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Abstract: Background: detailed information about circulating tumor cells (CTCs) as an indicator of
therapy response and cancer metastasis is crucial not only for basic research but also for diagnostics
and therapeutic approaches. Here, we showcase a newly developed IsoMAG IMS system with an
optimized protocol for fully automated immunomagnetic enrichment of CTCs, also revealing rare
CTC subpopulations. Methods: using different squamous cell carcinoma cell lines, we developed an
isolation protocol exploiting highly efficient EpCAM-targeting magnetic beads for automated CTC
enrichment by the IsoMAG IMS system. By FACS analysis, we analyzed white blood contamination
usually preventing further downstream analysis of enriched cells. Results: 1 µm magnetic beads
with tosyl-activated hydrophobic surface properties were found to be optimal for automated CTC
enrichment. More than 86.5% and 95% of spiked cancer cells were recovered from both cell culture
media or human blood employing our developed protocol. In addition, contamination with white
blood cells was minimized to about 1200 cells starting from 7.5 mL blood. Finally, we showed that the
system is applicable for HNSCC patient samples and characterized isolated CTCs by immunostaining
using a panel of tumor markers. Conclusion: Herein, we demonstrate that the IsoMAG system allows
the detection and isolation of CTCs from HNSCC patient blood for disease monitoring in a fully-
automated process with a significant leukocyte count reduction. Future developments seek to
integrate the IsoMAG IMS system into an automated microfluidic-based isolation workflow to
further facilitate single CTC detection also in clinical routine.

Keywords: automation; liquid biopsy; circulating tumor cells; head and neck squamous cell carci-
noma; immunomagnetic particle-based detection; metastasis

1. Introduction

Cancer is the second major cause of death in modern society. Besides improved treat-
ment strategies, the development of innovative diagnostics is indispensible for long-term
improvement of diagnosis and treatment of cancer patients. The lymph-/hematogenous
spread of cancer cells into distant organs and their subsequent growth to overt metas-
tases is the most fatal complication of solid tumors, such as squamous cell carcinoma of
the head and neck (HNSCC) [1,2]. Moreover, therapy resistance and associated relapses
are common and associated with high patient morbidity [3,4]. The classical view is that
metastatic spread is a late process in malignant progression, but today it is accepted that
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blood circulation and dissemination of primary cancer cells to distant sites is already an
early event [5,6].

The fact that these circulating tumor cells (CTCs) are detectable in the peripheral
blood of cancer patients months to years after complete removal of the primary tumor in
a period called “metastatic cancer dormancy” supports the idea that these cells circulate
between metastatic sites [7]. Since their early discovery in the 19th century [8], CTCs
have been demonstrated to be clinically recognized and present in the blood circulation of
many cancer types including colon [9], lung [10], ovarian [11], breast [12], melanoma [13],
prostate [14] and head and neck cancer [15]. Clinical studies present a correlation between
the progression of cancer disease and the number of detected CTCs [16–18]. A high
number of detected CTCs can give information about tumor burden, recurrence and
usually represents a poor prognosis. In detail, the determination of CTCs before and
after resection also opens up the possibility for monitoring therapeutic response [19] in
combination with analyses of circulating tumor DNA (ctDNA) [20]. Hence, the detection
and characterization of CTCs as a part of minimal invasive “liquid biopsy” has gained
(pre)clinical considerable attention over the last decade [21,22].

However, the capture and detection of CTCs are extremely challenging because of
their rarity, the property to move as individual cells or as multi-cellular clumps, and their
heterogeneity regarding size and biological and molecular changes during the epithelial-to-
mesenchymal transition (EMT) processes. These challenges require the ability to handle a
very small number of cells by isolation methods with high efficiency in an acceptable time
scale [23]. Various techniques that are based on physical or immunological properties have
been developed [24], and different materials with their unique properties according to their
shape, size and surface were applied in this field [25–27]. Only a few systems are available
on the liquid biopsy market but have been shown to isolate CTCs in a proper way. Thereby,
these methods often dictate an exact protocol to the user, taking away application flexibility.
In contrast to that, researchers aim for process-adaptable platforms as the disciplines of
liquid biopsy expand permanently, concerning various sample types such as tissue-derived
single cell suspensions or adjustable sample sizes.

All techniques developed for CTC enrichment have their advantages and disad-
vantages. In contrast to immunomagnetic separation, physical separation methods (e.g.,
Parsortix® technology, Angle, Surrey, UK) allow label-free isolation but lack cell distinction
due to overlapping sizes of CTCs and white blood cells [28]. A microstructure-based
enrichment is limited in throughput and sieve-shaped technologies, error-prone to complex
liquids such as whole blood, are consequently at risk of clogging in automated lab solutions.
Though it has drawbacks in target selectivity, immunomagnetic enrichment is often the
method of choice because it is easily automatable and enables a high sample through-
put. Since the establishment of the “Food and Drug Administration” (FDA)-approved
CellSearch® system, which is held as the gold standard of automated immunomagnetic
enrichment and staining platforms, the sensitivity of CTC detection has markedly im-
proved [29,30]. CellSearch® relies on the expression of the epithelial cell adhesion molecule
(EpCAM) for the quantification of CTCs in different tumor types [31]. Although this
optical detection method have been used in numerous studies, the cost for instruments
(220,000 dollars), sample preparations and analysis are still laborious and relatively high
(approx. 1000 dollars/run) [32]. Consequently, such assays did not succeed in establishing
in clinical routine as a low-cost diagnostic test. Due to the above-mentioned obstacles, fully
automated, easy-to-use platforms will demonstrate future solutions to improve cancer
diagnostics and therapies as well as basic scientific knowledge of tumor development.

The Fraunhofer CTCelect unit has been developed to meet the need of such a fully
automated, easy-to-use platform for CTC isolation out of 7.5 mL whole blood samples.
Herein, we characterized the IsoMAG IMS device as the core unit of such a platform
applying fully automated immunomagnetic enrichment of rare cells with flexibly selectable
antigen targets. In this proof-of-principle study, we established a robust protocol for the
automated isolation of an EpCAM- and CSV (cell surface vimentin)-positive subpopulation
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of cells with a concomitant reduction of background white blood cells as a prerequisite for
implementation of the device into the CTCelect unit allowing downstream analyses on a
single cell level. Furthermore, we proved feasibility of the method for two squamous cell
carcinoma cell lines and HNSCC patient samples.

2. Materials and Methods
2.1. Cell Lines

The SCL-1 squamous cell carcinoma line was established by Dr. Petra Boukamp
(DKFZ, Heidelberg, DE, Germany) [33] and kept in Gibco™ DMEM (low glucose, pyruvate)
medium supplemented with 10% FCS. HNSCCUM-02T squamous cell carcinoma cell line
was established by Welkoborsky et al. (UMC Mainz, DE, Germany) [34], and kept in
DMEM:F-12 (cc-pro) medium supplemented with 10% FCS and 1% L-glutamine. Cell
lines were cultured at subconfluence and incubated at 37 ◦C in a 5% CO2 humidified
atmosphere. Other cell lines (A431, HEK293T, MV3, BLM) were received from cell line
collections (DSMZ, ATCC) and handled as described before [35–37].

2.2. Blood Samples

All blood samples were obtained from the University Medical Center Mainz, DE.
To quantify leukocyte contamination, whole blood bags (500 mL CompoFlex, Fresenius
Kabi, Bad Homburg, Germany) from healthy donors were purchased at the local Blood
Transfusion Center. Whole blood from HNSCC patients was collected at the Department of
Otorhinolaryngology in compliance with ethical guidelines [38].

2.3. Immobilization of EpCAM Antibodies on Immunomagnetic Beads

Immunomagnetic beads at different sizes and surface properties (Table 1) were pur-
chased at Thermo Fisher Scientific, Darmstadt, DE and coated with biotinylated monoclonal
mouse anti-human EpCAM (CD326) antibody 1B7 (20 µg/mL, eBioscience, GB) or anti-
human CSV antibody (clone 84-1, Abnova, Taiwan) for 1 h as described by the manual. Free
streptavidin binding sites on anti-EpCAM beads were then saturated with a biotin/PBS
solution for 30 min. Anti-EpCAM beads were stored at 4 ◦C for several weeks.

Table 1. Overview of tested Dynabeads.

Beads Size Surface Functionalization

Dynabeads MyOne Streptavidin T1 1 µm Tosyl-activated, hydrophobic
Dynabeads MyOne Streptavidin C1 1 µm Carboxylic acid, hydrophilic

Dynabeads M-270 Streptavidin 2.8 µm Carboxylic acid, hydrophilic
Dynabeads M-280 Streptavidin 2.8 µm Tosyl-activated, hydrophobic

2.4. Manual Cell Isolation by Immunomagnetic Beads

To compare the performance of the IsoMAG IMS unit it was also necessary to establish
a standard protocol for manual cell isolation. Cells (SCL-1, HNSCCUM-02T) were released
from culture flasks and stained using the CellTrace™ CFSE Cell Proliferation Kit (CFSE)
according to the manufacturer’s protocol. A defined number of stained single cells were
aspirated with a 10 µL pipette from a 1:100 diluted cell suspension in a petri dish and
spiked into 7.5 mL sample volume consisting of cell culture medium, or blood of healthy
donors. Next, 100 or 150 µL (depending on medium or blood) of anti-EpCAM Dynabeads
MyOne Streptavidin were added (see Table 1) and incubated for 30 min with slow rotation
of the tube. Next, the bead-bound cells were magnetically separated for 10 min by using
DynaMag-15 (Invitrogen, Thermo Fisher Scientific, Dreieich, Germany) and resuspended
in 5 mL washing buffer. Washing steps and magnetic separation were repeated three
times using a decreased incubation time of 5 min and resuspension in washing buffer with
decreasing volumes (ranging from 5 mL, 4 mL up to 1 mL).
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2.5. Automated CTC Enrichment Using the IsoMAG Device

For the establishment of a standard protocol using the IsoMAG IMS unit, antibody-
coupled beads were added to a 7.5 mL sample volume consisting of cell culture medium,
blood of healthy donors or patient blood samples with spiked EpCAM+ SCL-1 or patient-
derived HNSCC cells (HNSCCUM-02T). Before initiating the assay in the software, five
tubes containing the input sample and washing buffers were placed in the tube holder
carousel and a 10 mL pipet tip was put in the holder of the IsoMAG device as described in
Table S1. The sample was incubated for 30 min. After incubation, bead-bound CTCs were
magnetically separated alternately with several washing steps in decreasing volumes from
5 mL to 1 mL (see Supplementary Table S1 for detailed protocol).

2.6. Characterization of Leukocyte Contamination in IsoMAG Isolates

To quantify analysis-disrupting white blood cell (WBC) contamination in tumor cell
isolates, CD45+ cell count after manual and automated IMS was determined by flow
cytometry. Therefore, we established a double staining protocol for leukocytes using a
CD45-PE antibody targeting the specific surface protein of WBCs (1:50 dilution; Miltenyi
Biotec, Bergisch Gladbach, DE, Germany) and nuclear stain RedDot™ (Biotium, Fremont,
CA, USA). Wash buffers were set up in the IsoMAG IMS unit and 150 µL EpCAM beads
were added to 7.5 mL whole blood before initiating the automated protocol. Manual
enrichment was performed in parallel. The final samples were separated in a magnet
separator, the supernatant was discarded and the bead cell pellet was stained with the
above-mentioned solutions. Dual-positive cells [CD45+/RedDot+] were analyzed by FACS
using the BD Accuri C6 flow cytometer. Cell counts after IMS were measured in four
samples of different healthy donors and the average WBC contamination with standard
deviation (SD) was calculated.

2.7. Immunostaining of IsoMAG Isolated CTCs

To assess possible tumor origin of isolated cells, the final 1 mL sample was adminis-
tered several staining steps. First, isolated cells were stained with fluorescent CD45-FITC
antibody (1:1000 dilution) to label leukocytes. Subsequently, the sample was washed three
times with PBS in a magnetic separator and transferred to an ibidi 8-well slide (ibidi GmbH,
Gräfelfing, Germany) after the last separation step. Cells were centrifuged to the bottom
of the slide by a CytoSpin device and fixed in 4% paraformaldehyde for 10 min. After
further washing steps, cells were permeabilized (0.1% Triton X in PBS, 5 min) and stained
with nuclear dye Hoechst33342 (1:1000 dilution) for 20 min. Following further washing
steps, unspecific binding was blocked for 30 min using 0.5% BSA in PBS and staining with
fluorescent anti-pan-Cytokeratin-PE antibody (1:200 dilution, overnight) was performed.

2.8. Statistical Analysis

Each experiment was repeated at least three times. Data are shown as means with SD
and statistical analysis was performed using GraphPad PRISM for Windows (GraphPad
Software v9.1.2.226, San Diego, CA, USA, www.graphpad.com, accessed on 13 July 2021).
p-values were reported as significant when * p ≤ 0.05.

3. Results
3.1. Optimization of Biofunctionalized Beads for Cell Enrichment

The selection of magnetic beads and immobilized antibodies on the bead surface
are decisive factors in terms of cell-specific enrichment. First, EpCAM-biotin antibodies
were immobilized on the streptavidin-biofunctionalized beads. To identify a proper CTC
model to characterize IsoMAG, manual immunomagnetic enrichment of various epithelial
cancer cell lines, such as cutaneous squamous cell carcinoma cells (SCL-1, SCL-2), and A431
was performed (Supplementary Figure S1). We determined the highest recovery rates for
EpCAM beads using SCL-1 (85%, n = 3) and A431 cells (100 ± 20%, n = 3). As controls,
we were also able to isolate melanoma cells (MV3, BLM) targeting melanoma-associated

www.graphpad.com
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chondroitin sulfate proteoglycan (MCSP), but not HEK293T (Supplementary Figure S1B).
Being an appropriate squamous epithelial-derived model close to HNSCC, we therefore
chose to proceed with the characterization of IsoMAG using the combination of EpCAM
beads and SCL-1 cells. For this cell line, high expression of epithelial marker EpCAM is
described. EpCAM mRNA expression in SCL-1 cells was confirmed on a single cell level
using RT-qPCR (Supplementary Figure S2).

Since there are numerous commercially available beads with different surface modifi-
cations and sizes, the next step was to investigate their potential to enrich EpCAM-positive
cells spiked into cell culture medium. In this context, four different types of magnetic beads
varying in size and surface properties were tested (Table 1). Therefore, 20 fluorescently la-
beled SCL-1 cells were spiked into 7.5 mL cell culture medium and functionalized magnetic
beads were added. After incubation, these cells were manually enriched with a magnetic
separator. We obtained the best recovery rates by using 1 µm T1 beads and 2.8 µm M280
beads (Figure 1A). Using these beads, the cell recovery rate was 88.3% (±2.9% SD) whereas
the use of 1 µm C1 or 2.8 µm M270 beads resulted in less than 50% cell recovery.
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Figure 1. Enrichment of HNSCC cells from cell culture medium (A) and whole blood (B) differs depending on size and type
of functionalized magnetic beads. Values are displayed as means of recovered cells using antibody-coupled magnetic beads
with specific sizes and surface modifications. Twenty fluorescently labelled SCL-1 cells were spiked into 7.5 mL cell culture
medium (A) or 7.5 mL full blood samples (B), and manually enriched by using EpCAM antibody coupled magnetic beads.
(A) Welch’s t-test, n = 3, *: p < 0.05 (one-way ANOVA test with Tukey’s t-test); (B) Welch’s t-test, n = 6 (T1), n = 2 (M280),
***: p < 0.002; (C) recovered, CFSE-stained SCL-1 cells were analyzed by fluorescence microscopy (FL). Corresponding
bright-field image (BF) shows beads bound to cell and freely distributed in the medium. Scale bar, 50 µm.

Subsequently, the performance of T1 and M280 beads was investigated in blood
samples of healthy donors. Again, 20 fluorescently labeled SCL-1 cells were spiked into
7.5 mL blood and were manually enriched using the same protocol. As depicted in
Figure 1B, the number of recovered cells is significantly higher using T1 beads compared
to M280 beads (75 vs. 40%). Microscopic analysis of isolated cells in the counting chamber
revealed that cells are densely covered by magnetic beads which are also freely distributed
in the enrichment medium (Figure 1C).

Regarding our previous results, T1 beads were chosen for establishment of the auto-
mated cell isolation using the IsoMAG IMS demonstrator (Figure 2A). The centerpiece of
the benchtop device is a rotatable tube holder carousel with max. 6 reagent slots (Figure 2B).
The different positions of the carousel and the 10 mL pipet tip holder to pick up the pipet
tip and perform the enrichment are driven by a pipetting robot on a vertical and horizontal
axis. The magnet arm is moveable at a swivel joint to capture bead bound cells and free
beads in the pipet tip while reducing the sample volume by discarding the supernatant
wash buffers. Macrofluidic sample pipetting is directed pneumatically with a syringe
pump. The 7.5 mL starting sample is placed into the first position of the carousel. Posi-
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tions 2–5 are subsequently filled with washing buffers in a decreasing volume and the
assay is initiated in the software on an external computer (for detailed protocol see also
Supplementary Table S1).

The results obtained with the IsoMAG IMS unit were directly compared to manually
enriched cells with the same batch of magnetic beads. Automated isolation resulted in
86.9% cell recovery while 88.8% of the spiked cells could be detected by manual isolation.
This means that in our spiking experiments more than 17 out of 20 cells were recovered
from a volume of 7.5 mL by both manual enrichment and the fully automated protocol
without significant difference. Statistical analysis of recovery rates showed a slightly lower
SD of 2.4% (n = 4) after automated isolation compared to manual enrichment (4.8% SD;
n = 4), indicating a reproducible automation.
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Figure 2. Establishment of automated cell recovery using IsoMAG IMS unit. (A) IsoMAG IMS
demonstrator with horizontal and vertical axis driving the pipet unit and magnet arm; (B) the
carousel as tube holder for prestorage of sample and wash buffers; (C) 20 fluorescently labelled cells
were spiked into 7.5 mL cell culture medium and enriched by using EpCAM antibody coupled T1
(1 µm) magnetic beads. The sample was processed manually or automated using the IsoMAG IMS
system. Welch’s t-test, n = 4, ns: p > 0.1234.

3.2. Reduction of Blood Cell Contamination

Besides a robust protocol and an easy-to-handle automated system, it is crucial to
reduce the number of “background” WBCs to enable high quality downstream analyses. In
preliminary work we already established the basic isolation process, including optimization
of necessary washing steps (data not shown). In this study, the automated assay was
characterized regarding washing buffers to minimize the unspecific carryover of dual-
positive leukocytes [CD45+/RedDot+]. Samples were analyzed by FACS to determine
WBC contamination. Gates were set with CD45-PE/RedDotTM-stained blood dilution as
positive control and stained beads as negative control. The results presented in Figure 3A
show that the number of leukocytes after the automated isolation process was about 1200
cells. Comparable results were achieved after manual enrichment (5123 dual-positive cells).
However, we observed a broad scattering of WBC counts with a standard deviation of
almost 4900 cells in manually enriched samples. Thus, an automated protocol has been
developed considering both a high efficiency of cell recovery as well as a low rate of WBC
contamination.
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Figure 3. Automated immunomagnetic enrichment procedure exhibits a significantly lower amount
of leukocyte contamination compared to manual cell isolation. (A) Summary of enrichment processes
and quantification of leukocyte contamination. (B–E) After the automated enrichment process, cells
were stained with CD45-PE antibody and nucleic staining reagent RedDotTM. Blood dilution (1:1000)
shows a dual-positive cell population (B,C). After the enrichment process, this gating was used to
quantify the leukocyte contamination (E) while showing no staining of the free beads themselves (D).

3.3. Automated Enrichment of Head and Neck Cancer Cells

We applied the method to a second cancer entity originating from squamous cell tissue
with an epithelial, EpCAM-positive phenotype as proof-of-principle. Thus, enrichment
experiments were also performed with an epithelial cell line model derived from head
and neck squamous cell carcinoma (HNSCCUM-02T). HNSCCUM-02T cells show high
EpCAM expression allowing enrichment with our system (Supplementary Figure S3A).

Automated enrichment (spike-in) experiments with HNSCCUM-02T cells were con-
ducted as described before and demonstrated applicability of the IsoMAG IMS unit using
blood samples, both from healthy donors and patient blood (Figures 4 and 5). In to-
tal, 95% (±15) of spiked cells were recovered (Figure 4A), quantified by fluorescence
microscopy after intracellular staining of epithelial tumor marker pan-cytokeratin (pan-
CK) [39] and CD45 (Figure 4B). Isolated tumor cells were identified by expression of
cytokeratin [Hoechst+/CD45−/panCK+] and could be differentiated from CD45-positive
leukocytes [Hoechst+/CD45+/panCK−] appearing at low frequency after enrichment.

As dynamic EMT and MET processes seem to modulate primary tumors, metastases
and CTCs disease- and patient-dependently, detection systems allowing the use of variable
CTC/cancer markers are highly desirable. To underline the advantage and full flexibility
of our device to also isolate cells by using variable cancer markers, we here targeted cell-
surface vimentin (CSV) as an additional proof-of-concept example. As shown in Figure
4C, we performed spike-in experiments using engineered CSV-coupled immunomagnetic
beads to isolate HNSCCUM-02T cancer cells from human blood. Expression of CSV
was verified by Western blot analysis and immunofluorescent staining (Supplementary
Figure S3C,D). Importantly, automated isolation of spiked HNSCCUM-02T cells using
CSV-coupled beads also resulted in high recovery rates of ±95% (Figure 4C).
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Figure 4. Cell isolation by the IsoMAG System resulted in high recovery rates for head and neck
cancer cells. (A) Different numbers of HNSCCUM-02T cells were spiked in blood samples and
enriched by EpCAM-coupled T1-beads using the IsoMAG unit. (B) For cell counting, recovered cells
were stained with Hoechst dye, cytokeratin (panCK-PE) and CD45-FITC antibodies and quantified
by fluorescence microscopy. [Hoechst+/CD45−/panCK+) cells were classified as HNSCCUM-02T
cells, [Hoechst+/CD45+/panCK−] cells as leukocytes (WBC). Scale bar, 10 µm. (C) Examples of cells
enriched by CSV-coupled T1-beads. Cells were stained as described in (B). Scale bar, 10 µm.

3.4. CTC Screening Using Blood of HNSCC Patients

Finally, three HNSCC patients were screened for CTCs applying our established pro-
tocol for the IsoMAG IMS system. The results shown in Figure 5 impressively demonstrate
the clinical applicability of the system. All cells positive for cytokeratin but negative for
CD45 expression [Hoechst+/CD45−/panCK+] were counted and classified as potential
CTCs (Figure 5B). Here, we were able to isolate 74 to 93 potential CTCs with an epithelial-
like character from patients suffering from different head–neck tumor subtypes (hypo-
and oropharynx cancers with lymph node metastasis, see Figure 5A). We also captured
preliminary data on isolation of CTCs out of patient blood using a combination of EpCAM
and CSV beads (Supplementary Figure S4). However, these results obtained from a small
and heterogeneous group of patients are preliminary and have to be confirmed by larger
studies and further analysis methods, e.g., sequencing.
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Figure 5. Potential circulating tumor cells (CTCs) could be enriched from head and neck cancer patient
blood. (A) Clinical parameters and numbers of detected CTCs for three patients suffering from hypo-
or oropharyngeal cancers including lymph node metastases. (B) 7.5 mL of patient blood was mixed
with EpCAM-coupled T1 beads and placed into the IsoMAG unit for automatic enrichment of CTCs.
For cell counting, enriched cells were stained with Hoechst dye, cytokeratin (panCK-PE), and CD45-
FITC antibodies and quantified by fluorescence microscopy. [Hoechst+/CD45−/panCK+] cells were
classified as potential CTCs, [Hoechst+/CD45+/panCK−] cells as leukocytes (WBC). Scale bar, 10 µm.

4. Discussion

Personalized cancer therapy will benefit from analysis of single solid and circulating
tumor cells in the future. In order to develop a fully automated system for the enrich-
ment and isolation of single tumor cells, the reduction in sample volume plays a pivotal
role. Thus, excellent performance is required for the enrichment step depending on the
developed system but also on the developed protocol.

In the present study, we successfully established a robust protocol for the automated
isolation of CTCs by the IsoMAG IMS device, a core unit of the CTCelect platform. As a first
step, we developed a suitable CTC model system to establish the protocol for squamous
cell carcinoma. Although we also achieved high recovery rates for the epithelial A431 cells,
we decided to use SCL-1 and HNSCCUM-02T cell lines as squamous epithelial-derived
models close to HNSCC. Of note, we are aware of variable EpCAM expression in “primary
CTCs” versus established cancer cell lines. However, for the development and comparison
of CTC selection procedures and devices, CTC models with defined EpCAM levels are
mandatory. Using this model, we demonstrated improved performance of 1 µm tosyl-
activated, hydrophobic magnetic beads (T1) which thus were chosen for our final protocol.
In addition to their advantageous characteristics for automated applications, such as a
low sedimentation rate and faster reaction kinetics compared to M-280/M-270 beads, our
results are in line with other studies showing improved capture efficiency and specificity
of 1 µm T1 beads for magnetic cell detection [40,41].

Downstream analyses of isolated cells by fluorescence microscopy not only confirmed
expression of relevant cancer markers, but also revealed tight binding of magnetic beads to
the cell surface (see also Figure 1C). Regarding the size of the used T1 beads (1 µm) and
an average diameter of CTCs between 10–12 µm [28], the surface of a cancer cell could
theoretically be covered with 300–450 magnetic beads suggesting severe consequences for
cell integrity and viability. However, we observed that isolated CTCs are not completely
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covered with beads, and preliminary studies revealed that re-attachment and cultivation
of isolated cells is not excluded, albeit very challenging (see Supplementary Figure S5).
Here, additional washing and bead detachment steps, as well as careful adjustments of
cell cultivation, such as the use of preconditioned medium and collagen-coated slides, are
necessary to receive viable and proliferating cells. Due to the highly versatile construction
and design of the device, it is possible to implement such additional purification steps to
the automated IsoMAG protocol. Moreover, the biocompatibility of micro/nanocarriers
may be affected by biomolecule corona formation [26,42,43]. It is accepted that when
micro/nanocarriers enter physiological environments, proteins and other biomolecules
bind to their surfaces, leading to the rapid formation of a biomolecule corona [44]. The
corona may be critically co-defining the biological, medical, biotechnological and patho-
physiological identity of micro/nanocarriers, although the mechanistic details have not
been resolved in detail [45,46].

As an additional relevant factor, reduction of background white blood cells is manda-
tory for the establishment of a reliable protocol allowing downstream single-cell analysis.
In summary, our study shows that using the optimized protocol for IsoMAG tumor cells
from patient samples can be enriched and detected in a semi-automated process combined
with a reduction of white blood cells (WBC) starting from a large volume (7.5 mL). The
broad scattering of WBC counts we observed could depend on a naturally different blood
cell count between healthy individuals. It is conceivable that the WBC count could be a
hindrance to nucleic acid-based downstream applications at this point due to enforced
background noise. A purity of at least 50% is recommended for proper genomic analysis,
whereas in our small patient screening, a vast percentage of total output cells was WBCs.
On an average, we were able to isolate 84 potential CTCs from three patient samples, while
EpCAM-based enrichment entailed a bycatch of ~1200 WBCs. Nevertheless, the relatively
low number of 103 WBCs (compared to 107 WBCs/mL in healthy adults) enabled im-
munofluorescent assessment of the patient isolates and marker-based distinction between
potential CTCs and WBCs to deliver a ready-to-use assay in an otorhinolaryngology lab en-
vironment. In comparison, a similar WBC bycatch of over 800 cells/sample was described
for CellSearch® [47], whereas size-based Parsortix® delivers purity grades ranging from
29–97% depending on the study [48,49].

To address downstream analysis, subsequent microfluidic cell sorting of the IsoMAG
isolates, manual cell picking or aspiration technologies such as the ALS CellCelector™
are appropriate tools to improve signal-to-noise ratio for transcriptomic analysis. We
already started implementing IsoMAG in an in-house developed microfluidic single-cell-
sorting workflow resulting in a purity of ≥75% (Supplementary Figure S6). By aspirating
only dispensed droplets that contain fluorescent cells for RNA isolation, we obtained
promising PCR results detecting even small numbers of EpCAM+ tumor cells with low
WBC background signal. These findings underline that (immunomagnetic) pre-enrichment
of the CTCs by IsoMAG is an indispensable prerequisite for microfluidic cell sorting and
downstream CTC analysis.

Interestingly, during protocol establishment we observed cell recovery rates of >100%.
This was likely due to false positive panCK or false negative CD45 staining which has been
optimized during establishment. However, our automated protocol combines both a high
efficiency of cell recovery as well as a low rate of WBC contamination.

Furthermore, in the presented study we could also show that the established method
is adaptable to the detection of EpCAM-, as well as CSV-positive subpopulation of CTCs.
Typically, immunomagnetic cell isolation devices use epithelial markers, mostly EpCAM,
for CTC detection neglecting the fact that cancer cells undergo morphological changes
during epithelial-to-mesenchymal transition (EMT) and the reverse process (MET). Im-
portantly EMT/MET which takes place during entry and transport in the blood stream
is accompanied by up- and downregulation of surface markers used for CTC detection,
such as EpCAM, N-/E-Cadherine, and cell-surface vimentin [50]. Thus, in contrast to
other commercial systems we are able to capture cells exhibiting not only epithelial, but
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also mesenchymal and/or an intermediate phenotype. Preliminary data combining beads
targeting EpCAM as wells as CSV for automated cell enrichment were also promising but
have to be confirmed in larger studies to assess the added value of using multiple markers
for HNSCC.

In our small patient screening study, we were able to isolate 74 to 93 potential CTCs
with the optimized protocol. Previous studies applying different methods for CTCs de-
tection in HNSCC revealed a broad range of enumerated cells. Whereas Grisanti et al.
detected 0–2 CTCs in 16–40% of the patients using the CellSearch® platform [51], manual
enumeration of immunofluorescent stained cells resulted in higher CTC numbers (0–37
CTCs/1000 PBMC) [18]. Despite the broad ranges of detected CTCs, the obtained results of
our IsoMAG IMS unit are in the order of previous studies combined with low numbers of
leukocyte contamination. We could also observe a slight tendency for an increasing CTC
number in T4 staged tumors compared to T1–3 as described previously [16,18]. Of course,
these results have to be interpreted with caution because the small number of patients
does not allow reliable assessment. This observation and the fact that a high mortality
rate of HNSCC patients correlates to late diagnosis show the necessity of an early and
reliable detection method of CTCs. Semi-automated detection of CTCs such as IsoMAG
has the potential to be related as a standardized part of liquid biopsy with the advantages
of real-time personalized analysis in combination with non-invasiveness and individual
prognostic therapy [15].

Taken together, there are several findings of this study underlining the advantages
of the IsoMAG device compared to other immunomagnetic isolation methods. Whereas
CellSearch® is marketed relying only on epithelial targeting of preserved cells in the
CELLTRACKS® AUTOPREP® System and requires centrifugation [52], the IsoMAG pro-
tocol allows highly flexible targeting of viable CTCs without blood pre-processing. Im-
plementation into the CTCelect workflow in future will allow downstream single-cell
analysis and cell cultivation. The general major advantage of automated cell isolation in
contrast to manual enrichment consists of standardizing protocols and preventing human
errors while reducing costs and hands-on time. Commercial magnetic cell separation de-
vices, i.e., an autoMACS® Separator (Miltenyi Biotec, Bergisch Gladbach, Germany) were
strongly improved over the last few years but were mostly marketed to isolate abundant
cell populations, rather than rare cells such as CTCs. With regard to the long-term goal of a
low-cost diagnostic test, IsoMAG was characterized with in-house functionalized EpCAM
beads minimizing material expenses to 35 EUR per 7.5 mL blood compared to 102 EUR for
Miltenyi StraightFrom® Whole Blood CD326 MicroBeads. Conclusively, the overall aim
of our study is the implementation of IsoMAG IMS unit as a core unit of the CTCelect for
the fully automated isolation of single CTCs without sample preparation. Due to urgently
needed low cost minimally invasive diagnostics methods in the clinical routine, allowing
the sensitive and reliable detection of tumor components in patients’ blood, the establish-
ment of our IsoMAG IMS unit of CTCelect also represents a technology for single cell
isolation and comprehensive downstream “omics”-based analyses. Such approaches will
deepen our understanding of CTC pathobiology, a prerequisite for improved treatments
and management of cancer patients in the future.

5. Conclusions

Here, the automated IsoMAG IMS unit was thoroughly characterized as a reliable,
economic, and straightforward technology for automated and reproducible CTC detection
and enrichment. In addition, the IsoMAG IMS system was shown to allow the use of
variable cancer/CTC markers, such as cell surface vimentin. Its flexibility can be tailored to
the user’s specific needs for various malignancies and/or cell types. Future developments
aim to combine immunomagnetic separation with microfluidic devices to further improve
the power of automated immunomagnetic cell isolation devices for research and the clinics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/diagnostics11112040/s1: Figure S1: Recovery rates of different cancer cell lines; Figure S2: Gel
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electrophoresis of EpCAM RT-qPCR products from SCL-1 single cell RNA; Figure S3: Expression
of EpCAM protein (A and B) and CSV (C and D) in HNSCCUM-02T; Figure S4: Potential CTCs
could be enriched from whole blood of a HNSCC patient using EpCAM- and CSV beads; Figure S5:
Brightfield microscopic images of HNSCCUM-02T cells cultivated after immunomagnetic isolation;
Figure S6: Establishment of CTCelect unit improves purity of isolated tumor cells from whole blood;
Table S1: Detailed protocol of IsoMAG isolation procedure.
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