
 
 

DISSERTATION 
 
 
 
 

Characterization of a Minimally Invasive Probe to Collect  
Circulating Tumor Cells from the Bloodstream 

 
Charakterisierung einer minimalinvasiven Sonde zur Isolation von 

zirkulierenden Tumorzellen aus der Blutbahn 
 
 
 

zur Erlangung des akademischen Grades  
Doctor rerum medicinalium (Dr. rer. medic.) 

 
 

vorgelegt der Medizinischen Fakultät  
Charité �— Universitätsmedizin Berlin 

 
 
 
 

von  
 
 
 

Paul Friedrich Geus 
 
 
 
 
 

Erstbetreuung: PD Dr.-Ing. Ulrich Kertzscher 
 
Datum der Promotion:  29. November 2024 

 





 i 

Table of Contents  

List of Tables and Figures __________________________________________________________ iii 

List of Abbreviations _______________________________________________________________ iv 

Abstract ___________________________________________________________________________ 1 

1 Introduction ___________________________________________________________________ 4 

1.1 Circulating Tumor Cells ___________________________________________________________ 5 

1.2 Circulating Tumor Cells in the Clinical Setting ______________________________________ 6 

1.2.1 Diagnosis of Cancer Based on CTCs in Blood ____________________________________________ 7 

1.2.2 Prognostic Evaluation Using CTCs _______________________________________________________ 9 

1.2.3 Treatment Stratification _______________________________________________________________ 10 

1.2.4 Monitoring Treatment Response________________________________________________________ 11 

1.2.5 CTC Cultivation for Treatment Development ____________________________________________ 12 

1.3 Methods for the Isolation of Circulating Tumor Cells _______________________________ 14 

2 Methods _____________________________________________________________________ 20 

2.1 The BMProbe�  ̄__________________________________________________________________ 20 

2.2 Flow System and Staining Protocol _______________________________________________ 21 

2.3 Experiments to Optimize Probe Geometry _________________________________________ 23 

2.4 Ex Vivo Experiments Using Lung Cancer Patient Blood ______________________________ 23 

3 Results ______________________________________________________________________ 25 

3.1 Analysis of the Experiments to Optimize Probe Geometry ___________________________ 25 

3.2 Ex Vivo Verification of the Functionality Using Lung Cancer Patient Blood ____________ 26 

4 Discussion ___________________________________________________________________ 27 

4.1 Summary and Interpretation of the Results ________________________________________ 27 

4.2 Strengths and Limitations of the Performed Studies ________________________________ 29 

4.2.1 Study Regarding the Influence of the Windings __________________________________________ 29 

4.2.2 Evaluation of the Study Regarding the Ex Vivo Functionality _______________________________ 29 

4.2.3 Evaluation of the Case Number for the Studies __________________________________________ 30 

4.2.4 Evaluation of the Flow System _________________________________________________________ 30 

4.3 Translation into the Clinic ________________________________________________________ 31 



 ii 

4.3.1 Early Diagnosis _______________________________________________________________________ 31 

4.3.2 Monitoring ____________________________________________________________________________ 32 

4.3.3 Cultivation of CTCs ___________________________________________________________________ 32 

4.4 Future Research Topics and Next Steps ___________________________________________ 33 

5 Conclusion___________________________________________________________________ 34 

Reference List ____________________________________________________________________ 35 

Statutory Declaration ______________________________________________________________ 47 

Declaration of Your Own Contribution to the Publication _____________________________ 48 

Printing Copy of the Publication ____________________________________________________ 49 

CV �— Paul Friedrich Geus __________________________________________________________ 64 

Publication List ___________________________________________________________________ 65 

Acknowledgments ________________________________________________________________ 66 



List of Tables and Figures iii 

List of Tables  and Figures 

List of Tables  

Table 1: Summary of different methods to isolate CTCs.______________________________18 

List of Figures 

Figure 1: Formation of distant metastasis with CTCs.  _________________________________ 5 

Figure 2: Circulating tumor cells in the clinical setting.  ________________________________ 7 

Figure 3: Predicting progression-free survival (PFS) using the CTC count in blood. ______ 10 

Figure 4: Monitoring treatment response by monitoring the CTC count in blood. ________ 12 

Figure 5: There are four different methods for CTC cultivation. ________________________ 13 

Figure 6: Different methods to isolate CTCs. _________________________________________ 15 

Figure 7: Comparison of the ability to isolate cells in the same patient using CellSearch® 

and CellCollector®. _______________________________________________________________ 18 

Figure 8: Visualization of the BMProbe™. ____________________________________________ 21 

Figure 9: Flow system with description of each component. __________________________ 22 

Figure 10: Visualization of the wet chamber.  ________________________________________ 22 

Figure 11: Results of the cell binding experiments. ___________________________________ 25 

Figure 12: Results of the clinical study. _____________________________________________ 26 

 



List of Abbreviations iv 

List of Abbreviations  

BiomarkerProbe       –  BMProbe™ 

Circulating tumor cell      –  CTC 

Circulating tumor DNA     –  ctDNA 

Cytokeratine       –  CK 

Deoxyribonucleic acid      –  DNA 

Epithelial -mesenchymal transition    –  EMT 

Epithelial cell adhesion molecule     –  EpCAM 

Ethylene diamine tetraacetate    –  EDTA 

Folat-Rezeptor �.       –  FOLR1 

Hazard ratio       –  HR 

Human umbilical vein endothelial cells    –  HUVEC  

ImmunoglobulinG      –  IgG 

Lymph Node Carcinoma of the Prostate    –  LNCaP 

Non-small-cell lung cancer     –  NSCLC 

Overall survival       –  OS 

Programmed cell death protein 1     –  PD-L1 

Progression-free survival     –  PFS 

Prostate-Specific Antigen      –  PSA 

Ribonucleic acid       –  RNA 

Small-cell lung cancer     –  SCLC 

 

 

 



Abstract 1 

Abstract  

Circulating tumor cells (CTCs) are cancer cells that are shed from the primary tumor or 

metastatic sites into the bloodstream. They are a universal biomarker in the diagnosis and 

treatment of cancer. The quantity of CTCs present in the blood can be used to diagnose 

cancer or make prognostic evaluations. Monitoring the CTC count over time also allows a 

quantitative analysis of the treatment response. A transcriptomic and proteomic analysis 

of CTCs can be used for treatment stratification. In addition, CTCs can be cultured and used 

for disease modeling and drug discovery. However, due to the rarity of CTCs in the blood 

(1–10 CTCs/mL) and the fact that blood contains approximately six billion cells per milliliter, 

reliable detection of CTCs for an accurate downstream analysis remains a technical 

challenge. Current isolation methods continue to focus on ex vivo approaches that target 

CTCs by label-free isolation, negative selection, or positive selection in a 7.5 mL blood 

sample. Disadvantages of these methods include low purity (due to also isolating 

nonspecific cells), loss of CTCs during processing steps and failure to isolate CTCs due to 

small blood samples and the rarity of CTCs in the blood.  

To overcome these limitations the BiomarkerProbe (BMProbe™), introduced in the 

publication “Verification of a novel minimally invasive device for the isolation of rare 

circulating tumor cells (CTC) in cancer patients’ blood” has been developed. It is a novel 

minimally invasive device that is coated with antibodies for the collection of CTCs from the 

median cubital vein during a 30-minute incubation. The in vivo approach enhances the 

likelihood of CTC isolation compared to ex vivo techniques by increasing the screened 

blood volume. Further, the experiments show that the flow-optimized geometry of the 

BMProbe™ binds 31 times more cells than a flat wire. Further, to verify the ex vivo 

functionality of the BMProbe™, a clinical study using 10 mL of patient blood was performed. 

The nine healthy controls included in the study had a median cell count of 0 (0–3) cells, 

compared to a median cell count of 1 (0–4) cell for the seven cancer patients. Based on the 

cell count, it was possible to distinguish between the two cohorts with a sensitivity of 85.7% 

and specificity of 88.9%. These studies were published in the publication corresponding to 

this thesis.  
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The studies have demonstrated the great potential of the BMProbe™ to overcome the 

limitations of current CTC isolation methods. It is expected that the number of bound cells 

in an in vivo application of the probe will be greatly increased compared to the results 

obtained in the ex vivo study, as a multiple of the blood volume will be screened. The thesis 

then discusses the strengths of the shown studies, e.g. the demonstration that the probe 

can be coated with different antibodies. Further, the limitations of these studies, including 

the unphysiological flow regions of the flow system that can lead to cell loss are highlighted. 

Then, the translation into the clinic is discussed and possible further research topics, 

including combining multiple antibodies on one probe, are suggested. The thesis concludes 

by proposing possible next steps, including testing the in vivo functionality of the BMProbe™ 

in a clinical study.  

 
 
Zusammenfassung  

Zirkulierende Tumorzellen (CTC) sind Krebszellen, die vom Primärtumor oder von 

Metastasen in die Blutbahn ausgeschieden werden. Sie sind ein universeller Biomarker für 

die Diagnose und Behandlung von Krebserkrankungen. Die Menge der im Blut vorhandenen 

CTCs kann zur Krebsdiagnose oder zur prognostischen Einschätzung herangezogen 

werden. Die Beobachtung der CTC-Zahl über die Zeit ermöglicht auch eine quantitative 

Analyse des Therapieerfolgs. Die transkriptomische und proteomische Analyse von CTCs 

kann zur Therapiestratifizierung genutzt werden. Darüber hinaus können CTCs kultiviert und 

zur Modellierung der Krebserkrankung und Wirkstofftestung verwendet werden. Aufgrund 

der Seltenheit von CTCs im Blut (1-10 CTCs/ml) und der Tatsache, dass Blut etwa sechs 

Milliarden Zellen pro Milliliter enthält, bleibt es jedoch eine technische Herausforderung, 

CTCs zuverlässig für eine akkurate nachgeschaltete Analyse zu isolieren. Die derzeitigen 

Isolierungsmethoden konzentrieren sich nach wie vor auf ex vivo-Ansätze, bei denen CTCs 

durch markerunabhängiger Isolierung, negativer- oder positiver Isolierung in einer 7,5-ml-

Blutprobe nachgewiesen werden. Zu den Nachteilen dieser Methoden gehören unter 

anderem, dass es durch die geringe Reinheit (unspezifischen Zellen werden ebenfalls 

isoliert), den Verlust von CTCs während der Arbeitsschritte und aufgrund der geringen 

Zellanzahl in kleinen Blutproben häufig nicht gelingt CTCs zu isolieren.  
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Um diese Einschränkungen zu überwinden, wurde die BiomarkerProbe (BMProbe� )̄ 

�E�N�T�W�I�C�K�E�L�T�€���D�I�E���I�N���D�E�R���Z�U���D�I�E�S�E�R�����R�O�M�O�T�I�O�N���G�E�H�q�R�E�N�D�E�N�����U�B�L�I�K�A�T�I�O�N���ž���E�R�I�F�I�C�A�T�I�O�N���O�F���A���N�O�V�E�L��

minimal invasive device for the isolation of rare circulating tumor cells (CTC) in cancer 

�P�A�T�I�E�N�T�S�™�� �B�L�O�O�D�›�� �V�O�R�G�E�S�T�E�L�L�T�� �W�U�R�D�E�ƒ�� �	�S�� �H�A�N�D�E�L�T�� �S�I�C�H�� �U�M�� �E�I�N�E�� �N�E�U�A�R�T�I�G�E�€�� �M�I�N�I�M�A�L�� �I�N�V�A�S�I�V�E��

Sonde, die mit Antikörpern beschichtet ist und während einer 30-minütigen Inkubation 

CTCs aus der Vena mediana cubiti sammelt. Der in vivo-Ansatz erhöht die 

Wahrscheinlichkeit der CTC-Isolierung im Vergleich zu ex vivo-Techniken, durch das 

vergrößerte untersuchte Blutvolumen. Zum anderen wurde in Experimenten gezeigt, dass 

die die strömungsoptimierte Geometrie der BMProbe�  ̄31-mal mehr Zellen sammelt als ein 

flacher Draht. Um die ex vivo-Funktionalität der BMProbe�  ̄ zu verifizieren, wurde eine 

klinische Studie mit 10 ml Patientenblut durchgeführt. Die neun gesunden 

Kontrollpersonen, die an der Studie teilnahmen, hatten eine durchschnittliche Zellzahl von 

0 (0-3) Zellen, während die durchschnittliche Zellzahl der sieben Krebspatienten 1 (0-4) 

Zellen betrug. Basierend auf der Zellzahl konnten die beiden Kohorten voneinander 

unterschieden werden mit einer mit einer Sensitivität von 85,7 % und einer Spezifität von 

88,9 %. Diese Untersuchungen wurden in der Publikation zu dieser Arbeit veröffentlicht. 

Die Studien haben das große Potenzial der BMProbe�  ̄ gezeigt, die Limitationen der 

derzeitigen CTC-Isolierungsmethoden zu überwinden. Bei der in vivo Anwendung wird 

erwartet, dass die Anzahl der gesammelten Zellen stark ansteigen wird, da verglichen zur 

ex vivo Studie ein Vielfaches des Blutvolumens untersucht wird. Im Diskussionsteil der 

Dissertation werden anschließend die Stärken diskutiert, wie zum Beispiel der Nachweis, 

dass die Sonde mit verschiedenen Antikörpern beschichtet werden kann. Ebenfalls werden 

die Limitationen der durchgeführten Experimente beleuchtet. Dies umfasst eine Bewertung 

des Fließsystems, welches unphysiologische Durchflussbereiche aufweist welche zu 

Zellverlusten führen können. Anschließend wird die Translation in die Klinik diskutiert und 

es werden mögliche weitere Forschungsthemen vorgeschlagen, einschließlich der 

Kombination mehrerer Antikörper auf einer Sonde. Die Arbeit schließt mit der Nennung 

nötiger nächster Schritte ab, zum Beispiel der Überprüfung der in vivo-Funktionalität der 

BMProbe�  ̄in einer klinischen Studie. 
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1 Introduction  

There are over 19 million new cases of cancer each year, resulting in roughly 10 million 

deaths worldwide. This means that cancer is responsible for one in six deaths worldwide 

[1]. Current methods for screening, treatment monitoring and therapy selection create a 

substantial economic burden for societies and limited treatment efficacy.  

In recent years, there has been a great focus on the analysis of bodily fluids such as blood 

and urine (liquid biopsy) to improve the diagnosis and treatment of cancer. In cancer, the 

analysis of circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and specific 

extracellular vesicles can help physicians diagnose cancer and apply precision medicine. 

The advantage of liquid biopsy compared to standard tissue biopsy is the low-cost of 

sample isolation and the ability to continuously extract samples due to the minimally 

invasiveness of the method [2]. However, the biological components targeted in liquid 

biopsy in cancer are extremely rare and their reliable detection remains a technical 

challenge [3–5]. Therefore, due to the limitations of current isolation methods, CTC and 

ctDNA based liquid biopsy in cancer is still mostly used only in academia. 

This thesis characterizes a novel minimally invasive device to collect CTCs in vivo from the 

peripheral venous bloodstream, called BiomarkerProbe (BMProbe™). Thereby increasing 

the screened blood volume and subsequently the likelihood of cell isolation significantly. 

CTCs were chosen as a target as they provide dynamic information on proteins and carry 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). They can therefore be considered 

a more complete biological entity compared to ctDNA and tumor specific exosomes [6]. 

Further, CTCs can be cultivated and thus be used for studies on metastases, monitoring 

drug resistance and drug development [7].  

The following introduction gives a short biological background on CTCs, their application in 

the clinical setting and finishes by showing current CTC detection methods. In methods and 

results, the publication  “Verification of a novel minimally invasive device for the isolation of 

rare circulating tumor cells (CTC) in cancer patients’ blood” is summarized. The publication 

introduces the BMProbe™ and shows experiments that analyze how the geometry 

influences the binding capabilities. The publication also presents the functionality of the 

probe to bind CTCs in the blood of lung cancer patients. An interpretation of the results, as 
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well as the strengths and weaknesses of the study are provided in the discussion. The 

discussion concludes by highlighting possible further research and the translation into the 

clinic .  

1.1 Circulating Tumor Cells  

CTCs are cancer cells that are shed from tumor regions (either from the primary tumor or 

metastatic deposits) and circulate through the bloodstream. They can populate distant 

tissues or organs and it is thus assumed that they have the potential to form distant 

metastases [8]. The formation of metastasis is a very complex process, and it is described 

superficially in the following, focusing only on the metastasis process of CTCs via the 

bloodstream passage. A detailed description can be found, for example, in a review by 

Welch and Hurst [9]. A simplified visualization of the process if shown in Figure 1. 

 
Figure 1: Formation of distant metastasis with CTCs. This simplified visualization of distant metastasis 
formation focuses only on CTCs and neglects further blood components (e.g., T cells, cancer associated 
fibroblasts, or macrophage). The five-step process begins by shedding from the tumor (invasion, 1) and ends 
by forming distant metastasis (colonization, 5). Own graphic created using Biorender.com.  

CTCs are shed from the tumor regions through passive or active shedding. This process is 

called invasion. Passive shedding is based on compromised tumor vasculature, where an 

inefficient supply of nutrients and oxygen to the tumor causes the tumor to grow [10]. Due 

to space constraints, this results in high pressure and concentration gradients that enable 

tumor cells to enter the vascular system [11]. During active shedding, the cells undergo an 

epithelial-mesenchymal transition (EMT). In this transition, epithelial markers, like E-

cadherin and epithelial cell adhesion molecule (EpCAM), are lost and mesenchymal 

markers, like Vimentin and N-cadherin, are gained. This mesenchymal phenotype leads to 
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detachment of the tumor site. Invasion is followed by intravasation where the endothelial 

vessel-layer is passed and the bloodstream is reached [8]. During circulation in the 

bloodstream, CTCs have the ability to rapidly and reversibly change their phenotype from 

epithelial to mesenchymal, even existing in hybrid phenotype. During circulation, CTCs 

experience shear stresses that can lead to deformation, changes in gene expression 

patterns (transcriptional  changes), and fragmentation, among others [12]. This leads to the 

destruction of many CTCs [13]. A further hurdle for survival of the CTCs is related to immune 

cells. They are avoided through different measures, for example, by immunoediting, where 

programmed cell death protein 1 (PD-L1) [14] is expressed on the cell surface, or by forming 

platelet-rich thrombi around their surface [15]. The relationship with platelets is vital for the 

survival of CTCs in the bloodstream. The formed thrombi act as a protective shield against 

the immune cells and against shear stresses during circulation. This avoids recognitions 

and lysis by natural killer cells [16]. Further, they aid in attaching to the endothelial layer of 

the vessel wall [15]. 

For the formation of distant metastases, the cells exit the blood circulation through passive 

or active extravasation. During passive extravasation, the cells are mechanically trapped in 

capillaries that are only a few micrometers in diameter, similar or smaller to the size of CTCs 

[17]. During active extravasation, adhesion molecules are expressed to attach to the 

endothelial layer. In both cases, areas with low velocity blood-flow promote extravasation 

[18]. Then, the CTCs can extravasate through an endothelial cell (paracellular) or between 

two endothelial cells (transcellular) [18]. Once the trans-endothelial migration is complete, 

the cells can proliferate to form metastases or become dormant for years to form 

metastases at a later point in time [19]. This step of forming metastasis is called 

colonization. 

For the blood based liquid biopsy, CTCs are targeted while they are in the bloodstream 

through various methods that are introduced in chapter 1.3. The captured cells are 

subsequently enumerated and analyzed (transcriptomic and proteomic).   

1.2  Circulating Tumor Cells  in the Clinical Setting  

CTCs are extremely rare and the general assumption is that the average metastatic patient 

has 1–10 CTCs / mL blood [20]. In comparison, a milliliter of whole blood consists of 

approximately 7.5 x 106 leukocytes (white blood cells), 5–7 x 109 red blood cells and 2.75–
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3.2 x 108 platelets [21,22]. The limitations of current detection methods, that are provided 

in chapter 1.3, make a reproducible and reliable isolation difficult.  However, when it is 

possible to isolate CTCs and subsequently enumerate and analyze them, they become a 

universal tool in various cancers types (e.g., in prostate [23], colorectal [24], breast [25], 

pancreatic [26], and lung cancer [27,28]). As reviewed by Lin et al. and visualized in Figure 

2, the CTC concentration in blood can be used for diagnosis, prognostic evaluation, 

treatment stratification , and monitoring the treatment response. Further, CTCs can be 

expanded for treatment development and cancer analysis [29]. 

In the following, the possible applications in the clinical setting are presented with clinical 

studies in different types of cancer to underline how universally applicable this biomarker 

is.  

  
Figure 2: Circulating tumor cells in the clinical setting. CTCs can be used to diagnose cancer, for prognostic 
evaluation by predicting overall survival and progression-free survival, for treatment stratification, and 
monitoring treatment response. CTC cultivation is also possible, which can be used, e.g., in the development 
of a treatment plan or for studying the tumor. Own graphic created using Biorender.com. 

1.2.1 Diagnosis  of Cancer Based on CTCs in Blood  

Current methods for diagnosis of cancer have their limitations and can, among other 

shortcomings, lead to overdiagnosis and overtreatment [30]. This causes a financial burden 

to the health system and avoidable adverse events for the patient.  

For example, measuring the Prostate-Specific Antigen (PSA) level is the primary tool to 

determine the risk for prostate cancer. Due to its low specificity, elevated levels lead in 30% 

- 50% of cases to prostate biopsies where no cancer is found [31,32]. Further, in half of the 

patients that are diagnosed with early-stage prostate cancer the disease is not the cause of 

death. Therefore, these prostate cancers are not considered clinically significant, as 

defined by the authors [32]. Overall, this leads to many unnecessary incisions that carry an 

avoidable risk to patient safety and increase patient anxiety. In a study by Xu et al., they 

found that the CTC concentration in blood, as a stand-alone biomarker to diagnose 
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clinically significant prostate cancer, has a sensitivity of 76.74% and specificity of 85.45%. 

This is superior to a treatment decision based on the PSA cut-off of 15 ng / mL, which has a 

sensitivity of 44.19% and a specificity of 96.36%. However, a diagnosis based only on the 

CTC concentration in blood would miss around 23% of clinically significant prostate 

cancers. Therefore, the authors recommend combining biomarkers and include a 

transcriptomic analysis of CTCs. They determined that combining magnetic resonance 

imaging results, PSA level, CTC concentration in blood, and a transcriptomic  analysis of 

CTCs would avoid 42% of unnecessary biopsies and miss no clinically significant prostate 

cancers [33].   

In lung cancer, low dose computed tomography screening leads to overdiagnosis in nearly 

20% of cases [34]. This subsequently leads to a bronchoscopy which, besides causing 

patient anxiety, carries a 1.45% risk of pneumothorax and a risk of 0.58% for hemorrhage 

[35]. To improve the sensitivity and specificity of lung cancer diagnosis, Zhao et al. conclude 

that the analysis of blood for CTCs should be included in the process of diagnosis. This 

conclusion is based on a meta-analysis that included 2714 subjects with lung cancer from 

21 diagnostic accuracy studies. They calculated a pooled sensitivity of 0.72 and a 

specificity of 0.96. Therefore, they argue, that CTCs have a good “diagnostic value for 

detecting lung cancer” [36].   

In theory, since all metastatic patients have CTCs in their blood [37], it should be possible 

to diagnose cancer based on the CTC concentration in blood and their transcriptomic 

analysis. However, due to the heterogeneity and rarity of CTCs as well as the technical 

limitations of  current CTC isolation methods, CTCs should not be used as a stand-alone 

biomarker for the diagnosis of cancer. This is underlined in a review by Xiao et al., who 

analyzed 25 studies regarding the detection of CTCs in metastatic cancer patients using 

antibody-based CTC detection methods. From the 5205 analyzed breast, colorectal, and 

prostate metastatic cancer patients, CTCs were detected in 50% of cases [38].  

Early diagnosis of cancer, based on CTCs in blood, is even more difficult since non-

metastatic patients have less CTCs than metastatic patients. The uncertainty regarding 

whether it is possible to detect cancer early using CTCs can be seen in the analyzed 

literature that shows contradictory results. A study by Ilie et al. of high-risk lung cancer 

patients, found CTCs 1–4 years before lung cancer became visible in a computed 

tomography scan [39]. However, a study by Marquette et al., using the same isolation 
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method, concluded that targeting CTCs is not suitable for early diagnosis.   

A problem for the early detection of cancer based on the CTC concentration in blood is that 

current methods target CTCs in small blood volumes (typically 7.5 mL). The mathematical 

model, based on breast cancer, developed by Coumans et al. predicted that primary 

tumors must be detected and removed when there are only 9 ± 6 CTCs in one liter of blood 

to avoid distant metastasis [40]. Thus, a 15 times greater blood volume should be analyzed 

than the standard 7.5 mL used in current ex vivo CTC isolation methods.  

1.2.2 Prognostic Evaluation Using CTCs  

Prognostic evaluation helps guide treatment decisions and supports the physician in 

managing the expectations during patient counselling, especially in end-of-life care. While 

there are multiple factors considered during prognostic evaluation, the most relevant in 

connection with CTCs are overall survival (OS) and progression-free survival (PFS).  

It is possible to predict PFS and OS based on the CTC concentration in blood. For example, 

in an evaluator blinded multicenter study, Cohen et al. analyzed whether the number of 

CTCs in blood had prognostic value in patients with metastatic colorectal cancer. They 

analyzed 7.5 mL of blood from 513 patients and set the cut-off value at 3 CTCs / 7.5 mL. 

Patients with a CTC count at baseline that was below the threshold had a favorable OS and 

progression-free survival PFS compared to patients above the threshold. The median OS 

was 18.5 months (below threshold), compared to 9.4 months (above threshold). PFS was 

7.9 months (below threshold) and 4.5 months (above threshold) [41], Figure 3 (left).  

Using the CTC concentration in blood for prognostic evaluation was also demonstrated in 

metastatic breast cancer patients in a study by Cristofanilli et al. They withdrew 7.5 mL of 

blood before treatment initiation and showed that patients with �• 5 CTCs / 7.5 mL blood 

had 4.3 months shorter median PFS, Figure 3 (right), and a significantly shorter median OS 

[42].  

In lung cancer (both small-cell lung cancer (SCLC) and non-small-cell lung cancer 

(NSCLC)), a meta-analysis performed by Jin et al. analyzed the prognostic value of CTCs in 

27 studies with a total of 2957 patients. Since different studies used different cut-off values 

for “CTC-positive” patients, a hazard ratio was calculated. A hazard ratio greater than 1 

means that CTC-positive patients had an impaired survival compared to the patient group 

that is considered CTC-negative. The hazard ratio for OS and PFS was 2.51 and 2.66, 
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respectively. The meta-analysis also shows that CTCs have a greater prognostic value in 

SCLC (HR 3.11), compared to NSCLC (HR 1.89). [43]  

 
Figure 3: Predicting progression-free survival (PFS) using the CTC count in blood. (Left) PFS based on the CTC 
concentration in the blood of metastatic colorectal patients [41]. (Right) Metastatic breast cancer patients 
where it is visible, that the PFS is shorter when the CTC concentration is increased. Reproduced with 
permission from [42], Copyright Massachusetts Medical Society. 

Further, these parameters are valuable in the design of clinical studies that evaluate cancer 

therapies. Since OS reflects the overall clinical outcome [44], it is considered the gold 

standard endpoint in clinical studies. The downside of OS is the long duration of time that 

it can require to obtain a value. Surrogate endpoints, like PFS, have therefore gained 

importance as they deliver quicker results, which reduces the costs of clinical trials and 

thereby also the cost to gain regulatory approval. The disadvantage of PFS is that it can be 

prone to assessment bias [44]. Nonetheless, it has been shown that there is a strong 

correlation between the two prognostic values [45].  

In conclusion, the results show that the CTC concentration in blood has a prognostic value. 

Studies that successfully show the prognostic value generally target metastatic patient 

groups where CTC count is expected to be higher. This is due to the previously explained 

limitations of current methods.  

1.2.3 Treatment Stratification   

In one of the few interventional clinical studies that compared the treatment decision in 

metastatic breast cancer based on the choice of the clinician, versus a CTC-count-driven 

choice of treatment, it was shown that a treatment decision based on the CTC 

concentration in blood is non-inferior. In fact, the CTC-driven treatment slightly 

outperformed the clinical-driven treatment decisions in median-OS (47.3 months vs 

42.8 months) and median-PFS (15.5 months vs 13.9 months). The authors therefore 
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conclude that CTCs can be used to guide treatment decisions in metastatic  breast cancer 

(specifically in: hormone receptor–positive, erb-b2 receptor tyrosine kinase 2-negative 

metastatic breast cancer). [46]   

A further example is the stratification of patients following radical surgery in stage II 

colorectal cancer. Adjuvant chemotherapy is recommended for high-risk patients to avoid 

recurrence. However, it has been shown that patients do not necessarily profit from 

adjuvant chemotherapy and that therefore this radical treatment causes an avoidable 

stress for the patient [47]. Chen et al. analyzed the predictive value of the CTC 

concentration in blood to determine which patients are most likely to have a cancer 

recurrence and would therefore benefit from the adjuvant chemotherapy. They concluded 

that CTC concentration in blood is a reliable predictor of cancer relapse and therefore it is 

possible to select the patients who would benefit from adjuvant chemotherapy. Especially 

in patients with consistently high CTC values following surgery and during adjuvant 

chemotherapy, there was a 100% rate of cancer recurrence [48]. Similar findings are 

presented by Bayarri-Lara et al., who evaluated the value of CTC analysis in NSCLC-

patients following radical resection. They show that the presence of CTCs after surgery 

correlates with early recurrence [49]. The authors argue, that the analysis of blood for CTCs 

should therefore be implemented in combination with traditional risk evaluation to 

determine the patients who would benefit from adjuvant treatment (e.g., chemotherapies) 

[48,49].  

Besides treatment stratification based on the CTC concentration in blood, a molecular 

analysis of the isolated cells can also be performed. Due to the low numbers of CTCs, the 

corresponding signal intensity can be weak, which makes the analysis difficult. If 

successful, sequencing the cells can aid in the recommendation of a specific drug 

treatment. For example, detecting PD-L1 through CTC-sequencing can be used to plan a 

treatment with or without immune checkpoint inhibitors [50].  

1.2.4 Monitoring Treatment Response   

Monitoring the treatment response of patients is vital to quickly change the treatment plan 

once a treatment resistance is detected. Since the isolation of CTCs is considered stress-

free for the patient, as it causes nearly no adverse events or pain, it is an ideal biomarker 

for longitudinal assessment of treatment success.  
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Following surgery in stage I and II lung cancer patients, there is a 20% probability of death 

caused by the recurrence of the disease [49]. Continuous monitoring is therefore vital to 

improve the mortality rate.  

An example of such monitoring is given by Jin et al. who monitored the treatment of stage I 

and II lung cancer patients. They found that CTC levels were indicative of tumor progression 

or treatment response. The data can be seen in Figure 4 (left), where chemotherapy reduced 

the CTC level (peak 1). At a later point in time, the increased levels of CTCs correlated with 

the presence of bone metastasis (peak 2) [51]. CTCs were also used by Wei et al. to monitor 

the treatment response to chemotherapy, Figure 4 (right), and concluded that CTCs are a 

reliable biomarker for monitoring the treatment [52].  

 
Figure 4: Monitoring treatment response by monitoring the CTC count in blood. (Left) Treatment response in 
a lung cancer patient case [51]. P = tumor progression and R = treatment response. The chemotherapy leads 
to a decrease in CTC count in the first cycle. When CTC count increased again (see second peak), a tumor 
progression was detected. (Right) The effectiveness of chemotherapy is monitored using the CTC count. A 
statistically significant CTC Number is detected between cycle 1 and 4 [52]. 

There are however still limitations regarding patient monitoring with CTCs. Many studies 

report very low median numbers of CTCs per patient (e.g., [53,54]) and the decrease of 1 

detected CTC to 0 detected CTCs cannot be considered a true decrease [55]. This again 

stresses the need for more sensitive technologies to reliably monitor patients.  

1.2.5 CTC Cultivation  for Treatment Development  

Preclinical models most often are based on the cultivation of cells derived from tumor 

tissue. They can be used for disease modeling and drug discovery. Further, the established 

cell cultures can be used for drug sensitivity tests which allow a personalized therapy. In 

addition to tumor tissue-derived models, CTCs can be used to establish cell cultures. This 

method is less invasive and thus advantageous for tumor entities from which sample 

collection is more difficult to obtain (e.g., lung cancer). Further, this low-stress approach 
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allows for serial sample collection over the course of the treatment. However, initial 

establishment and long-term cultivation of CTCs can be difficult and showed varying 

degrees of success. Independent of the cancer type and cultivation method, successful 

cultivation is more likely when a high number of initial CTCs is present at the start of 

cultivation [56,57]. Similar to the cultivation of tumor cells from tissue specimens, CTC 

cultivation can be divided into four different methods: 2D-cultivation, 3D-spheroids, 

xenografts, and organoids (Figure 5). Advantages and disadvantages of preclinical models 

derived from tumor tissue and CTCs are the same. The following text focuses on the 

cultivation of CTCs.  

 
Figure 5: There are four different methods for CTC cultivation. The 2D-cultivation, 3D-spheroids and organoids 
are ex vivo methods and xenografts are an in vivo method. Own graphic created using Biorender.com. 

Adherent 2D cultivation , which is based on adherent growth on the bottom of a culture dish, 

is considered low-cost and allows easy and fast proliferation [58]. The successful 2D 

cultivation of CTCs has been shown in multiple cancer types. Success rates of 70% and 

53.8% have been reported in breast [59] and metastatic colorectal cancer [60], 

respectively. In contrast, only 35% of prostate cancer [61] and 28% of head and neck 

cancer-derived CTC cultures were successfully expanded [57]. 2D CTC cultures can be 

used for patient-specific drug screening, however, this represents a certain discrepancy to 

the 3D in vivo growth of tumors. Thus, they are not suited for long-term culturing as changes 

in the cells’ morphology, their transcriptomic profile, and metabolic program occur 

compared to the native tumor [62].   

For long-term culturing, 3D-spheroids are preferred. They can be created by using ultra-low 

attachment plates. This leads to a proliferation away from the surface of the culture dish 

and the formation of a 3D-spheroid. In contrast to 2D cell cultures, Däster et al. have 

demonstrated that due to the formation of oxygen gradients within the 3D-spheroids, they 

are able to mimic the hypoxia-induced drug resistance [63]. It has also been shown in 

multiple publications that the drug response of CTC-derived spheroids was consistent with 
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clinical progression in cancer patients (e.g., [64] and the sources within).   

The third ex vivo method to cultivate CTCs is the organoid model. In contrast to 3D-

spheroids, CTCs are cultivated within an extracellular matrix (e.g., Matrigel), resulting in 

self-organized 3D structures with the advantage of a stable morphology, expression of 

genes, and cell signaling. They further enable a high throughput drug screening [65] and do 

not require animal testing. Disadvantages of 3D organoids are, for example, the technical 

difficulties to generate them and their lack of vascularization [66].   

In contrast to the reported ex vivo methods of cell cultivation, it is also possible to perform 

in vivo proliferation by creating patient-derived xenograft models. Xenograft models are 

created by injecting immunodeficient mice with patient-derived CTCs. This is performed to 

study cell-cell interaction within the tumor microenvironment, such as the tumor cell-

stroma-interaction. Also, these models are useful for studying the metastatic process. They 

have been studied in lung [67] and breast [68] cancer, among others. Further, “their 

response to standard of care chemotherapies is consistent with patient responses and can 

be used to guide treatments” [62]. The disadvantage is that the development of such 

models can take up to several months and a large number of CTCs (400-1000 cells) is 

required as reviewed by Suvilesh et al [69].  

Although the benefit of cell cultivation has been shown in academia, the translation into the 

clinic remains slow. Similar to the previously shown alternative applications of CTCs in the 

clinic, the cultivation is mainly limited through the rarity and heterogeneous nature of CTCs 

[66].  

1.3  Methods for the Isolation of Circulating Tumor Cells  

Since CTCs are extremely rare in the bloodstream and the protein surface markers are 

heterogeneous, the reliable isolation of CTCs from the bloodstream remains a technical 

limitation. Further, almost all developed methods for the CTCs isolation are ex vivo. This 

means, a small blood volume (generally 7.5 mL) is collected from the peripheral venous 

system and subsequently analyzed for CTCs. The CTCs can be isolated from blood via label-

free isolation or based on targeting specific surface markers, both approaches will be 

explained in the following. To overcome the limitations of a blood draw an alternative in vivo 

method, with a similar application to the one presented in this thesis, has been developed 

to target the isolation of CTCs directly from the venous bloodstream. This theoretically 
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leads to an increase of the screened blood volume and thus increase the number of 

collectable CTCs. The three approaches and corresponding methods are shown in Figure 

6. The following text introduces the most used approaches.  

 
Figure 6: Different methods to isolate CTCs. The ex vivo label-free isolation of CTCs uses physical properties 
of the cells to distinguish between CTCs and other blood cells. Ex vivo antibody-based isolation can be 
performed with both positive and negative selection. In vivo antibody-based isolation is the third available 
isolation method. Own graphic created using Biorender.com. 

Label free approaches use physical properties like the size, density, and deformability to 

separate CTCs from other blood components. The advantage of label free isolation is 

therefore that no specific surface markers are targeted, and CTCs can be enriched 

independent of the proteins expressed on their surface. For example, with a size of 7.5 µm 

to 30 µm CTCs are mostly larger than other cells found in blood (e.g., leukocytes and 

erythrocyte) [70,71]. Thus, filters are used, where the sample is pressed through pores 

which the CTCs cannot pass. Companies like ScreenCell (Paris, France) and Creatv 

MicroTech (owned by Thermo Fisher Scientific (Waltham, USA)) have both developed 

products that enrich CTCs from small blood samples. However, neither system currently 

has FDA approval. A further size-based method to isolate CTCs by using deterministic 

lateral displacement, where obstacles in a continuous flow cause a redirection of the cells 

depending on size. Here, manufacturing limitations and cell deformation cause errors 

during sorting [72]. While it remains popular in academia, this method has not been 

developed into a commercial product [73,74]. A detailed table showing further methods for 

size-based isolation is shown by Tretyakova et al. [75].   

The disadvantage of label-free approaches is that CTCs are missed due to overlapping 

characteristics with other blood components. This can also lead to the isolation of 

unspecific cells. For example, the size of CTCs can overlap with the size of leukocytes. 

Further, the size of CTCs also varies depending on the cancer type and publication. For 

example, Mendelaar et al. computed a median diameter of CTCs collected from colorectal 

cancer (7.5 �…m), bladder cancer (8.6 �…m), prostate cancer (10.3 �…m), and breast cancer 
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(12.4 �…m) [71]. These values are smaller than the size range of CTCs reported by Rostami 

(12 µm to 30 µm). Nonetheless, this means, that CTCs can overlap with leukocytes that 

have a size range of 9.4 �…m to 12 µm or erythrocyte that have a size range of 4 µm to 8 µm 

[71,72,76]. To increase specificity of these methods, the collected cells should 

subsequently be enumerated using immunofluorescent imaging. However, this can lead to 

missing CTCs that mainly express antigens which are not included in the staining protocol. 

Further, differences between cell size diameter in patient derived CTCs and cell-line CTCs 

cause difficulties during the development of these methods [71].  

Alternatively, isolation can also be performed addressing antigens specific to CTCs or 

leukocytes. This approach can be divided into positive selection, where CTCs are targeted, 

and negative selection, where all cells other than CTCs are targeted and subsequently 

removed. For both approaches, the advantage is that these methods have a high specificity 

since they directly target antigens on the surface of the cells.  

An example for negative selection of cells is the RosetteSep technology developed by 

StemCell Technologies (Vancouver, Canada). Using antibody structures where four 

individual antibody are joined together (tetrameric antibody complexes), it combines 

unwanted cells in the blood to get rid of them during centrifugation [72]. This means, that 

the CTCs remain untouched. However, this step can lead to CTCs becoming trapped in the 

mass of blood cells. These cells are then not considered in the following analysis. Further, 

negative selection has a lower purity than positive selection [77]. 

The current gold standard for positive selection is the CellSearch® system (Menarini Silicon 

Biosystems, Bologna, Italy), which uses a 7.5 mL blood sample. It is the only ex vivo FDA 

approved system to enrich CTCs in metastatic breast, colorectal, or prostate cancer [78]. 

It is therefore extensively used in research (e.g., [42,79,80]) and has a capture efficiency of 

42%–90%, as summarized by Rushton et al. [81]. Following centrifugation and removing the 

blood plasma, the cell pellet is resuspended and a ferrofluid is added to the solution, 

consisting of anti-EpCAM-antibody-coated magnetic beads. Following magnetic-activated 

cell sorting, CTCs are distinguished from leukocytes using anti-Cytokeratine (CK) 

monoclonal antibodies (to target CTCs) and anti-CD45 antibody staining (to target 

leucocytes). After a 20-minute incubation, the cells can then be counted using 

immunofluorescent imaging. Disadvantages of the CellSearch® system are the high cost 

and only a small blood volume is used, which can lead to a very small cell count. Also, the 
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cells must be fixed during analysis meaning they cannot be used for downstream cultivation 

of CTCs. A further disadvantage is that CTCs can exist in epithelial, mesenchymal, or in a 

hybrid phenotype. Therefore, some CTCs are missed due to their surface markers 

expression profile [8]. 

In vivo approaches, which are also antibody-based, have been developed to isolate CTCs 

directly from the blood. This should greatly increase the screened blood volume and 

therefore the likelihood of isolating CTCs. A minimally invasive in vivo approach is the 

CellCollector® (Gilupi GmbH, Potsdam, Germany). It is a CE-certified medical device that 

has the geometry of a cylinder. The last 2 cm of the probe are coated with gold to which 

anti-EpCAM antibodies are attached. The probe is inserted through a 20G indwelling 

cannula into the median cubital vein and incubated for 30-minutes. During the incubation 

CTCs are bound to the surface of the probe by the attached antibodies. Once it is 

withdrawn, the probe is washed, fixed and subsequently a proteomic and/or transcriptomic 

analysis of the cells can be performed. Since the CellCollector® is an in vivo device, it is 

expected that it should outperform ex vivo methods due to the expected larger than 7.5 mL 

blood volume that flows through the median cubital vein during the incubation. However, it 

has been shown that it is not superior to ex vivo alternatives [82,83]. Possibly, this can be 

explained through the bloodstream to probe interaction. Due to the cylindrical geometry, 

the interaction of blood-flow and probe is minimal and therefore only a small amount of 

blood is indeed screened. According to Dizdar et al. the numerically determined screened 

blood volume during the incubation is 0.33–18 mL, depending on the physical properties of 

the human [83]. 

A publication by Dizdar et al. compared the performance of the FDA-approved CellSearch® 

system with the CE-approved CellCollector® system. They tested both systems on 80 

patients with colorectal cancer. Although both methods isolated CTCs based on the same 

phenotype, the results, Figure 7 (left), show no correlation [83]. In a further study, non-

metastatic high-risk prostate cancer patients were also analyzed with both the CellSearch® 

and CellCollector® applied in the same patient, Figure 7 (right). They determined that only 

in 5% of cases both methods found at least 1 CTC in the blood. In 44% of cases both 

methods detected 0 CTCs, although CTCs would have been expected [84]. It should be 

noted that while the CellCollector® outperformed the CellSearch® system in this 
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comparison, the CellCollector® was not superior to an alternative ex vivo method (fluoro-

EPISPOT assay) that was also tested in the same publication.   

 
Figure 7: Comparison of the ability to isolate cells in the same patient using CellSearch® and CellCollector®. 
(Left) In colorectal cancer patients (n=80) [83]. (Right) In prostate cancer patients (n=168) [84]. 

In conclusion, although advances have been made in the development of different methods 

to isolate CTCs, no method has fully convinced so far. A short overview of the methods is 

presented in Table 1. Therefore, it remains a medical need to develop a robust and reliable 

method to isolate CTCs and this explains the non-existent to slow implementation into the 

clinical setting [85].  

Table 1: Summary of different methods to isolate CTCs. The table is based on [62] and expanded with the 
advantages and disadvantages presented in this chapter.  

Method  Advantages Disadvantages  

Label-free isolation  
(e.g., ScreenCell) 

No limitation by selection of 
antibodies, therefore robust 
towards heterogeneity of cell 

surface markers. 

Lower purity due to 
overlapping physical 

properties with other blood 
cells. Low screened blood 

volume. 

Negative selection of CTCs  
(e.g., RosetteSep) 

No limitation by selection of 
antibodies, therefore robust 
towards heterogeneity of cell 

surface markers. 

Loss of CTCs during 
processing steps. Lower 

purity compared to positive 
selection. Low screened 

blood volume 

Positive selection of CTCs  

(e.g., CellSearch®) 
High purity 

Only isolation of CTCs 
expressing the selected 
markers. Considered 

expensive. Low screened 
blood volume. 
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In vivo isolation   

(e.g., CellCollector®) 

Potentially screening of a 
large blood volume and thus 

possibility to isolate more 
cells. 

Current geometries do not 
lead to improved cell 
isolation. Only cells 

expressing the selected 
markers are isolated. 

Due to the low concentration of CTCs in the bloodstream, this thesis hypothesizes that it is 

necessary to isolate cells in vivo. Thereby agreeing with Edd et al. that novel isolation 

technologies must prioritize screening the largest possible blood volume for CTCs [72]. To 

overcome the limitations of current in vivo methods, the novel probe must have a geometry 

that creates improved conditions for cell deposition. This thesis characterizes the 

developed device, analyzes whether the chosen geometry improves cell deposition and 

shows the results of an ex vivo clinical study for the verification of the functionality of the 

BMProbe™ using the blood of late-stage lung cancer patients.  
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2 Methods 

This thesis is based on the peer-reviewed publication „Verification of a novel minimally 

invasive device for the isolation of rare circulating tumor cells (CTC) in cancer patients’ 

blood” [86], which was published in Cancers (Publisher: Multidisciplinary Digital Publishing 

Institute). The publication introduces the minimally invasive medical device, the BMProbe™, 

which is intended for the in vivo collect ion of circulating tumor cells. The BMProbe™ was 

developed in multiple joint research projects between the Biofluid Mechanics Laboratory of 

the Deutsches Herzzentrum der Charité and the Berlin based MedTech Startup Invicol 

GmbH. In the methods section of the publication the geometry of the probe, the flow system 

to perform experiments, the staining protocol for the quantitative analysis and the 

performed experiments are shown in detail. The following chapter summarizes the methods 

chapter of the publication. 

2.1 The BMProbe™ 

The BMProbe™, Figure 8 (left), is a medical grade stainless steel wire that is coated with a 

photoactive polymer to which any ImmunoglobulinG (IgG) antibody can be covalently 

bound to the surface of the probe. The antibodies are chosen according to the specific 

surface markers of the target cells. The area with the antibody and polymer coating is called 

the functional part. The functional part starts where the windings begin and ends at the tip 

of the probe. In total, it is 4 cm long and consists of 32 windings. The twisted geometry of 

the probe is created during the manufacturing process, where it is fixated at two points (at 

the beginning and end of the functional part). The fixated end of the probe is then twisted to 

create the windings.   

The BMProbe™ is inserted into the median cubital vein of the patient using an 18G indwelling 

cannula, Figure 8 (right), where it isolates the target cells during a thirty-minute incubation. 

Following its’ withdrawal, the probe is washed and fixed to preserve the state of the bound 

cells. If a cultivation of the cells is planned, the fixation of the Probe is omitted, and the 

cultivation process is started immediately after withdrawal from the vein. However, the 

process for cultivation is not yet established. 
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Figure 8: Visualization of the BMProbe™. (Left) BMProbe™ with 32 windings and the yellow IN-connector to 
screw the BMProbe™ onto the indwelling cannula [86]. The functional part starts with the windings and ends 
at the tip of the probe. (Right) Schematic visualization of where the BMProbe™ is inserted (median cubital vein). 
Dimensions of the BMProbe™ and the arm do not match. 

The geometry of the device was designed so that improved cell depositions conditions are 

created, compared to the cylindrical shape of the previously described CellCollector®. The 

windings of the probe “disrupt the blood flow and cause it to “stumble” and collide onto the 

surface of the probe.” [86]. Thereby causing a negative normal flow towards the surface of 

the probe that increases the likelihood of cell deposition [87]. Further, the interaction of the 

windings with the blood causes an increase in screened blood volume that should lead to 

a greater number of isolated cells.  

2.2 Flow System and Staining Protocol  

A flow system, shown in Figure 9, was developed to test the device in an ex vivo setting. The 

system consists of a fluid reservoir, a peristaltic pump, test sections with stopcocks and 

silicon tubing to connect the elements. The test sections depict the median cubital vein in 

size and the speed of the peristaltic pump can be set to the flow rate present in the median 

cubital vein [86,87]. The test sections, which exist with a diameter of 2 mm, 3 mm, and 

4 mm, are positioned perpendicular to one another. In combination with the stopcocks, 

through which the probes are horizontally inserted, reproducible flow conditions are 

created that are essential during the development of the BMProbe™.  
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Figure 9: Flow system with description of each component. The flow system depicts the median cubital vein 
and can be used for reproducible experiments for the development and testing of the developed BMProbe™ 
[86].  

Whether experiments are performed using dextran and cell culture cells or whole blood, the 

surface of the BMProbe™ must be subsequently analyzed to determine how many cells were 

collected during incubation. When working with blood, the developed staining protocol 

defines cells as CTCs when they are EpCAM and CK positive, CD45 negative and have a cell 

nucleus. When working with cell culture cells in Dextran, only a nucleus staining is 

necessary, as there are no other cells in the system. In both cases, the staining is performed 

in “wet conditions” using a specifically designed wet chamber [86], Figure 10, that is filled 

with Phosphate buffered saline. The BMProbe™ is inserted on the right side and screwed 

onto the cannula. The silicon stopper allows for rotation of the probe, while ensuring that 

no leakage occurs. The short pieces of cannula, that are glued into the two black blocks 

(underlined yellow in the figure), hold the probe in a horizontal position during analysis.  

 
Figure 10: Visualization of the wet chamber. The wet chamber is used to analyze the BMProbe™ under wet 
conditions. The two black blocks, underlined yellow in the image, hold the BMProbe™ in a horizontal position. 
Therefore, it is easier to stay in focus during the analysis of the probe. “The black color absorbs the light so 
that there are no reflections. The BMProbe™ is inserted where the red arrow is pointing.” [86] 
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2.3 Experiments to Optimize Probe Geometry  

Experiments were performed to analyze the influence of the number of windings on the cell-

binding capabilities of the probe. For the experiments, probes with different number of 

windings (0, 4, 8, 12, 16 20, 24, and 32 windings) were manufactured. The probes with 4, 8, 

12, and 16 windings were coated with anti-EpCAM antibody (Miltenyi GmbH, Bergisch 

Gladbach, Germany) and the probes with 0, 16, 20, 24, and 32 windings were coated with 

anti-CD105 antibody (Miltenyi GmbH, Germany). The experiments with the lower number of 

windings (4, 8, 12, and 16 windings) were performed using Lymph Node Carcinoma of the 

Prostate (LNCaP) cell culture cells that were provided by Dr. Magdalena Mayer and Karol 

Marcinkowski from the Medical University in Poznan, Poland. Human umbilical vein 

endothelial cells (HUVEC) (Cat#1210111, Provitro GmbH, Berlin, Germany) were used for 

the experiments using the probes with 0, 16, 24, and 32 windings. In both experiments a 

dextran solution containing cell culture cells was used. Using two different cell lines and 

corresponding antibodies also enabled the verification of the ability of the BMProbe�¯ to 

function as a platform technology. 

2.4 Ex Vivo Experiments Using Lung Cancer Patient Blood 

The ex vivo functionality of the BMProbe�  ̄was tested in a single-center, pseudomized and 

evaluator-blinded study using the blood of lung cancer patients (clinical study: 

EA1/206/21). Two cohorts were included in the study. A healthy control group and lung 

cancer patients who were recruited at the Lung Cancer Center Charité of the Charité �— 

Universitätsmedizin Berlin. For the lung cancer cohort, only patients with metastasized, 

late-stage tumors were included who had not received prior chemotherapies or other 

therapies. Both cohorts had to be older than 18 years of age, not pregnant, not breast 

feeding, and had to have signed the patient consent form. No additional tests were 

performed on the healthy controls to rule out cancer.  

Following preliminary experiments with whole blood of both cohorts to develop the staining 

protocol (see chapter 2.2) and workflow, a total of 16 patients were recruited for this study 

(9 healthy controls and 7 metastatic NSCLC patients). For each patient, blood was 

collected in two 9 mL ethylene diamine tetraacetate (EDTA) vacuum tubes. In total, 10 mL 

of blood was then inserted into the flow system and four probes with different coating were 
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used in the flow system. One BMProbe™ had an anti-EpCAM antibody coating since it is the 

most used antibody for CTC isolation in literature and used by the established CellSearch® 

system [88]. Another BMProbe™ had an anti-Vimentin antibody coating to detect CTCs 

following EMT [8]. The third BMProbe™ was coated with anti-Folat-Rezeptor �. (FOLR1) 

antibody since it was shown that Folate receptors are highly expressed in NSCLC [89,90]. A 

negative control, the fourth BMProbe™, was inserted that had no antibody coating.  
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3 Results  

This chapter summarizes the results from the previously introduced publication by Geus et 

al. [86]. Due to the low case number, a statistical analysis must be considered with caution. 

Thus, it can be found in the discussion chapter and not in the results chapter.  

3.1 Analysis  of the  Experiments to Optimize Probe Geometry  

The experimental study containing anti-EpCAM coated probes with 4, 8, 12, and 16 

windings that used the LnCAP cell line can be found in Figure 11 (left). The experimental 

study containing the anti-CD105 antibody coated probes with 0, 16, 20, 24, and 32 windings 

can be seen in Figure 11 (right). These experiments were performed with the HUVEC cell 

line. The y-axis shows the average number of cells bound to one probe and the error bar 

shows the standard deviation for each winding configuration. It is visible that with an 

increase in windings, the number of bound cells also increases. This increase is greater for 

lower windings than for higher windings. Also, the results show the ability to bind cells 

independent of the antibody-coating.  

  
Figure 11: Results of the cell binding experiments. “Left, shows the cell binding efficiency using the LnCAP 
cell line and anti-EpCAM coating for the lower number of windings (N = 7). Right, shows the cell binding 
efficiency for the HUVEC cell line and anti-CD 105 coating for the higher number of windings and for zero 
windings (N = 4)” [86]. 
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3.2 Ex Vivo Verification of the Functionality Using Lung Cancer Patient Blood  

16 patients were recruited for the study to verify the ex vivo functionality of the BMProbe� .̄ 

This included 9 healthy controls, with a mean age of 29 years (+/- 2.5 years), and 7 

metastatic NSCLC patients with a mean age of 72.9 years (+/- 6.9 years).  

The cells bound to the three different antibody-coated probes are added together for each 

study participant and shown in Figure 12 (left). Cancer patients had a median number of 1 

bound cell per 10 mL of blood (0�—4 cells) and the healthy control had a median number of 

bound cells of 0 (0�—3 cells). With a cut-off set to 0 CTCs, it is possible to differentiate healthy 

controls and lung cancer patients with a sensitivity of 85.7% and a specificity of 88.9%. 

Figure 12 (right) shows the ratio of unspecific cells to CTC bound to the surface of each 

BMProbe� .̄ Only probes that had collected at least one CTC during the experiment were 

included. A median of 8 unspecific cells were bound to the surface of the BMProbe�  ̄ for 

each bound CTC. 

  
Figure 12: Results of the clinical study. (Left) Results from the ex vivo blood experiments using 10 mL of blood 
from lung cancer patients and healthy controls in the flow system. (Right) Ratio of unspecific cells bound to 
the surface of the BMProbe�¯ per bound CTC [86]. 

 

0

1

2

3

4

5

N
um

be
r 

of
 b

ou
nd

 c
el

ls
 / 

pa
rt

ic
ip

an
t

Validation of the ex vivo functionality

Healthy controls | Cancer patients 0 20 40 60

1

2

3

4

5

6

7

8

9

10

11

N
um

be
r 

of
 B

M
P

ro
be

Unspecific cells bound / CTC bound

1000 



Discussion 27 

4 Discussion  

First, a summary and interpretation of the results presented in the previous chapter is 

provided. The strengths and limitations of the studies performed are then reviewed, 

followed by a discussion of the translation of the BMProbe™ into the clinic. Finally, next 

steps and future research topics are proposed.  

4.1 Summary and Interpretation of the Results  

Two studies have been presented in this work, that have both been published in the same 

publication  [86]: The first analyzed the relationship between the number of windings and 

the likelihood for cell attachment on the surface of the probe. The second analyzed the ex 

vivo functionality of the probe in the blood of lung cancer patients. Due to the low case 

number in both studies, the following statistical analyses must be considered with caution. 

They are thus briefly included only in the discussion. 

The experimental results show that with an increase in windings more cells are bound on 

the surface of the probe. For example, there is a 31-fold increase from a flat geometry to 

the geometry with 32 windings. Additionally, a statistical analysis was performed for which 

it was assumed that for each winding configuration there is a normal distribution regarding 

the number of bound cells per probe. This assumption is based on previous experiments 

using the BMProbe™ (e.g., to establish the protocols for washing, fixation, and staining). 

Therefore, two single-factor Anova statistical analyses are performed to analyze whether 

there is a difference between the number of bound cells with different number of windings. 

The Anova analysis shows a p-value of 1.58 x 10-13 for the windings 4, 8, 12, and 16. The 

windings 16, 20, 24, and 32 have a p-value of 0.006. Hence, both are below the critical 

threshold of p = 0.05 and it can thus be assumed that there is a significant difference 

between the number of bound cells and winding configuration. However, this statistical 

analysis must be considered with caution as the experiments have a small sample size. It 

was not possible to increase the sample size due to the extensive amount of work that is 

currently required for the production and analysis of a single BMProbe™.  

In conclusion, it is visible that with an increase in number of windings the binding capability 

of the probe increases. This effect decreases with a greater number of windings, see mean 
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number of bound cells, Figure 11 or the corresponding publication [91], and calculated p-

values. This can potentially be due to the flow conditions. The windings cause a redirection 

of the flow and disrupt the parallel flow along the surface of the BMProbe™. With a greater 

number of windings, the fluid volume between the windings is decreased and thus could 

hinder a fluid exchange. This could lead to a plateau in cell binding capabilities. Due to 

manufacturing limitations,  it is not possible to determine when this plateau is reached. 

When the BMProbe™ is further twisted to increase the number of windings, the material 

breaks when it reaches around 35 windings. Therefore, for patient safety, it was determined 

that the maximum number of windings should be 32 to ensure that the BMProbe™ does not 

break during the 30-minute incubation. Further, a greater number of windings would lead 

to the windings being more perpendicular to the field of view during the analysis under the 

microscope and hinder it.  

The experiments performed to verify the ex vivo functionality of the BMProbe™ using the 

blood of lung cancer patients show that it is possible to collect CTCs in an ex vivo setting 

from lung cancer patients. This assumption is supported by the following statistical 

analysis. Although the result consists of many ties (identical values within one or both 

groups), the Wilcoxon Mann Whitney Test is performed since normal distribution is not 

expected in ex vivo experiments consisting of patients with two different tumor stages 

(stage III and IV). This test shows a significant statistical difference between the two cohorts 

(p = 0.01609 and thus below the threshold of p=0.05). Again, this analysis must be viewed 

with caution due to the small sample size. This is underlined by the statistical power of 0.66. 

The power was determined with a t-test based power analysis using the mean values and 

standard deviations of the performed ex vivo study. To achieve a power of 0.8, which is a 

common power for clinical studies [92], it would require 12 healthy controls and 12 cancer 

patients.  

Also, the results show a low unspecific binding. This is advantageous for a downstream 

molecular analysis, as the noise is reduced. Additionally, since cells were bound to probes 

independent of their antibody-coating (anti-Vimentin, anti-EpCAM, and anti-FOLR1), it was 

possible to show that the BMProbe™ can be coated with different IgG-antibodies without 

modifying the production process. Therefore, the BMProbe™ can be considered a platform 

technology. 
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4.2 Strengths and Limitations of the Performed Studies  

This chapter first provides a critical analysis on each of the two studies shown in the 

publication and this thesis. Then, the case number for both studies is discussed, as well as 

the flow system.  

4.2.1 Study Regarding the Influence of the Windings  

A strength of the study regarding the influence of the windings was the chosen experimental 

setup. The setup of the experiment allowed to specifically analyze the influence of the 

geometry of the probe, while maintaining all other variables (e.g., flow rate, cell 

concentration,  positioning of the probe). It was therefore possible to show the causality 

between the increase in bound cells and the increase of windings. Limitations of the 

experiment relate to the used flow system and the case number of the experiments. They 

are discussed in detail below. In these experiments, the probes were positioned 

horizontally in the tubes, which is advantageous to achieve reproducible results and to 

specifically analyze the influence of the geometry. Nonetheless the probe will ultimately be 

inserted through an indwelling cannula, which will lead to an insertion into the median 

cubital vein at an angle. This will have an influence on the flow around the surface of the 

probe which was not analyzed in these experiments. However, it is not expected that this 

will have a significant influence on the number of bound cells. As the windings will continue 

to redirect the flow and cause an interaction with the surface of the probe. 

4.2.2 Evaluation of the Study Regarding the Ex Vivo Functionality  

One of the strengths of study regarding the ex vivo functionality was the patient group from 

which whole blood was withdrawn. With nearly 1.8 million lung cancer related deaths 

worldwide and over 2 million new cases each year [93], there are many patients that would 

benefit from novel tools in diagnosis and treatments. Therefore, the chosen patient group 

is of relevance for the BMProbe™. Further, this was the first application of the probe in the 

blood of cancer patients. This enabled establishing protocols for transporting, washing, 

fixating, and staining of the probes that were in contact with patient blood. These 

procedures will later be used in the in vivo application, meaning that the handling of the 

BMProbe™ was close to the later in vivo application. A further strength was that it was a low 

burden study for the participants, as only 10 mL of blood was withdrawn. Additionally, 
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although the flow system has its limitations, discussed in the following, it creates similar 

conditions to the median cubital vein, where the BMProbe™ will be inserted in the future. 

Also, the thirty-minute incubation represents the duration that will later be used in vivo.   

A limitation of the performed study is the fact that blood was collected into anticoagulant 

tubes (EDTA), which is discussed in detail in chapter 4.4.  

4.2.3 Evaluation of the Case Number for the Studies  

Although a total of 49 antibody-coated probes were used for the study to evaluate the 

influence of the windings, see chapter 2.3 and 3.1, the case number for each winding 

configuration was relatively low since 8 different configurations were tested. A greater case 

number would have strengthened the statistical analysis. Nonetheless, it was possible to 

observe a trend and thus it was concluded that the BMProbe™ will have 32 windings.   

While more than 40 participants were recruited for the clinical study, the results of only 16 

patients are presented in the publication [86]. This low case number is due to the need to 

first establish the above-mentioned protocols and test different antibodies.  

4.2.4 Evaluation of the Flow System  

Both studies used the flow system, which enabled the testing of the probe in similar 

conditions to the future application in the median cubital vein, see chapter 2.2. Further, 

since all probes are positioned horizontally into perpendicular tubes using stopcocks, 

reproducible conditions are created. This was advantageous for the experiments regarding 

the influence the windings have on the binding capabilities. However, when working with 

patient blood where CTCs are extremely rare, the flow system has its limitations. The rigid 

structures with sharp edges and varying diameter of the stopcocks create unphysiological 

flow conditions like jet streams and recirculation areas in flow direction. Potentially, this 

can lead to fragmentation of cells or cells getting stuck in the flow system. Therefore, the 

number of cells isolated in the ex vivo experiments most likely could have been higher with 

an improved experimental setup. However, since the BMProbe™ will be applied in vivo, no 

further analysis was performed to improve the flow system.  

In conclusion, the strengths outweigh the limitations of the two studies. Further, it was 

possible to show that the geometry of the probe creates improved conditions for cell 

deposition and that it is possible to isolate CTCs from patient blood.  
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4.3  Translation into the Clinic  

Although liquid biopsy using CTCs is considered very promising in the diagnosis and 

treatment of cancer, their current implementation into the clinical setting has been 

extremely limited [85]. This can be explained through the many different used methods of 

isolation and the heterogenous profile of CTCs (mesenchymal and epithelial). This leads to 

incomparable results and thereby slows down the generation of knowledge regarding the 

suitability of CTCs in the clinical setting [85,94].   

Since the greatest limitation continues to be the technical challenge of CTC isolation, the 

BMProbe™ was developed. Through the in vivo application, the probe is expected to analyze 

far greater volumes of blood compared to the current standard ex vivo liquid biopsy 

approaches. This should increase the number of bound cells [86]. Also, as stated by 

Rushton et al., during each processing step CTC loss can be assumed. Since in vivo 

methods have fewer processing steps and the duration after isolation is reduced, compared 

to ex vivo methods, the expected number of cells is greater, the precision and significance 

of the downstream analysis should increase [81]. A further advantage regarding the 

translation into the clinic is the long storability of the probes. Following the fixation, the 

probes can be stored at -80°C for up to three months before they must be analyzed. 

Although a quick analysis is most likely desired in the clinic, this allows for transportation 

to the evaluation laboratory and reevaluation of probes if needed at a later point in time.  

In the clinic, the BMProbe™ can be applied in all aspects of treatment that were introduced 

in chapter 1.2. The advantages of the BMProbe™ are well suited for cancer diagnosis, patient 

monitoring, and CTC cultivation for personalized medicine. In these applications, it is 

especially important to have a sensitive method that collects a lot of cells, and the absolute 

number of bound CTCs is not relevant. The following paragraphs discuss possible different 

fields of application in detail.  

4.3.1 Early Diagnosis 

The difficulty of using CTCs was highlighted in chapter 1.2.1, where the contradictory 

results from Illie et al. and Marquette et al. were discussed. However, it is assumed that 3–

4 x 106 tumor cells per gram of tumor enter the bloodstream per day [95], therefore the issue 

with early detection using CTCs is based on sensitivity limitations of current detection 

methods, rather than biological limitations. Through the expected increase in bound cells 
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due to the larger screened blood volume, it can be argued that the BMProbe™ could 

therefore be used for early detection.   

Nonetheless, to verify the ability of the BMProbe™ to function as a tool for early diagnosis is 

difficult due to the size of early detection clinical studies. This is illustrated by the very large 

studies performed over 7–10 years on more than 69000 participants in the US and Europe 

to assess low dose CT screening for lung cancer diagnosis in heavy smokers [96,97].  

4.3.2 Monitoring  

The BMProbe™ is also suitable for monitoring patients. Although a large blood volume is 

screened during the application of the BMProbe™, no blood is withdrawn from the patient. 

Additionally, the application of the probe can be considered a low-burden application due 

to the small width and simple insertion through an indwelling catheter. This allows for 

regular testing of patients to monitor the treatment response and disease progression. 

Again, the expected increase of bound cells should lead to a more reliable monitoring of 

patients, as the differences in cell count will have more significance compared to the 

differentiation of zero and one cell which is currently a limiting factor [55].  

4.3.3 Cultivation of CTCs  

The expected high number of cells that the probe will be able to collect in vivo should 

increase the likelihood for successful cultivation. Currently, when the probe is withdrawn, 

it is first washed and then fixed for the downstream analysis. For cultivation, the cells must 

remain vital and therefore the probe must not be fixed following the washing steps. Two 

different approaches could be tested to analyze how the cells could be detached from the 

surface of the probe following the in vivo application and washing. An enzymatic approach, 

for example with trypsin, could be tested to break the antigen-antibody bond. Alternatively, 

the cells could possibly be detached using fluid dynamic forces. The probe would be 

inserted into an experimental setup in which the culture medium flows around the probe 

with a specified flow velocity, creating wall shear stresses that cause a detachment of the 

cells from the probe. The wall shear stresses would have to be below a critical value to 

ensure that the CTCs do not undergo a morphological change or rupture [98]. To reduce the 

required forces, the BMProbe™ could be first incubated in EDTA-Trypsin to reduce the 

strength of the bond. Alternatively, direct proliferation could be tested. This could be 

initiated by inserting the probe into a culture medium for direct proliferation from the 
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surface of the probe. In all cases, caution must be given to the sterility of the probe to avoid 

contamination. Also, experiments must be performed regarding shipment temperature, 

time frames and handling errors. As described in chapter 1.2.5, the cultivation of cells can 

be used for drug sensitivity tests and disease modeling, among others.  

4.4  Future Research Topics and Next Steps  

The ability to bind any IgG antibody onto the surface of the probe enables the development 

of probes that are tailored to a specific tumor. Ideally, multiple antibodies should be 

combined to counter the heterogenic profile of CTCs. This could be achieved by creating an 

“antibody-cocktail”, with which the probe is then coated. Alternatively, due to the 4 cm 

length of the functional part, the antibodies could be spatially separated so that they do not 

interact with one another. This would reduce the likelihood of not detecting CTCs due to the 

differences in the chosen antigen and the phenotype expressed by the CTC.  

The advantage of the current evaluation method is that only standard laboratory equipment 

is required and that it can be considered as an easy-to-learn method. The disadvantage is 

the required hands-on time during evaluation and the subjective errors by the evaluator. 

Thus, further research should be performed regarding the automatization of cell counting 

on the surface of the probes. Integrating machine learning methods to detect the 

immunofluorescent-stained cells like the approaches shown, for example, by Stevens et al. 

and He et al. [99,100], would greatly reduce the hands-on time. Thereby reducing human 

error and personnel costs for the analysis.   

Finally, the functionality of the BMProbe™ must now be tested in vivo. In ex vivo experiments 

an anticoagulant (EDTA) was used to avoid thrombus formation of the blood during the 30-

minute incubation in the flow system. While the results of biocompatibility tests have been 

satisfactory, the functionality and clotting must be verified in vivo.  

An intermediate step would be to perform recalcification experiments with citrate blood to 

measure the clotting time. In these experiments the blood sample is separated into solid 

and liquid components. Then, calcium chloride is added to the citrated plasma or serum 

(liquid components) and the duration until blood starts to clot (partial thromboplastin time) 

is measured. Similar experiments were performed by Lindhout et al., who analyzed the 

blood compatibility of different polymers [101].   
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5 Conclusion  

The analysis of CTCs is a universal tool in the diagnosis and treatment of cancer. However, 

due to the rarity of CTCs in the bloodstream, their isolation remains a technical challenge. 

This has led to a slow or even non-existent translation of CTC analysis into the clinic. This 

thesis has characterized the BMProbe™, a minimally invasive device for the in vivo isolation 

of CTCs from the venous bloodstream. It was shown how the probes’ geometry optimization 

improves cell isolation. Two different antibody coatings with corresponding cell lines were 

tested to verify the ability to bind arbitrary IgG-antibodies to the surface of the probe. Ex vivo 

functionality was verified by comparing the CTC-count from the blood of lung cancer 

patients and a healthy control. Due to the in vivo approach and the improved conditions for 

cell isolation, it is expected that the BMProbe™ can overcome the technical limitations of 

alternative methods for CTC isolation. The next step is to test the functionality in vivo and 

to gain regulatory approval to enable a translation into the clinic. The increased number of 

isolated cells using the BMProbe™ would improve the precision of the downstream analysis. 

This would enable physicians to use the CTC count in blood to perform diagnosis of cancer, 

treatment stratification, monitoring treatment progress and cell expansion for a 

personalized medicine. 
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Simple Summary: Detection of circulating tumor cells (CTCs) in blood can be used to diagnose

cancer or monitor treatment response for various cancers. However, these cells are rare in the

bloodstream in the early stages of cancers, and it, therefore, remains a technical challenge to isolate

them. To overcome the limitations of a blood draw, we introduce a minimally invasive device, called

the BMProbe™, for the isolation of CTCs directly from the bloodstream. Thereby a large volume

of blood is screened. This study �rst shows how the geometry of the in vivo BMProbe™ causes

improved cell deposition conditions. We then performed a veri�cation of the in vivo device using

blood samples from lung cancer patients. The results indicate the functionality of the BMProbe ™ to

isolate CTCs in blood samples. The future step is to use the BMProbe™ in various types of cancer

patients to detect CTCs.

Abstract: Circulating tumor cells (CTCs) exist in low quantities in the bloodstream in the early stages

of cancers. It, therefore, remains a technical challenge to isolate them in large enough quantities for

a precise diagnosis and downstream analysis. We introduce the BMProbe™, a minimally invasive

device that isolates CTCs during a 30-minute incubation in the median cubital vein. The optimized

geometry of the device creates �ow conditions for improved cell deposition. The CTCs are isolated

using antibodies that are bound to the surface of the BMProbe ™. In this study, �ow experiments

using cell culture cells were conducted. They indicate a 31 times greater cell binding ef�ciency of the

BMProbe™ compared to a �at geometry. Further, the functionality of isolating CTCs from patient

blood was veri�ed in a small ex vivo study that compared the cell count from seven non-small-cell

lung carcinoma (NSCLC) patients compared to nine healthy controls with 10 mL blood samples. The

median cell count was 1 in NSCLC patients and 0 in healthy controls. In conclusion, the BMProbe ™ is

a promising method to isolate CTCs in large quantities directly from the venous bloodstream without

removing blood from a patient. The future step is to verify the functionality in vivo.

Keywords: circulating tumor cells (CTCs); minimally invasive; liquid biopsy; non-small-cell lung

carcinoma; cancer diagnosis; medical device

1. Introduction

Circulating tumor cells (CTCs) represent a subset of tumor cells from an existing
primary or metastatic tumor in a cancer patient. They are de�ned as cells that are shed

Cancers2022, 14, 4753. https://doi.org/10.3390/cancers14194753 https://www.mdpi.com/journal/cancers
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from the primary or metastatic tumors and subsequently circulate through the bloodstream.
They re�ect the heterogeneity of the primary or metastatic tumors, in that their analysis
can provide clinically relevant information on the patient's metastatic ongoing potential.
Therefore, CTCs have the potential to establish themselves as an essential blood biomarker
surrogate in the clinical setting [ 1–3].

CTCs can be used for diagnosis, to monitor therapeutic responses, and for prognosis
evaluation, as shown, for example by Lozano et al. in metastatic castration-resistant
prostate cancer (PCa) patients. The study showed that the CTC count was superior to the
established Prostate Speci�c Antigen biomarker (PSA) in predicting survival [ 4]. Further
studies have shown the great potential of CTCs in breast cancer [5], colorectal cancer [6],
and lung cancer [7]. Additional utility of application for CTCs is related to drug resistance
testing [8], the detection of minimal residual disease after therapy, disease recurrence, and
early diagnosis of cancer [9,10].

However, there are still challenges to overcome to establish CTCs as a routine biomarker
for making patient management decisions. The main technical challenge is the very low
levels of CTCs in the bloodstream, particularly in early-stage disease. There are around
1–10 CTCs in 1 mL of whole blood in the advance states of metastatic patients and far
fewer CTCs in non-metastatic patients [11,12]. This makes it very dif�cult to detect CTCs,
considering that 1 mL of whole blood consists of approximately 7.5 � 106 white blood cells,
7 � 109 red blood cells, and 3.2 � 108 platelets [13]. Due to the low quantities of CTCs,
Coumans et al. recommend processing larger volumes of blood [ 14]. Yet, since CTCs were
�rst observed by Ashworth et al. in 1869 [ 15], most methods that have been developed
for the enrichment of CTCs focus on an ex vivo 7.5–10 mL blood draw. Although various
approaches for the detection of CTCs have been developed, Lin et al. conclude that “the
sensitivity and speci�city of these technologies must still need to be further improved” [ 16]
(p. 16). Most importantly, Yang et al. have questioned whether this small sample volume
of blood draw accurately re�ects the detection frequency in an adult human patient [ 17].
Additionally, it has been questioned whether isolating one to �ve cells from a 10 mL blood
draw is truly representative of metastasis. Further, to circumvent the potential problems
that occur through collecting and shipping of blood samples, blood is often collected in
tubes that causes “cell death and crosslinking of intracellular contents of CTCs that affect
functional analysis, and especially single cell CTC characterization or ex vivo expansion of
CTCs” [17] (p. 12).

Therefore, in vivo approaches are required that circumvent the limitations and prob-
lems associated with a blood draw, and most importantly enhance the sampling proba-
bility of detection of CTCs. Two examples of in vivo CTC enrichment methods are the
MagWIRE concept [18] and the CE-approved CellCollector ® by Gilupi GmbH, Potsdam,
Germany [19]. Both approaches are minimally invasive, and they are both inserted into
the cubital vein, where they remain between 30 min to one hour. During their incubation
period, they isolated epithelial cell adhesion molecule (EpCAM) positive cells using two
different antibody-based approaches. For the MagWIRE, magnetic particles coated with
antibodies (Ab) are injected into the bloodstream. Then, a magnetic wire, called MagWIRE,
is inserted into the patient's cubital vein. This wire then isolates the target cells based
on magnetic forces. The CellCollector® isolates the cells based on an antibody-antigen
interaction. This means the binding capabilities of the CellCollector ® are far more sensitive
to the �ow conditions around the surface of the probe than with the MagWIRE approach.
Theoretically, these in vivo applications should isolate a much larger number of CTCs
compared to ex vivo alternatives. While the MagWIRE has not yet been tested in humans,
there are publications showing that the in vivo cell binding of the CellCollector ® is not
as superior to ex vivo methods as expected [20,21]. Subsequently, Dizdar et al. analyzed
the �ow surrounding the surface of the CellCollector ® using an in silico analysis. They
calculated that the screened blood volume is in the region of 0.33–18 mL per half hour. They
considered blood as screened if it passed the probe at a maximum distance of 50� m [21].
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This shows, that for a successful in vivo isolation of CTC in large quantities, a geometry
that allows for improved cell deposition conditions is required.

This report introduces a novel in vivo device, called the BMProbe™. With experimental
results, it will be shown that its geometry creates �ow conditions in the vein that facilitate
improved cell deposition. Whereby, the functionality will be validated through ex vivo
experiments using blood from lung cancer patients.

2. Materials and Methods
2.1. Flow Optimized Geometry

When developing the geometry of an invasive cell collection device, two parameters
must be considered: The screened blood volume and the area of the device with a negative
normal �ow. This is stressed by Hehnen et al. who determined that cell deposition is most
likely to occur in areas where the �ow is normal to the surface of the wall (negative wall
normal rate) [ 22]. It is further essential to avoid a laminar �ow pro�le around the geometry
of the inserted cell collection probe. In a laminar �ow pro�le, the cell movement is based
on the streamlines around the probe and thus the cells do not collide with the surface of
the probe. In these cases, only diffusion causes cell transport in the direction of the probe
surface [23].

The BMProbe™ was therefore designed to disrupt the blood �ow and cause it to
“stumble” and collide onto the surface of the probe. The windings of the probe cause
areas with negative normal �ow, which causes improved cell attachment conditions. The
foundation of the device is a medical grade stainless steel wire (Ulbrich, North Haven, CT,
USA) with a rectangular cross-section with dimensions of 0.80 mm � 0.15 mm. In total, the
wire has a length of 160 mm. Over a length of 40 mm, it is coated with a photoactive polymer
(trademarked procedure) to which Abs are covalently bound through UV-cross-linking.
This 40 mm section is called the functionalized part. It consists of the tip, 32 windings,
and the transition from spiralized to a �at wire. Each winding has a length of 1105 � m
(� 20 � m) and a width of 800 � m (� 15 � m). The twisting of the wire is performed in-house
using a speci�cally designed twisting machine. For this study, spot checks were performed
using a digital microscope (VHX-970F, Keyence, Osaka, Japan) at 100� magni�cation. Of
the 50 performed measurements regarding the dimensions of the windings, all dimensions
were within the limit of agreement. A magni�ed image showing the spiral structure can be
seen in Figure 1.

Figure 1. Magni�ed view of one winding. Captured using 3D-Depth imaging with a digital micro-
scope (VHX-970F, Keyence, Japan) at 100� magni�cation. Each winding has a length of 1105 � m
(� 20 � m), a width of 800 � m (� 80 � m), and a thickness of 150� m (� 15 � m).
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The coating of the functionalized part enables the application of any IgG Ab onto the
surface of the probe. This allows for the application of the BMProbe ™ in different diseases.
For an application in oncology, it can be coated, for example, with anti-EpCAM or anti-
Vimentin Ab. By coating with other non-oncology related antibodies such as anti-CD105
or anti-CD146 Ab, it can be applied in cardiology to diagnose cardiac issues such as heart
failure or arterial hypertension. The different layers (polymer and Ab) are applied to the
wire through crosslinking steps that are performed after the application of each layer. The
geometry of the probe is shown in Figure 2.

Figure 2. BMProbe is a medical-grade stainless steel wire with 32 windings. The windings are coated
with a photoactive polymer and IgG-Ab that isolate speci�c rare cells from the venous bloodstream.
The yellow IN-connector is screwed onto an indwelling cannula (18G � 11

4”) that is inserted into the
cubital vein.

The wire is inserted into the median cubital vein through an indwelling cannula
(18G � 1 1

4” ), where it is left for a 30-min in vivo incubation time. Then, it is withdrawn
and washed gently with a Phosphate-buffered Saline (PBS) (ROTI®Cell PBS, Carl Roth
GmbH + Co., KG, Karlsruhe, Germany) solution that has a pH value between 7.3 and 7.5.
This step removes blood droplets from the surface of the BMProbe ™. If the BMProbe™ is
to be analyzed at a later time-point, or the viability of cells is not necessary, the probe is
�xed using an acetone solution at 4 � C to avoid cellular decomposition. The cells bound
to the surface of the BMProbe™ can be counted using immuno�uorescence imaging, see
Section2.4. Subsequently, molecular analysis is possible to perform an analysis of the DNA
and RNA content of the bound cells.

2.2. Flow System

The geometry of the BMProbe™ was determined using an experimental model analy-
sis. For this analysis, a similar �ow system to the one shown by Hehnen et al. was used.
The �ow system, see Figure 3, was developed to depict the median cubital vein in diameter
and �ow velocity. It consists of a peristaltic pump (PP) (Ismatec ISM597D, Glattbrugg,
Switzerland), silicone tubes (inner diameter 3 mm, outer diameter 5 mm) for the PP, a
speci�cally designed test section (see [22] for detailed description) that �ts the functional
part of the BMProbe™, stopcocks to connect the components, and a �uid reservoir and
further silicone tubes that connect the test section to the �uid reservoir (inner diameter
2 mm and outer diameter 4 mm). There are different versions of test sections. They exist
with a diameter of 2 mm, 3 mm, and 4 mm. These diameters are based on literature values
of the median cubital vein diameter [ 18,24,25]. The BMProbe™ is inserted into the �ow
system through IN-connectors. Unlike in the procedure for in vivo application, where the
BMProbe™ is inserted at an angle to the �ow, it is positioned horizontally in the middle
of the test section. This setup was chosen to improve the reproducibility of the results, as
different insertion angles would in�uence the �uid-surface interaction. To avoid bending
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of the test sections, mounting brackets were 3D printed (Formlabs, Form 3, Somerville, MA,
USA) using the material Clear V4 (Formlabs, USA). The mounting brackets were screwed
onto a Plexiglas pane so that the test sections do not bend and are positioned vertical to
one another. It is possible to arbitrarily increase the number of probes that are included
during each experiment by increasing the number of test sections. This enables the analysis
of multiple and/or different probes in the same �uid.

Figure 3. The developed �ow system recreates the anatomical and physiological conditions of the
median cubital vein. The PP pumps the blood from the �uid reservoir to the test sections using the
silicon tubing of the PP. The number of test sections in the �ow system can be increased. The 3D
printed elements improve reproducibility by ensuring a straight test section.

During experiments, the �ow system is �lled with either a dextran solution (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany), which mimics the non-Newtonian �ow properties
of blood, containing cell culture cells, or patient blood. When inserting patient blood into
the �ow system, it must be blocked using 3% bovine serum albumin (BSA)/PBS for 30 min
to avoid coagulation and an increase in unspeci�c binding. The �ow system can also be
heated to human body temperature of 37 � C by placing it in a heated water bath. However,
experiments showed that this had no in�uence on the binding ef�cacy of the BMProbe ™.
The probes are inserted one after the other. Starting with the probes closest to the PP, when
starting the experiment. When the BMProbes™ are withdrawn, the probe farthest from
the PP is withdrawn �rst. This procedure avoids contact between the BMProbes ™ and
air bubbles.

2.3. Experiments to Determine the In�uence of the Number of Windings of the Probe

The relationship between the number of windings of the probe to cell binding ef�ciency
was analyzed. For these experiments probes with 0, 4, 8, 12, 16, 20, 24, and 32 windings
were used. Each design was tested with at least four probes and a negative control. Due to
the high number of probes, the experiment was divided into two parts and in total three
�ow systems. All experiments were performed using the �ow system, which was expanded
to �t the required number of probes. They were �rst blocked for 30 min using 3% BSA/PBS
and subsequently �lled with a dextran solution containing 2000 cells/mL. The probes were
incubated for 60 min at room temperature and a volume �ow rate of 907 mL/h.

The �rst studies contained probes with 4, 8, 12, and 16 windings. Each winding
design was tested with seven probes and one negative control. Two �ow systems were
used, each containing four probes per windings con�guration. The inserted probes were
coated with anti-EpCAM ab (Miltenyi GmbH, Bergisch Gladbach, Germany) to target
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LNCaP cell culture cells (provided by Dr. Magdalena Mayer and Karol Marcinkowski,
Medical University in Poznan, Poland). The second study contained the probes with
0, 16, 20, 24, and 32 windings. A BMProbe™ with 28 windings was not included due
to limitations in the manufacturing process. For each number of windings, four probes
were included along with two negative controls. All probes were included in one �ow
system that contained cell culture human umbilical vein endothelial cells (HUVEC) cells
(Cat#1210111, Provitro GmbH, Berlin, Germany). The probes were coated with anti-CD105
ab (Miltenyi GmbH, Germany).

A different Ab-coating and cell line was used in the two studies, as the absolute
number of bound cells between the two studies was not comparable to one another, due
to the experiments being performed on different days. This time difference would have
resulted in using different cell cultures anyway. The chosen experimental setup therefore
also enabled testing the ability to coat the BMProbe™ with different Abs.

2.4. Staining Protocol

To quantify the cells bound to the BMProbe ™, immuno�uorescence (IF) imaging is
performed. In preparation thereof, the �xed BMProbe ™ is stained. If the BMProbe was
stored dry at 4 � C (for cell culture cells) or � 80 � C (for patient cells), this step can be
performed up to three months after the cells were bound to the BMProbe™.

This study focuses on the application of the BMProbe ™ to target CTCs in lung cancer
patients. CTCs are de�ned as anti-EpCAM and anti-cytokeratin (CK) Ab positive. These
markers are also relevant for CTCs derived from different epithelial cancers (e.g., in breast
cancer [26], prostate cancer [27], and colorectal cancer [28]). Further, established systems
like CellSearch also use anti-EpCAM and anti-CK Ab to identify CTCs in epithelial cancer
patient blood analysis [ 29]. The CTCs are differentiated from possibly bound periph-
eral blood mononuclear cells (PBMC) by using the anti-CD45 Ab. While blood cells are
CD45 positive, CTCs are CD45 negative. To con�rm the accurate staining procedure a
prepared positive control with blood cells and cell culture CTC is always included in the
staining process.

In detail, this process runs as follows: Following a rehydration step of one minute
in 450 � L of Phosphate Buffered Saline (PBS) (Carl RothGmbH + Co. KG, Karlsruhe,
Germany) with a pH value of 7.4, the probes are blocked using a solution of 3% Bovine
Serum Albumin (BSA, VWR Life Science, Radnor, PA, USA) in PBS for 30 min at 4 � C.
120� L of multiplex staining solution is used for each BMProbe ™. The staining solutions
are prepared with 3% BSA in PBS at a dilution of 1:50 for anti-CD45-AlexaFluor488 (Exbio,
Vestec, Czech Republic), 1:500 for anti-EpCAM-Phycoerythin (PE) (Miltenyi, Germany)
and 1:250 for anti-CK-PE (Miltenyi, Germany) Abs. The BMProbes™ are then incubated in
the dark capillaries, which protect the probes from light, these are �lled with the staining
dilution for 60 min at 4 � C and 200 rpm. This is followed by two washing steps, each
for 1 min at 200 rpm. Then, the BMProbes™ are incubated for two minutes in a 500 � L
Höchst (Thermo Fisher, Waltham, MA, USA) solution with a dilution of 1:10.000 diluted in
PBS. Following three washing steps in PBS, each lasting for one minute, the BMProbe™
can be analyzed under the microscope. The staining process currently lasts 85 min in
total. However, it is possible to stain many probes in parallel without increasing the total
duration. Further, it is possible to store already stained probes at � 80 � C for a maximum
of one month until they are investigated. Figure 4 shows the microscopy images of the
stained BMProbe™.

The microscopy was performed in-house using an Olympus BX51 microscope (Olym-
pus, Tokio, Japan). For the analysis, the BMProbe™ is inserted through a Luer lock into
the wet chamber that is �lled with PBS. The wet chamber is a modi�ed universal housing
(Hammond Manufacturing Co., Ltd., Guelph, ON, Canada) that consists of two shortened
G18 diameter cannulas that hold the BMProbe™ in a horizontal position so that it remains
in focus during analysis. The wet chamber is made of black Acrylonitrile butadiene styrene
to avoid re�ection, it can be seen in Figure 5.
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Figure 4. Staining images of a CTC (top) and blood cell ( bottom ). The cell nucleus is detected in
the blue channel. CTCs are detected in the orange channel and blood cells are detected in the green
channel. Finally, the images are superimposed to analyze the shape and position of the different spots .

Figure 5. The wet chamber enables an analysis of the BMProbe™ under wet conditions. The
BMProbe™ is held in a horizontal position. This supports a continuous analysis of the surface in
focus. The black color absorbs the light so that there are no re�ections. The BMProbe™ is inserted
where the red arrow is pointing.
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2.5. Validating the Functionality with Blood from Lung Cancer Patients

The following experiments were performed to validate the ex vivo functionality of
the BMProbe™ and its platform technology approach. The study was conducted at the
Lungenkrebszentrum of the Charit ² -Universitätsmedizin Berlin, Berlin, Germany. In this
single-center, pseudonymized, and evaluator-blinded study, blood was withdrawn from
healthy controls and non-small cell lung carcinoma (NSCLC) patients.

The experiments were performed in the previously shown �ow system and the probes
were analyzed according to the staining protocol introduced above. For each patient, blood
was collected in 2 � 9 mL ethylene diamine tetraacetate (EDTA) vacuum tubes (Vacutest
Kima srl, Arzergrande, Italy). First, 4 BMProbes ™ were inserted into the �ow system
and then 10 mL of blood was inserted from the two EDTA vacuum tubes into the �uid
reservoir of the �ow system. Of the four BMProbes ™, one was coated with anti-FOLR1
Ab (Biotechne Novus, Centennial, CO, USA) since Folate receptors are highly expressed
in NSCLC [ 30–32]. Folate receptors can be found in the tissue of different organs, for
example, lung, breast, and pancreas. In the circulatory system, only CTCs express folate
receptors [33]. The second BMProbe™ was coated with anti-Vimentin Ab (Abnova, Taipei,
Taiwan) to detect cells following the epithelial-mesenchymal transition. Xie et al. showed
that cell surface vimentin positively correlated with lymph nodes and distant metastases in
NSCLC [34]. The third was coated with the major known carcinoma cell surface protein
anti-EpCAM Ab (Miltenyi GmbH, Germany), as it is the most frequently described cell
surface marker for CTC enrichment in literature. It is used by established systems like
CellSearch [35]. The fourth BMProbe ™ was a negative control, that was not coated with any
Abs. Previous experiments showed that the order in which the BMProbes ™ are inserted
into the �ow system does not in�uence the binding ef�ciency.

Both cohorts were only recruited, if they were over the age of 18, neither pregnant nor
breastfeeding, and had understood and signed the consent form. Healthy controls were
included if they had no known prior history of cancer diseases. Due to their young age,
no further tests were conducted to speci�cally rule out any unknown diseases/cancers.
NSCLC patients (consented) were recruited that had been diagnosed with late-stage (stage
III and IV) metastatic NSCLC and before treatment with chemotherapies or other therapies.

The aim of the experiments was to verify the functionality of the BMProbe ™ by
showing that more CTCs are isolated in the blood of lung cancer patients compared to
in the blood of a healthy control group. The study did not intend to make any clinical
prediction based on the number of isolated cells.

3. Results
3.1. Analysis of the In�uence the Number of Windings Has on the Binding Ef�ciency

The results of the two experiments are shown in Figure 6. The experiment with LNCaP
prostate cancer cell line cells and anti-EpCAM coating regarding the windings 4, 8, 12, and
16 is shown on the left of Figure 6. There is a linear correlation between the number of
windings and the cell binding ef�ciency (R 2 = 0.9958). The mean relative standard deviation
for each winding con�guration is 13.7% (11.9–16.4%). The increase in bound cells between
the windings 4 to 8, 8 to 12, and 12 to 16 is 130, 102, and 100, respectively. On the right of
Figure 6, the binding ef�ciency of the probes with 0, 16, 20, 24, and 32 windings is shown.
Here, the cardiovascular cell line HUVEC was used, see chapter 2.3 for explanation. The
absolute number of bound cells on the probe is lower, compared to the �rst experiment.
Nonetheless, there continues to be an increase in bound cells with an increase in windings
(linear trend line, R 2 = 0.9758). For the windings 16, 20, 24, and 32 the mean relative
standard deviation for each winding con�guration is 26.3% (21.7–29%). The probe with 0
windings has a relative standard deviation of 74.1%, which can be explained due to the low
number of cells bound. Between the winding con�gurations 16 to 20, 20 to 24, and 24 to 32,
the mean increase of bound cells is 85, 86, and 97, respectively.
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Figure 6. (Left ), shows the cell binding ef�ciency using the LNCaP cell line and anti-EpCAM coating
for the lower number of windings (N = 7). ( Right ), shows the cell binding ef�ciency for the HUVEC
cell line and anti-CD 105 coating for the higher number of windings and for zero windings (N = 4).

3.2. Results of the Ex Vivo Experiments to Validate the Functionality of the BMProbe™

In total, 16 patients were recruited for this study, nine of which were healthy controls
(four males and �ve females), who had a mean age of 29 years (� 2.5 years). Seven metastatic
NSCLC patients were recruited with a mean age of 72.9 years (� 6.9 years).

In Figure 7 (left) the cells bound to the three BMProbes™ coated with antibodies were
added together for each study participant. A detailed Table showing the number of bound
cells per BMProbe™ can be found in Supplementary Figure S1. The median number of
bound cells to the surface of the BMProbes™ from the 10 mL blood sample is 0 (0–3) for
the healthy control and 1 (0–4) for the cancer patients. Figure 7 (right) shows the ratio of
unspeci�c binding to isolated CTCs. Only the BMProbes ™ that had isolated at least one
CTC were included. Therefore, Figure 7 (right) shows the number of bound nonspeci�c
cells, divided by the number of bound lung cancer CTCs, for each BMProbe ™. A median
of 8 unspeci�c cells was isolated per CTC. The negative controls had 0 cells bound to the
surface in all study participants.

Figure 7. (Left ), results from the ex vivo blood experiments using the �ow system and BMProbes ™.
(Right ), shows the ratio of unspeci�c cells to CTCs that are bound to the surface of the BMProbe™.
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If the cut-off is set at 0 CTCs to differentiate between healthy controls and lung cancer
patients, it is possible to differentiate the two groups with a sensitivity of 85.7% and
speci�city of 88.9%.

4. Discussion

In this study, the relationship between the number of windings and cell binding
ef�ciency was analyzed. Based on the experimental results it can be assumed that with
an increase in windings, the �ow is increasingly disrupted and redirected towards the
wall. This leads to the 31-fold increase in cell binding ef�ciency between 32 windings
and a �at wire indicating that the BMProbe ™ should outperform the probes analyzed by
Dizdar et al. [ 21] that create laminar �ow conditions around the device. Therefore, it can be
expected that in an in vivo application, multiple cells can be isolated.

The decrease of the cell binding gradient between 24 to 32 windings, compared to the
gradient between 16 to 20 and 20 to 24, can possibly be explained through the gap between
the windings. The smaller volume could start hindering the exchange of �uid passing in
and out of the space between the windings. Theoretically, this could lead to a plateau of
cell binding ef�ciency. However, due to manufacturing limitations, it was not possible to
determine this plateau using experiments. Further, the analysis of the probes under the
microscope for bound cells is expected to be more dif�cult with an increase in windings.
The distance between the windings is large enough to easily analyze the entire area of each
winding under the microscope for bound cells. With an increase in windings, this distance
decreases, and the windings will become more perpendicular to the �eld of view. This
makes it more dif�cult to screen the area of the windings for bound cells. The difference in
the absolute number of bound cells between the experiments can be explained through the
different coating and used cell line cells. It was not analyzed whether the cells bound to the
surface of the probe were alive or dead. However, their ability to bind to the antibodies
and their morphological pro�le during immuno�uorescent staining suggest that the cells
bound to the BMProbe™ are alive. For this study, it was only relevant that the cells were
intact and therefore the cells can be alive or partially dead (undergoing apoptosis). An
analysis of whether the cells are alive, or dead will be performed in the future.

For the ex vivo veri�cation of the BMProbe™, the functionality to bind CTCs in lung
cancer patient blood was analyzed in this study. NSCLC cancer was chosen as a clinically
relevant application to validate the functionality, as it has been shown that CTCs have a
prognostic and predictive value in NSCLC [ 36]. Despite advances in the treatment of lung
cancer, the 2.09 million new lung cancer cases each year still cause nearly 1.8 million lung
cancer-related deaths worldwide [ 37].

It is expected that the �ow system for these experiments best mimicked the blood
�ow and cells to bind to the probe. While the �ow system was developed to depict the
median cubital vein (diameter and �ow) in the area where the BMProbe ™ is positioned, it
has a couple of unphysiological characteristics that can potentially in�uence the CTCs. For
example, the stopcocks that are used in the �ow system to position the BMProbes ™ have
rigid small diameters that cause �ow constrictions and that do not occur in the body. This
can result in greater forces acting on the CTCs, especially through the jet streams and �ow
separation behind the hole from the stopcocks in the �ow direction. Both characteristics
could lead to cell damage. For the experiments performed with patient blood, this can
explain why in the median, only one cell was bound to the surface of the BMProbe ™.
However, since the BMProbe™ is intended for the in vivo application, the cell loss caused
by the �ow system was not further analyzed. Should in future the BMProbe ™ be used in
an ex vivo setting, the blood volume during the blood draw should be increased. Using a
greater blood volume has the potential for a greater cell yield.

Nonetheless, the results presented are very promising as they show that it is possible
to isolate CTCs from the blood of NSCLC patients and that, in all but one case, no CTCs
were isolated in the healthy controls. It should also be noted that the ex vivo results
are from 10 mL of blood, which is a small amount and therefore only a low number of
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CTCs were expected. The actual application of the BMProbe™ will be in vivo where a far
greater volume of blood will be screened and thus signi�cantly more CTCs will be detected.
Further, the low unspeci�c binding can lead to a more precise downstream analysis of the
cells. The results also show the platform technology ability of the BMProbe ™ as different
antibodies were covalently bound to the surface and each antibody at one time or another
successfully isolated CTCs. Further, the approach allows isolating and assessing CTCs
from blood without drawing any amount of blood from the patient. Since the BMProbe ™
can be coated with different Abs, potentially, CTCs can even be isolated from hematologic
malignancies, if cancer-antigen-speci�c cell surface Abs are available [38].

The BMProbe™ intends to overcome the limitations of current ex vivo CTC isolation
methods with its' in vivo approach and �ow-optimized geometry. Whereby a larger amount
of peripheral blood is analyzed compared to the traditional 5 to 10 mL. It is expected that the
CTC yield will be thereby increased, thus increasing the precision of downstream analysis.
A reliable method for CTC isolation and analysis can be applied in the clinical setting for
the purpose of diagnosis, monitoring, and decision support in the treatment of different
types of cancer patients. Especially in cancers such as lung and prostate cancer that lack
ef�cient methods for blood diagnosis. In Lung cancer, Zhao et al. summarized that CTCs
are a promising biomarker to diagnose lung cancer with high sensitivity and speci�city [ 39].
In prostate cancer, Ried et al. have shown that including a CTC analysis for the diagnosis
of prostate cancer greatly increases the sensitivity and speci�city of current diagnostic
methods [40]. Regarding the translational aspect, the BMProbe™ has the potential to be
integrated into a clinical diagnostic routine. The logistics are similar to a regular blood draw
but without any blood draw thereby, other blood draw tests can be performed without
large amounts of blood taken from patients, which can be a logistic problem in older or
morbid patients. Furthermore, the ability to store the BMProbe ™ between the patient
application and analysis indicates that it does not have to be analyzed immediately on-site
and can be shipped to a laboratory for later analysis. This also allows for the probe to be
stored for weeks before analysis, which resolves an important logistic issue.

Currently, the counting of the bound cells to the surface of the BMProbe ™ is performed
using IF imaging. This is an easy-to-use method that uses relatively standard laboratory
IF microscopy instrumentation. Cells can be quanti�ed with speci�c imaging software.
However, with the analytical IF microscopy instrumentation analysis today this is a very
valuable approach, especially in combination with multiplex Ab assessment, quanti�cation
using imaging recognition and quanti�cation. In the future, machine learning algorithms
can be used to identify IF-stained cells and improve assessment with quanti�cation software
logistics. There are already different working groups that are developing and comparing
machine learning algorithms that can identify CTCs (e.g., [ 41,42]). Integrating these algo-
rithms in the analysis of the BMProbe ™ would greatly reduce the hands-on duration of
the counting of cells and reduce subjective errors by an individual reading the BMProbe ™
bound CTCs

5. Conclusions

In this publication, the ex vivo functionality of the BMProbe ™ was validated using
10 mL of lung cancer patient blood. The BMProbe™ is a minimally invasive probe that
isolates the target cells directly from the peripheral venous bloodstream. This approach
overcomes the limitations and problems associated with a blood draw and does not require
withdrawing any amount of blood from patients. Further, the results presented in this
study show that the geometry, more speci�cally the windings, of the BMProbe ™ improve
the cell deposition compared to a geometry that does not disrupt the �ow close to the
surface of the probe (e.g., a �at wire). The next step is to validate the in vivo functionality
of the BMProbe™, where it is expected that multiple CTCs are isolated compared to ex
vivo methods.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14194753/s1 . Figure S1: Thisdiagram shows the number of
cells that were bound to each BMProbe™ in the NSCLC patient group and healthy control group.
The BMProbes™ were coated with anti-FOLR1 Ab (left), anti-Vimentin Ab (middle) and anti-EpCAM
Ab (right).
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