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Introduction

MagPure chip: an immunomagnetic-based
microfluidic device for high purification of
circulating tumor cells from liquid biopsiest

Lucie Descamps, 2 Jessica Garcia,” David Barthelemy,® Emmanuelle Laurenceau,®
Léa Payen,” Damien Le Roy*® and Anne-Laure Deman*®

The isolation of circulating tumor cells (CTCs) directly from blood, as a liquid biopsy, could lead to a
paradigm shift in cancer clinical care by providing an earlier diagnosis, a more accurate prognosis, and
personalized treatment. Nevertheless, CTC-specific challenges, including their rarity and heterogeneity,
have hampered the wider use of CTCs in clinical studies. Microfluidic-based isolation technologies have
emerged as promising tools to circumvent these limitations but still fail to meet the constraints of high
purity and short processing time required to ensure compatibility with clinical follow-up. In this study, we
developed an immunomagnetic-based microfluidic device, the MagPure chip, to achieve the negative
selection of CTCs through the depletion of white blood cells (WBCs) and provide highly purified samples
for subsequent analysis. We demonstrate that the MagPure chip depletes all magnetically labeled WBCs
(85% of WBCs were successfully labeled) and ensures a CTC recovery rate of 81%. In addition, we show its
compatibility with conventional biological studies, including 2D and 3D cell culture, as well as phenotypic
and genotypic analyses. Finally, we successfully implemented a two-step separation workflow for whole
blood processing by combining a size-based pre-enrichment system (ClearCell FX1®) with the MagPure
chip as a subsequent purification step. The total workflow led to high throughput (7.5 mL blood in less than
4 h) and high purity (947 WBCs per mL remaining, 99.99% depletion rate), thus enabling us to quantify CTC
heterogeneity in size and tumor marker expression level. This tumor-marker-free liquid biopsy workflow
could be used in a clinical context to assess phenotype aggressiveness and the prognosis rate.

cancer patient is becoming individualized or customized. The
study of circulating tumor cells (CTCs) could help tackle these

Early cancer diagnosis and personalized cancer medicine are
target objectives to reduce cancer burden." In the early stage
of the disease, the small size of the primary tumor and the
lack of symptoms are obstacles for early screening. But when
identified early, cancer is more likely to respond to therapy,
therefore leading to a greater survival probability.” In
addition, it became clear over time that the “one drug fits all”
treatment model was limited, and is being replaced by
personalized medicine where treatment selection for each
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challenges. CTCs are tumoral cells, which detached from the
primary tumor and invaded the biological fluid circulation
such blood and lymph. Then, these CTCs can extravasate and
colonize distant sites, leading to secondary tumor(s). Being
accessible in the bloodstream, the detection, enumeration,
and characterization of CTCs can provide clinical information
on the tumor stage and can be used in cancer diagnosis and
disease prognosis.”” On the other hand, CTCs are reliable
surrogate biomarkers for treatment efficacy monitoring,
enabling a personalized therapeutic approach.*™" The
selection of CTCs directly from a blood assay, referred to as
“liquid biopsy”, has therefore attracted large interest in recent
years. Contrary to tissue biopsy, liquid biopsy enables a low-
invasive and real-time monitoring of the disease evolution,
tumor heterogeneity, and response to treatment.'> In recent
years, based on focused genomic assay, ctDNA analysis was
the major testing of the tumor burden with time. Living CTCs
are more complete representative of the tumor burden,
containing proteins, metabolites and RNA. Thus, the CTC
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study may lead to changes in the paradigm of cancer
diagnosis and management by achieving earlier diagnosis
and more personalized treatment.

However, CTC isolation is a great technical challenge
limiting their wider implementation in clinical studies for
several reasons. First, CTCs are rare; there are approximatively
1 to 1000 CTCs among ca. 10” white blood cells (WBCs) and
ca. 10° red blood cells (RBCs) in 1 mL of blood. Furthermore,
they present a phenotypical heterogeneity, which results from
the epithelial-to-mesenchymal transition (EMT) that they can
undergo. It leads to a decrease of epithelial markers (EpCAM,
CK) and the appearance of a mesenchymal phenotype,"’
which makes the use of tumor makers more complex and
limits the effectiveness of affinity-based separation. Besides,
some CTCs have a size similarity with WBCs, reducing size-
based sorting effectiveness.'® Finally, CTC isolation should
result in viable cells to perform downstream analysis such as
cell culture, phenotype and genotype investigations, as well as
chemoresistance studies. The CellSearch™ system (Veridex,
USA) was the first instrument available for CTC isolation and
remains the only Food and Drug Administration (FDA)-
approved assay for CTC enumeration used to predict cancer
patient outcome. The method relies on the enrichment of
CTCs expressing epithelial cell adhesion molecule (EpCAM)
with immunomagnetic particles. Although this system is
considered a “gold standard” for CTC detection, the detection
sensitivity highly depends on epithelial markers,
consequently cells lacking these markers would be missed.™
In addition to limited recovery, low purity has been reported
since CTCs are enriched with a high background of
contaminating WBCs,'* limiting downstream
characterization.

Over the past decade, microfluidic devices have emerged
as promising tools to address these limitations."”” Their
micrometric dimensions and laminar flow nature enable
precise cell manipulation and single-cell study, in a cost-
effective and versatile manner. The handling of small
quantities of volume also facilitates the analysis of such rare
samples and speeds up processes. In particular, microfluidic-
based isolation technologies are based on the differences
between CTCs and other normal cells, either in physical
properties (size, deformability, density or electric charges) or
biological properties (surface marker expression). Studies are
still widely conducted to obtain the best performances for
CTC isolation, including high throughput, purity, recovery,
and clinical relevance. Physical-based separation usually
provides very high throughput but limited purity due to CTC
size heterogeneity. On the contrary, Dbiological-based
separation is very specific due to the antigen-antibody
bonding, but requires a labeling step. Thus, both approaches
have pros and cons. Several microfluidic technologies,
awaiting FDA clearance, have been commercialized for
physical-based CTC isolation, such as Parsortix® (ANGLE plc,
UK),"® ClearCell® FX1 (Biolidics, Singapore),"® and VTX-1
(Vortex Biosciences, USA).>° Despite the tremendous work
achieved in CTC isolation devices, physicians and biologists
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do not routinely use them since there are still CTC-specific
challenges to overcome. Thus, CTC size and tumor marker
heterogeneities account for the difficulty to reach high purity
and perform subsequent analysis. Indeed, a sample with less
than 1000 WBCs per mL would be expected to allow extended
downstream analyses, including highly sensitive mutation
analysis technologies such as digital PCR and next-generation
sequencing.”*> Moreover, the initial volume of processed
total blood as well as the separation time must be compatible
with clinical follow-up. Indeed, the blood sample volume
should be large enough to collect a sufficient number of
CTCs and depict the tumor characteristics (e.g. heterogeneity)
while the separation time should be limited as much as
possible to not alter the cells for their subsequent analysis.
Finally, the system must provide easy-handling for the end-
users to ensure its integration in routine clinical studies. All
these requirements have hindered the development of CTC
isolation devices.

To meet these challenges, we have worked to combine two
separation steps. A first step based on cell size to remove a
large part of the WBCs followed by an immunomagnetic
separation step providing a fine sorting of the CTCs and
remaining WBCs. The first separation step is performed by
the commercial ClearCell FX1® instrument which represents
a plug-and-play system for biologists and has therefore been
introduced in clinical studies.”® Nevertheless, this pre-
enrichment step fails to meet the constraint of high purity
and short processing time required to ensure the
compatibility with certain downstream analyses (cell culture,
phenotypic and genotypic studies, etc.). We therefore
implemented a subsequent purification step through the
development of a magnetic-based purification chip, MagPure
chip, aiming at improving purity by depleting the remaining
WBCs, and therefore facilitating downstream analysis. The
immunomagnetic approach was selected for this second step
because of its appealing features in the context of CTC
isolation, such as selectivity, specificity, and CTC collection.
It relies on magnetophoresis, the migration of magnetic
particles or magnetically labelled cells when subjected to a
non-uniform magnetic field, which offers contactless and
robust cell manipulation.>® Since the magnetic force is a
function of the generated magnetic field gradient, it is crucial
to produce high magnetic field gradients, which can be
achieved by reducing the size of the magnetic field source.*
Challenges remain regarding the complexity of
microfabrication of such microscale magnetic sources, and
their integration with polymer-based microfluidic devices.
Recently, the magnetic composite polymer strategy has
emerged as a real breakthrough for compatible and cost-
effective integration of magnetic materials into polymer-
based microfluidic devices.”® The composite strategy consists
in doping the polymer matrix with magnetic particles or
filaments, conferring magnetic properties to composite
polymers. This powder-based approach therefore represents a
quite straightforward and cost-effective alternative to film-
based approaches.>”>°

This journal is © The Royal Society of Chemistry 2022
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Here, we present the characteristics of our two-step
sorting protocol. First, we describe the MagPure chip, which
is based on the composite approach, including the
performances  of the  negative  selection  using
immunomagnetic nanoparticles targeting WBCs to deplete
them, and demonstrate the compatibility of the chip with
routine biological studies (cell culture, phenotypic and
genotypic analyses) after CTC recovery. Then, we present the
performances of the two-step protocol to process 7.5 mL of
total blood in only three to four hours. The first step relies
on a size-based separation technology (ClearCell FX1®), and
is followed by the immunomagnetic MagPure chip. We
investigated long-term cell viability and targeted cancer stem-
like cell marker ALDH1.

Experimental section
Device fabrication and integration

A schematic of the MagPure chip principle is reported in
Fig. 1a. Magnetic micro-traps were obtained by the composite
approach which consists in mixing a powder composed of
NdFeB particles (MQFP-B, 0.5-7 um size, Magnequench
International, Inc., Singapore) with PDMS polymer (Sylgard
Silicone Elastomer, 10:1 base and curing agent mixing ratio)
at a concentration of 4 wt% NdFeB. As previously
reported,®*?! the fabrication steps can be divided as follows:
the mixture containing NdFeB micro-particles and uncured
PDMS was poured into a 100 um-thick Kapton mold stuck to
a silanized glass slide. The composite was then cured at 70
°C for 2 h in a magnetic field of 300 mT supplied by a bulk
NdFeB magnet (60 x 30 x 15 mm?®, magnetization along the
shortest dimension) to allow PDMS cross-linking and NdFeB
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particle self-assembly. After Kapton mold removal, the
thickness of the composite membrane was increased to 1
mm by pouring liquid PDMS and curing the ensemble at 70
°C for 2 h. Finally, the NdFeB@PDMS membrane was peeled
off the glass substrate and NdFeB microstructures were
magnetized using a homemade magnetizing system (two
magnets of dimensions 50.8 x 50.8 x 25.4 mm®, spaced 2.5
mm from each other) that produced a field of 1.2 T.

The microstructure of the fabricated micro-traps was
characterized by X-ray tomography in the volume of the
composite (Fig. 1b). The inner structure of a 1 mm’
NdFeB@PDMS membrane was observed using the
EasyTomNano pCT tomograph (RX Solutions), with a
resolution of 0.3 um. The detailed operation procedure can
be found in ref. 30 and 31. Final images of 1700 x 1700 x 400
voxel, Z.e. 510 x 510 x 120 um?®, were obtained and processed
with Image] to characterize NdFeB particles’ spatial
organization in the volume of the composite membrane.

The magnetic micro-trap array was finally integrated into
a microfluidic capture chamber (see Fig. 1c). The chamber
mold (40 x 20 x 0.1 mm®) was obtained by UV-lithography
(UV-KUB 2, Kloe) through exposition of two layers of a 50 pm
dry photoresist (Eternal Materials Co., Etertec®, Kaohsiung
City, Taiwan) deposited on a glass slide. The channel mold
was irreversibly bonded to the composite membrane using
O, plasma bonding (Plasma Cleaner PDC-002-HPCE, Harrick
Plasma). The MagPure chip was mounted on top of two
permanent milli-magnets (25 x 8 x 2 mm®, remanent
magnetization By ~1.4 T, Supermagnete) to attract target
cells flowing in the upper part of the 100 pm-high channel as
described in ref. 31 and 32; and therefore overcome the
limited interaction distance of micro-magnets.*® The milli-

N
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Recovery and
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Fig. 1 MagPure chip design and principle. (a) Schematic of the device for the negative selection of CTCs. Magnetically labeled WBCs are captured
on magnetic micro-traps while CTCs are collected for downstream analysis. (b) Cross-section view of the composite membrane, located below

the channel's floor, integrating chain-like NdFeB microstructures (magnetic micro-traps). (c) Design of the trapping chamber (0.1 x 20 x 40 mm

%)

which consists of cascade input channels and one single straight output channel and diamond-shaped support pillars (2 x 1 mm?). All channels are
970 um wide. (d) Picture of the compact system with the two milli-magnets located below the trapping chamber. () Composite microscopy image
of captured WBCs on magnetic micro-traps integrated into the MagPure chip.

This journal is © The Royal Society of Chemistry 2022
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magnets (housed in a homemade plastic holder) were spaced
by 4 mm and positioned at 2 cm from the chamber input, as
shown in Fig. 1d.

Device operation

Samples were injected using a pressure controller (FLOW
EZ™, Fluigent, France). The MagPure Chip was connected
with 508 um inner diameter PFTE tubing (1/16” OD). The
chip input was connected to the FLOW EZ™ pressure
controller while the output was secured with tape into a clean
1.5 mL Eppendorf tube for sample collection. Since the
injection is controlled in pressure, the corresponding
pressure (in mbar) for the desired flow rate (e.g. in mL h™)
was first estimated by calculation, then experimentally
assessed by measuring the collected liquid volume after a
certain injection time. Before sample injection, the
microfluidic device was sterilized by flushing 70% ethanol
for 10 min, followed by 1% Pluronic F-108 (Sigma-Aldrich,
USA) flushing for 20 min to remove ethanol and coat the
channel walls to prevent non-specific cell adhesion. To
monitor sample injection and cell sorting, the microfluidic
chip was placed under a Zeiss fluorescence microscope (Zeiss
Imager D1) equipped with ZEN blue imaging software.

Cell culture and preparation

A549 and MCF-7 cell lines were obtained from American Type
Culture Collection (ATCC). A549 cells (CCL-185™), which
originate from a lung adenocarcinoma, were cultivated in
F12-K medium (ATCC), while MCF-7 cells (HTB-22™),
originating from a breast cancer, were cultivated in
Dulbecco's modified Eagle medium (DMEM, Life
Technologies). Both media were supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. Cells
were cultured at 37 °C under a humidified atmosphere of 5%
CO,. Cells were grown in T25 flasks to pre-confluence and
detached from flasks for experiments using 1 mL of 0.25%
trypsin-ethylene diamine tetra acetic acid (EDTA) solution at
37 °C. After cell resuspension in medium, 10 pL was taken to
perform cell counting in a KOVA® slide. A549 (lung cancer)
and MCF-7 (breast cancer) cells lines were then spiked in a
blood sample to mimic CTCs, they can therefore be referred
to as mCTCs. To track mCTC sorting, cancer cells were
stained with CellTracker™ Green (Life Technologies) in 0.2%
Pluronic (1 pL per 100 000 cells) and incubated for 45 min in
the CO, incubator.

Blood sample preparation

All experiments involving healthy blood samples were
performed in compliance with the relevant laws and
institutional guidelines of France and approved by the
French national blood collection institution, named
“Etablissement Francais du Sang” (EFS). All healthy
volunteers provided informed consent for blood samples to
be collected. Blood samples were collected from healthy
volunteers into EDTA tubes (BD Vacutainer). Red blood cells
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were first removed using a lysis buffer (Biolidics limited®,
CBB-F016003), following the manufacturer's protocol. Lysis
buffer was added in a 1:4 v/v ratio (blood/lysis buffer) and
incubated for 10 min at room temperature (RT) and then
centrifuged at 500 x g for 10 min. After centrifugation, the
supernatant, containing lysed red blood cells, is discarded
and the pellet, containing WBCs, is resuspended in 1 mL of
Dulbecco's phosphate buffered saline (DPBS 1X, Lonza
Bioscience). Finally, WBCs were enumerated using a Tirk's
solution (which destroys RBCs and platelets) in a 1:10 v/v
ratio (WBC/Tiirk) to stain the nuclei of WBCs and facilitate
their counting.

The capture experiments were performed with mimicking
patient blood samples. Cancer cells were spiked in the WBC-
containing sample, in concentration mimicking the ClearCell
size-based separation system output. More information on
the ClearCell FX1 instrument procedure is reported in S1,
ESL} Added cancer cells within the injection sample should
be in a sufficient number to study recovery efficiency and
perform compatibility studies of the magnetic chip with
downstream analyses, while taking into account the rarity of
CTCs. Thus, a final mimicking sample composed of 300 000
WBCs and 20 000 mCTCs was prepared.

White blood cell magnetic labeling

WBCs were magnetically labeled with antibody-conjugated
superparamagnetic nanoparticles (MasterBeads Carboxylic
Acid 0215, Ademtech SA, Pessac, France). The nanoparticles
(NP) were 500 nm in diameter and composed of a magnetic
core (approximately 70% iron oxide) encapsulated by a
hydrophilic polymer shell with carboxyl groups on its surface.
Covalent attachment of human-anti-CD45-DL650 and human-
anti-CD15-AlexaFluo647 fluorescent antibodies (purchased
from R&D Systems, Minneapolis, MO, USA) to the
nanoparticles’ surface performed following the
manufacturer's protocol. The magnetic labeling conditions,
from NP concentration, to incubation temperature, duration
and agitation, were firstly optimized. The description of the
optimization procedure is detailed in S2, ESIf (see Tables S1
and S2). Finally, an average of 85% of WBCs were successfully
labeled.

was

Recovery and capture efficiency calculation

To facilitate the visualization and discrimination of WBCs
and mCTCs, the former were stained with Hoechst 33342
(Ready Flow Reagent™, ThermoFisher Scientific, USA), while
the latter were marked with CellTracker™ Green. After
processing within the MagPure chip, cells were collected
from the chip output and centrifuged for 5 min at 300g. The
aim is to concentrate the cells in a smaller volume to get a
more precise cell counting. After centrifugation, half of the
supernatant is removed, and the cell pellet is resuspended in
the remaining volume wuntil getting a homogenized
suspension. Cells were then counted with a KOVA® slide
under a fluorescence microscope (Zeiss Imager D1) and cells

This journal is © The Royal Society of Chemistry 2022
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with a GFP signal were identified as cancer cells, while other
cells only expressing a DAPI signal were identified as WBCs.
Two to three counts were performed to get the most precise
estimation of WBC capture and mCTC recovery efficiencies.
The capture efficiency was calculated by ((Nwsc,input
Nwgc,output)/ Nwesc,input) X 100%. The recovery efficiency was
calculated by (Nmcrcoutput/Nmercyinpu)) X 100%.  The
reproducibility of capture and recovery was studied by
performing each experiment at a fixed flow rate at least five
times.

Cell viability and integrity characterization

First, the viability of collected A549 cancer cells was
investigated after the magnetophoretic separation using a
Live/Dead assay. Cancer cells were stained with 2 uM calcein-
AM and 4 uM EthD-1 (LIVE/DEAD® Viability/Cytotoxicity Kit,
Invitrogen™, L3224) for 30 min in the incubator. Death
control cells were exposed to 10% Triton-PBS solution for 10
min. The discrimination of live and dead populations was
assessed thanks to fluorescent signal measurement within
live and death control A549 wells. Finally, the cell fluorescent
signal was measured: collected cancer cells with a calcein-AM
+/EthD-1- staining pattern were counted as live cells, whereas

cells with calcein-AM-/EthD-1+ staining patterns were
counted as dead cells.
The integrity of recovered A549 cancer cells was

determined using an immunofluorescence assay. Cells were
stained with DAPI for nucleus staining, anti-CD45/anti-CD15/
anti-CD41 antibodies for WBC targeting, and Phalloidin for
F-actin cytoskeleton staining. Recovered A549 cancer cells
could be differentiated from WBCs based on phalloidin-
positive (phalloidint), CD45/CD15/CD41-negative (CD45-/
CD15-/CD41-) and DAPI positive (DAPI+).

Downstream 2D and 3D cell culture

After purification within the magnetic chip, isolated cells
were cultured in (i) a Falcon® 96-well flat bottom microplate
to study the ability of recovered mCTCs to re-adhere and
proliferate; and in (ii) a Corning® 96-well round bottom
microplate to study their ability to form spheroids. Corning®
round bottom microplates are ultra-low adherent (ULA) plates
which favor spherical three-dimensional aggregation of
mCTCs composed of proliferating cancer cells and therefore
better mimic cellular organization in human tumors. For
both culture conditions, isolated cells were first centrifuged
(300g, 5 min) and resuspended in culture medium (filtered
for 3D culture) at a concentration of 50 A549/uL. This value
was chosen so as to be compatible with the 96-well plate
format requiring an initial seeding density of ~104 cells and
a medium volume of approximatively 100-200 pL. About
5000 of recovered mCTCs were spiked in a well with 150 pL
of medium and incubated at 37 °C with 5% CO,. The
medium was renewed every two days. In particular, the
medium was completely removed for 2D cell culture as
mCTCs are adhering to the well bottom so there is no risk of

This journal is © The Royal Society of Chemistry 2022
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cell detachment (discarding the remaining WBCs at the same
time) while for 3D cell culture, half of it was carefully
removed and replaced with a fresh medium since mCTCs are
in suspension within the well. Control (unprocessed) A549
cells were also seeded under the same conditions. Three
replicates were performed for reproducibility. Cell growth
was then monitored over days with an automated microscope
equipped with a microplate reader (LionHeart™, BioTek).

Downstream phenotypic characterization (IF)

After magnetic purification, the output sample containing
enriched mCTCs (A549 cells) and remaining WBCs was
concentrated through centrifugation (300g for 5 min) and
mounted on a poly-i-lysine coated glass slide. The spotted
cells were fixed with 4% paraformaldehyde for 10 min at RT
and permeabilized with 0.1% Triton in PBS for 15 min at RT.
After washing, cells were then blocked with an in-house
saturation solution mix (5% fetal bovine serum, 1% bovine
serum albumin, and 5% Fc receptor blocking reagent from
Miltenyi Biotec in PBS) for 30 min at RT in the dark. Finally,
cells were immunostained overnight with primary antibodies:
(i) anti-CD45 antibody (rat anti-human, MA5-17687,
ThermoFisher), AlexaFluor647-conjugated anti-CD15 antibody
(mouse anti-human, 562369, BD Bioscience), and
AlexaFluor647-conjugated anti-CD41 antibody (mouse anti-
human, 303726, BioLegend) for white blood cell staining; (ii)
anti-ALDH1  antibody  (rabbit anti-human, 702728,
ThermoFisher) for mCTC (A549) staining. The day after, cells
were incubated with DAPI (4',6-diamidino-2-phenylindole,
62248, ThermoFisher) and secondary antibodies, including
AlexaFluor647-conjugated  anti-rat  antibody  (A-21247,
ThermoFisher) (targeting rat anti-human CD45) and
AlexaFluor488-conjugated anti-rabbit antibody (11800074,
ThermoFisher) (targeting rabbit anti-human ALDH1). The
slide was scanned using the Lionheart™ fluorescence
microscope equipped with 4x and 20x objectives. In
particular, three filters were used to detect the fluorescent
signal: DAPI for nucleus staining, CY5 for CD45, CD15, and
CD41, and GFP for ALDH1.

Downstream genotypic characterization (FISH)

To study the EML4-ALK fusion, the EML4-ALK fusion-A549
cell line was purchased from ATCC (CCL-185IG™). ATCC
CCL-185IG can be a useful model to study the tyrosine kinase
signaling pathway, and to screen ALK inhibitors. There are
multiple EML4-ALK fusion variants, and the ATCC CCL-1851G
cell line contains the most prevalent one, the variant 1 (E13;
A20), in which EML4 intron 13 is fused with ALK intron 20.
FISH experiments were performed using the Aquarius® kit
(CytoCell, OGT) which contains a DAPI counterstain and the
ALK Breakapart probe, consisting of a green 420 kb probe,
which spans the majority of the ALK gene and a red 486 kb
probe, which is telomeric to the ALK gene. Fluorescence

images were taken with the PANNORAMIC Scan II
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(3DHISTECH Ltd), equipped with FITC, Texas Red, and DAPI
filters.

Two-step workflow for mCTC isolation from whole blood
samples

Briefly, 7.5 mL blood samples were collected from healthy
volunteers and A549 cells (mCTCs) were spiked in the
samples at a concentration of ~2500 mCTCs mL™'. Then,
RBCs were lysed and removed from the samples. Cells were
then processed within the commercial size-based separation
system, ClearCell FX1 using program 3 for 30 min or
program 1 for 60 minutes (the last one increasing the purity
level). After this first pre-enrichment step, collected cells are
incubated with magnetic nanoparticles coated with anti-
CD45 and anti-CD15 antibodies to magnetically label the
remaining WBCs. Next, samples containing magnetically
labeled WBCs and A549 cells were processed through the
MagPure chip to perform a purification step by depleting
WBCs. Finally, A549 cells were recovered at the chip output
for downstream characterization. In particular, here we
investigated long-term cell viability and conducted
subsequent phenotypic studies targeting the cancer stem-like
cell marker, ALDH1. The detailed operation procedure of the
two-step workflow is reported in S3, ESL}

Results and discussion
A. MagPure chip performances

MagPure chip design and generated forces. The intrinsic
performances of the MagPure chip were first studied. The
MagPure chip was designed to operate after a commercial
device to provide a subsequent purification step through the
integration of permanent micro-magnets, acting as magnetic
traps for WBC depletion, while achieving the recovery of
CTCs for downstream analysis (Fig. 1a). The composite
approach has been shown to be a powerful bottom-up
method to fabricate magnetic sources with micrometric size
and high density and integrate them into polymer-based
microfluidic ~ devices.***'*** In particular, on-demand
magnetic functions can be obtained using the magnetic
composite approach by tailoring the magnetic powder
composition (nature, size and morphology), the packing
density and ordering (by applying a magnetic field pattern
during the polymer reticulation), as well as the
microfabrication technique.”® Here, after tuning the
concentration (4 wt%) and self-organization of the magnetic
powder, we obtained NdFeB microstructures embedded in
PDMS, averaging 5 pm in diameter, with a nearest-neighbor
distance of 15 um, and a density as high as 1500 micro-traps
per mm®. In particular, the fabricated micro-traps presented
a high aspect ratio (>10) as it can be seen via the chain-like
agglomeration of NdFeB particles (Fig. 1b). These
autonomous micro-traps were combined with an external
milli-magnet in order to enhance the trapping efficiency of
cells flowing in the upper part of the microchannel, as
previously described.**
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Next, the sorting microfluidic chamber has been sized to
fit with the number of WBCs to trap, while preserving the
compact format of a standard glass slide (25 x 75 mm?).
Since the median number of WBCs remaining at the output
of the size-based separation ClearCell FX1 system was
estimated at 300 000 WBCs (internal data), and the maximum
number could reach 1000000 for certain patients, the
trapping density should therefore be at least 10° micro-traps.
Finally, the chamber dimensions were fixed at 40 x 20 mm?,
providing a trapping density as high as 1.2 x 10° traps.
Besides the high trapping capacity and compact format, the
microfluidic chamber features should provide an optimized
liquid filling and limit air bubble formation, which was
achieved by the parallel input microchannel design. Finally,
the integrated diamond-shaped support pillars prevented the
chamber roof from collapsing due to the large ratio (>10)
between the chamber width and height.

This simple and low-cost composite approach allows
permanent magnetic microstructures to be obtained with
new aspect ratios and with performances comparable to the
best ones reported in the literature (Fig. 2), which were
obtained  with  more  conventional  manufacturing
methods.?®?*3¢"** A description of reported studies can be
found in S4, ESIt (see Table S3).

Here, the fabricated micro-magnets that line the bottom
of the microchannel can produce magnetic forces of a few
nN on model microbeads (average diameter 12 pm, 1 vol%
Fe;0, in polystyrene). The generated forces were
independently determined by simulation as
experimentally by magnetic force microscopy and Stokes'
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Fig. 2 Comparison of the magnetic performances of the fabricated
composite micro-magnets with other microscale magnetic sources
from the literature. The graph represents the forces exerted on the
center of the magnetic target as a function of the distance to the
micro-source. When not specified, the magnetic force was determined
by numerical studies. A description of the magnetic micro-sources and
magnetic force measurement methods can be found in Table S3.}
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drag fore measurements.>’ Finally, the capture of labeled
WBCs on micro-traps is reported in Fig. 1e.

Characterization and validation of the MagPure chip with
spiked cancer cells. The operating conditions of the MagPure
chip were determined by optimizing the flow rate at which
the sample is injected. To do so, we worked with cancer cell
lines (A549 and MCF-7), which will be referred to as
mimicking CTCs (mCTCs). Here, we worked with initial
numbers of 20 000 mCTCs (2500 mCTCs per mL) to take into
account the low number of CTCs in blood samples (high
bound of the clinical range) while providing a sufficient
number of isolated cells to study the compatibility of the
MagPure chip with routine downstream analyses. The mCTCs
were spiked into samples containing 300000 WBCs (median
ClearCell FX1 output) which were magnetically-labeled WBCs.
The WBC capture efficiency and the A549 cell recovery
efficiency at different flow rates are shown in Fig. 3a and b,
respectively. WBC capture efficiencies reached 88, 84, 72, and
53% at 1.5, 2.0, 2.5, and 5.5 mL h™", respectively. The WBC
labeling protocol that we implemented allows us to
statistically label about 85% of WBCs. We therefore achieved
a capture rate of magnetically labeled WBCs close to 100% at
flow rates of 1.5 and 2 mL h™". A549 cell recovery efficiencies

0 15 20 25 55

Flow rate (mL/h)

Q
(o

3

3
3
3

Q
3

90+

N W A 0 9 N ®
s 8 8 8 3 3 3

WBC capture efficiency (%)

mCTC recovery efficiency (%

Q

Control

70+
60+
40
30+
20
10}

ot

Flow rate mL/h

View Article Online

Paper

reached 66, 79, 80, and 83% at 1.5, 2.0, 2.5, and 5.5 mL h™*,
respectively. It can be observed that increasing the flow rate
decreases the capture efficiency but improves the mCTC
recovery. Indeed, the capture efficiency decrease can be
explained by the higher drag force competing with the
magnetic force. Concerning the CTCs, at flow rates of 1.5 and
2 mL h™', approximatively 20% of CTCs were lost in the
system. We observed that few CTCs (<1%) got stuck in the
trapping chamber with WBCs. The remaining were probably
not injected in the system because of their
sedimentation in the injection tube. This is consistent with

quick

the fact that their recovery is enhanced by increasing the flow
rate, as a faster injection time limits cell sedimentation in
the input reservoir prior to injection. An injection time of
approximatively 15-20 min for flow rates comprised between
2 and 2.5 mL h™" was achieved. In order to avoid cell
sedimentation, the injection system could be improved by
providing regular agitation to the input reservoir containing
the cell sample.

The size-independent separation performed with the
MagPure chip was also demonstrated by studying the
recovery efficiency of MCF-7 cancer cells which present a
slightly larger average cell diameter than A549 cells (average

(3]
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CF-7 . AB49
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CD45/15/

Fig. 3 Performances of the MagPure chip for spiked cancer cell sorting. (a) Capture efficiency of WBCs as a function of the flow rate. (b) Recovery
efficiency of mCTCs (A549 cells) as a function of the flow rate. (c) Recovery efficiency for two different spiked cell lines, MCF-7 and A549 cancer
cells, at a flow rate of 2 mL h™*. Consistent recoveries were obtained regardless of cancer cell sizes. Similar WBC capture efficiencies were also
achieved. (d) Representative fluorescence images of Live/Dead cell staining after 48 h culture for control A549 group (left) and recovered A549
cancer cells after magnetic chip processing (right). Cell viabilities of the control group and recovered cancer cells were determined to be 91% and
81%, respectively. Scale bar is 100 um. (e) Immunofluorescence staining of recovered A549 cells after magnetic separation. mCTCs are determined
according to DAPI+/CD45-CD15-CD41-/phalloidin+.
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diameter 19 pm against 16 um).*> Experiments were
performed at 2 mL h™'. Comparison with A549 results is
shown in Fig. 3c. Similar recovery efficiencies were achieved
by the magnetic chip, reaching 82 + 8% and 79 + 10% for
MCF-7 and A549 cells, respectively. Besides, WBC capture
efficiencies were also consistent: 88 + 9% and 84 + 11% for
spiked MCF-7 and A549 cells, respectively. Thus, the
magnetic chip enables size-independent sorting, in
combination with tumor marker-independent separation,
therefore showing the versatility of the MagPure chip. Finally,
we set the optimal flow rate at 2 mL h™, leading to a WBC
depletion efficiency of ~86 + 10%. This separation step can
be conducted in only 20 min.

We also checked that the magnetic separation within the
chip did not harm the cells. To do so, we performed viability
and integrity studies. First, the viability of collected A549
cancer cells was investigated after the magnetophoretic
separation using a Live/Dead assay. After processing the cell
sample through the MagPure chip at a flow rate of 2 mL h™",
cancer cells were collected and cultured in a 96 well-plate in
culture medium for 48 h until reaching pre-confluence.
Recovered cells were compared with control A549 cells; the
latter were kept in the incubator the whole time and seeded
in the same concentration but without any WBCs. Finally,
cancer cells with a calcein-AM+/EthD-1- staining pattern were
counted as alive cells, whereas cells with calcein-AM—/EthD-
1+ staining patterns were counted as dead cells.
Representative fluorescence images of collected cancer cells
and control A549 cells are shown in Fig. 3d. The magnetic
chip enabled preserving an 81% cell viability (~1000 analyzed
fluorescence cancer cells) after 48 h of cell culture. The
viability of control A549 cells reached 91%, this difference
might be due to their ideal incubation conditions, while
recovered A549 cells were processed at room temperature
and subjected to prolonged interactions with WBCs.
Nevertheless, processed A549 cells were collected with a very
good viability.

Cancer cell integrity was determined wusing an
immunofluorescence assay. Cell samples were processed
through the MagPure chip at a flow rate of 2 mL h™" and
collected cells, as well as control cells, were stained with
DAPI for nucleus staining, anti-CD45/anti-CD15/anti-CD41
antibodies for WBC targeting, and phalloidin for F-actin
cytoskeleton staining (Fig. 3e). Indeed, cell integrity is related
to F-actin filament which is a major component of the

cytoskeleton and is involved in fundamental -cellular
processes, such as cell division, morphogenesis, and
migration.”® Recovered A549 cancer cells could be

differentiated from WBCs based on phalloidin-positive
(phalloidin+), CD45/CD15/CD41-negative (CD45-/CD15-/CD41-
) and DAPI positive (DAPI+). Interestingly, WBCs showed a
lower expression of phalloidin which results from dynamic
polymerization and depolymerization of F-actin.’’ These
processes account for WBC actin cytoskeleton plasticity, and
therefore WBC motility,*® which is crucial to their role in
defensive mechanisms of the body. Several morphological
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characteristics of control and recovered cancer cells were
established from DAPI and phalloidin fluorescence signal
measurements, these being cell nucleus and cytoplasm sizes,
nuclear-cytoplasmic ratio (N:C ratio), and circularity (see S5,
Fig. S1, ESIf). All in all, this immunofluorescence assay
allowed us to assess the preservation of isolated cancer cell
integrity after processing through the MagPure chip.

Compatibility of the MagPure chip with
downstream analyses. Finally, we studied the compatibility of
the chip with routine subsequent characterizations, from cell
culturing, both in 2D and 3D (spheroid formation) systems,
to genotypic analysis. First, long-term cell culturing and
viability were investigated after magnetic purification. After
processing the cells within the MagPure chip at 2 mL h™,
recovered cells were centrifuged and resuspended in culture
medium at a concentration of 50 A549 cells per pL. A549
control cells (no magnetic purification, incubated at 37 °C
without WBCs) were also seeded under similar conditions.
Cell medium renewal was performed every two days,
removing by the same way the remaining non-adherent
WBCs. As reported in Fig. 4a, recovered cancer -cells
succeeded in re-adhering and proliferating after the
purification step within the magnetic chip, likewise control
cells. In particular, the presence of both adherent cells
(elongated shape) and dividing cells (round shape) can be
observed which accounts for cell good viability and favorable
culture conditions for cell proliferation. The presence of
cellular clusters also assesses ongoing cell division.
Furthermore, the preservation of long-term cell viability was
confirmed using a Live/Dead assay (Fig. 4a). Comparable
viabilities were observed at day 6 for both cell groups, 93%
for control A549 and 94% for recovered A549 cells.

In addition to 2D cell culturing, recovered cancer cells
were cultured in 3D using ultra-low attachment (ULA) 96-well
plates with a round bottom to investigate cancer -cell
spheroid formation. Spheroids, which refer to three-
dimensional aggregates of cells, have emerged as better
models to mimic the 3D conformation of the tumor
structure.” Indeed, spheroids have a characteristic layer-like
structure consisting of a necrotic core, an inner layer of
quiescent cells, and a layer of proliferating cells. As a result,
a spheroid has gradients in nutrients, secretions, and oxygen
along the spheroid radius. In this regard, spheroid cultures
more accurately recapitulate in vivo physiological conditions
than standard 2D cultures. Previous studies reported the
resistance of spheroids to chemotherapy’®™® and
photodynamic therapy,®®® as well as the differential
expression of various genes (associated with cell survival,
proliferation, differentiation, and resistance to therapy) in
cells grown as spheroids as compared to 2D monolayers.’®>*
Thus, spheroid formation is highly relevant for the
establishment of drug resistance and testing of novel
therapeutic targets. In this context, the compatibility of the
magnetic chip with subsequent 3D cell culture was studied
and the A549 cancer cell line was used for cancer cell
spheroid formation. After processing through the MagPure

routine
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Fig. 4 Compatibility of the MagPure chip with downstream 2D and 3D cultures. (a) Phase contrast images and representative fluorescence images
of Live/Dead cell staining after 6 days of 2D cell culture for the control A549 group (top) and recovered mCTCs after magnetic chip processing
(bottom). Scale bars are 100 um. (b) Phase contrast images of mCTC spheroid culture for 7 days. Similar to the control group (left), recovered cells
(right) could be cultured as spheroids for 7 days (in grey background, the excess of magnetic nanoparticles). Scale bars are 100 um. (c) Evolution
of spheroid area over 7 days. Spheroids obtained from recovered A549 cells show a similar growth pattern to control spheroids. (d) Composite
microscopy images showing the agglomeration of recovered A549 cells (CellTracked in green) to form a spheroid (initial concentration: 5000
A549 per well). The day after the magnetic purification, cancer cells form a compact spheroid. Scale bars: 100 pm.

chip, recovered cells were centrifuged and resuspended in
filtered culture medium at a concentration of 50 A549 per pL.
Representative images of formed spheroids over days are
reported in Fig. 4b. Recovered A549 cancer cells self-
agglomerated to form compact spheroids. In particular, the
evolution of spheroid growth over days was studied by
calculating the spheroid area for both recovered cells after
magnetic purification and control cells, as a comparison
(Fig. 4c). It can be observed that the formed spheroids
present a similar growth pattern to the control group, with a
growth reduction between 4 and 5 days of culture. It
demonstrates spheroid compaction, a cellular arrangement
naturally occurring during spheroid formation. Indeed, at
first cells form loose aggregates, but direct cell-cell contact
results in upregulated cadherin expression, which promotes
strong adhesion of initial cell aggregates. After this delay
phase during which homophilic binding occurs between
cadherins of peripheral cells, cells are compacted into solid
aggregates to form spheroids due to this homophilic
cadherin-cadherin binding.’>®® Finally, at day 7, a 20%
spheroid area  increase was  observed, therefore
demonstrating spheroid growth. Thus, spheroid formation

This journal is © The Royal Society of Chemistry 2022

can be described as a three-step process: (i) initial cell
aggregation, highlighted in Fig. 4d, followed by (ii) spheroid
compaction and, finally, (iii) spheroid growth.®" The spheroid
area for the chip output is lower than the control group's one
which could be explained by the variability in cell counting
and spiking (few microliters compared to milliliter volume).
Consequently, even in the presence of few remaining WBCs
that were not depleted in the MagPure chip, as well as excess
magnetic nanoparticles (dark background visible behind
spheroid), collected A549 cells were able to form spheroids
and proliferate. Finally, long-term culture of spheroids was
also investigated. Recovered A549 cells were cultured for 20
days, and evolution of the spheroid area was monitored (see
S6, Fig. S2, ESIf). The spheroid area reached 0.7 mm?® after
two weeks before decreasing. Indeed, from a certain point,
the necrotic core starts sending extracellular signals stopping
cell proliferation and leading to apoptosis. The purification
step performed within the MagPure chip enabled successful
spheroid formation and monitoring for several weeks. Drug
sensitivity testing could therefore be considered as another
downstream application on recovered cancer cells. Finally, we
studied the chip compatibility with fluorescence in situ
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hybridization (FISH) for molecular profiling of individual
cells at the chromosomal scale through hybridization of DNA
probes on entire chromosomes or single unique sequences.
FISH is a gold standard technique for probing genetic
aberrations such as gene rearrangements (translocations,
inversions) and changes in gene copy number associated with
cancer.®” In many cancers, such chromosomal abnormalities
often indicate lower survival rates and poor treatment
efficacy.®® In particular, the anaplastic lymphoma kinase
(ALK) genetic abnormality, located on the short arm of
chromosome 2, is a key oncogenic driver, especially in non-
small cell lung cancer.®* Thus, FISH is routinely performed
on lung cancer tissues to detect EML4 and ALK gene fusion
which occurs in 3-7% of NSCLC patients.®® This detection is
crucial since specific tyrosine kinase inhibitors (ALK
inhibition) are recommended as the first-line standard
therapy for these patients (according to the US FDA),
improving both the patient's quality of life and overall
survival compared to traditional chemotherapy.®®®” For this
experiment, the EML4-ALK Fusion-A549 (A549 EML4-ALK)
cell line was employed to detect this intrachromosomal
translocation by FISH. A549 EML4-ALK cells with WBCs were
first processed through the MagPure chip for purification
and FISH was subsequently performed. The 5" ALK probe was
labeled with a red fluorophore and the 3’ ALK probe with a
green one (Fig. 5a). Representative images showing molecular
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FISH analysis in both WBCs and recovered A549 EML4-ALK
cells and comparison with unprocessed (control) cells can be
found in Fig. 5b. ALK-negative cells (i.e. control WBCs) show
an overlapping of 5' (red) and 3’ (green) signals, producing a
fused 5'3" signal (yellow signal). ALK-positive cells (spiked
A549 EML4-ALK cells) can be identified by a split of the 5'
(red) and 3’ (green) signals. Molecular analysis by FISH
performed before and after the purification step within the
magnetic chip enabled the preservation of EML4-ALK gene
fusion to be demonstrated in recovered A549 EML4-ALK cells.
From this result it can be deduced that (i) recovered cancer
cells were viable and structurally intact, and (ii) remaining
WBCs did not affect the analysis of recovered cancer cells.
Thus, the MagPure chip provides purified samples that can
be readily investigated via standard genetic analysis, which is
usually very difficult to conduct due to the large number of
contaminated WBCs. The compatibility of the magnetic chip
technology with the FISH assay has therefore been assessed
for the detection of ALK gene arrangement in mCTCs.

B. Liquid biopsy-based workflow

Enrichment and purification of mCTCs in human whole
blood via the two-step process. The MagPure chip was
integrated into the workflow as illustrated in Fig. 6. This
workflow consists of a RBC lysis step, followed by a size-
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Fig. 5 Compatibility of the MagPure chip with downstream molecular FISH analysis on enriched mCTCs. (a) Schematic of the CytoCell ALK
Breakapart FISH probe (https://www.ogt.com). (b) Fluorescence images of ALK-positive cells (A549 EML4-ALK) and ALK-negative cells (WBC)
before (left) and after (right) the magnetic purification step. Cells were stained using the CytoCell ALK Breakapart FISH probe and counterstained
with DAPI. The distinct separation of red and green signals (arrows) indicates a rearrangement in the 2p23 ALK-gene region in A549 EML4-ALK

cells. Scale bar: 10 pm.
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Fig. 6 Total workflow combining size-based pre-enrichment and magnetic purification for CTC isolation from whole blood samples. 1) Blood
sample collection and mCTC spiking. 2) RBC lysis. Lysed RBCs and platelets are removed by discarding the supernatant and the cell pellet (nCTCs
with residual WBCs) is resuspended in ClearCell resuspension buffer. 3) Size-based enrichment step through the ClearCell FX1 system. Tens to
hundreds of thousands of WBCs remain after this step. 4) Magnetic labeling of WBCs with 500 nm magnetic nanoparticles functionalized with
anti-CD45 and anti-CD15 antibodies (negative selection). 5) Magnetic-based purification step within the developed MagPure chip. This step allows
for high sample purity, a major criterion for subsequent analysis. 6) mCTCs are collected for downstream analysis (cell culture and phenotypic
studies). The whole workflow can be performed within 4 h. An overview of the typical output sample is given after steps 1, 2, 3 and 5. Created with

https://Biorender.com (accessed on 7th February 2022).

based enrichment step through the ClearCell FX1 system, a
labeling step, and finally a magnetic purification step
through the MagPure chip before subsequent analysis. The
cell viability was ensured during the workflow with Trypan
blue staining and showed a 92% viability after the two-step
separation process. Long-term cell viability was also verified
by performing a Live/Dead assay on recovered cells after 4
days of cell culture (see S7, Fig. S3, ESIt) and comparing their
viability with that of control A549 cells. The viability rate,
which was determined by analyzing 2000 cells, reached 90%
and 89% for recovered cells and control A549 cells (incubated
without WBCs), respectively. We therefore show that cell
viability is preserved after this two-step workflow.
Furthermore, we determined the enrichment
performances of the two-step workflow by assessing the
number of WBCs and A549 cells after each workflow step
(KOVA® slide counting). The CTC/WBC ratio was then
calculated for each step in order to underline the benefit of
the two-step separation process. In particular, two running
programs provided by the ClearCell FX1 instrument were
investigated. The CTC size cutoff of 14 um (program P1) can
be lowered by altering the flow ratios at the output (program
P3). This will result in a faster processing (30 min for P3
against 60 min for P1) but also in a higher number of
background WBCs. More information on these two programs
can be found in S1, ESIj Workflow performances are
summarized in Fig. 7a and b, including both P3 and P1
running programs, respectively. First, ClearCell program P3

This journal is © The Royal Society of Chemistry 2022

(Fig. 7a) enabled the WBC number to be reduced by a factor
300, from an initial number of 4.6.10” WBCs to a remaining
number of 1.4.10°. The mCTC recovery rate of the size-based
enrichment step using the P3 program reached 53.4 + 5.4%,
leading to a CTC/WBC ratio of 8%. Adding the MagPure chip
for further purification resulted in a 3 times higher CTC/
WBC ratio, which reached 25%. The combination of the two
separation methods led to a total depletion rate of 99.93 +
0.04%, with a final number of ~30000 WBCs. The achieved
low number of background WBCs can therefore facilitate
subsequent phenotypic and genotypic studies. ClearCell
program P1 (Fig. 7b) achieved a greater WBC depletion, with
~50000 remaining WBCs (against 140 000 with P3), resulting
in a CTC/WBC ratio of 40%. Finally, the combination of the
two sorting methods, P1 and MagPure chip, resulted in a
depletion rate as high as 99.986 + 0.004%, with a final
number of 7100 WBCs, and a recovery of 71 + 15%. It is
worth mentioning that the whole workflow could be
conducted in less than 4 hours, which shows the suitability
of this workflow in a clinical context, and ensures cell
viability preservation for subsequent analysis and culture.

Although CTC counts in patient samples usually range
between 1 and 1000 per mL of blood (2500 mCTCs per mL
were spiked here), the outstanding CTC/WBC ratio obtained
after the MagPure chip paves the way for downstream single-
cell studies.

As an example, single-cell RNA sequencing can explore
drug resistance mechanisms and help elucidate inter- and
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Fig. 7 Performances of the two-step separation process. (a and b) Average cell number for each step of the total workflow. The first enrichment
step was performed with (a) ClearCell program P3 or (b) ClearCell program P1. The second step consists of purification through the magnetic chip
via WBC depletion. The CTC/WBC ratio highlights the benefit of the magnetic chip for improved purity. Note: the whole workflow was performed
three times with ClearCell program P3 and twice with program P1. (c) Fluorescence images of cytospin spots with immunolabeled cells at various
stages of the workflow. The input is to represent a typical WBC concentration when no enrichment is conducted. The size-based enrichment step
(program P1) followed by the second magnetic purification allows for great background cell reduction by removing WBCs (in red). After ClearCell
enrichment, 41% of analyzed cells were A549 cancer cells (CY5-/FITC+). This value reached 84% after the magnetic chip. Scale bars: 2000 um.

intra-patient heterogeneity.®® Although it presents significant
challenges including preservation of RNA quality and single-
cell mRNA amplification,®® it could fill the gap in the
personalized medicine approach. The high purity achieved
after this two-step separation is highlighted in Fig. 7c, where
an overview of the immunolabeled cell spots at various stages
of the workflow is depicted. After processing through the
two-step workflow, cells were recovered for the phenotypic
study by immunofluorescence (IF) staining. IF staining has
remained the wuniversal gold standard to distinguish
recovered CTCs among background cells. In particular, it
allows morphological and phenotypical studies by targeting
specific molecules within cells. A549 cancer cells were
targeted by the anti-ALDH1 antibody and AlexaFluor-488
fluorophore (GFP) while WBCs were labeled with anti-CD45,
anti-CD15, and anti-CD41 antibodies conjugated to
AlexaFluor-647 (CY5). For both, the cell nucleus was stained
using DAPIL. In particular, to assess the benefit of the
additional magnetic-based purification step with the
MagPure chip, the output of the first size-based enrichment
step through ClearCell FX1 was divided into two: one half for
the direct subsequent immunofluorescence assay, the other
for processing through the MagPure chip and then the
immunofluorescence assay. This way, the outputs of ClearCell

Lab Chip

FX1 and the magnetic chip can be directly compared. What
can be observed in Fig. 7c is that the size-based enrichment
step enables a first WBC depletion in comparison with the
input. Nevertheless, the benefit of the additional magnetic-
based purification step appears even more clearly since
mainly green dots (A549 cells) are present in the spot and
excess background WBCs were for the most part removed.
The purity was determined by calculating the ratio of the
number of A549 cancer cells (CY5-/GFP+) to the number of
WBCs (CY5+/GFP). After ClearCell FX1 enrichment, a purity
of 41% was found and this value reached 84% after the
MagPure chip.

Highlights on mCTC heterogeneity in size and ALDH1
marker expression. Furthermore, zoomed fluorescence
images of immunolabeled cells at various stages of the
workflow are presented in Fig. 8a. The size-based enrichment
step enabled a first WBC removal (which is higher using
ClearCell FX1 program P1) and the second magnetic-based
purification step with the MagPure chip enabled achievement
of almost WBC-free A549 cell visualization, therefore favoring
the phenotypic study of rare cells. Finally, since a highly
purified sample was obtained after processing through the
magnetic chip, further heterogeneity studies on recovered
cancer cells were accessible. Indeed, as illustrated in Fig. 8b,

This journal is © The Royal Society of Chemistry 2022
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Size-based enrichment output ~ Magnetic-based purification output
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Fig. 8 Phenotypic analysis of collected cells allows investigating mCTC heterogeneity. (a) Fluorescence images of immunolabeled cells at various
stages of the workflow. A typical WBC concentration is given by the input. The pre-enrichment step using either program P3 or P1 allows for a
better visualization of A549 cancer cells. The second purification step enables an excellent WBC removal with mainly A549 cells remaining. Scale
bars: 100 um. (b) Fluorescence image showing heterogeneous cancer cell size (blue circle example) and ALDH1 expression level (pink circle
example); scale bar is 100 um. (c) Measurement of the cancer cell size and ALDH1 expression level reveals heterogeneities among cells. Cell
diameter and ALDH1 expression were established from DAPI and GFP signals, respectively. Cells were processed with ClearCell program P1 as the
first size-based separation step.

recovered cancer cells are heterogeneous in both size and  surface marker expression heterogeneities were studied. Cell
ALDH1 expression level. In particular, cell size and ALDH1  diameter and ALDH1 expression measurements are reported

Table 1 Comparison of the two-step workflow performances with those of other reported CTC isolation devices

u-MixMACS Nagrath's
MagRC chip iFCS CTC-iChip group This work
Separation method Magnetic Magnetic ~ Magnetic  Size + magnetic Size + Size + magnetic
magnetic
EpCAM-dependent  Yes No No No Yes No
Throughput 0.5 18 12 9.6 3 3.5
(mLh™)
Blood volume (mL) 10 5 ~10 10 1 7.5
Total processing 96 6 NA 6-7 NA 3-4
time (h)
Recovery 93% 94% 99% 98% 90% 71% (79%)”
Depletion 99.98% 99.63% 99.95% NA NA 99.99%
Remaining WBCs 2000 NA 533 445 42.4 947
per mL
Downstream IF, phenotype and protein IF IF, cell IF, imaging flow IF, qRT-PCR 2D/3D cell culture,
analysis profiling, RT-qPCR culture cytometry IF, FISH
Ref. 11, 72 75 14 73 76 —

“ Recovery of the MagPure chip only.

This journal is © The Royal Society of Chemistry 2022 Lab Chip
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in Fig. 8c. The cell diameter and ALDH1 expression were
established from DAPI and GFP signals, respectively. The
recovered A549 cancer cell diameter ranges from 5.4 to 28
pm and ALDH1 expression varies between 3000 and 50 000 a.
u. ALDH1 is a marker of cancer stem-like cells, and its
expression is associated with an aggressive phenotype and an
augmented epithelial-mesenchymal transition,”””* which can
result in poor prognosis. Thus, being able to quantify the
ALDH1 expression level could help determining patient
prognosis.

Besides, the observed size overlap between A549 cells
and WBCs (in the diameter range of 5-15 pum) reveals the
challenges in size-based sorting methods (see S8, Fig. S4,
ESIf). The additional immumomagnetophoretic-based
purification step allowed for further WBC depletion,
reducing their number by ~7.5 (from average 53000
WBCs after P1 to 7100 after the MagPure chip). This
study highlights that, in addition to providing purified
and viable cell samples, the MagPure chip enables the
recovery of CTCs independently of their size or marker
expression. These criteria are highly requested given the
reported heterogeneity of CTCs.”>"*

Comparison of the two-step separation process with other
existing technologies. The performances achieved by the two-
step workflow compete with CTC isolation devices reported
in the literature. In particular, the performances were
compared to immunomagnetic-based sorting mechanisms
(positive or negative selection) and the importance of
combining size- and magnetic-based separation to deplete a
maximum number of WBCs to improve purity was
highlighted. Results are summarized in Table 1. From an
initial whole blood sample volume of 7.5 mL, the remaining
WBC count reached 947 WBCs per mL. This depletion of
99.99% is one of the highest reported in the literature.
Moreover, the whole separation workflow can be completed
in 3 to 4 hours and can therefore be perfectly integrated into
a clinical context (cell manipulation, routine timeframe, etc.).
In addition, this liquid biopsy-based workflow is not only

EpCAM-independent but also compatible with several
downstream analyses such as 2D/3D cell -culture,
immunofluorescence assay, and FISH. Finally, the

microsystem is compact (integrated permanently magnetized
micro-traps) and easy-to-use, making the whole protocol
adaptable to the end users. Recovery still needs to be
improved as some CTCs are lost in the ClearCell FX1 system
(S1, ESIt) and during the injection procedure as described
previously.

Conclusion

We have developed a magnetophoretic-based microfluidic
chip, the MagPure chip, for tumor marker- and size-
independent isolation of CTCs via negative depletion of
WBCs. This study first dealt with the optimization of the
magnetophoretic trapping intrinsic performances of the
chip, through enhancement of the WBC magnetic labeling,

Lab Chip
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improvement of the microfluidic chamber integrating
permanent micro-magnets, and determination of the
operation fluidic conditions. Notably, the developed
magnetic device does not require complex and expensive
fabrication processes like conventional systems.

The adopted composite approach enables the
straightforward integration of dense arrays of permanently
magnetized micro-traps that generate large magnetic
forces, leading to compact magnetic devices. The
developed magnetophoretic chip achieved an average WBC
depletion efficiency of 87% (corresponding to the average
ratio of labeled WBCs) and an average mCTC recovery rate
of 81%. Furthermore, the MagPure chip compatibility with
conventional biological studies, including 2D and 3D cell
culture, as well as phenotypic and genotypic analyses, was
demonstrated. Indeed, processing through the MagPure
chip ensured the preservation of recovered cancer cell
viability and integrity. After conducting these studies on
model blood samples with spiked cancer cell lines, the
magnetic chip was combined with a size-based separation
system, the ClearCell FX1, to benefit from both
technologies' advantages. It is worth mentioning that the
developed purification step through the MagPure -chip
could be combined to any pre-enrichment step. The
designed two-step workflow led to high-throughput and
high purity, with a final mCTC recovery efficiency of 70%
and a WBC depletion rate as high as 99.99%, with an
average contaminating number of WBCs per mL of 947
after the ClearCell P1 enrichment program and magnetic
purification. The separation protocol is performed on 7.5
mL of blood and takes between 3 and 4 hours. The
highly purified sample thus obtained enabled downstream
analysis such as long-term cell culture and phenotypic
analysis. Such subsequent studies are crucial to relate to
clinical decisions and personalized medicine strategies.

This work demonstrated the value of emerging
microfluidic and magnetophoretic  technologies  for
characterizing liquid biopsy samples, an important

research topic that will lead to changes in the paradigm
of cancer diagnosis and management. Future work will
consist in assessing the two-step workflow performances
in a clinical context by isolation of CTCs from patient
samples.
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