorescently labeled CK antibodies, cells need  
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to be fixed by formaldehyde prior to staining as CKs are intracellular markers (116). Thus, cell 

viability would have to be determined before CK-staining. Another possibility to enable 

cytokeratin staining in addition to EpCAM and still assess cell viability would be fixable live/dead 

staining using amine reactive dyes (117). However, this requires accurate design of experiment 

regarding fixation and permeabilization time and suitable controls to ensure that permeabilization 

efficiency is high and no cells are falsely interpreted as live or dead. Besides detection of EpCAM-

positive cells (EpCAM+) of Cytokeratin-positive cells (CK+) alone, in some studies distinction is 

made between EpCAM+/Cytokeratin+, EpCAM-/Cytokeratin+, EpCAM-/Cytokeratin- CTCs (111; 

112). Wang et al. reported that despite cytokeratin detection in addition to EpCAM based isolation 

of CTCs in the CellSearch method, there are still potential CTCs that are not determined as such. 

Some cells that were isolated based on their EpCAM expression stained negative for both 

cytokeratin as additional epithelial marker and CD-45 as leukocyte marker. This strongly indicates 

that these cells could have undergone EMT (115). To cover the CTC heterogeneity by 

immunofluorescence, further cell surface markers need to be evaluated and added to the assays. 

For example, vimentin is described as mesenchymal marker that is translocated from the cytoplasm 

to the cell surface in cancer cells during EMT for lung, prostate, breast or colon cancer (118; 119; 

120). In normal cells in contrast, vimentin is only detected in the cytoplasm. Thus, a specific cell-

surface-vimentin antibody might be an appropriate additional marker (100).  

In this study, EpCAM was used as model target antigen to detect and count CTCs in model samples 

and patient samples and for establishment of the LoC compatible method as the cell lines available 

for generation of model samples were of epithelial origin and showed uniform EpCAM expression. 

The aim was to establish an efficient method for counting of these target cells rather than covering 

a high heterogeneity of cells within the model samples. Detection of known cells enabled real-time 

detection beneficial for maximation of the quantification efficiency.  

In summary, there are no definite criteria to doubtlessly define cells as malignant by 

immunocytochemistry methods. Ongoing challenges in the use of CTC include improvement in 

sensitivity and specificity, standardization of techniques, and evidence of reproducibility. Support 

for identification of cells as tumor cells could be provided by molecular analyses and clinical 

studies showing their prognostic significance (121).  
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4.2.1. Evaluation of erythrocyte depletion methods in regard of LoC integration 

Erythrocytes are the most abundant cell type in blood (122). The high number of normal blood 

cells compared to rarity of CTCs made CTC detection and isolation very challenging and was the 

reason for the high viscosity of the blood sample and pressure difference on the filter. Furthermore, 

the high amount of hemoglobin hampered optical detection. Therefore, methods that ensure 

efficient erythrocyte depletion without loss of CTCs were required for sample preparation. Of the 

three different methods for erythrocyte depletion evaluated in this study, selective erythrocyte lysis 

with subsequent centrifugation achieved the highest spiked cell recovery.  

To establish a method for erythrocyte depletion after selective lysis without centrifugation, a 

filtration-based method was evaluated using the filtration functional model described in chapter 

2.3.1.1. Filtration of samples containing lysed and unlysed erythrocytes was compared revealing 

that lysis of the erythrocytes was not only favorable in terms of higher recovery rate but also for 

optical detection of the stained target cells. A reason for this was the release of the hemoglobin 

contained in the erythrocytes and its dilution by the surrounding medium that resulted in decrease 

of refractive index and reduced internal scattering of lysed erythrocytes compared to intact 

erythrocytes. This consequently led to a better transparency of the blood and improved the 

excitation and detection of the fluorescence signals of the stained cells in the suspension. The 

thickness of the lipid bilayer membrane of erythrocytes is only 46.0 ± 0.5 Å (123) and intact 

erythrocytes are highly deformable as they can pass capillaries in the blood system as thin as 

8 µm (124). The deformability of the erythrocyte was assumed to even increase after selective lysis 

and can be seen in Figure 26. Furthermore, target cell capture was higher after filtration of samples 

containing lysed erythrocytes compared to filtration of samples containing intact erythrocytes. 

Thus, it was supposed that pressure increase was lower because the lysed erythrocytes passed 

through the filter more easily. However, to better understand the changes in erythrocyte 

deformability and the effect of selective lysis further methods such as osmotic gradient 

ektacytometry (125), atomic force spectroscopy (126) or optical tweezers (127) could be used on 

lysed erythrocytes in comparison to intact erythrocytes. 

Viability of cells incubated in the erythrocyte lysis buffer was assessed to ensure that leukocytes 

and CTCs are not lysed or negatively affected by the buffer. As described in chapter 3.2.2.3, it was 

found that incubation of CTCs and leukocytes for 15 min was possible without adverse effect. 
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Viability decreased significantly only after 45 min. However, the erythrocyte lysis process and 

subsequent filtration for CTC capture using the filtration-based approach should take no longer 

than 15 to 20 min. Thus, the maintenance of cell viability was complied with. The selectivity of 

the erythrocyte lysis buffer to lyse erythrocytes but no other cells present in blood resides in its 

isotonic composition of ammonium chloride, sodium bicarbonate and ethylenediaminetetraacetic 

acid. As erythrocytes but not the other blood cells possess as Cl-/HCO3- exchanger in their 

membrane, only erythrocytes should be affected by the selective lysis buffer (128). Lara et al. 

determined 90 % viability of the MCF-7 and 95 % viability of the leukocytes by trypan blue 

exclusion after erythrocyte lysis with 5 min incubation, 5 min centrifugation and two washing steps 

(91). In this study, the erythrocyte lysis buffer was incubated with the sample for 10 min to 15 min 

and centrifuged for 10 min. In case of erythrocytes lysis before sample filtration, the sample was 

transported through the filter after incubation of 10 min and the filter was washed with 1 x PBS. 

4.2.2. CTC isolation evaluated in regard of the integrability to the LoC system 

To enable CTC isolation from a blood sample after selective erythrocyte lysis without 

centrifugation, an alternative separation method was established as the current Vivalytic system 

did not allow centrifugation. Different CTC isolation methods from literature were compared and 

rated using the concept decision matrix according to Pugh (129). Taken into consideration all the 

criteria listed in chapter 3.2.3, mechanical filtration resulted as the method most suitable for 

Vivalytic integration as it was independent of a constant flow or more specifically compatible with 

the pulsatile flow of the pressure driven Vivalytic LoC system. The main advantages of a filtration-

based approach in regard of the LoC integration are the independence of a constant flow rate as 

well as the possibility to deplete red blood cells and partly leukocytes without centrifugation. 

Furthermore, filtration approaches are size-based and biomarker independent enabling the isolation 

of all types of CTCs and other blood cells matching the pore size of the system. Thus, cells with 

low EpCAM or cytokeratin expression can be isolated, and all cells captured can be stained for 

different antigens to obtain a more complete insights into the CTCs variety contained in the blood 

sample. 

In this study, a cell capture rate of 60 % to 90 % depending on the cell type was achieved by 

filtration of a blood sample using filtration functional models with integrated TEM-grids after 

selective erythrocyte lysis (88). Although the pores were even smaller than the erythrocyte 
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diameter, the erythrocytes could be successfully depleted after selective lysis. Coumans et al. 

(2013) compared capture rates of CTC after sample filtration using TEM-grids to track-etched 

filters and micro sieves. Thereby, they found that a large area of 83 % of the TEM-grid was covered 

by red blood cells and therefore described that the track-etched filters and micro sieves were 

preferred for isolation of CTCs (130). In the study presented here, the erythrocytes were depleted 

by erythrocyte lysis and passed the filter without comprising the optical detection of the target cells.  

During the filtration experiments with the filtration functional model with integrated TEM-grid 

described in chapter 3.2.4.2, different factors that influenced cell capture and cell recovery rate 

were identified. These findings were important for integration of the filter element into the LoC 

cartridge in the subsequent step.  

One important influencing factor was passivation of the microfluidic channels with 1 x PBS with 

1 % (w/v) BSA to reduce the material hydrophobicity before the filtration experiments was 

important to successfully prevent cell adsorption to the tubes and channel walls. As shown in Figure 

31, 100 % of the cells could be recovered from a passivated filtration functional model without 

integrated filter, but only 82 % ± 4 % without passivation. BSA was described in literature as anti-

fouling agent by rendering surfaces like plastic ware used in cell culture hydrophilic (131) (132). 

Jeyachandran et al. described a blocking efficiency of 90-100% on a hydrophobic and 68-100% on 

a hydrophilic surface using a solution with a BSA concentration of only 1 mg/mL (compared to 10 

mg/ mL used in this study). Passivation of the microfluidic channels on the cartridge might also 

play a role in preventing the non-specific adsorption of not only the cells but also antibodies and 

fluorescent dyes used for cell detection as well as primers and probes added for molecular 

analysis (133).  

Another key factor influencing cell capture was the design of the microfluidic model. Experiments 

with the two different designs of filtration functional models revealed that the even distribution of 

the cells on the filter achieved with the two-armed design favored both the optical detection and 

the retention of the cells on the filter. The higher capture rate might result from the reduced pressure 

difference that was built up when cells were evenly distributed on the filter. In addition, optical 

detection profited from an even distribution as cells could only be efficiently quantified when 

captured as monolayer as shown in Figure 32.  
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Apart from filtration functional model design, cell capture was highly dependent on cell size, 

deformability, and nucleus to cytoplasm ratio. Consequently, cell capture rates might vary strongly 

when samples from different tumor types are applied in the filtration-based method. This was 

observed by comparing capture rates of the spiked epithelial cell lines BT-474 and HCT116. The 

BT-474 cells have a diameter of 17.4 µm ± 1.5 µm whereas the HCT116 cells possess a diameter 

of only 12.8 µm ± 1.6 µm which was reflected in the capture rates of 89 % ± 6 % and 64 % ± 5 %. 

The high capture rate obtained for the BT-474 cells could reside in their higher diameter but also 

in their lower deformability. Hwang et al. (2016) found that the BT-474 cells were the least 

deformable among three breast cancer cell lines evaluated by single-beam acoustic trapping (134). 

This study also showed the effect of deformability by comparing the K562 cells' capture rates to 

the HCT116 cells. Although the K562 cells have a higher diameter of 15.4 µm ± 0.8 µm, a lower 

capture rate of 54 % ± 10 % was observed since K562 originate from the bone marrow and are 

suspension cells that might be more deformable than the other epithelial cell types examined. 

Similar observations were made during micro sieve isolation of two different colorectal cancer cell 

lines (RKO and HCT116 cells) of which the HCT116 cells were smaller but less deformable and 

capture rate was therefore higher. It was also observed that HCT116 stick together during growth 

while the RKO cells grow as individual cells that do not attach to the other cells to such great extent 

(135). These observations emphasize the importance of analyzing both epithelial and mesenchymal 

cells and their individual capture rate during filtration. This is especially important because it is 

described that the CTCs that are more deformable show higher invasiveness and aggressiveness 

(136). Therefore, detection and enumeration of these cells might be more important for evaluating 

the tumor progression, therapy response and development of resistance to therapy. However, in 

general CTCs are described to be less deformable than normal, non-malignant cells (137). 

Furthermore, the nucleus-to-cytoplasm ratio is described to be larger in cancer cells (138). This led 

to the assumption that the filtration-based method presented here is suitable for CTC detection from 

a liquid biopsy, especially in combination with the real-time detection method.The proof-of-

concept study with the UKT and SIMFO presented in this study was performed with colon cancer 

cells from either cell line HCT116 or from gastrointestinal cancer patients.   These cells were found 

to range between 11 and 15 µm. For the patient samples, a similar CTC capture rate of 64 % ± 5 

% was determined which matches the results of the colon cancer cell line HCT116.  For a broader 

understanding of the dependency of cell capture rate from size and deformability or cell  
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origin, the study could be expanded to analysis of samples from patients suffering from different 

tumor types as for example breast or cervical cancer. The sizes of these cancer cell types range 

between 15 µm and 40 µm and therefore capture should be more efficient. Hereby, the usage of 

real patient samples is particularly important as cell lines cannot cover the heterogeneity of 

patients’ CTCs. Furthermore, in patient samples, varying numbers of CTCs are expected during 

therapy. In this study, no significant difference was observed regarding the capture rate of different 

cell spike numbers in a range of realistically expected CTC numbers in patient samples.  

Besides high capture efficiency, sample purity and depletion of non-target cells are often evaluated 

in CTC isolation methods. For evaluation of leukocyte depletion, the leukocytes were stained and 

counted on the filter and in the waste fraction. This resulted in a depletion rate of 93 % ± 1.4 %. 

The second method used for determining leukocyte depletion was comparing the GAPDH 

expression in control leukocyte lysates and lysates obtained from the leukocytes captured on the 

filter. A depletion rate of 2.1 to 3.2 log stages was determined (see Figure 43). These results were 

comparable to the filtration system of Sajay et al. (139) which achieved a leukocyte depletion of 

2.3 log stages, but this was achieved by an additional magnetic capture step of leukocytes by CD-

45 together with the filtration process. Hereby, they could deplete 97 % of the leukocytes by 

immunomagnetic capture whereas in this study, more than 93 % of the leukocytes were depleted 

by filtration alone (see Figure 42). However, additional immunomagnetic capture of the leukocytes 

using magnetic nanoparticle or immunoaffinity capture on surfaces with immobilized antibodies 

might be promising methods to increase sample purity further. This might be necessary to increase 

sensitivity of downstream molecular methods such as expression, mutation analysis or library 

preparation for sequencing. 

It was assumed that the leukocyte type with the largest diameter or the highest granularity was the 

most probable to be captured on the filter. Considering the cell size and abundancy in the human 

blood, the leukocyte fraction captured on the filter could have been monocytes that have a diameter 

of 15-20 µm and account for approximately 2 % to 8 % of all blood leukocytes (140). This value 

correlated with the depletion rates determined. To prove this hypothesis right, monocyte-specific 

antibodies as for example against CD14 and other leukocyte subtype-specific antibodies could be 

used to differentiate all leukocytes captured on the filter. This was already shown by Coumans et 

al., who described that monocytes are enriched by 165 % on track-etched filters whereas 
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granulocytes and lymphocytes are depleted (130). In total, they state that only 0.1 % of the 

leukocytes from a 1 mL blood sample are captured on the filter which corresponds to a reduction 

of 3 log stages and is consistent with the results described in chapter 3.2.4.4 in this study.  

4.2.2.1.  Cell detection and tracking in real-time increased quantification efficiency 

During the cell capture experiments using the filtration functional models, it was observed that 

cells captured on the filter could pass the filter dependent on the time and cell size. Thus, it was 

assumed that the filter could serve as deceleration element for all cells. As filtration is prone to cell 

loss due to heterogeneity in size and deformability, real-time based detection methods were 

evaluated and established for counting of captured cells during the filtration process instead of after 

endpoint quantification. The real-time detection method had the advantage that enumeration 

efficiency was significantly increased. Hereby, cells that could pass the filter after a certain amount 

of time due to their size or deformability were detected. Although these cells were not captured 

and available for downstream analysis, their optical detection was ensured. This was achieved by 

acquisition of an image series or video during filtration of CFSE or EpCAM stained cells. These 

were then counted either manually, using the microscope software cellSens with the count and 

measure (without and with manual correction) tool or by a MATLAB based tool. Real-time 

counting in comparison to endpoint quantification led to an increase of quantification efficiency of 

up to 20 % based on the evaluation method (see chapter 3.2.4.3). The results obtained by the 

microscope software without manual correction were significantly lower than with manual 

correction as cells with lower fluorescence intensity were not detected or cell cluster could not be 

differentiated. The MATLAB tool was more efficient in terms of separating and recognizing cells 

cluster and results comparable to the microscope software with manual correction. 

For the detection in a video or image series, application of machine learning methods was very 

useful as manual counting was time consuming and prone to operator dependent errors. Existing 

cell imaging solutions like the Broad Institute Cell Profiler or the CellSens Dimension tool were 

evaluated for real-time cell detection. These tools use thresholding-based methods e.g., 

Otsu’s (141) for cell detection and segmentation together with postprocessing algorithms like 

evaluation of diameter or declumping of cells. Simple frame-by-frame matching between cell 

detections were used for tracking. Such methods perform well if the signal-to-noise ratio is high 

and the microscopy parameters can be optimized e.g., to have high contrast and low background 
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illumination. These conditions could not be met in the filtration-based method developed for CTC 

detection using the fluorescence microscope or the Vivalytic analyzer. As a result, these standard 

solutions' performance differed in sample dependance, staining efficiency and microscope settings. 

Modern computer vision algorithms use convolutional neural networks for the detection and 

segmentation of target objects. For the detection of cells in serial fluorescence microscopy images, 

several specialized algorithms are available from literature, e.g., for detecting star-convex polygons 

(142). These were used for tracking of EpCAM-positive cells captured on the TEM-grid during 

filtration using the filtration functional model described in chapter 2.3.1.1 and worked well on 

tracking one cell type in one fluorescent channel. However, challenges that must be considered are 

varying signal-to-noise ratios, background signal, varying sample and image quality, difficulty in 

reference input information, heterogeneous sizes, and signal possible leading to errors in tracking 

results. The limiting factor in differentiating viable from non-viable, nucleus containing EpCAM 

positive cells resided in the image acquisition using fluorescence microscopy. Switching of the 

required fluorescence filters was necessary for detection of EpCAM-FITC, Hoechst33342 and PI 

but was not possible in real-time with the current optical system of the microscope or the Vivalytic. 

A feasible option might be provided by using multiband filter cubes or fast switching filter wheels 

enabling faster image acquisition due to quick or simultaneous excitation of the different 

fluorophores. 

4.2.3. Integration of CTC isolation and detection into the Vivalytic LoC platform 

The filtration-based CTC capture method could be integrated into the current Vivalytic system for 

a proof-of-principle. Cell transport in the microfluidic system was successful and parameters for 

maintenance of cell viability and minimization of cell loss were identified.  

Different boundary conditions were given by the current system were considered for the 

experiments: Centrifugation for erythrocyte depletion was not possible, the analyzer had a specified 

operating temperature of 40 °C, membrane assisted pump mechanism provided no continuous flow, 

limited buffer storage, (no toxic components, storage at room temperature), and long-term 

storability of the reagents. 

Of the evaluated erythrocyte depletion and CTC isolation methods (see Pugh matrix in the appendix 

in figure A1), filtration was the most suitable for integration into the Vivalytic cartridge without 

major modifications of the current cartridge design. On membrane-based microfluidic systems like 
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the Vivalytic system, continuous flows cannot be realized as the transport of fluids is driven by 

filling and emptying pump chambers and valves. The resulting flow profile was pulsatile. One 

advantage of filtration in regard of the integration into the Vivalytic system is that filtration is not 

dependent on a continuous flow. As shown in Figure 38, neither the different flow rates nor flow 

profiles significantly influenced the HCT116 cell capture rate. The TEM-grid used in the filtration 

functional model (described in chapter 37) had the same diameter (2.5 mm) as the filter chamber 

designed for the nucleic acid extraction filters. Solely the TPU membrane needed to be enlarged in 

this area to enable optical detection of the cells on the filter. For fluorescence analysis of the stained 

cells, the cartridge needed to be removed from the analyzer and observed using the upright 

fluorescence microscope as the filter chamber is not within the field of view of the analyzer’s 

optical detection system  

The highest cell capture rate of 55 % ± 7 % was achieved by cell transport through the filter by 

negative pressure. This was achieved by suction via the pump chamber beneath the filter chamber. 

By peristaltic pumping, a capture rate of 55 % ± 17 % was determined. Thus, suction pumping was 

regarded as the most beneficial fluidic program for cell capture on the filter. The capture rate was 

more reproducible when the suction pumping was used, as was determined by the standard 

deviation of the results. The channel geometry was suitable for fluid distribution onto the filter but 

impeded the view on the cells captured and led to light scattering during fluorescence detection. 

However, the current cartridge design with an integrated TEM grid could be used for a successful 

proof-of-principle of on-chip CTC isolation and detection. Assuming that the cells are evenly 

distributed on the filter, the area that is covered by the channel can be neglected and the total cell 

count can be estimated by counting 50 % of the filter and doubling this number. For fully automated 

CTC detection inside the analyzer, either the optical system needs to be placed above the filter 

chamber in a future analyzer design, or the filter chamber needs to be placed on the lower part of a 

future cartridge design (e.g., the array chamber) at the location of the current optical system in the 

analyzer (see Figure 1 for the current cartridge design).  

Besides the high capture rate, viability of the cells should be maintained during the filtration 

process despite elevated temperature of 40 °C and shear stress inside of the LoC system. In this 

study, the impact of microfluidic processing on cell viability was assessed by trypan blue and 

CellTiter Glo assay. Cells were incubated at 40 °C without adverse effect after the required 
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processing time of 15 min (see Figure 46). The effect of shear stress and microfluidic transport on 

the viability was strongly dependent on the path and frequency chosen on the cartridge and pump 

mode. Just as for the capture rate, for the maintenance of cell viability, the fluidic transport of the 

cells by suction pumping was the most favorable. Viability was reduced by 6 % ± 7 % after 

transport via peristaltic pumping and only by 5 % ± 8 % via suction pumping. Initially, peristaltic 

pumping was hypothesized to be the most suitable as flow rates of approximately 2 µL/s (estimated 

fluid shear stress (FSS) of approximately 1.2 dyn/cm2) can be achieved whereas using the pump 

chamber flow rates > 100 µL/s (FSS of approximately 60 dyn/cm2) were achieved. However, 

peristaltic pumping valves are used for fluid transport instead of the pump chamber bearing the risk 

of cells getting stuck and damaged by the deflection of the TPU membrane. In the case of fluid 

transport via pump chambers, the risk of cell damage is lower due to the favorable shape of the 

pump chamber where the contact pressure of the TPU membrane is lower. As observed by Fan et 

al., shear stress of 60.5 dyne/cm2 led to decrease of cell viability and cell proliferation of the 

surviving cells at a circulation time of 1 h (143). However, in the case of the filter-based cell capture 

method, the time of cell exposure to fluid shear stress can be kept to a minimum of <5 min. During 

this time, Fan et al. observed no significant reduction in viability (143).  

Cells circulating in the blood stream of the human body are also exposed to FSS of 0.5 dyn/cm2 to 

4.0 dyn/cm2 in the veins and from 4.0 dyn/cm2 to 30.0 dyn/cm2 in the arterial system. However, in 

some regions of blood vessel bifurcation, in the heart or in large vessels, CTCs can even encounter 

FSS of > 1000 dyn/cm2 to up to 3000 dyn/cm2 (144) (145). This is further described as a reason for 

the low survival of only 0.1 % of all CTCs that exit the tumor mass and enter the blood 

stream (146). This small proportion of CTC is hypothesized to survive due to resistance to FSS in 

contrast to non-cancerous cells (147). It was therefore assumed that CTCs isolated from patient 

samples could be less sensitive to the FSS in the microfluidic system than the cell line cells used 

in the presented experiments in chapter 3.2.3.  

In summary, for cell transport and CTC capture in the current Vivalytic system, processing time 

and cell contact with valves should be kept to a minimum to maintain cell viability and minimize 

cell loss. To reduce cell loss, the microfluidic network should be prewetted and coated by BSA as 

also described beneficial for the filtration functional model (see Figure 31). Furthermore, options 

to reduce shear stress or cell sensitivity towards shear stress could be evaluated. For example, the 

addition of agents like Pluronic F-68 (1 g/L to 5 g/L) was described to improved robustness of cell 
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under FSS (148) (149). Besides, another beneficial effect was described for Pluronic F-68: it led to 

short-term decrease of cell deformability within an incubation time of 3 h (150). This effect can be 

taken advantage of during cell capture by filtration, possibly leading to a higher cell capture rate.  

 

4.2.3.1. Optical cell detection using Vivalytic 

Optical cell analysis using the current optical system of the Vivalytic analyzer and the VPhotoStar 

software (shown in Figure 10) revealed that the resolution of 60 µm was sufficient for recognition 

of fluorescence-stained cells as light spots (as shown in Figure 57). The fluorescent signal was 

dependent on the fluorescent dye and part of the cell that was stained. If cell density were below 

103 cells/mL and cell distance were above 60 µm, cells could be detected and counted using the 

Vivalytic optical system. The signal of CFSE stained cells was best detected as CFSE stains the 

whole cell cytoplasm and results in a larger area that emits fluorescent light. In contrast, cells 

stained by antibodies against surface antibodies required longer exposure times and resulted in 

lower brightness as only the outer membrane was stained resulting in a smaller area that emits 

fluorescent light. Further possibilities for cell detection despite the low resolution and high cell 

density might be to detect the total fluorescence and estimate the cell number from the mean 

fluorescence value. However, this might lead to insufficient separation of cell clusters and the 

assignment of different cell dyes to single cells or single pixels would not be possible. However, 

this was important for the enumeration of EpCAM-positive, nucleus containing, viable cells 

whereas dead cells were excluded from the cell count. Thus, for extension of the Vivalytic system 

by a cell detection function, the optical system would need to be adapted towards increased 

resolution and magnification to enable detection and comparison of the position of the single cells 

with the stated properties.  

 

4.3. Complementary information obtained from molecular analysis of captured CTCs  

Optical detection, characterization and enumeration of CTCs could give information on the disease 

progression and therapy success (151). In combination with downstream molecular analysis a more 

complete insight into disease progression can be obtained as some cell characteristics are not 

detectable by staining alone or do not allow definition of cell malignancy (152). Moreover, the 

great potential of CTC analysis and the advantage over cfDNA and ctDNA analysis methods, rely 
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in the possibility to obtain information on protein expression on the surface and inside the cell to 

enumerate the cells, as well as expression and mutation analysis after RNA and DNA 

extraction (153). 

In this study, analysis of mesenchymal markers Twist and Snail in comparison to EpCAM was 

chosen for a proof-of-principle of cell lysis and molecular analysis after capture on the filter. Gene 

expression of Snail, Twist and EpCAM was correlated to the EpCAM protein expression 

determined by immunocytochemistry. The aim was to evaluate whether Twist and Snail expression 

is higher when only few EpCAM positive cells could be determined by immunostaining or whether 

in turn, Twist and Snail expression was low when many EpCAM positive CTCs could be detected. 

These experiments were based on the hypothesis that EpCAM expression is downregulated during 

EMT and therefore, CTCs cannot be detected using antibodies against epithelial surface proteins 

such as EpCAM. Immunostaining of Twist and Snail in turn was not possible without fixation of 

the cells and therefore these markers were analyzed on molecular level. By detection of both 

epithelial and mesenchymal markers, a better insight into disease progression could be obtained.  

For this purpose, RNA was extracted from the patient samples as described in chapter 2.4.1.1. The 

maximum storage time of the blood sample for extraction of RNA of sufficient quality was 

determined by assessing the RNA integrity number after storage at 4 °C and RT for 24 h and 48 h. 

After 24 h, the RIN was acceptable for both blood samples stored at 4 °C (RIN=6.6) and RT 

(RIN=7.2). Similar observations were made by Huang et al. (2017) who described significant 

quality decline during blood storage of more than 24 h independent of the storage 

temperature (154). In addition to degradation, Tanner et al. (2002) observed significant changes in 

gene expression level of anti-inflammatory genes and transcription factors upon storage (155). 

Thus, RNA from the patient samples obtained from the UKT for gene expression analysis as 

described in chapter 2.4.3 was extracted at the same day of sample taking or at maximum after 24 

h to prevent degradation and changes in expression levels. Only RNA samples from patient blood 

with a RIN above 5 were used for gene expression analysis by RT-qPCR.  

The expression level of EpCAM, Snail and Twist were determined in relation to the housekeeping 

gene GAPDH and compared to either the baseline value or to a pooled standard RNA sample from 

leukocytes of healthy anonymous donors. 

In the case of patient BO-645, Twist and Snail expression and expression of EpCAM inversely 

correlated at sampling time point 3. Despite the microscopically observed decrease in the number 
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of EpCAM-FITC positive cells, a progression of the tumor was observed in the CT-scan in the 

clinical setting at the same time. The observation led to the assumption that the CTCs present in 

the sample underwent EMT and the phenotype was mesenchymal and therefore the cells could not 

be stained by the EpCAM antibody. This corroborates the hypothesis that the mesenchymal 

markers Snail and Twist can serve as prognostic indicator in case of downregulation of EpCAM 

during EMT.  

As shown in Figure 60, the number of EpCAM positive cells did not correlate to the gene 

expression level observed by RT-qPCR in the case of patient BO-408. Several research groups 

have shown that correlation between mRNA and protein abundances in the cell is relatively low 

(156). Only about 40 % of the variation in protein concentration correlated to mRNA abundancies 

(squared Pearson correlation coefficient of ∼0.40, (157; 158)). Gry et al. even found correlation 

coefficients ranging from only 0.2 to 0.5 when comparing RNA and protein profiles of 23 human 

cell lines (159). This was also observed during CTC analysis by Nagrath et al. (2018) who found 

differences in EpCAM protein and RNA expression. They used EpCAM antibodies for capture of 

the EpCAM-positive cells which indicated protein expression but in contrast determined low 

expression of EpCAM RNA (160). 

Although protein expression and RNA expression only weakly correlate for the same target, 

valuable information can be obtained from analysis of CTC on protein and RNA level by 

immunocytochemistry in combination with RT-qPCR as an increase in the transcription factors 

Twist and Snail analyzed in this study is described to provide insight into the disease progression. 

Twist overexpression is common in metastatic carcinomas and targeting Twist e.g., by inactivation 

is described to hold great promise as a cancer therapeutic (161). In summary, the correlation of 

expression of specific markers with disease progression needs to be proven with a large patient 

cohort. It would only be beneficial if diagnostic sensitivity were increased by expression analysis. 

Narrower sample taking would be beneficial to determine which markers give hints on therapy 

success earlier, CTC count or gene expression level.  

4.3.1. Compatibility of the filtration-based CTC capture with downstream analysis 

To minimize RNA loss, a method was established that enabled reverse transcription (RT) directly 

performed using the crude cell lysates. Several lysis buffers were evaluated regarding detection 
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efficiency, RNA stability, reproducibility, and LoC integrability. LB04 was identified as the most 

efficient lysis buffer as the highest copy number was detected and agarose gel electrophoresis of 

PCR product showed solely the desired band. Consequently, the following experiments were 

performed with LB04. In literature, different lysis buffers were described with varying lysis 

efficiencies and resulting in different quality of obtained RNA. Non-ionic detergents could be used 

for generation of crude cell lysates amenable to direct analysis by one-step RT-qPCR without the 

need of addition of RNase inhibitor (162). According to Svec et al. (163), direct cell lysis with non-

ionic detergents or BSA resulted in efficient cell lysis, high RNA stability, and enhanced reverse 

transcription efficiency and was even described to outperform standard column-based extraction 

methods in terms of RNA yield (163) (164). The results obtained in this study are consistent with 

the results described in the literature showing that mRNA loss is likely to occur during column-

based extraction, and that therefore direct lysis methods provide an attractive method in which 

reverse transcription can be performed directly on the cell lysate. Direct lysis methods are also 

simpler, cheaper, and less time consuming than column-based RNA-extraction methods for 

subsequent gene expression analysis of CTCs. However, these methods were described more 

effective for small cell numbers and single CTCs isolated without background cells as for example 

leukocytes (164). As the focus in this study was set on the analysis of CTCs isolated altogether 

with leukocytes rather than on the depletion of leukocytes, the tolerance for the maximum number 

of leukocytes present in the sample was determined (see Figure 62). As described in chapter 85, 

> 93 % of the leukocytes could be depleted by the filtration-based method. In the experiment in 

chapter 3.4.3, it was determined that RT-qPCR worked well for all targets starting at a leukocyte 

dilution of 1:100 which corresponds to a depletion of 99 %. At lower dilutions of 1:10, the RT-

qPCR was not linear, due to inhibition effects. This was consistent with the observation that a 

higher number of leukocytes in the assay resulted in a shift of real-time amplification curves (165). 

Consequently, for robust RT-qPCR using lysates obtained from the cells captured on the filter, 

leukocyte depletion needs to be increased by additional washing steps. Alternatively, 

immunoaffinity isolation of cells via immobilized antibodies could increase sample purity. Several 

methods have been described in which CTCs are captured on functionalized surfaces (166) (167). 

Instead of CTC isolation by immunocapture, leukocytes could be depleted by antibody coated 

surfaces or magnetic beads before filtration. This way, a leukocyte-depleted sample would pass the 

filter leading to a higher purity of the captured CTC fraction. This was shown in (168), where 
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stacked layers of chemically functionalized microfluidic channels were used for depletion of 

millions of white blood cells before CTC capture to up to 90 %. In (169), a depletion of > 2 log-

stages by capturing > 99.5% of white blood cells from 10 mL of blood was achieved with recovery 

of > 90 % of spiked tumor cells. 

After determination of the maximal background tolerance of the RT-qPCR, the possibility to 

generate cell lysates from target cells in sample tubes or from cell captured on the filter was 

evaluated. HCT116 cell suspensions with defined cell numbers of 104, 103, and 102 cells were 

filtrated using the filtration functional model as described in chapter 2.3.1.1 and cell suspensions 

with the same cell numbers were lysed in a sample tube as references. The aim was to determine 

the minimal cell number required for detection of EpCAM, Twist and Snail copies by RT-qPCR 

in the cell lysates. Whereas EpCAM could be detected in all cell dilutions analyzed from both 

lysates from lysis in the sample tube and filter lysates, Twist and Snail could not be detected in the 

lysates from filtration of 102 cells. However, the copy numbers detected in the filter lysates of 104 

and 103 cells were up to 10 times lower than the copy number detected in the sample tube cell 

lysates. This led to the assumption that besides loss of whole cells through the filter, which was 

determined to be approximately 40 % (see chapter 3.2.3 for HCT116 capture rates), RNA was lost 

in the process of cell lysis and recovery of the cell lysate from the filter. In the cell lysate generated 

from 102 cells and recovered from the filter, the RNA yield was probably too low for RT-qPCR 

detection. Thus, it was suggested that for the combination of blood sample filtration for CTC 

quantification and subsequent cell lysis for RT-qPCR analysis of at least 103 target cells must be 

captured. Consequently, the blood sample volume might need to be adapted after initial CTC 

quantification to capture sufficient cells for further analysis. But in summary, it was successfully 

shown that RT-qPCR analysis was possible with crude cell lysates as templates and did not 

necessarily need RNA purification in advance. For better standardization of lysate generation in 

future, a commercially available kit for direct, probe-based RNA detection and quantitation could 

be used as for example the Luna® Cell Ready One-Step RT-qPCR Kit (New England Biolabs, 

Frankfurt, Germany), a Cells-to-Ct Kit (Thermo Fisher Scientific, Waltham, USA) or RealTime 

ready Cell Lysis kit (Roche, Basel, Switzerland). These methods are well described and increase 

processing speed and throughput and offer possibilities towards automation of RT-qPCR analysis 

using limited sample material at comparable or improved sensitivity and accuracy compared to 

conventional methods that require RNA extraction (170).  
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A method that enables increasing sensitivity independent of increasing the sample purity is the 

technique of nested PCR. Hereby, the target genes in the samples were successfully pre-amplified 

to increase sensitivity. As shown in chapter 3.4.4.1, using nested RT-qPCR all targets could be 

detected in the lysates of down to 101 HCT116 cells whereas in the conventional RT-qPCR, 

EpCAM could not be detected in the cell lysate of 101 cells, and Snail and Twist could not be 

detected in the cell lysates of 101 and 102 HCT116 cells. This observation is comparable to results 

reported in the literature for nested and semi-nested RT-qPCR approaches for the detection and 

enumeration of single tumor cells in a high background of mononuclear blood cells. Thereby, semi-

nested PCR enabled the detection of down to 5 target cells per mL blood without the need for RNA 

extraction (165). 

Another important adaptation towards integration into the LoC platform was the possibility of 

multiplex analysis and long-term storability of RT-qPCR components at RT. Therefore, different 

primer concentrations and combinations were evaluated in multiplex approaches and primers/probe 

mixes were air dried and stored for 3 h, 24 h, 21 days and 42 days at RT and 55 °C. Storage at 

elevated temperatures provided the possibility of accelerated long-term storage stability estimation. 

As described in chapter 3.4.5.1 and chapter 3.4.5.2, neither multiplexing nor storage of the RT-

qPCR components had significant adverse effects on the performance of the RT-qPCR and the 

proof-of-principle under on-chip conditions was successfully shown (171) (172). The storage 

experiments revealed only slightly better performance for the RT-qPCR with the components 

stored with the additive trehalose for stabilization. The same observations were made by Rombach 

et al. (173), where primers and fluorophore-quencher combinations were stored for one year at 

room temperature for evaluation of their potential use for in vitro diagnostic (IVD) products 

comparable to the Vivalytic system. Thus, the expression analysis presented in this study would be 

suitable for LoC integration.  

In summary, in the study presented here, a method for the phenotypic analysis of CTCs isolated 

from a liquid biopsy was established providing the possibility for cell detection and quantification 

as well as characterization regarding their epithelial origin. Moreover, a proof-of-principle of 

expression analysis of the captured cells was shown indicating that additional information on the 

origin or epithelial or mesenchymal state of the cells could be gained. Cell detection and 

quantification were shown in the established filtration functional model as a first prototype and in 

adapted LoC cartridges with slight modifications compared to the current cartridge design. Despite 
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optical analysis and expression not being technically feasible on the current system, the unit 

operations have been implemented as proof-of-principle using experimental conditions that were 

compatible with the LoC system. However, the filtration functional model as such a combination 

with a syringe pump and a fluorescence microscope can already be used as tool for accompanying 

CTC analysis in clinical cancer treatment studies to help elucidating whether therapy decisions 

could be made based on changes in CTC counts.  
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5. Conclusion and Outlook 

The established filtration method presented in this study enables sample processing without manual 

preprocessing steps, the maintenance of cell viability, real-time detection for the maximization of 

quantification efficiency in a time to result of less than 20 min. For further applications, it provides 

the option to stain the cells either before or after capture, to capture the viable cells first and fix 

them in the second step for staining with further antibodies and the possibility for downstream 

analysis after quantification of the cells.  

CTCs from blood were successfully captured and detected. An even distribution and increased 

capture of cells on the filter could be achieved by using the two-armed filtration functional model 

(as described in chapter 3.2.4.2). Furthermore, three different cell lines and patient blood samples 

were processed with the  filtration functional models and imaged by fluorescence microscopy. 

Large cells (< 15 µm) were captured with higher efficiency than smaller cells (capture rates of 

54 % ± 10 % to 89 % ± 6 %).  

Quantification efficiency for smaller cells was significantly improved by up to 20 % by detecting 

the captured cells in real-time and first algorithms for automation of cell detection and tracking 

were established (described in chapter 3.2.4.3). Real-time quantification provided a significant 

advantage compared to the state-of-the-art endpoint detection and is a promising tool to overcome 

the disadvantages related to filtration-based approaches for CTC isolation. Future work on the  

algorithm could include differentiation of different dyes and antibodies, the differentiation of  dead 

and viable target cells and characterization of cell populations.  

All sample processing steps presented were compatible with the Vivalytic LoC system, as on-chip 

cell capture by filtration was successfully shown in the first proof-of-principle experiments. With 

appropriate fluidic protocols capture rates up to 55 % could be achieved, despite limited optical 

access (suction pumping, see chapter 3.3.2) . Solely, the optical detection needed to be performed 

off-chip using a  fluorescence microscope. Further development towards on-chip optical detection 

requires an adapted cartridge design  without fluidic channels in the optical view field and an 

improved optical system with higher resolution and faster filter switching.  
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As a next step, the recovery of captured cells either as intact cells or bulk cell lysate could be 

evaluated in order to identify the origin of the cells and validate that the captured and counted cells 

are real tumor cells. In future, multimarker analysis will be necessary including the identification 

of epithelial and mesenchymal CTCs and the clear distinction from normal blood cells or normal 

epithelial stem cells. Therefore, additional cell lines will be necessary for mixed spike-in 

experiments to enable detection of epithelial cells, mesenchymal cells, EMT cells and MET cells. 

ATCC (Manassas, Virginia, United States) for example, offers cells that have been generated by 

using CRIPR/Cas9 such as the reporter cell line HCT116 VIM RFP (174).  

As filtration-based CTC isolation methods are widely studied, several approaches are described in 

literature that could be evaluated for further optimization in future. For example, one approach that 

could increase both cell capture and sample purity might be affinity filtration. Thereby, antibodies 

immobilized on the filter could be used to capture cells that could pass due to their size but are 

captured by the antibodies. Alternatively, immunocapture in microfluidic chips with functionalized 

channels were described for either positive immunocapture of target cells or negative 

immunocapture of non-target cells for depletion (175) (176). The latter could be used to deplete a 

higher fraction of leukocytes in a channel before the filter resulting in lower non-target cell 

background for subsequent molecular analysis. Furthermore, filter pore sizes and filter depths could 

be varied depending on the target cells that need to be captured because differences in cell size 

could be expected for different tumor types.  

After cell capture for quantification, cells could be recovered from the filter as described in this 

study using lysis methods from nucleic acid extraction.  

Alternatively, a method for recovery of whole intact cells could be established for single cell 

analysis or cultivation of the isolated cells. CTCs that can be cultivated in-vitro and grow into 

microspheres were described as a subpopulation of CTCs the cancer stem cells (CSCs). These cells 

are held responsible for tumor invasion, metastasis, heterogeneity, and resistance to therapy. To 

evaluate these properties, CTCs can be cultured after isolation and sphere formation can be 

assessed. One study described that spheres could grow from isolated cells of 79 % of patients and 

the number of tumor spheres was described to depend on the stage of disease (177). Patients with 

chemotherapy treatment had lower numbers of tumor spheres compared to patients without 

chemotherapy. This leads to the assumption that under chemotherapy, the formation of tumor 

spheres might be an indicator for the lacking response to therapy and the need for therapy 
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adaptation. Identifying the CTC fraction within a sample that possesses stem cell properties and 

monitoring the number of these cells during therapy may provide additional clinically relevant 

prognostic information.  

For a first and PCR-based molecular characterization of the CTCs present in blood samples after 

capture, expression analysis of EMT-markers was established on a few first markers in this study. 

This could be further extended to the analysis of more genes indicating EMT aiming at more precise 

prediction of therapy response than achieved by counting epithelial CTCs only. A first proof-of-

principle was shown in this study and in case of one patient, the number of EpCAM-positive CTCs 

inversely correlated with the expression of the mesenchymal markers Snail and Twist. However, a 

larger cohort of patients should be monitored over a longer period to assess whether the increase 

of mesenchymal gene expression correlated with therapy response and whether it correlates better 

or earlier than the CTC count.  

Another downstream application of the cells captured on the filter might be DNA extraction for 

mutation detection. Just as shown for the RNA in this study, DNA could be extracted from the cells 

captured on the filter after optical detection or even after optical detection of viable cells, fixation 

and staining of intracellular markers. Subsequently, the DNA could be transferred to an off-chip 

sample tube for storage and external analysis or analyzed on-chip after establishing further qPCR 

assays. This should, in the first place, be used to verify whether the captured cell are indeed tumor 

cells. The captured cell types' composition could be identified by sequencing and implemented 

either on single cell basis or as a pooled cell fraction. In the first step, cells that can be picked as 

single cell using a capillary-based picker such as the CellCelector ™ (ALS, Jena, Germany) could 

be subjected to whole genome amplification and low pass sequencing to detect genome-wide copy 

number variations. This is expected to result in detection of characteristic differences in CTCs cells 

and confirm their tumor origin. As an alternative, the isolated cells could be subjected to targeted 

sequencing detecting certain cancer specific mutations.  

An additional option to implement mutation detection on the Bosch LoC system could be provided 

by mutation panels in microarray format such as the BRAS BRAF PIK3CA mutation array 

(Randox Laboratories Ltd., Crumlin, UK). However, this would require an additional DNA 

extraction filter or magnetic beads and is therefore subject for an alternative cartridge providing 

two chambers for filter integration or the possibility to handle magnetic DNA extraction beads.  
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Overall, the single unit operations for cell capture, (real-time) detection and enumeration with or 

without deep learning approaches, the recovery of the cells or nucleic acids from the filter element 

established in this study provided the proof-of-principle of LoC integration of CTC analysis in 

liquid biopsy samples. It was shown that all steps can be performed in a microfluidic environment 

and that the steps can be automated and miniaturized for the Vivalytic LoC system. Furthermore, 

the assays hold the potential for expansion towards analysis of additional antigens or molecular 

markers.  
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5.1. Summary 

The Bosch Vivalytic system is an automated lab-on-a-chip (LoC) platform for molecular 

diagnostics at the point of care without the requirement of a fully equipped laboratory or trained 

staff. The current product portfolio includes tests for detection of different infectious diseases. 

Future potential applications include assays for cancer diagnostics and therapy monitoring by 

minimally invasive liquid biopsy using circulating tumor cells (CTCs) as prognostic biomarkers. 

Circulating tumor cells shed from the primary tumor into the vasculature and are described as the 

major cause for metastasis. There is evidence that their number correlates with therapy success. 

Quantification of the cells that reside in the bloodstream despite therapy represents a minimally 

invasive method for therapy monitoring and personalized treatment optimization. The prognostic 

significance of CTCs as biomarkers obtained from liquid biopsies is currently under intensive 

investigation. Since the CTC number in blood is relatively low compared to normal blood cells, 

their quantification requires highly accurate methods.  

In this dissertation, a method for analysis of CTCs from liquid biopsies is presented. The first step 

of this study was to reproduce an existing CTC detection method and adapt it for the automation 

on the Vivalytic LoC system. The established staining strategy was verified in a clinical study  

(480/2019BO2, Universitätsklinikum Tübingen) using blood  samples from patients with (late 

stage) gastrointestinal cancer for parallel analysis in two laboratories. Hereby, the absolute cell 

counts differed, but the cell count dynamics were comparable and correlation to disease progression 

was observed for three patients. Further patient recruitment is ongoing, 

As filtration-based methods are feasible for CTC isolation and compatible with the Vivalytic LoC 

system, in the second step a microfluidic filtration device in microscope slide format was 

developed and prototyped from a transparent material. This served as a single unit functional model 

and enabled capture of CTCs on an optically addressable surface and real-time optical observation 

of the cell capture process. The proof-of-principle was successfully achieved by adding cancer cells 

from appropriate cell lines into healthy blood for filtration using the prototype, whereby arriving 

cells were counted to determine the total number of CTCs present in the blood. Providing real-time 

detection improved quantification efficiency even for small cells that have been retained but pass 

the filter during the filtration process. While endpoint evaluation resulted in a detection rate of 

64 % ± 3 % of the spiked cells, manual real-time counting in a video led to 84 % ± 4 %. For 
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automated cell detection and one-to-one cell counting, a tracking method has been developed using 

convolutional neural networks for the detection and segmentation of objects. This resulted in 

detection of 92 % ± 7 % of the cells by real-time tracking compared to 70 % ± 20 % of the initially 

spiked cells when using the last frame for detection.  

The third step of the study was the transfer and integration of the CTC filtration and detection 

unit into the Vivalytic cartridge. The unit operations for fluid transport in the microfluidic network 

of the cartridge required adaptation of fluidic protocols for gentle processing of cell suspensions 

considering fluid shear stress and loss-free transport maintaining > 80 % viability.  

In the fourth step, in addition to enumeration, the isolated CTCs were characterized on the gene 

expression level using exemplary EMT (epithelial mesenchymal transition) related genes. The gene 

expression analysis of first patient samples revealed inverse correlation of the EpCAM signal on 

the cell membrane with the gene expression of Twist and Snail. This may provide crucial 

information for the association between gene expression profiles and clinical outcome but needs 

further investigation and validation with additional patient samples. In following studies, CTCs 

that can be detected by the described method should be isolated as single cells for validation of 

their tumor origin, for example by single cell sequencing methods. 

By reducing the sample preparation steps and providing the possibility for real-time detection, cell 

loss could be minimized, and the efficiency of CTC quantification could be optimized.  

Automation of the presented assay and integration into the Vivalytic system could complement the 

system by a completely new application for cancer treatment monitoring by counting and 

characterization of CTCs. This represents a promising tool to enable automated and rapid point-of-

care assessment of changes in CTC numbers in patients’ blood providing a measure for therapy 

success. 
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5.2. Zusammenfassung 

Das Bosch Vivalytic System ist eine automatisierte Lab-on-chip (LoC) Plattform für die 

molekulare Diagnostik und Probenanalyse am Point of Care ohne den Bedarf eines 

vollausgestatteten Labors oder geschultem Fachpersonal. Das aktuelle Produktportfolio umfasst 

Tests für die Analyse von infektiösen Krankheiten. Potenzielle, zukünftige Anwendungen 

beinhalten Assays für die Krebsdiagnostik und das Therapiemonitoring mittels minimal invasiver 

Flüssigbiopsie (Liquid Biopsy) und den Nachweis von zirkulierenden Tumorzellen (circulating 

tumor cells; CTCs) als prognostischen Marker. CTCs lösen sich vom Primärtumor, können in die 

Blutgefäße gelangen. Sie gelten als Hauptauslöser der Metastasierung und es gibt Hinweise darauf, 

dass ihre Zahl im Blut mit dem Therapieerfolg korreliert. Quantifizierung der Zellen, die trotz 

Therapie im Blutstrom verbleiben, stellt eine minimal invasive Methode für das 

Therapiemonitoring und die Optimierung einer personalisierten Behandlung dar. Die 

prognostische Bedeutung der CTCs als Biomarker aus Flüssigbiopsien wird zurzeit intensiv 

erforscht. Da deren Zahl im Blut im Vergleich zu gesunden Blutzellen jedoch gering ist, erfordert 

die Quantifizierung hochpräzise Methoden.  

In dieser Dissertation wird eine Methode für die Analyse von CTCs aus Flüssigbiopsien vorgestellt. 

Im ersten Schritt der Arbeit wurde eine existierende CTC-Detektionsmethode reproduziert und 

für die Automatisierung auf einem LoC System angepasst. The etablierte Färbestrategie wurde in 

einer klinischen Studie (480/2019BO2, Universitätsklinikum Tübingen) mit Patientenproben 

parallel in zwei Laboren überprüft. Hierbei unterschieden sich die ermittelten absoluten CTC-

Zahlen, die Zellzahlverläufe waren jedoch vergleichbar und korrelierten bei drei Patienten mit dem 

Krankheitsverlauf. Da filtrationsbasierte Methoden für die CTC-Isolation leicht umsetzbar und 

kompatibel mit dem Vivalytic LoC System sind, wurde im zweiten Schritt eine mikrofluidische 

Filtrationseinheit im Objektträgerformat entwickelt und Prototypen aus einem transparenten 

Material gefertigt. Diese dienten als Einzelfunktionsmuster und ermöglichten den Rückhalt von 

CTCs auf einer optisch einsehbaren Oberfläche, sowie die optische Detektion des 

Rückhaltevorgangs in Echtzeit. Der Machbarkeitsnachweis (proof-of-principle) erfolgte mit 

Modellproben durch die Zugabe von geeigneten Tumor-Zelllinien zu gesundem Blut für die 

Filtration mit Hilfe des Prototyps, währenddessen zurückgehaltene Zellen gezählt wurden, um die 

CTC-Zahl im Blut zu ermitteln. Die Möglichkeit der Echtzeitdetektion verbesserte die 

Quantifizierungseffizienz signifikant. Dies galt auch für kleinere Zellen, die initial zurückgehalten 

wurden, im zeitlichen Verlauf des Vorgangs jedoch durch den Filter hindurchgedrückt wurden. 
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Während die Endpunkt-Quantifizierung zu einer Detektionsrate von 64 % ± 3 % der Zellen führte, 

konnte die Rate durch manuelle Echtzeit-Zählung auf 84 % ± 4 % gesteigert werden. Für die 

automatisierte Zellerkennung und -zählung wurde eine Tracking-Methode unter Verwendung von 

neuronalen Netzen für die Detektion und Segmentierung der Objekte entwickelt. Diese erreichte 

eine Detektionsrate von 92 % ± 7 % durch die Echtzeit-Zählung in einem Video im Vergleich zu 

70 % ± 20 % unter Verwendung des letzten Bildes des Filtrationsvorgangs.  

Im dritten Schritt der Arbeit wurde die Filtrations- und Detektionseinheit in die Vivalytic 

Kartusche integriert. Die Einheitsoperationen für den Flüssigkeitstransport im mikrofluidischen 

Netzwerk der Kartusche erforderte Anpassung von fluidischen Protokollen für einen schonenden 

Transport der Zellsuspensionen unter Berücksichtigung von Scherkräften und des verlustfreien 

Transports unter Erhalt der Viabilität bei > 80 %.  

Im vierten Schritt wurden für die isolierten CTCs zusätzlich die Genexpression von 

exemplarischen EMT (epitheliale mesenchymale Transition) assoziierten Genen untersucht. Die 

Genexpressionsanalyse des ersten Patienten zeigte eine negative Korrelation des EpCAM-Signals 

auf der Zellmembran mit der Genexpression von Twist und Snail. Dies könnte einen wichtigen 

Hinweis auf einen Zusammenhang der Genexpression mit dem klinischen Ausgang darstellen, 

benötigt jedoch weitere Untersuchung und Validierung mit zusätzlichen Patientenproben.  

In zukünftigen Studien sollten die CTCs, die durch die beschriebene Methode detektiert werden, 

einzeln isoliert und deren Tumorursprung zum Bespiel durch Einzelzell-Sequenzierungsmethoden 

bestätigt werden. Durch die Reduktion der Probenvorbereitungsschritte und die Möglichkeit der 

Echtzeit-Detektion, konnte der Zellverlust minimiert und die CTC-Quantifizierungseffizienz 

optimiert werden.  

Die Automatisierung des vorgestellten Assays und die Integration auf die Vivalytic Plattform 

könnte das System durch eine neue Anwendung für das Krebstherapiemonitoring durch Zählung 

und Charakterisierung von CTCs erweitern. Dies stellt ein vielversprechendes Werkzeug dar, um 

die automatisierte und schnelle Point-of-Care-Erfassung von Änderungen der CTC-Anzahl im Blut 

von Tumorpatienten zu erfassen, die eine Einschätzung des Therapieerfolges ermöglicht. 
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Appendix 

Table A1: List of devices 

Device Supplier 

2100 Bioanalyzer Instrument  Agilent Technologies, St. Clara, USA 

7500 Real-Time PCR System ThermoFisher Scientific, Waltham, USA 

−80 °C Freezers MDF-Q500VX-PE Panasonic 

Cell counter model R1 Olympus, Shinjuku, Japan 

Centrifuge Heraeus 17 ThermoFisher Scientific, Waltham, USA 

Centrifuge 5810R Eppendorf, Hamburg, Germany 

Environmental scanning electron 

microscope 

Thermo Fisher Scientific 

Fusion Solo S Vilber Lourmat, Eberhardzell, Germany 

Ice machine Zigna, Isernhagen, Germany 

Incubators Binder, Tuttlingen, Germany 

Kryotank BR2200 Cryo diffusion, Léry, France 

Microscope BX61 Olympus, Shinjuku, Japan 

Microscope IX83 Olympus, Shinjuku, Japan 

pH-meter Five Easy Mettler Toledo, Columbus, USA 

Pipet boy Integra Biosciences 

Pipettes, 10 µL, 200 µL, 1000 µL Eppendorf 

Plate centrifuge Benchmark Scientific, Sayreville, USA 

Plate thermos-shaker Biosan 

Refrigerator Bosch 

Safety cabinets Berner, Elmahorn, Germany 

Scales Mettler Toledo 

Environmental scanning electron 

microscope 

Thermo Fisher Scientific, Waltham, USA 

Spectramax Molecular Devices, San Jose, USA 

Syringe pump neMESYS Cetoni, GmbH, Korbußen, Germany 

ThermoMixer C Eppendorf 

GL.compact Laser system GFH GmbH, Deggendorf, Germany 

UV flow benches Kisker 

Vortexer IKA Ms3 Sigma-Aldrich, Steinheim, Germany 

Water bath  Memmert 

NanaoDrop2000 Thermo Fisher Scientific, Waltham, USA 

Qubit Thermo Fisher Scientific, Waltham, USA 

 

 

 

Table A2: List of disposables 

Disposables Supplier 
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Blood sample tubes, 3.4 mL, 7.5 mL Sarstedt 

Cell counting slides Olympus 

Cell culture flasks Greiner Bio-One, Kremsmünster, Austria 

Cell culture plates, 12-well, 24-well Greiner Bio-One, Kremsmünster, Austria 

Luminescence assay plates, Pierce™ 

96-Well Polystyrene Plates, White 

Opaque 

ThermoFisher Scientific, Waltham, USA 

Maintrac® assay plates, 96 Well 

Black/Clear Bottom Plate 

ThermoFisher Scientific, Waltham, USA 

96-well microtiter plates Greiner Bio-One, Kremsmünster, Austria 

PCR plates ThermoFisher Scientific, Waltham, USA 

PCR sealing foil  Life Technologies 

Pipette tips, 10 µL, 200 µL, 1000 µL  Sigma Aldrich 

Polycarbonate microscopic slides Robert Bosch GmbH 

Sample tubes, 15 mL, 50 mL  
 

Sample tubes, cell culture, 1.5 mL Eppendorf 

Sample tubes, PCR-clean, 1.5 mL Eppendorf 

Serological pipettes 
 

Silicon tubes 
 

TEM-grids Plano GmbH,  

Transportation boxes maintrac® 

samples  

SIMFO, Bayreuth, Germany 

Vivalytic cartridges Robert Bosch GmbH 
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Figure A1: Concept decision matrix according to Pugh
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Real-time counting of cells during capture on the filter – MATLAB Code 

%VideoSize = [432 528]; 

VideoSize = [800 1200]; 

  

%Create a System object to read video from avi file. 

filename = 'Film1.avi'; 

hvfr = VideoReader(filename); 

  

% Create a BlobAnalysis System object to find the centroid of the segmented cells in the 

video. 

hblob = vision.BlobAnalysis( ... 

                'AreaOutputPort', false, ... 

                'BoundingBoxOutputPort', false, ... 

                'OutputDataType', 'single', ... 

                'MinimumBlobArea', 4, ... 

                'MaximumBlobArea', 300, ... 

                'MaximumCount', 1500); 

  

% Acknowledgement 

ackText = ['Data set courtesy of Jonathan Young and Michael Elowitz, ' ... 

             'California Institute of Technology']; 

  

%Create a System object to display the video. 

hVideo = vision.VideoPlayer; 

hVideo.Name  = 'Results'; 

%hVideo.Position(1) = round(hVideo.Position(1)); 

%hVideo.Position(2) = round(hVideo.Position(2)); 

hVideo.Position(1) = 20; 

hVideo.Position(2) = 20; 

hVideo.Position([4 3]) = 50+VideoSize; 

  

%scale video to window frame 

set(0,'showHiddenHandles','on') 

fig_handle = gcf ;   

fig_handle.findobj % to view all the linked objects with the vision.VideoPlayer 

ftw = fig_handle.findobj ('TooltipString', 'Maintain fit to window'); % this will search the 

object in the figure which has the respective 'TooltipString' parameter. 

ftw.ClickedCallback()  % execute the callback linked with this object 

  

%Stream Processing Loop 

%Create a processing loop to count the number of cells in the input video.  

% This loop uses the System objects you instantiated above. 

frameCount = int16(1); 

  

%set up array handle to store Centroid positions for every frame 

numberOfFrames = hvfr.Duration*hvfr.FrameRate; 

Centroid_handle = cell(numberOfFrames,1); 

image_handle = cell(numberOfFrames,1); 

image_handle_marker = cell(numberOfFrames,1); 
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while hasFrame(hvfr) 

    % Read input video frame 

    % crop circle 

    image = im2single(readFrame(hvfr)); 

    imageSize = size(image); 

     

    ci = [880, 1300, 750];     % center and radius of circle ([c_row, c_col, r]) 

    [xx,yy] = ndgrid((1:imageSize(1))-ci(1),(1:imageSize(2))-ci(2)); 

    mask = (xx.^2 + yy.^2)<ci(3)^2; 

    croppedImage = zeros(size(image)); 

    croppedImage(:,:,1) = image(:,:,1).*mask; 

    croppedImage(:,:,2) = image(:,:,2).*mask; 

    croppedImage(:,:,3) = image(:,:,3).*mask; 

     

   % image = rgb2gray(im2single(readFrame(hvfr))); 

    image = rgb2gray(croppedImage); 

  

    % Apply a combination of morphological dilation and image arithmetic 

    % operations to remove uneven illumination and to emphasize the 

    % boundaries between the cells. 

    y1 = 4*image - imdilate(image, strel('square',7)); 

    y1(y1<0) = 0; 

    y1(y1>1) = 1; 

    y2 = imdilate(y1, strel('square',7)) - y1; 

  

    th = multithresh(y2);      % Determine threshold using Otsu's method     

    y3 = (y2 <= th*0.9);       % Binarize the image. 

     

    Centroid = step(hblob, y3);   % Calculate the centroid 

    Centroid_handle{frameCount} = Centroid; %store Centroid positions for current frame in 

array handle 

    numBlobs = size(Centroid,1);  % and number of cells. 

    image_handle{frameCount}=image;             %store image of current frame in array handle 

  

    % Display the number of frames and cells. 

    frameBlobTxt = sprintf('Frame %d, Count %d', frameCount, numBlobs); 

    image = insertText(image, [1 1], frameBlobTxt, ... 

            'FontSize', 35, 'BoxOpacity', 0, 'TextColor', 'white'); 

    image = insertText(image, [1 size(image,1)], ackText, ... 

            'FontSize', 10, 'AnchorPoint', 'LeftBottom', ... 

            'BoxOpacity', 0, 'TextColor', 'white'); 

  

    % Display video 

    image_out = insertMarker(image, Centroid, '*', 'Color', 'green','size',15);    

    step(hVideo, image_out); 

    image_handle_marker{frameCount}=image_out;  %store image mit Centroid positions 

positions for current frame in array handle 

     

    frameCount = frameCount + 1; 
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end 

  

close all 

  

  

% anderer Ansatz: wir schauen einfach nur, wie viele Cells pro Frame dazu 

% kommen und integrieren einfach nur diese Differenz auf. Dann haben wir 

% nicht die Positionen der Cells, aber zumindest die Gesamt-Anzahl 

  

numberOfCells_AllFrames = 0; 

differenceCells = zeros(numberOfFrames,1); 

differenceCells(1) = size(Centroid_handle{1},1); 

for i = 2:numberOfFrames 

    numberOfCellsA = size(Centroid_handle{i-1},1); 

    numberOfCellsB = size(Centroid_handle{i},1); 

    differenceCells(i) = numberOfCellsB-numberOfCellsA; 

    if numberOfCellsB > numberOfCellsA 

        numberOfCells_AllFrames = numberOfCells_AllFrames + (numberOfCellsB-

numberOfCellsA); 

    end 

end 

  

cells = msgbox(['The counter counted ', num2str(numberOfCells_AllFrames), ' cells!']); 
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