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ZUSAMMENFASSUNG  

In den letzten Jahrzehnten gab es bedeutende technische Entwicklungen auf dem 

Gebiet der Flüssigbiopsien, die unseren Zugang zu zirkulierenden Tumorzellen (CTCs) 

verbessert haben. Bei einigen Tumorarten, wie dem duktalen Adenokarzinom des 

Pankreas, sind die Erkennungsrate und die Anzahl der nachgewiesenen CTCs jedoch 

immer noch sehr niedrig, was die Verwendung von CTCs als Biomarker und 

Tumorgewebeersatz für die molekulare Analyse beeinträchtigt. Eine 

Haupteinschränkung besteht in dem geringen Blutvolumen, das in Standard-CTC-Assays 

gescreent wird. Die diagnostische Leukapherese ermöglicht die Entnahme literweise Blut 

und stellt eine vielversprechende alternative Strategie dar, um eine größere Anzahl von 

CTCs zu sammeln, jedoch stellt die hohe zelluläre Konzentration dieser Produkte eine 

zusätzliche Herausforderung für die CTC-Anreicherung mit den bestehenden CTC-

Assays dar. In der vorliegenden Arbeit habe ich die technische Leistungsfähigkeit von 

zwei Systemen zur Anreicherung und Detektion seltener Tumorzellen in 

hochkonzentrierten Blutprodukten untersucht: dem Isoflux und dem KingFisher. Das 

erste ist speziell für CTC-Anreicherungszwecke im Handel erhältlich, während das 

zweite System das Design und die Optimierung von Protokollen für diese Anwendung 

erforderte. Beide Methoden basieren auf der immunomagnetischen Anreicherung, und 

ich habe die Leistung unter Verwendung verschiedener Arten von magnetischen 

Kügelchen und unter Verwendung von EpCAM und MUC-1 als Epitope getestet, die auf 

die Oberfläche der Tumorzellen gerichtet sind. Obwohl die Anreicherung seltener Zellen 

mit beiden Systemen möglich war, war die Leistung von KingFisher in der jeweiligen 

experimentellen Umgebung überlegen. Darüber hinaus konnte ich im KingFisher die 

Anreicherung und die anschließende Immunfärbung in einem einzigen automatisierten 

Protokoll vereinen, wodurch die erforderliche praktische Zeit reduziert wurde. Zudem 

konnte ich im KingFisher-System Protokolle erstellen, in denen verschiedene Beads für 

die Depletion hämatogener Zellen vor der positiven Selektion von CTCs kombiniert 

wurden. Dieses Werk zeigt insgesamt die hohe Flexibilität in Bezug auf magnetische 

Perlen und die hohe Kosteneffektivität. Es zeigt auch die Möglichkeit, die Färbung zu 

automatisieren und den Eingriff des Bedieners zu reduzieren, sowie die Möglichkeit, eine 

große Anzahl von Proben parallel im KingFisher-System zu verarbeiten. Die 

gesammelten Ergebnisse legen nahe, dass dies eine attraktive Lösung zur Verarbeitung 

großer Blutvolumina darstellen könnte. 
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SUMMARY 

 

In the last decades there has been significant technical developments in the field of 

liquid biopsies that have improved our access to circulating tumour cells (CTCs).  

However, for some tumour types, as the pancreatic ductal adenocarcinoma, the detection 

rate and number of CTCs detected are still very low which compromises the use of CTCs 

as biomarker and tumour tissue surrogate for molecular analysis. A major limitation 

resides on the low volume of blood that is screened in standard CTC assays. Diagnostic 

leukaphaeresis allow to sample liters of blood and constitutes a promising alternative 

strategy to collect higher numbers of CTCs, however the high cellular concentration of 

these products constitutes additional challenging for CTC enrichment with the existing 

CTC assays. In the present work I explored the technical performance of two systems for 

enrichment and detection of rare tumour cells in highly concentrated blood products: The 

Isoflux and the KingFisher. The first is commercially available specifically for CTC 

enrichment purposes, while the second system required the design and optimization of 

protocols for this application. Both methods are based in immunomagnetic enrichment 

and I tested the performance using several types of magnetic beads and using EpCAM 

and MUC-1 as epitopes targeted at surface of the tumour cells. Despite enrichment of rare 

cells was possible with both systems, in the particular experimental setting, the 

performance of KingFisher was superior. Furthermore, in the KingFisher I could unify 

enrichment and subsequent immunostaining in a single automated protocol reducing the 

hands-on time necessary. Additionally, in the KingFisher system, I could establish more 

complex protocols combining different beads for initial depletion of hematogenous cells 

prior positive selection of CTCs. This work demonstrates the high flexibility in terms of 

magnetic beads and the high cost-effectiveness. It also shows the possibility to automate 

staining and reduce the operator intervention, and the possibility to parallel process a high 

number of samples in the KingFisher system. The results collected suggest that it might 

constitute an attractive solution to process large blood volumes. 
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1 – INTRODUCTION 

 

1.1 – Pancreatic cancer and circulating tumour cells (CTCs) 

 

Cancer of the pancreas is one of the cancers with worst prognosis. It resulted in 

411,600 deaths globally in 2015 and is one of the most common causes of cancer death 

[1], especially in patients with metastasis. The 1-year survival rate ranges from 17-23%, 

and the 5-year survival rate is less than 5% [1,2]. Even with recent advances in 

multimodal therapies including modern surgical techniques, the overall survival (OS) of 

pancreatic cancer has only increased slightly [3]. Early diagnosis is crucial for improving 

pancreatic cancer prognosis. However, this has been hindered by the relatively low 

specificity and sensitivity of blood biochemical tests (such as the tests for carbohydrate-

antigen 19-9 (CA 19-9) and carcinoembryonic antigen (CEA)), or of expensive imaging 

examinations (such as computed tomography (CT) scans or magnetic resonance imaging 

(MRI)) [4]. Furthermore, the anatomy of the organ limits options for biopsies, which are 

technically quite challenging.   

Circulating tumour cells (CTCs) are becoming a focus point of cancer research [5]. 

This type of tumour cell originates from solid tumours, can survive in the circulatory 

system, and can proliferate in a suitable environment, leading to tumour recurrence and 

metastasis. The mechanisms by which CTCs leave the primary tumour are still under 

investigation and have not been fully unraveled. For example, a matter of substantial 

debate is the role of the epithelial-mesenchymal transition (EMT) in the origin and also 

in the phenotype of CTCs. In addition, it is still unclear why not every CTC has the ability 

to establish metastasis and what might be the genetic, epigenetic and/or environmental 

factors determining higher metastatic competence of particular CTCs  [6]. However, CTC 

analysis has been verified to provide useful information for risk classification, evaluation 

of treatment efficacy, and early detection of cancer recurrence [7,8]. In pancreatic cancer, 

the number of CTCs in a patient associates with the chance of metastasis or the stage of 

the disease [9,10]. Some studies showed that CTC-positive patients had shorter survival 

and poorer prognosis even after surgical resection [11,12]. Further, the number of CTCs 

also reflects the clinical response to chemotherapy [13]. In addition to their value as 

biomarkers, CTCs can provide insights into the biology and molecular profile of the 
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respective tumour, the mechanisms of cancer progression, relevant biomarkers for cancer 

detection and treatment, and the molecular pathways active in cancer metastasis.  

 

1.2 – CTC detection 

 

1.2.1 – Principles of pancreatic CTC enrichment and detection 

 

Compared with the large number of blood cells in blood samples, the number of 

CTCs in the blood can be considered negligible. Typically, 1-10 CTCs can be found in 

per mL of whole blood in less than 50% of metastatic patients [14]. The accurate 

separation of CTCs from the abundant background of hematogenous cells in a blood 

sample remains a difficult challenge. To deal with this problem, a significant number of 

platforms for CTC enrichment and enumeration have been developed. These technologies 

follow one of two strategies: One is immunoaffinity based on cell surface molecular 

markers (marker dependent), which use either tumour cell-specific surface makers for 

positive selection or markers present in normal blood cells for negative selection. 

CellSearch, is the most widely used system based on the positive enrichment by 

immunoaffinity. It uses ferrofluid particles coupled to anti-EpCAM antibodies to enrich 

cells expressing the EpCAM epitope [15]. After enrichment, the system, stains enriched 

cells with 4 6́-diamidino-2-phenylindole (DAPI) to allow detection of intact nucleated 

cells and with antibodies recognizing cytokeratin (CK) as positive CTC marker and CD45 

as a negative (leucocyte) marker [16,17]. In 2004, the U.S. Food and Drug Administration 

cleared this system, for enumeration of CTCs in patients with prostate, breast and 

colorectal cancers. Other systems using similar approach are the IsoFlux, Adna Test, 

MagSweeper, EPISOT, CTC i-chip, MACS, CytoQuest CR system, etc. [18,19]. The 

other enrichment strategy is based on cell physical properties assumed to be different 

between the tumour and hematogenous cells,  such as size, gravity, and polarity [20]. 

Some of the systems use filtration to enrich large tumour cells like ISET, Parsotrix, 

ScreenCELL, FAST disc. ClearCell also separates CTCs based on their size but for that 

it uses Dean and inertial forces created in a spiral microchannel to separate large cells in 

flow [21]. Another approach exploits dielectrophoresis (DEP) to separate neutral or 

polarizable particles such as CTCs in a non-uniform electric field [22].  
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Thus far, there is no platform for CTC enrichment able to deliver pure CTCs. Due 

to the fundamental distinct characteristics of the systems, each strategy has pros and cons 

[23]. Performance of CTC-enrichment systems is a compromise between the level or 

enrichment/depletion achieved and sensitivity to detect rare marker-positive cells. 

Selection of the best technology is dependent on the particular needs of the projects, 

namely: tumour entity, intended downstream use of the enriched CTCs, volume of sample, 

number/concentration of cells in the sample, flexibility towards use of different epitopes 

for enrichment, strategy for enumeration and level of throughput. Furthermore, the 

existing systems can differ greatly on their level of automation which ultimately influence 

the reproducibility of the assay. For example, in the CellSearch system, enrichment, 

immunostaining and analysis are performed on a semi-automated way while in systems 

as the Isoflux and Parsortix, and ClearCell, immunostaining needs to be performed 

manually.  

In the particular case of pancreatic cancer, different studies have employed different 

systems for CTC detection with heterogenous results (Table 1).  

 

Table 1. Clinical research on pancreatic cancers. 

Reference Year 
Tumor 
Type 

Number 
of patients 

Platform 
Principle of 
enrichment 

CTC 
positivity 

Okubo[13] 2017 PDAC 65 CellSearch Immunomagnetic 33% 

Michael G[12] 2021 PDAC 34 CellSearch Immunomagnetic 71% 

Bidard [24] 2013 PDAC 79 CellSearch Immunomagnetic 11% 

Dalvinder[25] 2020 NET 199 CellSearch Immunomagnetic 44% 

Hugenschmidt[11] 2020 PDAC 101 CellSearch Immunomagnetic 6.8% 

Kurihara[26] 2008 PDAC 26 CellSearch Immunomagnetic 42% 

Tao[27] 2019 PDAC 100 
CR system 

(microfluidic chip) 
Immunomagnetic 76% 

Katharina[28]  2018 PDAC 69 MACS Immunomagnetic 34% 

Khoja [29] 2011 PDAC 54 
CellSearch (#1) and 

ISET (#2) 
Immunomagnetic 

and Size based 
40% #1 
90% #2 

Earl[30] 2015 PDAC 35 
CellSearch  and 

MACS  
Immunomagnetic 20% 

Gementzis[31] 2018 PDAC 200 ISET Size based 96% 

Kulemann[2] 2017 PDAC 58 ScreenCell (filtration) Size based 68% 

Hyemin[32] 2021 PDAC 52 
FAST disc 

(Flow filtration) 
Size based 92% 

Song[33] 2021 PDAC 31 
Microfabricated 

porous filter 
Size based 62.5% 

PDAC- Pancreatic ductal adenocarcinoma 

NET - Neuroendocrine tumour 
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Several CTC studies in pancreatic cancer described a relatively low recovery rate 

by the EpCAM-dependent enrichment methods (e.g. CellSearch) [24,26,29]. This seems 

consistent with the heterogeneous [29], and low EpCAM expression detected at the 

surface of tumour cells in pancreatic tumours [34,35]. Furthermore, the expression of this 

epitope can fluctuate as CTCs can be frequently found in different epithelial-to-

mesenchymal transition states [36–38] and data from xenograft models suggest that 

EpCAM can become rapidly downregulated when cancer cells enter the bloodstream [39]. 

This dynamic diversity of EpCAM expression creates challenges for CTC enrichment by 

immunoaffinity, but systems as the CellSearch offer very limited possibilities to use 

alternative (or combination of) epitopes. As alternative to EpCAM, Mucin1 (MUC-1) 

epitope was already tested for immunoaffinity-based enrichment[35]. Overexpression of 

MUC-1 is observed in several types of tumour tissues, including in pancreatic tumours, 

and MUC-1 has been used as a biomarker for diagnosis and a target for therapy [40,41]. 

MUC-1 was already investigated in CTCs and the results suggest that in pancreatic [42], 

but also in ovarian [43,44] and metastatic breast cancer [45], MUC-1 distinguishes 

subtypes of CTCs different from those identified by using EpCAM. Furthermore, the 

presence of MUC-1pos/EpCAMpos CTCs in patients with pancreatic cancer has been 

shown to be associated with shorter OS [46]. Because of the diverse EpCAM expression 

in pancreatic cancer and the reduced validity of MUC-1-expressing CTCs, several CTC 

research groups have tested filters or other physical methods (that do not rely on epitope 

expression on the cell surface) for CTC enrichment in pancreatic cancer [29,30,47]. 

Collectively, the recovery rates of such methods seem superior. However, it is important 

to stress that the malignant origin of the detected cells remains largley unknown since 

filter-based platforms with strongly attached cells commonly do not permit downstream 

molecular analyses of individual cells. On one other hand, filter enrichment methods have 

limited application to enrich CTCs that are similar in size or even smaller to leukocytes. 

The diversity of the existing systems suggest that optimized solutions for CTC 

detection could result from combining different methods that could compensate for each 

other's limitations [48]. Unfortunately, most of the devices for CTC enrichment are 

expensive, which hinder solutions combining two or more platforms. Although CTCs 

have a potentially large economic value, cost-effective methods are still needed to 

promote CTC research and to foster its implementation in the clinics.  
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1.2.2 – IsoFlux system 

 

The IsoFluxTM system (Fluxion Biosciences Inc., CA, USA), is a commercially 

available microfluidic platform for immunomagnetic-based enrichment of CTCs  [49]. 

Before loading the sample in the system, cells are pre-incubated with magnetic beads 

coupled with antibodies and the sample is loaded in a reservoir that is connected to a 

microfluidic channel. The system applies pressure in the sample reservoir to push the 

sample through the channel at a controlled flow rate. A magnet placed on the top of the 

microchannel captures the magnetic beads and bound cells, while the rest of the sample 

(non-enriched cells) continues flowing in the microchannel and is collected in a separate 

reservoir. The enriched fraction, attached to the magnet, can ultimately be collected and 

subsequently analysed. For enumeration of CTCs among the co-enriched hematogenous 

cells, after enrichment, the resulting cell fraction still needs to be immune-stained and this 

process is done off-system, fully manually. As result, the protocol requires highly 

experienced operators doing the staining and identifying and counting cells after 

enrichment. Likewise, the fine microchannel in the system, and the flow conditions are 

specifically designed for standard blood samples (of 7.5 mL) and the system runs a fixed 

protocol which cannot be adapted. 

Previous studies suggest that IsoFluxTM can be particularly effective for enriching 

breast and prostate tumour cell line cells [49,50]. Several studies have reported that 

IsoFlux has higher efficiency compared to CellSearch for enriching CTCs from patients 

with prostate cancer, hepatocellular carcinoma [51], bladder cancer [52], and colorectal 

cancer [53,54]. Magnetic beads available from Fluxion can be self-conjugated with one’s 

preferred antibody (the IsoFlux rare cell enrichment Kit (IsoRCEK) and that provides 

good opportunities to test different epitopes for enrichment, such as VAR2CSA for breast 

cancer [55]. 
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1.2.3 – KingFisher system 

 

The KingFisherTM Sample Purification System (Thermo Fisher Scientific Inc., MA, 

USA), is a system initially conceived for magnetic-based nucleic acid purification that 

can also be used for immunoprecipitation and protein purification [56,57].  

The KingFisher system operates with a row of 12 magnetic rods that can move up-

and down immersing on a 96-well deep well-plate to mix samples, and to collect and 

transport beads from one well to the next. The magnetic beads capture targeted ligands 

and the transport through multiple wells can be used to perform ligand’s enrichment, 

purification, concentration, and labeling/stainnig with a standardized set program. So far, 

application of the KingFisher instrument to enrich CTCs has not been reported and there 

are no protocol described for that. However, this system it is fully open and allow the 

design of new protocols, where various magnetic beads (and consequently various 

epitopes) can be used and where the enrichment can be even combined with the 

subsequent staining steps. Unlike CellSearch or IsoFlux, the programme can be fine-

tuned to match the needs of different types of magnetic beads and samples. The volume 

capacity of the wells is 1mL and in this format, the system can process 12 samples in 

parallel (12 mL sample volume). However, the system accommodates two deep well-

plates so it can be programmed to process automatically a total of 24 samples. 

Furthermore, the system can be adapted to operate with two 24-well deep-well plates 

(each well allowing a maximum of 5 ml) using instead a row of 6 giant concatenation 

magnetic rods which further increases the total volume of sample that can be processed 

(up to 60 mL). This suggested throughput of the KingFisher system is far greater than 

those of other platforms. Another important point is that the enrichment can be integrated 

with immunostaining in one single automated protocol reducing the human operator 

errors and improving reproducibility. 
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1.3 –DLA 

 

The major obstacle in CTC isolation is their extreme rarity [16,58]. This raises 

questions if the low detection rates, particularly in localized stages of the disease, are due 

to the lack of cells migrating into the blood stream or because the relatively low sample 

volume (typically 7.5mL) compared to the whole circulating blood [58]. Fischer et al. 

proposed that the diagnostic leukaphaeresis (DLA) method can be used to increase 

dramatically the volume of blood that can be screened from the patients therefore 

increasing the number of CTCs detected in samples [59–62]. DLA is a shorter version of 

leukapheresis, a standard medical procedure long in use for several applications [63]. Its 

principle is to separate the different components in the blood by continuous centrifugation, 

collect the required components such as the white blood cells, and return the remaining 

blood components to the patient at the same time. Typically, the fraction targeted by DLA 

are the mononuclear cells (MNCs) and therefore as result of the procedure, it is obtained 

a product highly concentrated in MNCs from peripheral blood. MNC concentration in 

DLA products is typically 30 times more than in peripheral blood [58,60] and the total 

number of MNCs typically contained in one DLA product is equivalent to approximately 

2.5L of blood, far above of the volume of blood normally screened for CTC examination 

(7,5 mL). The premise of using DLA to concentrate CTCs is that the density of CTCs is 

similar to that of MNCs, which seems to be the case [58]. Several studies have already 

reported CTC detection in DLA products. All of them report much higher detection rates 

and number of CTCs detected in DLA compared to normal peripheral blood samples 

[21,60,62,64,65]. With CellSearch system, CTC detection increased  up to 32 times using 

DLA compared to 7.5 mL of blood despite only a small fraction of the DLA product (~5%) 

can be investigated with the actual existing protocols [65]. Estimations indicate that the 

whole DLA sample should have about 205 times more CTCs than the 7.5 ml peripheral 

blood sample [62], especially for metastasized patients. Interestingly, if DLA was filtered 

using a 5 μm pore microsieve, a large loss of CTCs was observed [60], demonstrating the 

challenge imposed by these highly concentrated products for filtration-based methods.  
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1.4 – Ethical clearance 

All experiments were performed with the approval of the Local Ethics Committee 

of Medical Faculty of the Heinrich-Heine-University Düsseldorf, Germany (N. 4446). 

The experiments were performed in accordance with the relevant guidelines and 

regulations and ethical principles of the Declaration of Helsinki. 

 

 

1.5 – Aims of the thesis 

 

The capacity to detect CTCs is severely hampered by their rarity and low number 

in standard blood samples. Several devices and workflows have been reported for the 

enrichment and identification of CTCs, but they were designed to be used with standard 

blood samples (~7.5 mL), and their performance with highly concentrated DLA products 

is unclear. In the present work, we aimed to validate protocols using the IsoFlux and 

KingFisher platforms for magnetic-based enrichment of rare cells in DLA samples. More 

concretely, the main objectives for this work are as follows: 

1- Explore different cell membrane epitopes for positive isolation of rare cells of 

pancreatic cancer origin. For this, we will compare the expression of different 

epitopes on the tumour cell surface and their performance for the specific purpose 

of magnetic-based tumour cell enrichment in DLA samples. 

2- Adapt and design new protocols to analyse DLA samples with the IsoFlux and 

KingFisher systems. 

3- Investigate the performance of different magnetic beads for enrichment of rare 

tumour cells from DLA samples with the KingFisher and IsoFlux systems. For 

that, we will compare magnetic beads differing in size and conjugation for the 

enrichment and detection of rare pancreatic tumour cells from DLA products. 



Published original paper 

 

9 

 

2 –PUBLISHED ORIGINAL PAPER 

cancers  

Article 

Magnetic-Based Enrichment of Rare Cells from High 
Concentrated Blood Samples 

Junhao Wu 1, Katharina Raba 2, Rosa Guglielmi 1, Bianca 

Behrens 1, Guus Van Dalum 1, Georg Flügen 1 , Andreas 

Koch 3, Suraj Patel 4 , Wolfram T. Knoefel 1, Nikolas H. 

Stoecklein 1,*  and Rui P. L. Neves 1,* 

1 Department of General, Visceral and Pediatric Surgery, University Hospital and Medical Faculty of the Heinrich-

Heine University Düsseldorf, Moorenstr. 5, 40225 Düsseldorf, Germany; 
JunHao.Wu@med.uni-duesseldorf.de (J.W.); Rosa.Guglielmi@med.uni-duesseldorf.de (R.G.); 

Bianca.Behrens@med.uni-duesseldorf.de (B.B.); vandalum@gmail.com (G.V.D.); georg.fluegen@med.uni-

duesseldorf.de (G.F.); WolframTrudo.Knoefel@med.uni-duesseldorf.de (W.T.K.) 
2 Institute for Transplantation Diagnostics and Cell Therapeutics, University Hospital and Medical Faculty of the 

Heinrich-Heine University Düsseldorf, 40225 Düsseldorf, Germany; Katharina.Raba@med.uni-duesseldorf.de 

3 Thermo Fisher Scientific, Postfach 200152, Frankfurter Str. 129B, 64293 Darmstadt, Germany; 

andreas.koch@thermofisher.com 

4 Thermo Fisher Scientific, 3 Fountain Drive, Inchinnan, Renfrew PA4 9RF, UK; suraj.patel@thermofisher.com 

5 * Correspondence: nikolas.stoecklein@med.uni-duesseldorf.de (N.H.S.); rui.neves@med.uni-duesseldorf.de 

(R.P.L.N.); Tel.: +49-211-81-04109 (N.H.S.); +49-211-81-04502 (R.P.L.N.) 

 
Received: 2 March 2020; Accepted: 8 April 2020; Published: 10 April 2020 

Abstract: Here, we tested two magnetic-bead based systems for the enrichment and 

detection of rare tumor cells in concentrated blood products. For that, the defined 

numbers of cells from three pancreatic cancer cell lines were spiked in 108 peripheral 

blood mononuclear cells (PBMNCs) concentrated in 1 mL, mimicking diagnostic 

leukapheresis (DLA) samples, and samples were processed for circulating tumor cells 

(CTC) enrichment with the IsoFlux or the KingFisher systems, using different types of 

magnetic beads from the respective technology providers. Beads were conjugated with 

different anti-EpCAM and MUC-1 antibodies. Recovered cells were enumerated and 

documented by fluorescent microscopy. For the IsoFlux system, best performance was 
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obtained with IsoFlux CTC enrichment kit, but these beads compromised the 

subsequent immunofluorescence staining. For the KingFisher system, best recoveries 

were obtained using Dynabeads Biotin Binder beads. These beads also allowed one to 

capture CTCs with different antibodies and the subsequent immunofluorescence 

staining. KingFisher instrument allowed a single and streamlined protocol for the 

enrichment and staining of CTCs that further prevented cell loss at the 

enrichment/staining interface. Both IsoFlux and KingFisher systems allowed the 

enrichment of cell line cells from the mimicked-DLA samples. However, in this 

particular experimental setting, the recovery rates obtained with the KingFisher system 

were globally higher, the system was more cost-effective, and it allowed higher 

throughput. 

Keywords: circulating tumor cells; immunomagnetic enrichment; concentrated blood 

products; diagnostic leukapheresis; IsoFlux; KingFisher 

 

1. Introduction 

A growing body of evidence suggests that circulating tumor cells (CTCs), i.e., tumor cells 

shed into the circulation by solid tissues, have the potential to be used as biomarkers for 

clinical monitoring and as a source of information to better understand the complex 

metastatic cascade [1,2]. However, assessing the full clinical and biological informative 

value of CTCs has remained very challenging due to their rarity [3,4]. Considering that 

typically only 1–10 CTCs are present in 1 mL of blood [4], the low blood volume of 

standard blood samples (7.5–10 mL) strongly contributes to the low detection frequency 

[5]. Diagnostic leukapheresis (DLA) is a powerful approach to sample liters of blood [6] 

improving significantly the frequency and numbers of detected CTCs [6–9]. DLA is 

based on a continuous flow centrifugation of peripheral blood leading to a density-based 

separation of the cellular fractions which can be selectively harvested. The principle 

underlying application of DLA to enrich CTCs is that CTCs have a similar density and 

can be harvested together with the faction of peripheral blood mononuclear cells 

(PBMNCs) from patients [4]. As a result, DLA products typically contain a concentration 

of PBMNCs that is >25× higher than the one found in peripheral blood. This is currently 

the major challenge to effectively utilize the full power of DLA for CTC detection and 

isolation [4,7]. 
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Most commonly, CTC-detection relies on the immunomagnetic enrichment of cells 

expressing epithelial cell adhesion molecule (EpCAM) [10], followed by the 

immunofluorescence detection of cytokeratin (CK) positive and CD45 negative 

nucleated (CKpos/CD45neg/DAPIpos) cells [3,11]. This is the basis of the CellSearch 

system [12,13], the only FDA-cleared system for CTC enrichment and which 

we and others have previously demonstrated to be efficient to process DLA samples [6–

9]. However, the throughput for DLA is limited [4] and the enrichment of CTCs from 

epithelial malignancies is restricted to EpCAM [14]. One alternative technology for 

positive CTC enrichment is the IsoFlux system (Fluxion Biosciences Inc., Alameda, CA, 

USA) [15], to our best knowledge the only semi-automated bead-based immunomagnetic 

system commercially available. IsoFlux was demonstrated to be effective for EpCAM-

based enrichment of breast, prostate [15], and colorectal [16] cell line cells, and CTCs 

from patients with prostate [15,17], hepatocellular carcinoma [18], and bladder cancer 

[19]. This microfluidic platform offers some flexibility, since magnetic streptavidin-

conjugated beads are available to broaden the spectrum of epitopes that can be used for 

enrichment. However, the staining of enriched cells for CTC-detection is performed 

manually, which can be disadvantageous for the reproducibility and throughput of the 

system. In the present work, we compared the performance of this system to enrich tumor 

cells from samples mimicking DLA products with the one from the KingFisher Duo 

Prime Purification System (Thermo Fisher Scientific Inc., Waltham, MA, USA), an 

instrument present in the market for magnetic-based nucleic acid purification [20] 

immunoprecipitation and protein purification [21], but which was never reported for 

isolation of rare cells. The instrument uses permanent earth magnetic rods to transfer 

magnetic bead-bound samples through successive solutions according to user-defined 

programs, and its specifications suggested to us that the system could also be used for 

enrichment of CTCs. Moreover, the specifications also suggested that different epitopes 

and magnetic beads could be used, and that enrichment and staining steps could be 

combined in one single automatic protocol, possibilities that, combined, are not available 

in any commercial system for CTC enumeration. 

The use of different epitopes for CTC enrichment is of particular interest in the case 

of tumors as pancreatic ductal adenocarcinomas (PDAC), in which the level of EpCAM 

expression is particularly heterogeneous [22] and low in approximately 50% of the cases 

[23,24]. This may explain the relative low number [22,25,26] and frequency [25] of CTCs 
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detected with EpCAM-based assays, particularly when compared to other metastatic 

diseases [13] and to EpCAM-independent assays [22,27,28]. Aiming at strategies to 

overcome the limitation of using EpCAM as single epitope for enrichment of CTCs, we 

tested both IsoFlux and KingFisher systems using different EpCAM- and Mucin1 (MUC-

1)-coupled magnetic beads to enrich pancreatic tumor cells. MUC-1 is a transmembrane 

glycoprotein, which is highly expressed in the majority of pancreatic tumors [29], and 

that was already proposed as a therapeutic target [30,31]. A previous work has shown 

that high numbers of MUC-1pos/EpCAMpos CTCs correlate with shorter overall survival 

in patients with pancreatic cancer [32], and data suggest that MUC-1 and EpCAM might 

identify different subtypes of CTCs in pancreatic [33], but also in ovarian [34,35] and 

metastatic breast cancer [36]. 

 

2. Results 

2.1. Epitope Expression in Model Cells Lines 

To analyze the suitability of model cells for enrichment experiments, we 

investigated three different human pancreatic cancer cell lines for their EpCAM and 

MUC-1 surface expression (Figure 1). Based on the levels of the epitopes detected, we 

have classified the pancreatic line HuP-T4 line as EpCAMHigh/MUC-1Low, the CAPAN-

1 line as EpCAMMid/MUC-1High, and the MIAPACA-2 line as 

EpCAMLow/MUC-1Neg. Strikingly, the number of epitopes that we could detect with the 

Anti-EpCAM 

VU1D9 clone was higher than with the clone BerEP4. Clear MUC-1 expression could 

only be detected on CAPAN-1 cells and the number of epitopes detected by the two 

clones tested did not differ considerably (Figure 1). 
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Figure 1. MUC-1 and EpCAM expression in HuP-T4, CAPAN-1 and MIAPACA-2 pancreatic cells lines. 

(A) Immune-fluorescence microscopy analysis of EpCAM and MUC-1 expression. (B) Number of 

epitopes detected by two anti-MUC-1 clones (EMA201 and GP1.4), and two anti-EpCAM clones (VU1D9 

and Ber-EP4) by flow cytometry. 

2.2. Beads Used for Enrichment and Read-Out for Cell Enumeration 

For enrichment in the Isoflux system, we used three different types of beads 

available from Fluxion (Iso-CEK, IsoRCEK, and Iso-RCEK-SA) and according to the 

instructions provided by the manufacturer (Table 1). As no protocols or standards were 

available for enrichment in the KingFisher system, we tested four different types of beads 

available from Thermo Fisher Scientific (Dy-EpE, Dy-ACK, Dy-BioB, and Pi-Strep) and 

tested three different amounts of those beads (minimal (MIN), middle (MID) and 

maximal (MAX)) (Table 1). 

We defined the MIN amount as the number of Thermo Fisher beads, providing the 

same surface area as the Iso-CEK beads in the standard IsoFlux CTC Enrichment Kit 

assay. Using flow cytometry, we determined the size of the Iso-CEK beads as 4.2 µm 

(See Figure S1) and analyzing their spectrophotometric characteristics, we estimated that 

10.98 × 105 beads are present in the 40 µL of bead suspension used per sample in the 

IsoFlux CTC Enrichment Kit assay (See Figure S2). Based on these values, we calculated 

that the surface provided by these beads in the respective assay is 6.11 × 107 µm2 (see 

Figure S2D) and determined the volume of Thermo Fisher beads necessary to achieve 
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that surface based on their sizes and concentrations given by the manufacturer. For each 

type of Thermo Fisher beads, we subsequently defined the middle (MID) amount of beads 

as 5× MIN, and the maximal (MAX) amount of beads as 10× MIN (see Table S1). These 

different amounts of beads were clearly distinct under the bright-field microscope light 

(Figure 2A), however they did not compromise the identification of fluorescent-labeled 

cells, even in areas of the slide-field where the concentration of beads was highest 

(typically the center of the sample field) (Figure 2B). 

 
Figure 2. Identification of enriched pre-labelled cells among the beads. (A) Distribution of Iso-CEK, Iso-

RCEK, Dy-EpEMIN,MID,MAX and Dy-BioBMIN,MID,MAX beads in field of a three-field microscope slide used 

for enumeration of enriched cells. Each image is a montage of all 357 tiled bright field images covering 

the complete field. (B) Six individual cells identified in one same sample enriched with Dy-EpE beads. 
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Table 1. Beads used for enrichment on the IsoFlux and KingFisher systems. 

Type of Beads 
 IsoFlux  Thermo 

Fisher  

Iso-CEK Iso-RCEK Iso-RCIK-SA Dy-EpE Dy-ACK Dy-BioB Pi-Strep 

Commercial name 
CTC 

Enrichment 

Kit 

Rare Cell 
Enrichment Kit 

Rare Cell 
Isolation Kit 

SA 

Dynabeads 
Epthelial 

Enrich 

Dynabeads 
Antibody 

Coupling Kit 
Dynabeads 

BiotinBinder 
Pierce 

Streptavidin 

Beads 
Diameter (µm) 4.2 * 4.2 * 3.0 * 4.5 2.8 2.8 1 
Concentration 

 (beads/mL) 0.27 ** n.a. n.a. 4 × 108 6.7 
× 

108 4 × 108 96 
× 

108 

Coupling 

Pre-coupled 
with 

anti-EpCAM 
Ab 

For coupling 
with mouse 

IgG antibodies 

For coupling 
with Biotin- 
conjugated 

Abs 

Pre-
coupled 
with 

anti-EpCAM 

Abs 

For coupling 

via covalent 

binding 

For coupling 
with Biotin- 
conjugated 

Abs 

For coupling 
with Biotin- 
conjugated 

Abs 

Coupled 

clone 
EpCAM n.a. BerEP4 

VU1D9 VU1D9 BerEP4 VU1D9 VU1D9 VU1D9 
MUC-1 - EMA201 GP1.4 Not tested - Not tested GP1.4 Not tested 

Amount 

of beads 

According to 

protocol 40µL 50µL 62.5µL - - - - 
        MIN - - - 2.4 µL 3.7 µL 6.2 µL 2 µL 

MID - - - 12 µL 18.5 µL 31 µL 10 µL 
MAX - - - 24 µL 37 µL 62 µL 19.9 µL 

n.a.—Information not available. *— Information determined experimentally (Please see Figure S1). **- 
Information determined experimentally (Please see Figure S2). Amount of beads refers to the volume of 
the commercially available bead suspensions as provided by the manufacturer which was used per sample. 

2.3. EpCAM-Based Enrichment of Spiked Cells 

After proving the suitability of the mimicked-DLA products to model patient-

derived DLAs [37] and defining different amounts of beads for enrichment, we 

challenged the IsoFlux and KingFisher systems for EpCAM-based enrichment of 

pancreatic cells pre-labeled with CellTracker Green spiked in mimicked-DLA products 

(Figure 3). The IsoFlux system was used with its standard enrichment program, while for 

the KingFisher system we designed a first protocol with one enrichment and one washing 

step, the WuDuo1 program (See Figure S3). 

Using both systems, we could recover cells from the three pancreatic lines, and for 

each bead type used the recoveries were globally concordant with the level of EpCAM 

expression in the cells: HuP-T4 cells were most efficiently recovered, followed by 

CAPAN-1 and lastly by MIAPACA-2 (Figure 3A). The highest mean recoveries of HuP-

T4 and CAPAN-1 cells were obtained in the KingFisher system with Dy-EpE beads and 

Dy-BioB beads, respectively (Figure 3A, B). In both cases, these mean recoveries were 

in line or even higher than the ones that we obtained with the CellSearch system (See 

Figure S4). No statistically significant differences could be detected between recovery 

rates obtained using the MID and MAX amounts of beads (Figure 3). In the IsoFlux 

system, Iso-CEK and Iso-RCEK-BerEP4 beads were the ones with more consistent 

results. Interestingly, the recoveries with Iso-RCEK-BerEP4 beads were consistently 
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higher than recoveries with the Iso-RCEK-VU1D9, despite the higher abundance of the 

VU1D9 epitope on the cells (Figure 1). 

Based on these results, we further tested the Iso-CEK, Iso-RCEK-BerEP4, Dy-

EpEMID, and Dy-BioBMAX-VU1D9 beads, to recover different amounts of HuP-T4 

and CAPAN-1 cells spiked in mimicked-DLA samples (1–100 cells) (Figure 3B). 

Additionally, in this set of experiments, the recovery of HuP-T4 cells (43%–78%) was 

globally more efficient than CAPAN-1 cells (34%–52%) (see Figure S5), and with the 

exception of one measurement with Dy-BioBMAX-VU1D9 (100 cells), higher 

recoveries were obtained using the Dynabeads in the KingFisher system. Importantly, in 

the range tested, the recoveries for both CAPAN-1 and HuP-T4 lines in both systems 

were close to linearity (R2 of linear regression were between 0.8411 and 0.9913) (see 

Figure S5). 

Notably, the EpCAM-based enrichment of CAPAN-1 cells was differentially 

influenced by cell preservatives. CellSave and TransFix fixatives positively influence the 

recovery in both systems, PFA 0.1% significantly decreased the recovery in both systems, 

and Streck tubes caused a striking reduction in recovery with Iso-CEK beads, but not 

with the Dy-BioBMAX-VU1D9 beads (see Figure S6). The positive effect of TransFix 

preservative could also be recapitulated in experiments using CAPAN-1 cells spiked in 

normal whole blood samples (see Figure S7A). 

Using the Dy-BioBMAX-VU1D9 beads in the KingFisher system, we could also 

recover HCT-116, SW620 (both colorectal cancer) and SKBR-3 (breast cancer) cells, 

showing that the system can also be applied for other tumor entities (See Figure S7B). In 

additional experiments, in which we used Hoechst nuclear dye to also detect the WBCs 

co-enriched using the Dy-BioBMAX-VU1D9 beads and the WuDuo1 program in the 

KingFisher system, we detected, on average, 18061 WBCs. This indicates a depletion 

efficiency of 3.7 Logs, corresponding to a depletion of >99.98% of WBCs and it results 

in an estimated CTC purity of 0.188% (See Figure S8). 
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Figure 3. EpCAM-based recovery of HuP-T4, CAPAN-1 and MIA-PACA-2 cells spiked in mimicked-

DLA products. (A) Recovery of 50 pre-labeled cells from the three lines using the IsoFlux system and 

three types of beads available from Fluxion (Iso-CEK, Iso-RCEK, and Iso-RCIK-SA) (upper panels) and 

using the KingFisher Duo system running the WuDuo1 program three different amounts (“MAX”, “MID” 

and “MIN”) of four types of beads available from Thermo Scientific (Dy-EpE, Dy-ACK, Dy-BioB, and 

Pi-Strep) (lower panels). (B) Recovery of different numbers of spiked pre-labeled HuP-T4 and CAPAN-1 

cells using Iso-CEK and Iso-RECK-BerEP4 beads in the IsoFlux system, and Dy-EpEMID and Dy-

BioBMAX-VU1D9 beads in the KingFisher Duo system. 

 

2.4. Alternative Strategies for Enrichment of CTCs with the KingFisher 

System 

We tested MUC-1 as an alternative or additional marker for the enrichment of 

pancreatic cells using Dy-BioBMAX and Iso-RCEK beads in their respective systems 

(Figure 4). 
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Interestingly, exclusively MUC-1-based recovery rates were consistently and 

significantly lower compared to those previously obtained with the same beads coupled 

with the VU1D9 or BerEP4 anti-EpCAM clones (Figure 4A). This is more surprising 

given the higher number of MUC-1 epitopes compared to EpCAM in CAPAN-1 cells 

(Figure 1). Combining MUC-1- and EpCAM-coupled beads in the same enrichment step 

(simultaneous enrichment), we could only partially increase the recovery rate. Yet, more 

interestingly, using the WuDuo2 protocol, it was possible to perform sequential MUC-

1and EpCAM-based enrichments in the KingFisher, and thus achieve global recovery 

rates similar to the ones obtained with EpCAM alone, while capturing two separate 

populations of cells (Figure 4B). Taking advantage of the flexibility of the KingFisher 

system, we have also tested the recovery rate of CAPAN-1 cells performing CD45 

depletion, followed by EpCAM-based enrichment in a single automated protocol (See 

Figure S9). Despite achieving a reduction of the number of background mono nuclear 

cells of almost 80% with the initial CD45-based depletion, we could not improve the 

subsequent recovery rate of CAPAN-1 cells. 

 

Figure 4. MUC-1 alone and MUC-1/EpCAM combined recovery of CAPAN-1 cells spiked in mimicked-

DLA products. (A) (Left panel) Recovery of 50 pre-labeled CAPAN-1 cells with Iso-RCEK beads coupled 

with anti-MUC-1 clones EMA201 and GP1.4 alone or in combination (simultaneous) with anti-EpCAM 

coupled beads using the IsoFlux system. For the simultaneous MUC-1 and EpCAM recovery, half of the 

amount of each bead type was used, so that the total amount of beads in the experiment was according to 

the original protocol. Data in grey are the same as in Figure 2. (Right panel) Recovery of 50 pre-labeled 

CAPAN-1 cells with Dy-BioB beads coupled with the GP1.4 clone alone or in combination 

(simultaneously and sequentially) with Dy-BioB anti-EpCAM coupled beads using the KingFisher Duo 

system. For the simultaneous MUC-1 and EpCAM recovery, half of the amount of each bead type was 

used, so that the total amount of beads in the experiment was the same as described in the material and 

methods (Dy-BioBMAX). Data in grey are the same as in Figure 2. (B) Recovery of 50 pre-labeled CAPAN-

1 cells after sequential EpCAM- and MUC-1-based enrichment in the KingFisher system. 
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2.5. Staining of Enriched Cells 

Next, we tested the impact of the staining procedure necessary for CTC 

enumeration in clinical samples after enrichment (Figure 5). 

Simulating the staining according to the IsoFlux Circulating Tumor Cell 

Enumeration Kit protocol, but using cells pre-labeled with CellTracker Green, we 

observed an additional reduction of 52% in the mean recovery of CAPAN-1 cells (from 

46% to 22%, p = 0.0078 Mann–Whitney test), while a staining step introduced in the 

KingFisher WuDuo1 protocol (WuDuo1S protocol) led to a much milder reduction of 

24% (from 68% to 52%, p = 0.0864 Mann–Whitney test) (Figure 5A). Interestingly, the 

introduction of this staining step, in which the cells are passed by one more solution than 

in the previous WuDou1 protocol, substantially reduced the number of WBCs co-

enriched to a mean of 7588. This increased the depletion efficiency to 4.1 Logs, 

corresponding to a depletion of >99.99% of WBCs and consequently had a positive 

impact in the estimated purity (0.346%) (see Figure S8). 

Notably, when antibody-based staining was effectively performed, we observed an 

increase in the fluorescence intensity of the Iso-CEK, Iso-RCEK-VU1D9, and Dy-EpE 

beads itself, particularly in the AF647-CD45 channel, suggesting that these beads retain 

capacity to unspecifically capture the staining antibodies (Figure 5B). Although the 

identification of CKpos events was still possible, capturing of the staining antibodies by 

the beads created major difficulties to reliably exclude the presence of CD45 staining 

from those events and even to identify hematogenous cells expected to be CD45pos. 

Capturing of the antibodies by these beads could be further validated by flow cytometry 

(see Figure S10). The exception was Dy-BioB beads, for which no binding of staining 

antibodies was observed by microscopy and flow cytometry, as expected, due to the fact 

that coupling to the Dy-BioB beads is dependent on biotin and this is not present in any 

of the staining antibodies. 
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Figure 5. Impact of staining in the recovery and identification of cells spiked in mimicked-DLA products. 

(A) Impact of the staining procedure. (Upper panel) Recovery of 50 pre-labeled CAPAN-1 cells with Iso-

CEK beads, with and without the subsequent staining procedure performed according to the IsoFlux 

protocol. For this experiment, the fluorescent-conjugated antibodies in the respective protocols were 

replaced by non-conjugated mouse IgG isotype control. (Lower panel) Recovery of 50 pre-labeled 

CAPAN-1 cells with Dy-BioBMAX beads, with and without a subsequent staining procedure performed 

automatically in the KingFisher (protocol WuDuo Staining). (B) Impact of beads in the 

immunofluorescence identification of spiked and hematogenous cells. Cells enriched with the Iso-CEK, 

Iso-RCEK, Dy-EpE, and Dy-BioB beads were stained with DAPI, and AF488-conjugated CKs, and 

AF647-conjugated CD45 mouse monoclonal antibodies. 

 

3. Discussion 

Although DLA allows sampling liters of blood from tumor patients significantly 

augmenting CTC yield [6–8], the excess of WBCs in DLA products is challenging for 

effective CTC detection and currently limits the volume of DLA product that can be used. 

Previously, we have demonstrated upon analysis of only 2 mL with the CellSearch system, 

that DLA products contain higher concentrations and numbers of CTCs than those found 

in standard blood samples [6,8], and in a multicenter European study, we have started to 

uncover the potential of analyzing larger volumes of product [7]. An analysis of the 

complete DLA product (typically >40 mL) could provide an unprecedented opportunity 

to obtain enough CTCs for a more systematic molecular and functional characterization 

of the systemic disease towards a real liquid biopsy [7]. The fractioning of DLA products 
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for the parallel processing of multiple aliquots is not practically or economically viable, 

considering the actual costs per assay of the so far described technologies. Therefore, 

workflows allowing the cost effective and higher throughput processing of highly 

concentrated DLA products are of great need. In this context, we have evaluated the 

technical performance of IsoFlux and KingFisher systems to process samples mimicking 

DLA products containing spiked pancreatic cell line cells. These two systems are, to our 

best knowledge, the only systems available to perform the semi-automated magnetic-

based positive enrichment of CTCs. 

Globally, our work indicates that, although the enrichment of rare cells was 

possible with both systems, the efficiency of the KingFisher system is superior. This is 

notable, considering the fact that the KingFisher system was originally not designed for 

this purpose. The two systems differ considerably in their concept, which might explain 

the differences in performance. In the IsoFlux system, the sample experiences the 

magnetic field when flowing in a microfluidic channel. As the sample passes only once 

by the magnet, cells only have one (very short) opportunity to be collected. Differently, 

in the KingFisher, the sample is kept in a reservoir and the magnetic field is applied by a 

permanent earth magnetic rod that moves vertically through the sample in a defined 

number of times. In the basis of all protocols that we designed for the KingFisher, 

collection was done in three steps of 2’30’ each (i.e., totally the sample is exposed to the 

magnet for 7.5 min in each collection step). This longer time will favor the capturing 

procedure. Although in the present work, we demonstrate the feasibility in 1mL samples, 

the low costs per sample of the KingFisher System (<20 EUR for one-bead type-based 

enrichment and <8 EUR for staining, according to current list prices), the possibility to 

run up to 12 aliquots in parallel under the same experimental conditions (scalable to 96 

with the KingFisher Flex system), and the inclusion of automatic staining might open 

new perspectives for processing larger volumes of clinical DLA products. 

One other unique feature of both IsoFlux and KingFisher systems is that they are 

flexible concerning the type of beads and the enrichment epitope. In a first step, we used 

EpCAM-based enrichment to compare the standard anti-EpCAM pre-coupled beads with 

self-coupled beads. Our results indicate that the recovery rates obtained with self-coupled 

beads can be similar to those of the pre-coupled counterparts, despite striking differences 

in the performance of the different self-coupled beads tested. In both systems, smaller 

beads (i.e., 3 µm Iso-RCIK-SA and 1 µm Pi-Strep beads) were generally less efficient at 
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capturing spiked cells, indicating the limitations of smaller magnetic particles for cell 

enrichment under the magnetic momentums of their respective magnets. Although the 

number of beads that can bind to one same cell is higher if the beads are smaller, the 

magnetic force exerted in each cell/beads complex is more strongly influenced by the 

diameter of the beads bound, which explains why larger beads, to a certain extent, allow 

higher recoveries of cells [38]. 

Using the KingFisher system, we could titrate the amount of beads per assay. The 

best results were obtained using 248 
× 

105 Dy-BioB beads (Dy-BioBMAX), a number that 

is ~23 times higher that the number of beads used in the Isofux (See Table S1, Figure S3), 

and that provide a surface for contact that is 10× larger than that of the Isofux standard 

assay. This larger surface will favor the binding of beads to the cells. Typically, the 

conjugation of biotin groups to antibodies is done randomly, resulting in an unequal 

number and distribution of biotin groups over the antibody molecules. As coupling of the 

antibodies to beads happens via the biotin groups, the antibodies can be coupled to the 

DyBioB beads in orientations that hinder ligand binding. Moreover, biotinylation can 

even diminish the binding capacity of the antibodies, if its Fab regions become indeed 

biotinylated during this random process [39,40]. As an alternative to this random process, 

the use of site-specific antibody biotinylation of the Fc domain can maximize the 

accessibility of the Fab regions of antibodies coupled to surfaces [40]. This was 

previously demonstrated to increase the capturing of CTCs to a microfluidic chip [39], 

and to magnetic nanoparticles coated on a micro-sized immune-graphene oxide sheet [38], 

and we anticipate that the same could further improve CTC capturing capacities of 

DyBioB beads in the KingFisher system. 

In general, recovery was in line with the level of EpCAM-epitope expression in the 

cells. Interestingly, using Iso-RCEK beads, we could obtain higher recoveries with the 

Ber-EP4 EpCAM antibody clone than with the VU1D9, despite the higher abundance of 

VU1D9 epitopes detected in the cell lines, which might indicate significant differences 

in the affinity of these two antibody clones [41]. Such differences in affinity have an 

impact on the strength of the bond between cells and beads [42], critical for pulling the 

cells towards the magnet. Our subsequent MUC-1-based enrichments further reinforce 

that idea. In PDAC, MUC-1 is an important cellular epitope, and in CAPAN-1 cells, it is 

much more abundant than EpCAM. Despite that, in both systems, recovery with MUC-1 

was dramatically lower compared to that of beads coupled with EpCAM. However, 
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despite the low recovery, the possibility of capturing MUC-1 expressing CTCs seems of 

particular interest in samples of patients with tumors, as PDAC as assays based in 

EpCAM alone have resulted in the low number and frequency of CTCs [22,25,26]. Our 

results indicate that the sequential use of EpCAM and MUC-1 in the KingFisher might 

increase CTC yield and allow capturing different subpopulations of CTCs, which will 

deserve further investigation. 

Interestingly, fixatives had an impact on the recovery of the spiked tumor cells. The 

challenge in fixation of samples resides in finding the right compromise between 

preserving the antigens 

while maintaining their ability to be reached by antibodies [43]. Paraformaldehyde (PFA) 

is widely used for immunostaining (IS) (e.g., for fluorescence microscopy) (typically at 

4%), but it has been demonstrated to cause loss of epitopes, to sterically hinder the access 

of the antibodies to their antigens, and the mislocalization of target proteins [44]. In 

addition, the more distal part of EpCAM molecule, recognized by VU1D9 and BerEP4 

antibodies, has been shown to be degraded by protocols for immune histochemistry (IHC) 

of tissue sections involving formaldehyde fixation (typically at 4%, i.e., 10% Formalin 

solution) [45]. Although the concentration of PFA used in the present work (0.1%) is far 

below of that used for IS and IHC, partial degradation and masking of the EpCAM 

epitope by PFA can explain the drastic negative effect of this fixative on recovery of rare 

cells. The fixative contained on CellSave, TransFix and Streck tubes are proprietary and 

therefore their impact on cell recovery is difficult to interpret. However, the information 

available (e.g., from patent applications) suggests the use of formaldehyde releasers, 

which keep a concentration of formaldehyde high enough to stabilize cell morphology, 

but also low enough to mitigate the negative effect on the EpCAM epitope. The distinct 

effect of Streck fixative on the recovery with Iso-CEK and Dy-BioB-VU1D9 beads might 

result from the different impact of this fixative on the epitopes recognized by the 

antibodies coupled to these beads (information not available for the case of Iso-CEK 

beads). Collectively, our results indicate that the immunomagnetic recovery of rare cells 

in highly concentrated blood samples is determined by an assay specific combination of 

multiple factors, such as cell size, bead size, epitope expression, sample fixation, 

antibody affinity and magnetic field, which was more favorable in the case of the 

KingFisher system. 
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Similarly, to any other CTC enrichment technology, IsoFlux and KingFisher 

systems were not able to provide pure CTCs and many hematogenous cells were co-

enriched. We have tested immunofluorescence staining to discriminate spiked tumor cells 

from the background cells, an essential step for CTC enumeration in clinical samples. In 

the IsoFlux system, this step is performed manually outside the platform. This extended 

the hands-on time and led to an additional 50% cell loss, which may limit the 

reproducibility of the technique and its applicability to larger studies. In the KingFisher 

system, the staining can be automated and integrated with enrichment in one workflow. 

This resulted in a more effective cell recovery and faster sample processing. Importantly, 

we have noticed that self-coupled Iso-RCEK beads, pre-coupled Iso-CEK and Dy-EpE 

beads extensively captured the antibodies used for staining, sequestering them from 

binding to the cells. The antibodies used here for immunofluorescence staining are mouse 

monoclonal antibodies (anti-panCK C11, anti-CK19 A53-B/A2, and anti-CD45 HI30) 

and were chosen due to their extensive clinical validation. These clones are the ones used 

in the CellSearch system [14], considered the gold standard and still the only system 

cleared by the Food and Drug Administration (FDA) for the in vitro diagnostic (IVD) 

enumeration of CTCs in patients. Further tests indicated that the binding of antibodies to 

Iso-CEK beads was dependent on the Fc fraction of mouse immunoglobulin G (IgG) 

(data not shown). Strategies to block antibody capturing by beads using different protein 

solutions could reduce, but not completely eliminate, the problem (data not shown), a fact 

that, from our perspective, limits the use of these beads and particularly the IsoFlux 

system for CTC enumeration purposes. Interestingly, as alternative to enumeration, 

immune-magnetically enriched CTCs can be detected with sensitive DNA- or RNA-

based assays [46–48]. Similar assays were already successfully applied in cellular 

fractions enriched with IsoFlux [15,19,49] and with Dynabeads processed manually [50]. 

Such strategies overcome the difficulties faced for microscopic enumeration, although 

they do not allow the generating of individualized molecular profiles of the different 

CTCs. 

4. Materials and Methods 

4.1. Cell Lines, Cell Culture, and Preparation of Spiked Samples 

Three pancreatic cancer cells, CAPAN-1, MIAPACA-2 and HuP-T4 were obtained 

from the Leibniz Institute DSMZ—German Collection of Microorganisms and Cell 
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Cultures (Germany). All cell lines were maintained in culture under standard conditions: 

CAPAN-1 were cultured in RPMI1640 (PAN-biotech, Aidenbach, Germany) 

supplemented with 20% fetal bovine serum (FBS) (Sigma, Steinheim, Germany); 

MIAPACA-2 in Dulbecco’s MEM (PAN-biotech, Germany) supplemented with 20% 

FBS and 2.5% horse serum (PAN-biotech, Germany); and HuP-T4 in MEM Eagle (with 

EBSS, 2 mM L-Glutamine, 1 mM Sodium pyruvate, NEAA, and 1.5 g/L NaHCO3) 

(PAN-biotech, Germany), supplemented with 20% FBS. To prepare single-cell 

suspensions for experiments, cells were harvested from culture flasks using standard 

treatment with 0.05% Trypsin (PAN-biotech, Germany). For optimization of the CTC 

enrichment procedure, we used cells pre-labeled with CellTracker Green CMFDA Dye 

(Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s protocol. 

Subsequently, one, ten, or 30 dye positive cells were spiked manually, while 50 or 100 

dye positive cells were spiked by flow cytometry using the MoFlo XDP flow cytometer 

(Beckman Coulter, Germany) into samples mimicking patient DLA products (mimicked-

DLA products) (1 mL each sample). These mimicked-DLA products were prepared by 

isolating PBMNCs from the Buffy coats of healthy donors using Ficoll-Paque PLUS (d 

= 1.077 ± 0.001 g/mL; GE Healthcare, Sweden) density gradient centrifugation at 800× 

g for 20 min, subsequently washing the cells twice with PBS, and resuspending the cells 

to a concentration of 108 PBMNCs/mL, with PBS containing 0.5% BSA and 2 mM EDTA. 

Importantly, the cellular composition of these products was comparable with that of the 

patient-derived DLA products (see non-published material). All experiments were 

performed with the approval of the Local Ethics Committee of Medical Faculty of the 

Heinrich-Heine-University Düsseldorf, Germany (N. 4446). The experiments were 

performed in accordance with the relevant guidelines and regulations and ethical 

principles of the Declaration of Helsinki. Buffy coats were obtained from healthy blood 

donors, as anonymously provided by the blood donation center of the Institute for 

Transplantation Diagnostics and Cell Therapeutics, University Hospital Düsseldorf, 

Düsseldorf, Germany, with written informed consent for the use of surplus blood 

products for research purposes obtained from each blood donor. Date related to human 

samples were all analyzed anonymously. 

 

4.2. Evaluation of MUC-1 and EpCAM Expression on Cell Lines 
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For the immune-fluorescence microscopy analysis of EpCAM and MUC-1 

expression, cells were grown in an 8 well glass Lab-Tek Chamber Slide (Nunc, Rochester, 

NY, USA). For immune-staining, cells were washed once with PBS, incubated for 45 

min with 200 µL of staining mix (AF488-conjugated anti-MUC-1 clone GP1.4 at 3.5 

µg/mL (Novus, CO, USA), AF647-conjugated anti-EpCAM clone VU1D9 at 3.5 µg/mL 

(Cell Signaling Technology, Danvers, MA, USA), in PBS with 10% of AB-Serum (Bio-

Rad Medical Diagnostics, Dreieich, Germany), and washed once with PBS. Following 

this, nuclear staining was performed with 200 µL of Hoechst 33342 reagent (Invitrogen, 

Eugene, OR, USA) at 2 µg/mL diluted in PBS and for 10 min at room temperature. 

Subsequently, the plastic media chamber was detached from the slide, the gasket was 

removed, 10 µL of Vectashield mounting medium (Vector Laboratories, Burlingame, CA, 

USA) was added to each field, and a coverslip was applied. Samples were scanned 

manually in an Eclipse E400 fluorescence microscope (Nikon, Tokyo, Japan), equipped 

with an automated XY stage controlled with home-built software, a 10x objective, a 

DAPI filter (Ex 377/50; Em 409/LP), a FITC filter (Ex 482/18; Em 520/28), an APC filter 

(Ex 640/30; Em 520/28), and a monochromatic camera. The exposure times were 10 ms 

for the detection of Hoechst, 200 ms for MUC-1-AF488, and 2000 ms for EpCAM-

AF647. The images were analyzed using ICY software (http://icy.bioimageanalysis.org/) 

and the enumeration was done manually. 

To determine the number of epitopes detected by two anti-MUC-1 clones 

(EMA201 and GP1.4), and two anti-EpCAM clones (VU1D9 and Ber-EP4) by flow 

cytometry, were used the BD Quantibrite Beads (BD Biosciences, San José, CA, USA). 

Measurements were taken according to the manufacturer’s protocol. Briefly, 106 cells 

were resuspended in 750 µL of PBS containing 20% AB-Serum (Bio-Rad, Germany) and 

incubated for 20 min at 37 ◦C (to block unspecific Ab binding), centrifuged, and 

resuspended in 100 µL of PBS, containing 10% AB-serum and one of the following 

unconjugated primary mouse anti-human antibodies: Anti-MUC-1 clone EMA 201 at 2 

µg/mL (Abnova, Taipei, Taiwan, China); Anti-MUC-1 clone GP 1.4 at 2 µg/mL 

(Invitrogen, Carlsbad, CA, USA); Anti-EpCAM clone VU1D9 at 2.2 µg/mL (Kindly 

provided by Prof. Leon Terstappen); and Anti-EpCAM clone Ber-EP4 at 1.9 µg/mL 

(Dako, Glostrup, Denmark). Staining was performed for 30 min at 37 ◦C. After washing, 

cells were resuspended in 100 µL of PBS with 10% AB-serum containing Phycoerythrin 

(PE)-conjugated Rat anti-mouse lgk light chain secondary antibody clone 187.1 at 0.01 

http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
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mg/mL (BD Pharmingen, San Diego, CA, USA), and incubated for 30 min at 37 ◦C. After 

washing, cells were resuspended in PBS and PE intensity was analyzed by flow 

cytometry on a FACSCanto (BD Biosciences, San José, CA, USA). 

4.3. Enrichment of Cells Using the IsoFlux System 

The processing of samples in the IsoFlux system (Fluxion Biosciences, CA, USA) 

was performed according to the standard manufacturer protocol and using the low volume 

holder to recover samples. Three different types of beads/kits commercially available 

from Fluxion Biosciences were tested for enrichment in the system (Table 1); the amount 

and coupling of the different beads was conducted according to the respective protocols. 

In the absence of staining, following enrichment, the output sample from the low volume 

recovery holder was resuspended in 100 µL of IsoFlux binding buffer and then 

transferred directly unto one field of a 14 mm 3-field adhesive slide for microscopy (Erie 

Scientific LLC, Portsmouth, NH, USA). The holder was subsequently washed twice with 

100µL of binding buffer (final volume in the slide field was 300 µL). Subsequently, 20 

µL of Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA) was 

pipetted over the samples and the water content of the sample was allowed to evaporate 

overnight at room temperature, protected from the light. In case of staining, enriched cells 

were similarly treated, but recovered into a 1.5 mL tube and processed manually 

according to the protocol of the IsoFlux Circulating Tumor Cell Enumeration Kit 

(Fluxion). Subsequently, cells were also transferred unto a microscope slide and treated 

as described above. On the next day, a coverslip was applied and the samples were 

scanned automatically in an Eclipse E400 fluorescence microscope (Nikon, Japan), 

equipped with an automated XY stage controlled with home-built software, a 10x 

objective, a DAPI filter (Ex 377/50; Em 409/LP), a FITC filter (Ex 482/18; Em 520/28), 

an APC filter (Ex 640/30; Em 520/28), and a monochromatic camera. Exposure times 

were 10 ms for the detection of Hoechst, 200 ms for MUC-1-AF488, and 2000 ms for 

EpCAM-AF647. 

Images were analyzed using ICY software (http://icy.bioimageanalysis.org/) and 

enumeration was done manually. 

4.4. Enrichment of Cells Using the KingFisher Duo Prime Purification 

System 

http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
http://icy.bioimageanalysis.org/
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Different programs were designed to enrich rare cells from the mimicked-DLA 

product (see Figure S3) and these were used in different experiments in the present work, 

as indicated. Four different types of magnetic beads commercially available from Thermo 

Fisher Scientific were tested for enrichment in the system (Table 1). 

For each bead type, we have tested three different amounts of beads (MIN, MID, 

and MAX) (see Table 1, Table S1, Figures S1 and S2). Coupling of the beads was 

conducted according to the respective manufacturer protocol, and the resulting coupled 

beads were resuspended in 200 µL of binding buffer (0.1% BSA, 2 mM EDTA in PBS). 

Beads, sample and buffers for the enrichment protocol were added to a Microtiter 

DeepWell 96 plate (Thermo Fisher Scientific, Dreieich, Germany) and the enrichment 

was executed according to the protocol scheme (See Figure S3). For the “WuDuo1S” and 

“WuDuo2S” protocols, the antibody mix used for staining samples was composed of 

AF647-conjugated anti-CD45 clone HI30 at 4 µg/mL (Biolegend, San Diego, CA, USA), 

AF488-conjugated anti-CK19 clone A53-B/A2 at 3.5 µg/mL (Exbio, Czech Republic), 

AF488-conjugated anti-panCK clone C11 at 3.5 µg/mL (Abcam, Cambridge, United 

Kingdom), in 1x BD Perm/wash (BD Biosciences, San Diego, CA, USA), in a total 

volume of 200 µL. In these two protocols, the nuclear staining solution was Hoechst 

33342 (Invitrogen, Eugene, OR, USA) at 2 µg/mL, diluted in PBS. After 

enrichment/staining, the sample (130 µL) was transferred unto one field of a 14 mm 3-

field adhesive slide for microscopy (Erie Scientific LLC, Portsmouth, NH, USA), and the 

sample well was further washed twice with 85 µL (the total volume in the slide field was 

300 µL). The sample on the slide was treated and scanned automatically, as described 

above. 

5. Conclusions 

In conclusion, here, we demonstrate that both IsoFlux and KingFisher systems can 

enrich rare cells spiked in high concentrated blood samples, but the KingFisher system 

offers a set of user-definable features that, combined, are unique in the CTC field: the 

possibility of using different beads, different epitopes, automated protocols for sequential 

steps of enrichment, automated protocols combining enrichment and staining, and 

automated protocols combining depletion and positive enrichment further expand the 

applicability of the instrument. Furthermore, the good performance, the low costs and the 
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high throughput makes the system suitable for the systematic enrichment of CTCs from 

clinical DLA samples (Table 2). 

 

Table 2. Resume of advantages and disadvantages found for both systems for CTC enumeration. 

Isoflux 

Advantages Disadvantages 

• Easy to use 

• Some flexibility concerning the type of beads 

• One single running modus 

• Staining is done manually 

KingFisher 

Advantages Disadvantages 

• Easy to use 

• Inexpensive technology 

• The running protocol can be customized and it can include 

multiple steps for enrichment with different epitopes, 

depletion of CD45 cells, and subsequent staining of 

samples 

• Up to 96 samples can be run in parallel 

• Flexibility concerning the type of beads 

• Beads available combining high recovery and possibility of 

staining 

• Reagents are not provided as a kit Any 

change in the running protocol requires 

validation 

• Any change in the running protocol 

requires validation 
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Table 1. Different amounts of Thermo Fisher beads used for enrichment in the KingFisher syst em 

 

 

Notes: The minimal (MIN) surface area is equivalent to the total surface area provided by the Iso-CEK beads 

in a standard IsoFlux CTC Enrichment Kit assay, which was calculated upon determination of the size 

(Figure S2) and number (Figure S3) of Iso-CEK beads used in an IsoFlux CTC Enrichment Kit assay. Middle 

surface area (MID) was subsequently defined as 5xMIN, and the maximal surface area (MAX) was defined 

as 10xMIN. 
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Figure S1. Estimation of the size of Iso-CEK, Iso-RCEK and Iso-RECK-SA beads. (A) Forward (FSC) and 

Side Scatter (SSC) dot plots and Forward scatter (FCS) histograms obtained by flow cytometry in a 

FACSCanto (BD) (SSC at a voltage of 346 V and FSC at 220 V) for six beads with known sizes: (i) Alignflow 

Flow Cytometry Alignment Beads for UV Lasers (Molecular Probes, Oregon, USA, #A16502)  with 2.5 µm; 

(ii) SPHERO Rainbow Calibration Particles (Spherotech, #RCP-30-5A-2) with 3.2 µm; (iii) CaliBRITE beads 

3 (BD, #340486) with 6 µm; (iv) Flow-Check Fluorospheres (Beckman Coulter, CA, USA, #6605359), with 

10 µm; (v) Dy-EpE with 4.5 µm; (vi) Dy-BioB with 2.8 µm. For each type of bead the mean signal intensity 

(MSI) of the single bead population depicted in the histograms was determined. (B) Linear regression 

calculated from the correlation between diameter and FSC- MSI of the beads in (A). (C) Flow cytometry 

analysis of the Iso-CEK, Iso-RCEK, and Iso-RCEK-SA beads as done in (A). (D) Calculation of approximate 

bead diameter using the equation of the linear regression established in  (B). 
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Figure S2. Determination of the concentration of the Iso-CEK beads and the surface area of Iso-CEK beads 

available for interaction with cells in the IsoFlux CTC Enrichment Kit assay. The concentration of Iso-CEK 

beads was determined by comparing the optical density at 600 nm (OD600) of Iso-CEK bead suspensions 

with that of Dynabeads Epithelial Enrich (Thermo Fisher Scientific, #16102) bead suspensions with similar 

nominal size. (A) OD600 of a series of dilutions from the original Dy-EpE bead suspension at 4x108 

beads/ml. OD600 was measured in a BioPhotometer (Eppendorf, Germany) using disposable cuvettes 

(Sarstedt, Germany). (B) Standard curve made with the measurements in (A). (C) OD600 of a three dilutions 

from the original Iso-CEK bead suspension and the concentration of Iso-CEK beads in the original 

suspension calculated based on the formula of the standard curve obtained in (B). OD600 was measured as 

in (A). (D) Parameters and steps used to calculate the total surface area of the beads that is available for 

interaction with cells in a standard IsoFlux CTC Enrichment Kit assay where Iso-CEK beads are employed. 
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Figure S3. Plate setup and protocols used for enrichment of CTCs in the KingFisher instrument. Illustration 

of the 4 WuDuo protocols (WuDuo 1, 1S, 2 and 2S) including the content of the plate, description of each 

step and the KingFisher settings. The sequence of the steps in the respective protocol (each row) is indicated 

by the number (n) next to the illustration of each well. The cups items used in this figure were extracted from 

"Medical Equipment" attributed to Servier Medical Art. These were used and adapted under a Creative 

Commons Attribution 3.0 Unported License. 
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Figure S4. Recovery of CAPAN-1 and HuP-T4 using the CellSearch system. One day prior to the 

experiment, 1x108 PBMNCs were resuspended in 8 mL of PBS containing 0.1% BSA and 2 mM EDTA, 

transferred into a CellSave preservative tube (Menarini Silicon Biosystems, Huntingdon Valley, PA, USA), 

and incubated overnight at room temperature on a rotator. Separately, CAPAN-1 or HuP-T4 cells harvested 

from culture were treated similarly. On the next day, 50 cell line cells were spiked by flow cytometry into 

the CellSave tube containing the PBMNCs, enriched with the CellSearch CTC Kit in the CellTrack Autoprep 

(Menarini Silicon Biosystems, San Diego, CA, USA), and enumerated in the CellTrack Analyzer II 

(Menarini Silicon Biosystems) according to the manufacturer standard procedure. Recovery data from cells 

with Dy-BioB and Dy-EpE beads (in gray in the graph) is the same as in Figure 1 of the main manuscript. 
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Figure S5. Recovery of HuP-T4 and CAPAN-1 with four different types of beads. One, ten, 30, 50, and 100 

HuP-T4 or CAPAN-1 cells pre-labelled with CellTracker Green CMFDA Dye (Thermo Fisher Scientific) 

were spiked in pseudo DLA products. Enrichment was done with Iso-CEK and Iso-RCEK- BerEP4 in the 

IsoFlux system and with Dy-EpE and Dy-BioBMAX-VU1D9 in the KingFisher system. (A) Number of cells 

recovered in each experimental replicate. (B) Linear regression of the data listed in (A) with information on 

the linearity (R2) and slope. Recovery along the range of experiments was determined from the slope 

(Recovery = Slope × 100). 
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Figure S6. Effect of cell preservative in the recovery of CAPAN-1 cells. 1× 108 PBMNCs resuspended in 8 

mL of PBS containing 0.1% BSA and 2 mM EDTA were transferred into CellSave preservative tube  

(Menarini Silicon Biosystems, Huntingdon Valley, PA, USA), TransFix Vacuum tube (ref. TVT- 09-50-45, 

Cytomark, Buckingham, UK), Cell-Free DNA BCT CE tube (Streck, La Vista, NE, USA) or a 15 mL conical 

centrifuge tube (Greiner bio-one, DE) containing 500 µL of 1.6% Paraformaldehyde (PFA) (final PFA 

concentration 0.1%). Tubes were incubated overnight at room temperature on a rotator. Separately, cell line 

cells were resuspended in 8 mL of PBS containing 0.1% BSA and 2 mM EDTA and treated similarly. On 

the next day, the PBMNCs samples were pelleted upon centrifugation at 400 g for 7 min, the volume of the 

sample was adjusted to 850 µL with PBS containing 0.1% BSA and 2 mM EDTA, and cell line cells were 

spiked by flow cytometry. Spiked samples were then analyzed in the IsoFlux system using the Iso-CEK 

beads or KingFisher system using the Dy-BioB- VU1D9 beads. Recovery data from cells without fixation 

(in gray in the graph) is the same as in Figure 1 of the main manuscript. 
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Figure S7. Recovery of CAPAN-1 cells spiked in whole blood samples, and recovery of colon and breast 

cancer cell lines spiked in pseudo DLA products. (A) Recovery of CAPAN-1 cells spiked in whole blood 

samples. 7.5 mL peripheral blood from healthy donors and collected in EDTA or TransFix tubes was treated 

with Red Blood Cell Lysis buffer (G-Biosciences, MO, USA) (22.5 mL and 30 mL, respectively) for 10 min 

at room temperature in rotation. Subsequently samples were centrifuged at 500 g for 10 min at room 

temperature, the supernatant was discarded, and the pellet was resuspended in 850 µL of binding buffer (0.1% 

BSA, 2 mM EDTA in PBS) and finally transferred into a Microtiter DeepWell 96 plate (Thermo Fisher 

Scientific, Germany). 50 CAPAN-1 cells pre- labelled with CellTracker Green CMFDA Dye were spiked 

by flow cytometry using the MoFlo XDP flow cytometer (Beckman Coulter, Krefeld, Germany) into the 

samples. Enrichment in the KingFisher system was executed according the WuDuo1 protocol. (B) Recovery 

of colon and breast cancer cell lines spiked in pseudo DLA products. 50 HCT 116, SW620 and SK-BR-3 

cells pre-labelled with CellTracker Green CMFDA Dye were spiked by flow cytometry into pseudo DLA 

products prepared as described in the main manuscript. 
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Figure S8. Determination of the number of white blood cells co-enriched in KingFisher system using 

BioBMAX-VU1D9 beads. To determine the total number of WBCs carried, we marked all enriched cells 

with Hoechst nuclear dye, making possible their subsequent identification and enumeration by fluorescence 

microscopy. For the staining we added Hoechst 33342 (Invitrogen, OR, USA) at 2 µg/mL to the binding 

buffer in well E of the WuDuo1 protocol or well G of WuDuo1S protocol. After enrichment, the sample was 

processed as described in the main section of the manuscript and the enriched samples were analysed by 

fluorescence microscopy. The images obtained were subsequently analysed with ICY software 

(http://www.icy.bioimageanalysis.org/) and the number of Hoechst positive cells was determined using spot 

detector plugin of ICY. (A) Overview montage of all images obtained from Hoescht flourescence in three 

representative samples. The different panels show the original fluorescence image (left), the digital image 

after processing with ICY software (middle), and then particles detected by the spot detector plugin (right). 

(B) Number of particles detected in experiments performed with the WuDuo1 and WuDuo1S protocols. The 

mean values are indicated and represented by the dashed lines. 

http://www.icy.bioimageanalysis.org/)
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Figure S9. EpCAM-based enrichment after depletion of CD45pos cells. (A) 1 × 105 CAPAN-1 cells pre- 

labeled with CellTracker Green CMFDA Dye in suspension were spiked into pseudo DLA products (1  mL 

at 1 × 108 MNCs/mL). CD45 Depletion was performed in the KingFisher system using different volumes 

of Dynabeads CD45 magnetic bead suspension (Life Technologies by Thermo Fisher Scientific, Vilnius, 

Lithuania). After depletion, the volume of the sample was adjusted to 1 mL with binding buffer, mixed with 

50 µL of CountBright absolute counting beads (0.52 × 105 beads/50 µL) (Invitrogen by Thermo Fisher 

Scientific, Eugene, OR, USA) and analyzed by flow cytometry in a FACSCanto (BD Biosciences, San José, 

CA, USA). Acquisition was stopped when 2600 or 5200 beads (5% or 10% of the sample) were detected. 

The number of CellTracker Green positive events (spiked cells) and CellTracker Green negative events 

(WBCs) was determined. In order to calculate the faction depletion (percentage as plotted), the number of 

cells of the two populations was correlated with the respective populations in samples where no CD45 beads 

were used (control). (B) Recovery of CAPAN-1 cells pre-labeled with CellTracker Green CMFDA Dye after 

CD45 depletion and subsequent EpCAM enrichment. 500 µL and 1000 µL Dynabeads CD45 magnetic beads 

were used for depletion. In gray, for comparison, is the same data as in Figure 1 of the main manuscript 

obtained without depletion. 
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Figure S10. Capturing of staining antibodies by the beads. Flow cytometry and fluorescence microscopy 

analyses of beads with and without incubation with the complete staining cocktail for clinical  samples. 

Staining was done incubating the beads 40 min in 200 µL of the staining solution and subsequently washing 

beads once in PBS containing 0.5% BSA and 2 mM EDTA. Flow cytometry analyses were done using a 

FACSCanto (BD Biosciences, San José, CA, USA). CK-AF488 was analyzed in the FITC channel (Ex 488; 

Em 530/30) with a voltage of 401 V, and CD45-AF647 in the APC channel (Ex 633; Em 660/20) with a 

voltage of 456 V. Microscopy analyses were done using an Eclipse E400 (Nikon, Tokyo, Japan) inverted 

microscope equipped with a 20x objective and a FITC filter (Ex 482/18; Em 520/28) and an APC filter (Ex 

640/30; Em 520/28). The exposure time for bright field imaging was 25 ms and for fluorescent imaging 400 

ms for both filters. 
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3 – DISCUSSION 

 

CTCs are very difficult to access and this limited so far our understanding of their 

biology and their use as biomarkers, respectively. A major challenge hindering CTC 

accessibility is their extreme rarity and small numbers in standard blood samples. DLA 

allow sampling liters of blood and several studies have shown now that it increases 

significantly the number of CTCs that can be obtained from the patients [21,60,65]. 

However, the high concentration of hematogenous cells in such samples create new 

challenges for CTC screening and, as consequence, the actual methods can only process 

a small fraction (~5%) of the complete product. Systems that would allow precise, reliable 

and cost-effective isolation of CTCs from high volumes of blood and in particular from 

such high concentrated blood products are still needed. In my project, I investiagted two 

systems for immunomagnetic enrichment of cells from pancreatic origin spiked in highly 

concentrated blood products mimicking DLA samples [66]. Immunomagnetic enrichment 

was chosen because of some advantages compared to other methods based on physical 

properties of the cells: a) biological: According to the actual knowledge, the phenotype 

(defined by the expressed proteins) is more relevant for CTC fate than its morphological 

characteristics (size, deformability, etc..). Therefore, methods that are based on specific 

cellular markers (e.g EpCAM or MUC-1) might allow us to capture specific populations 

of CTCs with higher relevance for the clinical course of the disease; b) technical: After 

capturing, the cells remain in suspension and are more amenable for subsequent isolation 

(e.g isolation of single cells by micromanipulation or by flow cytometry) for 

comprehensive molecular characterization. 

 

3.1 – EpCAM and MUC-1 epitopes for enrichment of PDAC cells 

 

In order to define a proper model to test immune-based enrichment of rare 

pancreatic cells, I started my project by analyzing the expression of different epitopes at 

the surface of pancreatic cell lines. I used four different cell lines as experimental model 

in order to better picture the phenotypic heterogeneity of pancreatic tumours. 

The EpCAM molecule was chosen because it is largely the most used and validated 

epitope for the enrichment of CTCs. EpCAM is a type I transmembrane glycoprotein with 
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a molecular weight of 40 kDa encoded by the GA733-2 gene, which mediate Ca+- 

independent cell adhesion in epithelial tissues [67]. It was found to be abnormally high 

expressed in tumour cells and not in blood cells, making it widely studied as an epitope 

for enrichment of CTCs, namely those with epithelial origin/characteristics [68]. 

Interestingly, the extracellular domain of EpCAM in tumor cells is easily cleaved by 

trypsin, a proteinases used for treatment of cell culture cells , leaving only a 6 kDa 

fragment on the cell surface for recognition [69]. We analyzed EpCAM expression with 

two different anti-EpCAM antibody clones (Ber-EP4 and VU1D9), both binding to the 6 

kDa fragment. Ber-EP4 is a widely used clone in EpCAM-related research for 

immunostaining [70]. On the other hand, the VU1D9 was chosen because it is the clone 

used in the CellSearch assays for enrichment of CTCs [71]. 

In addition to EpCAM, I evaluated two epitopes of MUC-1 (EMA201 and GP1.4) 

at the surface of the same pancreatic cell lines. MUC-1 is a protein that has been 

specifically used for pancreatic cancer diagnosis for decades. MUC-1 has a core protein 

mass of 120-225 kDa and is a member of the mucin family [72]. It is anchored to the cell 

surface through a transmembrane domain. There is an SEA domain beyond the 

transmembrane domain that contains a cleavage site for the release of the large 

extracellular domain. The extracellular domain includes a 20 amino acid variable number 

tandem repeat (VNTR) domain which are rich in serine, threonine, and proline residues, 

allowing for heavy o-glycosylation [72]. MUC-1 can bind to p53 and beta-catenin 

preventing apoptosis and promoting tumour invasion [73], and overexpression of MUC-

1 is often observed in tumours. Furthermore, different epitopes of MUC-1-(as CA27.29 

and CA15-3) are commonly used tumour markers to detect breast, pancreatic and 

colorectal cancers [74]. Interestingly, a previous study suggested that combination of anti-

EpCAM and anti-MUC-1 antibodies provides more efficient enrichment of Capan-1 cell 

line cells than each antibody alone  [42].  Further, CTC count and phenotype analysis on 

50 pancreatic tumor patients with CellSearch system suggest that patients with MUC1-

positive CTCs had shorter survival than negative patients suggesting that MUC-1 

positivity might identify a sub-set of CTCs particularly relevant for the disease outcome 

[46]. 
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Table 1 Expression of epitopes on pancreatic cancer cell lines 

 

The four cell lines differed substantially regarding the investigated epitopes levels 

(Table 1 and Manuscript’s Figure 1). This seems to reflect the heterogeneous nature of 

pancreatic cancers namely the reported heterogeneous expression patterns of EpCAM in 

these tumours [75]. Very interestingly, in the three EpCAM positive lines, the number of 

EpCAM epitopes detected with VU1D9 was much higher than that with Ber-ep4, 

suggesting that VU1D9 could lead to higher recovery rates.  

More notably, the number of MUC-1 epitopes on the cell surface of the Capan-1 

and Capan-2 cells was almost 1.5 times higher than EpCAM indicating that the MUC-1 

epitope can be efficiently recognised by the respective antibody, and suggesting that this 

epitope might be even superior for enrichment. Immunostaining in cultured cells 

confirmed the results found by flow cytometry (Manuscript’s Figure 1). 

Despite that, when we performed enrichment experiments, the Ber-EP4 clone 

provided a better recovery rate than the VU1D9 clone and in general recoveries with the 

MUC-1 antibodies were unsatisfactory lower than with any of the anti-EpCAM 

antibodies (Manuscript’s Figure 1 and 3). These results suggest that, under the 

experimental conditions and models used, the number of epitopes expressed on the cell 

surface is not the only factor determining cell recovery with the immunomagnetic 

particles. Beyond the number of epitopes, there are other factors that could affect the 

efficiency of CTC collection by immunomagnetic particles: the affinity between antibody 

and the surface marker, speed of on-rate (the time required for antibody to bind to antigen) 

and off-rate (duration of antibody-antigen binding), the features of beads and the type of 

binding between beads and antibodies, and the shear stress resulting from the mixing 

movement [76]. The strength of antibody binding to epitope can differ between antibodies 

[77]. Eventually a particularly stronger binding of the Ber-EP4 to its epitope can be the 

reason for the highest recovery obtained with this antibody despite its lower number of 

epitopes. In addition, in our experiments, I observed that some of the collected CTCs had 

very few or even only one magnetic bead attached to their surface, suggesting low off-

rate, a fact that should also not be underestimated in CTC enrichment. For example, even 
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if the antibody and the ligand have a high affinity, their binding may break due to a 

prolonged incubation time and enrichment steps. 

These enrichment experiments were performed spiking cells in 100x10^6 WBCs 

present in 1mL simulating average DLA samples [21], and therefore these samples were 

called mimicked DLA samples [21]. DLA samples are limited and the use of the 

mimicked samples allowed me to expand the number of experiments. Moreover, due to 

existing differences between patients, DLA products can vary significantly in their 

cellular content and this can have an impact on the experimental results. Therefore, the 

use of mimicked DLAs, instead of real DLA samples, allowed standardize experimental 

conditions over the time of the project.  

 

3.2 –IsoFlux system in DLA mimic samples 

 

The Isoflux is a system capable of capturing magnetic particles circulating in a 

microchannel under controlled flow conditions. It was developed specifically for 

enrichment of CTCs using proprietary magnetic beads coupled to EpCAM antibodies. 

The producer commercialises also magnetic beads for self-conjugation providing the 

opportunity to test different epitopes for enrichment. Furthermore, before each run in the 

instrument, the sample needs to be pre-mixed with the magnetic beads, and as this pre-

mixing is done manually (and outside of the instrument), several types of beads and 

different mount of beads can be used. As result, numerous conditions can be tested for 

enrichment in the system.  

The beads available from Fluxion, in particular the beads from the IsoFlux Cell 

Enrichment Kit (Iso-CEK), which were pre-conjugated with EpCAM antibody, provided 

by far the highest recoveries in the system (Manuscript’s Figure1B). The recovery of Tup-

T4, Capan-1 and MIA-PACA-2 cells in the system correlated positively with the 

previously measured expression of the EpCAM epitope. Beyond the tests done with 

original beads from the IsoFlux producer, Fluxion (Table 1 and Figure 3 of manuscript), 

I perfomed several tests with different beads from other providers however the recovery 

rates were too low and these beads were abandoned (Figure 1).  
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Figure 1 – Recovery of Capan-1 cells spiked in mimicked-DLA samples using different beads conjugated 

with anti-EpCAM antibody in the IsoFlux system; each bead was tested at least three times (AdemB=Adem 

beads, EasySep=EasySep beads, Dyna=Dyan cell selection kit beads, Ferro F= Ferro Fluid from the 

CellSearch system, 15 means 15 µl and 150 means 150 µl per sample). 

 

In the instrument, the flow conditions are pre-defined and the system does not allow to 

test different flows. The conditions were designed for analysis of standard blood samples 

and processing highly concentrated mimicked DLA sample seem to interfere with the 

instrument’s flow conditions as I noticed longer running times (45 min for a standard 

blood sample compared to over 1 hour for mimicked DLA products), and often clogging 

of the microchannel. Moreover, I often observed the presence of beads in the waste 

container indicating less efficient capturing of the beads and suggesting that the high 

concentration of cells in the samples can hinder the effect of the magnetic field pulling 

the beads. In this aspect, I noted that the Iso-CEK beads also led to less clogging of the 

microchannel and process failure, which may be due to differences in bead concentration. 

The experience collected with the system, strongly suggested me that adjusting the flow 

rates could contribute to reduce the frequency of technical problems affecting the runs 

and could increase the efficiency of enrichment in such highly concentrated blood 

samples. However, this is not possible with the actual version of the instrument. 
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3.3 –KingFisher system in DLA mimic samples 

 

Using the same models to assess the performance of the IsoFlux system, I evaluated 

the KingFisher system with different types of beads. In the initial experiments, and using 

one same running protocol designed by me for this system, I could recover spiked cells 

with most of beads tested although the recovery rates with the Dy-EpE and Dy-BioB 

beads were highest (Manuscript’s Figure 3A). Due to the different properties of the 

different magnetic beads tested, eventually improved recoveries with the other beads 

could be achieved upon adapting the running protocol (e.g longer/shorter incubation times, 

more/less mixing). However, optimization of a protocol specific for each bead type would 

not be practicable within the time of my project. However, to gain more insights in the 

conditions determining recovery in the system, I tested three different bead concentrations. 

The underlying hypothesis was that higher bead concentrations lead to an increased 

binding surface thereby improving the recovery of spiked cancer cells. I calculated the 

amount of beads based on the total surface area that they would provide for contact with 

the cells and allowing to normalize the data for better comparison of the cell recoveries 

of the beads. Generally, the results were as expected: the higher the number of beads, the 

higher was the recovery (Manuscript’s Figure 3). However, the difference in recovery 

was not linear between the three tested bead concentrations and, for some cases, the 

recovery with the medium bead concentration was even higher compared to the highest 

concentration suggesting that a saturation was reached in the assays. A positive aspect of 

this was a better identification of tumor cells at medium concentration, since large 

numbers of beads can create difficulties to identify the target cells. I cannot exclude that 

some recovered cells remained undetected even upon uniform distribution of the 

recovered fraction onto the glass slide, and automatic scanning under microscopy 

(Manuscript’s Figure 2). 

Moreover, recoveries of CAPAN-1 and Hup-T4 cells with the KingFisher system 

were in-line or even superior compared to the those obtained with the CellSearch system 

(Manuscript’s Figure S4) and I could also enrich cells from other tumour entities as SK-

BR-3 breast cancer cells and HCT116 and SW620 colorectal cancer cells (Manuscript’s 

Figure S7).  
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Figure 2 – Different beads conjugated with anti-EpCAM antibodies used in the KingFisher system protocol 

described above. Each bead was tested at least three times. Dyna Ep= Dyna epithelial enrich kit beads; 

Ferro Fluid from the CellSearch system is 150 µl per sample; Dynabeads and Adem beads were tested with 

two anit-EpCAM antibody clones (Ber-EP4 and VU1D9). 

 

 Globally, these results show that the KingFisher system has the potential to 

effectively enrich tumour cells in highly concentrated blood products such as mimicked-

DLA samples.  

Importantly, for these initial experiments, I used pre-labelled cells which do not 

require staining after the enrichment and therefore do not completely represent the 

situation with patient-derived samples. With clinical samples, staining and identification 

are key parts of the whole detection process and I designed a new protocol combining the 

previously tested enrichment steps with additional immunostaining performed 

automatically in the system (WuDuo1S). 

Notably, IsoFlux does not have a special device for the staining step, and all staining 

steps are processed completely manually. The possibility to automate the staining steps 

in the KingFisher system decreases substantially human intervention and the associated 

operator-derived errors. The staining protocol used here was based on the CellSearch 

protocol which uses cytokeratin and nuclear dye as positive markers and the CD45-

lymphocyte epitope as an exclusive marker. Upon introduction of additional staining (and 

necessary washing) steps in the protocol, the recovery rate decreased by approximately 

20% (Manuscript’s Figure 5). Possible reasons for the decreased recovery might include, 

heterogeneous staining in the cells that obstruct their subsequent identification as well as 

disconnection of cells from the beads during the additional pipetting steps using deep-
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well plates. To confirm these potential confounding factors, further tests would be 

necessary. 

Considering the high expression of MUC-1 detected at the surface of the 

investigated cell lines, I tested this epitope for enrichment. I tested MUC-1 antibody-

conjugated beads alone and mixed with EpCAM-conjugated beads. In addition, for the 

KingFisher system I could design a protocol to enrich cells from one same sample 

sequentially with different beads (WuDuo2) to isolate populations of cells differing in 

their epitope expression. 

Unexpectedly, the recovery rates in both systems with MUC-1 antibody-conjugated 

beads in both the EMA201 and GP1.4 clones were far lower than those with EpCAM 

antibody-conjugated beads, although the MUC-1 epitope was expressed at much higher 

levels than in CAPAN-1 cells. Surprisingly, the combined recovery obtained with 

EpCAM and MUC-1 beads was identical to the recovery obtained with EpCAM beads 

alone (Manuscript’s Figure 4). The lack of extra gain in total recovery could be a 

consequence of additional cell losses cause by the additional steps introduced in the 

protocol for sequential enrichment.  

Finally, as the concentration of MNCs is very high in DLA samples which could 

negatively impact the enrichment of CTCs, I adapted a protocol to perform a MNC 

negative selection (depletion) before tumour cell positive selection (enrichment). I could 

observe indeed a reduction of the background cells upon depletion; however, the recovery 

rate of the spiked cells did not improve (Manuscript’s Figure S9) suggesting that the 

number of background cells in the assay was not a major limitation for enrichment of the 

rare tumour cells. 

 

3.4 – Final conclusions and perspectives 

 

Collectively, my results show that enrichment of the spiked pancreatic cells is 

possible with both systems tested, but the efficiency of the KingFisher system was 

superior [66]. Moreover, the KingFisher system is easy to program and adapt protocols 

for the specific needs of the assay (e.g type of samples, type of beads). It gives users many 

options and the opportunity to integrate additional steps, such as immunostaining, 

negative and positive selection, and step-wise selection using multiple beads. It could also 

perform automated DNA purification downstream to enrichment for molecular analyses 
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of the bulk enriched fraction (not tested in the current project). This level of flexibility is 

particularly interesting considering the early stage of CTC research, where much is still 

unknown on the phenotype and molecular properties of these cells. In the initial phase of 

the project, the high flexibility of the system and the absence of protocols designed for 

CTCs created some difficulties to find suitable experimental protocols for our samples. 

However, once the protocols were set, they could be reproducibly run in the instrument 

and the protocols designed can be exported and easily transferred to be run at other 

locations allowing multi-centre studies or be the basis of further developments.  

The positive results obtained motivate future experiments using clinical DLA 

samples. However, the diversity in cell content and quality that can be observed in DLA 

products will certainly impose new challenges. Additional challenges might come from 

the difficulty to identify the cells among the excess of magnetic beads after enrichment, 

a fact that applies also to Isoflux and any other system working with large magnetic beads. 

In the present project, the identification of the enriched cell line cells was facilitated by 

their pre-staining and by their known strong expression of cytokeratins, the positive 

marker used for identification. However, in clinical samples, the expression of 

cytokeratins in CTCs is heterogeneous and the identification of cells that might require 

more sophisticated microscopy or methods for image recognition. Overcoming this last 

challenge would be critical to use the system for systematic analysis (e.g. in clinical 

studies). 

In summary, our results demonstrate the good performance of the KingFisher 

system to enrich rare cells in the high concentrated blood samples and highlight several 

characteristics of the system that makes it attractive for both for research and clinical 

purposes. 
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