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Abstract: Magnetic cell separation has become a key methodology for the isolation of target cell
populations from biological suspensions, covering a wide spectrum of applications from diagnosis
and therapy in biomedicine to environmental applications or fundamental research in biology. There
now exists a great variety of commercially available separation instruments and reagents, which has
permitted rapid dissemination of the technology. However, there is still an increasing demand for new
tools and protocols which provide improved selectivity, yield and sensitivity of the separation process
while reducing cost and providing a faster response. This review aims to introduce basic principles
of magnetic cell separation for the neophyte, while giving an overview of recent research in the field,
from the development of new cell labeling strategies to the design of integrated microfluidic cell
sorters and of point-of-care platforms combining cell selection, capture, and downstream detection.
Finally, we focus on clinical, industrial and environmental applications where magnetic cell separation

strategies are amongst the most promising techniques to address the challenges of isolating rare cells.

Keywords: magnetophoresis; continuous flow separation; rare cell isolation; magnetic labeling;
micro-magnetofluidics

1. Introduction

Cell separation is a critical step in biological and biomedical research areas as diverse as
biodetection, drug testing, tissue engineering, cell-based therapies and clinical diagnostics.
Isolating a cell population from a heterogeneous sample enables the identification, study,
and analysis of specific cell types, while reducing contamination from others. Many criteria
must be considered in the choice of a cell separation strategy, depending on the application
and its requirements and constraints in terms of throughput, purity, viability of recovered
cells, yield, labeling, ease of use, cost and processing time. For instance, minimizing
cell loss and maximizing cell purification efficiency are often crucial aspects in cell-based
therapeutics [1], where consistency of the isolated cell population is essential to ensure
adapted cell transplant. Despite the variety of already existing cell purification approaches,
there is a constantly increasing demand for the development of separation devices with
improved performance, capable of processing large sample volumes, while enabling the
accurate sub-selection of potentially rare target cell populations.

Magnetic-activated cell sorting (MACS) and fluorescent-activated cell sorting (FACS)
are amongst the most widely used cell separation approaches, together with density
gradient methods and methodologies based on adhesion [2]. FACS cell sorters represent
powerful equipment enabling high cell-sorting rates (>50,000 cells/s) [3] and high purity
(approaching 100%). Moreover, FACS is quite versatile since it allows separation of cells
according to their surface markers, as well as size and granularity, based on fluorescent
properties or scattered light. Multicolor staining is also possible with some instruments,
which enables purification of rare populations that can only be differentiated by their
combined expression of several surface markers. The autofluorescence displayed by some
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cells can, however, interfere with specific fluorescent probes in flow cytometric analysis [4],
although it can be exploited in some cases [5].

In the case of MACS, the cell-targeting principle (which consists in attaching magnetic
beads to a specific cell population) and the physical separation process (i.e., selectively
retaining those cells on a column) are more intimately related, as they conjointly exploit
magnetism, which facilitates sorting [6]. Consequently, MACS commercial instruments
are less sophisticated, more compact, and much less expensive than FACS. There are a
variety of benchtop magnetic cell sorters, either manual (e.g., BioLegend MojoSort™,
Invitrogen DynaMag™) or automated (e.g., Miltenyi Biotech autoMACS®, RoboSep™
from STEMCELL Technologies), and, in contrast to FACS, the intervention of a trained
operator is usually not required for their utilization, which is also less time consuming [7].
However, with FACS, cells are analyzed and sorted one-by-one, while MACS performs
a bulk separation. Therefore, despite a lower processing time with MACS, a higher pu-
rity of the desired cell population is typically achieved by FACS [1,8]. A number of
studies have attempted to compare the ability of FACS and MACS to isolate specific cell
populations [7,9,10].

There exist many alternatives to FACS and MACS for cell separation, exploiting other
approaches and which have reached different stages of technical maturity. In particular,
the constant need for integration of more functionalities and for improved performance
has led to the development of a variety of microfluidic tools exploiting different sorting
mechanisms and making use of different cell phenotypic traits. Despite the fact that these
new technologies face a set of challenges for their commercialization [11], they offer great
promise for pushing the limits encountered with cell separation and meeting a range of
needs, from debulking to rare cell isolation [12,13] and detection. Many research efforts are
currently focused on building cell-sorting devices relying on microfabrication technology,
because miniaturization offers many advantages, such as reduced footprint, as well as low
power and reagent consumption. Moreover, working at the microscale allows amplification
of actuation effects when forces involved depend on a field gradient, due to favorable
scaling laws, as is the case with active separation methods, such as dielectrophoresis,
acoustophoresis, optical trapping and magnetophoresis. There are several recent reviews
in the literature that provide an overview of microfluidic passive [14,15] and active [16-20]
separation methods, the former exploiting more or less complex microchannel geometries
and the latter requiring the use of a field source. Passive separation methods mainly
exploit differences in cell size and shape. Despite their simplicity, they offer less flexibility
than active methods, which exploit more separation criteria. Compared with other active
methods, such as dielectrophoresis [21,22] or acoustophoresis [23,24], those based on
magnetic force offer a variety of advantages [25], including higher portability, absence
of heating effects potentially detrimental to cells (except in some specific cases where
electromagnets are used), this independently of the ionic strength [26], and high selectivity
conferred by magnetic cell tagging whenever required. Additionally, magnetic fields
can penetrate non-magnetic materials, such as plastics or glass, commonly used in cell
separation experiments. Moreover, miniaturized solutions based on magnetism can be built
on existing protocols and reagents already developed for MACS, while being applicable
to much lower volumes of suspension. The combination of magnetism and microfluidics,
also referred to as magnetofluidics, provides increased spatial and temporal control of cells,
improving the resolution of separation and facilitating continuous flow processing [27]. It
also enables the integration of entire analytical procedures, from sample pretreatment to
downstream analysis, inside a unique device which can be used at the point of care.

The present paper aims to provide an overview of recent research in magnetic cell
separation, covering various aspects, from specific cell targeting strategies to the design
and fabrication of new magnetic separation platforms and related applications. The next
section introduces the theoretical background required for understanding the role of the
different parameters affecting the efficiency of the magnetic separation process.
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2. Theoretical Background
2.1. Magnetic Behavior of Materials

This paragraph aims to briefly describe the magnetic behavior of materials at play in
magnetic cell separation, namely cells, water and ions composing their immersion medium,
magnetic beads attached to cells and magnetic field sources.

Faraday’s work has shown that any substance can be magnetized in the presence of a
magnetic field [28]. The magnetic susceptibility of a material, denoted ;, reflects its ability
to magnetize in the presence of an external magnetic excitation generated using permanent
magnets or conductors carrying an electric current. It is defined as the ratio of magnetization
M (magnetic dipole moment per unit volume) to the applied magnetizing field intensity H.
Materials can be classified into three main categories based on the value of x: diamagnetic
(—1< x <0), paramagnetic (0 < y < ~10~2) or ferromagnetic (x > 10~2 — ~10°). The relation
between M and H is linear in the first two groups and non-linear in the last one (Figure 1).
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Figure 1. Magnetic properties of materials. (A) Magnetization curves (M-H) of diamagnetic, paramag-
netic and ferromagnetic materials. The dotted line on the red curve corresponds to superparamagnetic
behavior. Mg, and M, refer to saturation and remanent magnetization, respectively. (B) Classification
of materials according to their susceptibility value (volume susceptibility, SI units).

Most cells and other biological materials are diamagnetic and their susceptibility gener-
ally falls within a range of about £20% from the susceptibility of water
(x= —9.05 x 10~ in SI units) [29]. There are few exceptions, such as magnetotactic bacteria,
which synthesize intracellular nanoparticles of magnetite and use them as tiny compasses
to navigate in the direction of the Earth’s magnetic field [30-32]. Diamagnetic materials
magnetize weakly in the direction opposite to the applied magnetic field. The induced
magnetization cancels when the external field is removed.

Paramagnetic materials have a small, positive susceptibility. In these substances, the
induced magnetization is also weak, but still hundreds to thousands of times higher than
in diamagnetic materials, and points in the same direction as the applied field. On removal
of the external magnetic field, paramagnetic materials also lose their magnetism. These
substances include ions having unpaired electrons. For instance, manganese (Mn?*) and
gadolinium (Gd®*) ions, used as MRI contrast agents, are paramagnetic.

Ferromagnetic materials exhibit a large, positive magnetic susceptibility. They are
magnetized easily and, as the external field is increased, the induced magnetization reaches
a limiting stage called saturation (Ms;). A part of this magnetization is retained after
external field removal, which is referred to as remanent magnetization (M;,). The most
common ferromagnetic materials are iron, nickel, cobalt and their alloys, and alloys of
rare earth metals used for the fabrication of electromagnets or permanent magnets. Su-
perparamagnetism is a form of magnetism which appears in ferromagnetic nanoparticles
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of diameter below several tens of nm [33], exhibiting a single magnetic domain. These
particles present a high susceptibility at low magnetic fields, followed by saturation at
a few hundreds of mT. Moreover, once the external field has been removed, they do not
retain any residual magnetization. Commercial superparamagnetic microspheres used
for cell separation are usually composed of superparamagnetic nanoparticles (typically
Fe;04 magnetite or y-Fe,O3; maghemite) embedded in a polymeric matrix [34]. The re-
sulting microbeads retain a superparamagnetic property with tunable size. The absence
of remanent magnetization prevents their agglomeration and facilitates redispersion after
storage. The rich possibilities of coatings combined with the ability to respond to the
external magnetic field make magnetic nanoparticles a universal tool for the separation
of small molecules, biomolecules and cells. The preparation and applications of magnetic
micro- and nano-particles have been extensively reviewed elsewhere [35-39].

2.2. Magnetic Force Expression

Magnetophoresis (MAP) refers to the motion of a particle in a non-uniform mag-
netic field B. A particle placed in such a field can be assimilated to a magnetic dipole of
moment m and of magnetic potential energy Uy, = —m.B. It then undergoes a force
Fiuag = —VUmeg = (m.V)B, where V is the del operator. For a diamagnetic or paramag-
netic particle of volume V), and susceptibility x, immersed in a medium of susceptibility
Xm , the net magnetic moment is given by: m = ()(p — Xm) VpH, which leads to:

1% V,Ax
Finag ~ (Xp —Xm)ﬂ—z(B.V)B = Zpyo VvV B2 (1)

with Ax = (xp — xm) and po = 47110~ H/m.

Equation (1) shows that the existence of a force acting on the particle is conditioned by
use of a non-uniform field, as the term V B? reflecting the spatial variation of B? cancels
when the field is uniform. It also indicates that the direction of particle displacement
depends on the sign of the magnetic contrast factor Ax. If Ax > 0, the particle moves to
regions of highest field strength. This case, referred to as positive MAP, typically occurs
when a paramagnetic particle (x, > 0) is immersed in an aqueous medium (x,; < 0).
Conversely, if Ax < 0, the particle is repelled towards regions of lowest field strength. This
phenomenon, called negative MAP, is, for instance, encountered when a diamagnetic cell
(xp < 0) is placed in a medium enriched in paramagnetic ions (x, > 0) [40-42].

The linear response described by Equation (1) applies well to biological particles,
which are generally diamagnetic. In the case of superparamagnetic beads, often used
to label cells, this response may prove to be non-linear. Beyond a certain intensity of
the excitation field, the magnetization is no longer proportional to the applied field and
becomes constant (Ms,). The force is then proportional to the gradient of B, rather than
that of B2:

Finag = MsatVy(ep.V)B 2)

where ep is a unit vector, oriented according to the direction of the applied field.

Equations (1) and (2) also show that the greater the spatial variation of the magnetic
field (large value of the gradient term), the higher is the force intensity. This explains why
downscaling permanent magnets can greatly increase the attraction forces generated on
magnetic nanoparticles [43,44]. A permanent magnet can be assimilated to a dipole of
moment m producing a magnetic field of expression:

B(r) = (%or )W 3)

with m = VM where V is the volume of the magnet and M its magnetization and u is the
unit vector oriented from the dipole to the considered point, separated by a distance r.
While the distance r varies in L, the volume V varies in L3. As the magnetization is an
intrinsic property of the material, it remains constant and consequently the moment m also
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varies in L3. Thus, according to Equation (3), the field magnitude normalized by magnet
size remains unchanged when downscaling, as illustrated in Figure 2A,B. At the same time,
when the scale is reduced by a factor k, the field gradient, defined as the field variation over
the distance, is multiplied by k (Figure 2C). The volume force acting on a magnetic particle
is thus also multiplied by the reduction factor k, as it is proportional to the field gradient

(from Equation (1) or Equation (2)). Further analysis of magnetic scale reduction effects can
be found elsewhere [45].
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Figure 2. Illustration of scale reduction effects on the magnetic field produced by a permanent magnet.
(A) The topology of the field around the magnet is preserved upon downscaling. (B) If we reduce the
size of the magnet by a factor of 10, the field magnitude is identical at the same distance reduced by a
factor of 10. (C) At the same time, the magnetic field gradient is multiplied by a factor of 10.

2.3. Magnetophoretic Velocity

The magnetophoretic velocity of a magnetic bead in a fluid is determined by both
the magnetic force expression and by the resistance exerted by the surrounding fluid, or
viscous drag, which can be evaluated by the Stokes equation:

F; = 6mtyRv 4)

where 7 is the dynamic viscosity of the fluid and v is the particle velocity relative to
the fluid.

For a spherical magnetic bead of radius R under magnetic saturation, the magne-
tophoretic mobility can be deduced from Equations (2) and (4) leading to ¢ = %ﬁf’”, (by
neglecting gravitational and buoyant forces and assuming a quasi-static motion of particles,
the two forces equal each other F; + F5g = 0). For instance, the values of {; and ¢; for
two particles of similar magnetic saturation Mg, = 15 kA /m and respective radii Ry=2 pm
and Rp= 200 nm in water are ¢; = 1.33 x 107> m?/(T.s) and & = 1.33 x 1077 m?/(T.s).
Consequently, magnetic field gradients of ~75 T/m and ~7500 T/m would be required,
respectively, to induce a motion of these particles at 1 mm/s, relative to their suspending
medium (for  of water). To make similar estimations in the case of cells labeled with N
nanoparticles of volume V), one should consider different expressions for F; and Fiuag,
because in the first, the radius is that of the equivalent radius of the labeled cell R,;, while
in the second, only the (total) volume of magnetic material should be taken into account,
leading to Fy = 67177 Reqv and Fiuag = NMsat V) (ep.V)B.

As shown above, the knowledge of the magnetic moment of a particle or of a mag-
netically labeled cell enables estimation of its magnetophoretic velocity. Conversely, the
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observation of particle displacement under a magnetic field can be used to determine
its magnetic moment and potentially evaluate the average number of magnetic particles
grafted on a cell. This can be particularly useful for magnetic force evaluation required in
the process of designing new cell separators and establishing new protocols. Cell track-
ing velocimetry (CTV), a technique pioneered by Chalmers and colleagues [46], allows
estimation of these parameters based on the velocity measurement of individual particles
microscopically tracked in a nearly constant, well-defined, magnetic energy gradient. It has
previously been applied to magnetic particles, polystyrene microbeads, and magnetically
labeled and unlabeled cells [47,48].

In summary, the force exerted on labeled cells results from a complex interplay between
several parameters, such as the particle size, magnetization, number of particles grafted on
each cell, and the magnetic field gradient. The concentration of magnetic objects also has
an impact on their migration through the effect of cooperative MAP (i.e., chain formation
and aggregation) [49].

3. Cell Selection Strategies

This section focuses on the different approaches available to target cells, based either on
magnetic tagging or on label-free strategies. Table 1 summarizes their respective advantages
and disadvantages.
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Table 1. Comparison of several cell selection strategies.

Cell Selection

Strategy Advantages

References

Disadvantages (Examples)

METHODS INVOLVING CELL LABELLING

Based on Cell Surface Markers

- Fast and specific
Antibodies - Widespread use, wide range of commercial antibody-magnetic bead
conjugates/labeling kits available

- High cost of production, including purification [50]
- Preparation based on animal systems
- Variations between batches
- Antibody-based cell labeling remains difficult to reverse,
even though release approaches tend to emerge [52-54]
- The inherent immunogenicity of antibodies may be an
obstacle for downstream therapeutic applications [51]
- Undesired intracellular signaling cascades can be
triggered upon binding

- Small size (©: 2—3 nm), which enables accurate quantification of the cell surface
markers and enhanced resolution in identifying distinct subpopulations.

- Obtained by chemical synthesis, which leads to reproducible properties and
facilitates modification with functional groups and different labels

- Simple and cost-effective production

- Aptamers are stable under various conditions (pH, temperature) [55,56]

- Cells captured using aptamers can be released using nucleases or the aptamer’s
complementary strand

- Low to no immunogenicity

- Long-shelf life

Aptamers

- Application of aptamer is still in development phase, due
to well-established use of antibodies

- Time consuming selection process

- Possible endocytosis of the aptamer-magnetic particle
conjugates [57] (although this is exploited for therapeutic
applications).

[58-61]
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Table 1. Cont.

Cell Selection . References
Strategy Advantages Disadvantages (Examples)
Based on DNA or RNA internalization
Reporter genes - No need to identify existing cell surface markers for antibody recognition - Transgenic sequences remain in the target genome [1] [62,63]
- cell genetic content is preserved inside the cell but the
Fishing - Applicable to unculturable cells for which antibodies are not available latter is no longer viable due to treatment with chemical [64-67]
fixative such as paraformaldehyde.
Endocytosis - Simple way to provide magnetic properties to cells, such as macrophages - Some internalization pathways are limited to certain cells  [68]
LABEL FREE APPROACHES
. . No need for magnetic labeling, which leaves the cells untouched and reduces the - Very few cells present a significant susceptibility contrast
Intrinsic magnetic less ti . ith biological media (al t exclusivel licable t
ties of cells cost, less time consuming with biological media (almost exclusively applicable to [69-73]
propet Applicable in classical biological media blood fractionation and magnetotactic bacteria)
) Applicable to "non magnetic particles - The magnetic susceptibility x;; of paramagnetic salts is
- No need for magnetic labeling (reduces . . .
. . - . relatively weak and their concentration may need to be
Paramagnetic fluids cost, less time consuming) . . - . [74,75]
. - . high to induce a sufficient MAP contrast which can lead to
- Possible exploitation of a repulsive force . NS
. biocompatibility issues
. . - Transparent fluids
Adjusted properties
f th di
of he meditm - Applicable to "non magnetic" particles - Possible accumulation of ferrofluid nanoparticles in areas
- No need for magnetic labeling (reduces of high magnetic flux density
Ferrofluids cost, less time consuming) - The opaque nature of a ferrofluid makes visualization of [77-81]

- Possible exploitation of a repulsive force
- Rapid magnetic reaction
- Flexible fluid properties [76]

the sample difficult [74].
- Nanoparticle coating required to ensure better
biocompatibility and colloidal stability




Magnetochemistry 2022, 8, 11 9 of 45

3.1. Approches Based on Cell Surface Markers

The most popular approaches for selective purification of cells based on magnetic or
fluorescence-assisted cell sorting are based on affinity. They rely on the use of ligands tar-
geting cell-surface markers and offer the advantage of providing high target specificity [50].
In the case of magnetic cell separation, the selectivity is ensured by decorating magnetic
beads with biological ligands, such as antibodies and proteins, or synthetic ligands, such as
aptamers and peptides [58].

e Antibodies

The predominant approach used for magnetic cell separation exploits antibodies
conjugated to magnetic beads, thereby forming a complex that selectively binds to cells
expressing the corresponding epitope (direct labeling). Alternatively, cells can be labeled
using a two-step procedure (indirect labeling), in which they are first labeled with a primary
antibody directed against a cell surface marker. Then, a secondary antibody conjugated to
a magnetic bead binds to the unconjugated primary antibody or to a molecule (e.g., biotin,
fluorochrome) itself conjugated to the primary antibody. This two-step indirect labeling
method may be indicated for applications involving antigens that are not expressed clearly,
as greater sensitivity can be achieved due to the signal amplification resulting from the
increased number of sites available for MNP attachment [82,83]. There also exists a third
approach, used for instance in the EasySep™ technology from STEMCELL, in which a
tetrameric antibody simultaneously targets a cell surface marker and a magnetic particle
added in a second step [47,84] (Figure 3A).

Many commercial anti-body magnetic bead conjugates are readily available for sorting
cells of various species (e.g., MACS® MicroBeads from Miltenyi Biotec), as well as kits
(e.g., Dynabeads® antibody coupling kit, Thermo Fisher) allowing coupling of antibodies,
lectins, enzymes, etc., to the surface of superparamagnetic beads to enable the targeting of
nearly any cell types [85].

Considerable effort has also been directed toward the development of MNP surface
modifications and coatings improving cell targeting efficiency [86]. The binding capacity
of the ligand can be increased using two-step [87] or multivalent binding strategies based
on tentacle-like structures [83,88,89] (Figure 3B). For instance, antibody-functionalized
dendrimers have been proposed as a solution to improve the hydrophilicity and increase
the amount of antibodies conjugated with MNPs, thereby enhancing the magnetophoretic
mobility of targeted cells [90].

A L
. > L®
o - o oM -
® .
1) 2) N 3) Magnet]lc DI;IA
= nanoclaw:
]
Antigen molecule L Primary antibody (Ab) @ Magnetic nanoparticle > —< Tetrameric
(MNP) antibody complex
@ Anti primary @ Anti fluorochrome ¥ Fluorochrome
A Ab- MNP conjugate antibody - MNP conjugate Clrculating Tumor Cells

Figure 3. Different labeling strategies based on antibodies. (A) (1) Direct labeling strategy. (2) Indirect
labeling. (3) Use of a tetrameric antibody complex, presenting two different affinities, one for the
target molecule on the cell and one for the magnetic particle. (B) Illustration of multivalent binding
strategy. Adapted with permission from [89]. Copyright 2019, American Chemical Society.

Depending on the downstream application, it must be considered whether the target
cells should be labeled with antibodies for subsequent positive selection (i.e., the labeled
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cells are retained in the isolated fraction due to attraction by the magnetic field, Figure 4A),
or if a negative selection strategy should be used to instead deplete the sample of an
undesired cell subset (i.e., unwanted cells are labeled, leaving the wanted cells untouched
for downstream use, Figure 4B). The main advantage of a positive selection strategy is
high purity, and this strategy is particularly well-suited for isolation of rare, precious
cells [91]. In some situations, it may be complicated to design an antibody cocktail allowing
depletion of all the non-target cells, which makes negative selection less efficient in this
respect. Relying on a large panel of antibodies for depletion also tends to increase the cost.
There are, however, some limitations to positive selection, especially when the expression
level of target antigen is low. Moreover, the antibody-magnetic bead conjugate may cause
unwanted intracellular signaling or cell activation and affect downstream use of the cells.
In such cases, negative selection is the preferred strategy.

/L
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Figure 4. Positive vs negative selection strategies. (A) Positive selection of circulating hepatocellular
carcinoma cells (HCC) from blood using nanoparticles targeting GPC3 antigen. Reproduced with
permission from [92]. Copyright © 2021 Chu et al. (B) Negative selection strategy for efficient isolation
of HCC using anti-CD45 antibody-modified magnetic nanospheres. Adapted with permission
from [93]. Copyright 2016 Elsevier.

Recovery of label-free cells after sorting can also be of interest, for instance, when
cell culturing is desired in the downstream [94]. Several commercial kits allow the detach-
ment of the beads from the cells if needed, such as EasySep™ Release from STEMCELL™,
Dynabeads® FlowComp™ or Dynabeads® CELLection™. In the latter, a DNA linker
between the beads and antibodies is cleaved using DNase after cell isolation, thereby
detaching beads and leaving only the antibodies on the cell surface. MACS Multisort
kits [95] also contain a release reagent which enzymatically removes the beads before a
second labeling step with beads directed against a second marker. Lu et al. have devel-
oped a biotin-triggered decomposable immunomagnetic system, in which peptide-tagged
antibodies designed by chemical conjugation are specifically immobilized on engineered
protein-coated magnetic beads. The interaction between peptide and engineered protein
could be competitively destroyed by biotin treatment, enabling the release of captured,
circulating tumor cells (CTCs) [96].

Miltenyi Biotech has recently commercialized a technology based on releasable anti-
bodies enabling the removal of both magnetic beads and antibody fragments after positive
cell selection. In the so-called REAlease™ technology, available both for fluorescent- [97]
and magnetic- [98] based sorting, conventional antibodies are replaced by engineered
antibody fragments having low affinity for surface markers in their monomeric state. When
multimerized in a biotinylated REAlease complex, they bind to cell epitopes with high avid-
ity. Upon addition of a release reagent, the complex dissociates from the cell surface due to
monomerization of the antibody fragments. Antibody-magnetic bead conjugates are then
released from the cell surface and previously blocked epitopes become available again for
re-labeling, which allows for sequential positive selection steps based on multiple markers.
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Despite their widespread use, antibody-based labeling approaches have some draw-
backs, such as high cost [99], sensitivity to temperature, and complex production. Therefore,
some other targeting probes, such as DNA aptamers or recognition peptides, tend to be
developed for cell isolation [100].

e Aptamers

Aptamers consist of single-stranded DNA or RNA oligonucleotides (typically 20-100 nucl-
eotides), with engineered affinity and selectivity for a specific target molecule. They are
synthetic compounds selected from libraries of random oligonucleotide sequences by an it-
erative process called SELEX (Systematic Evolution of Ligands by EXponential Enrichment),
involving incubation of oligonucleotides with the specific target for identification of high
affinity sequences after several rounds of selection and amplification [101]. Through SELEX,
aptamers can be practically selected against any targets, including proteins, bacteria, virus
and whole cells [102]. Due to their synthetic origin, they can also be selected for toxic
agents, as, unlike antibodies, they do not depend on the production of antisera in animals.
Their production is cheap and fast and very reproducible properties can be obtained with
low inter-batch variability [103]. During synthesis, they can be easily modified to facilitate
attachment of enzymes or other functional groups (e.g., amine, thiol) or labels (e.g., biotin,
fluorochromes) at defined positions within the sequence, which expands their chemical
diversity and allows their immobilization on magnetic beads. Biotin-labeled aptamers can
be attached to streptavidin-coated beads, for instance [104]. Aptamers present numerous
advantages, including high affinity, low cost and better stability, compared to antibodies.
They have matured considerably through the past two decades and many efforts have been
made to enrich and detect targeted cells using them. In particular, aptamer-functionalized
magnetic particles have attracted great attention in clinical diagnosis [105], for selective
extraction of target CTCs [104,106-111] (Figure 5A). Chen et al. have reported undesirable
endocytosis of aptamer-conjugated magnetic nanobeads during CTC separation and pro-
posed different strategies to minimize this issue [57,112], such as the use of multimerized
aptamer DNA strands, or tentacle DNA, immobilized on magnetic microparticle surface
(Figure 5B). The obtained “nanooctopuses” were protected from cellular uptake and max-
imized capture capacity. They could be removed after cell isolation to allow cell culture
through degradation of binding aptamer strands by DNase treatment.
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Figure 5. Aptamer-based cell isolation. (A) Aptamer-MNPs cocktail for CTC enrichment prior
to genetic analysis. Adapted with permission from [111]. Copyright 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (B) Aptamer-functionalized MNP, mimicking the tentacles of an
octopus for efficient CTC capture. Adapted with permission from [57]. Copyright 2019, American
Chemical Society.

Other approaches can be used for cell release after capture [113,114], such as temperature-
mediated disruption of cell-aptamer interaction [115]. Gray et al. used magnetic beads
loaded with the epidermal growth factor receptor (EGFR)-binding antagonistic aptamer
EO07 to specifically isolate EGFR-expressing cells. They demonstrated that E07 binding
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could be reversed by using an “antidote” [116] oligonucleotide complementary to the
aptamer, giving a pure population of ligand-free EGFR(+) cells [51]. A similar approach
was proposed by Kacherovsky et al. to isolate CD8+ T cells from PBMCs with MACS, prior
to aptamer binding disruption [117].

Although great improvements have been achieved, and despite the compelling ad-
vantages of aptamers, aptamer magnetic separation still faces obstacles for its widespread
use, partly due to lack of mature, standardized protocols and commercially available kits,
compared to its antibody-based counterpart. Many efforts relying on multidisciplinary
research are, then, still required to translate aptamer-based studies into more common
practice [118].

Other ligands

Peptides are short chains of amino acids offering great potential as synthetic affinity
ligands for bioseparation, due to their small size, good chemical stability, and lower produc-
tion cost, compared to antibodies. The selection of cell-specific peptides can be performed
with different approaches, such as phage-display peptide-library screening [50,119,120].
Bai et al. identified a peptide with high binding affinity to the epithelial cell adhesion
molecule EpCAM, a widely used biomarker for CTC detection (Figure 6A). This peptide
was attached onto MNPs through biotin—streptavidin interaction and the functionalized
MNPs could capture breast, prostate and liver cancers from spiked human blood with an
efficiency (90%) and purity (93%) comparable to MNPs functionalized with anti-EpCAM
antibodies [121]. The same group adopted a similar approach with a peptide demonstrating
high affinity for human epidermal growth factor receptor 2 (HER?2) [100]. Ding et al. have
demonstrated the applicability of the GE11 peptide for specific targeting toward EGFR [122],
a transmembrane protein overexpressed in many cancers [123]. They developed EGFR
peptide magnetic nanovesicles based on a derivative of this peptide, which demonstrated
high affinity for EGFR-positive cancer cells and have been used for efficient detection of
CTCs (Figure 6B).
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Figure 6. Peptide-based cell isolation. (A) Schematic illustration for (a) peptide screening and
(b) tumor cell isolation using peptide modified magnetic particles. Republished with permission of
the Royal Society of Chemistry from [121]; permission conveyed through Copyright Clearance Center,
Inc. (B) Construction of peptide magnetic nanovesicles with high affinity for EGFR-expressing cancer
cells for enhanced capture of CTCs. Adapted with permission from [122] Copyright © 2016 American
Chemical Society.

Peptide ligands can also be engineered to enable the control of their binding activity
and, therefore, allow for cell release upon exposure to different stimuli [50]. For instance,
Day et al. have developed azobenzene-cyclized peptide ligands with light-controlled



Magnetochemistry 2022, 8, 11

13 of 45

affinity for target proteins. Light triggers a cis/trans isomerization of the azobenzene,
which results in a structural rearrangement of the cyclic peptide from a non-binding to a
binding configuration. Their photo-switchable peptides targeted vascular cell adhesion
marker 1 (VCAM]1), and the light-activated biorecognition activity of these peptides was
demonstrated on brain microvascular endothelial cells expressing this marker [124].

Folic acid (FA) can also be used as a targeting ligand as folate receptors are overex-
pressed in various cancer cells, including breast, lung, kidney and ovarian cancers, the
expression in these carcinomas being 100-300 times higher than on healthy cells [125,126].
FA is a vitamin of small size (compared to antibodies), inexpensive, and non-immunogenic.
Liu et al. demonstrated ovarian cancer detection from whole blood using FA conjugated
magnetic iron oxide (IO0) nanoparticles, obtained by immobilizing FA conjugated to diamine
PEG (polyethylene glycol) on carboxylated IO nanoparticles via ethyl (dimethylamino-
propyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling. The separation effi-
ciency of spiked ovarian cancer SKOV3 cells in whole blood mixed with IO-FA nanoparticles
was 61.3% for an abundance of 450 cells in 1 mL [127]. The same group demonstrated
detection of ovarian cancer CTCs using BSA-coated magnetic nanoprobes modified with
FA through a PEG linker [128]. To increase the labeling efficiency, they also proposed a
two-step binding strategy for FA attachment on magnetic particles, exploiting multivalent
binding characteristics of the biotin-streptavidin system [129]. This streptavidin-biotin
mediated amplification could also be combined with FA conjugation on polyamidoamine
(PAMAM) dendrimers, providing a cascade amplification system [130].

3.2. Approches Based on DNA or RNA Internalization
e Integration of reporter genes

Cell-sorting methods based on affinity rely on the identification of a target receptor
on the cell of interest. However, transgenic approaches can also be used to induce ex-
pression of a surface marker which can be recognized by a ligand coupled to MNPs [62].
Mejia-Pous et al. developed a transposon-mediated gene transfer technique to transfect
cells with a plasmid construct harboring both the desired transgene and a surface marker
coding sequence for subsequent cell isolation using MACS [131]. The MACSelect™ Sys-
tem, commercialized by Miltenyi Biotec, enables the enrichment of cells transfected with
a vector encoding truncated CD4 molecules or low-affinity nerve growth factor receptor
(LNGEFR) surface markers, used either for cotransfection with a vector containing a gene
of interest or for cloning the gene of interest. After cell transfection, cells expressing the
marker are magnetically labeled with MACSelect MicroBeads for subsequent enrichment
using a MACS separator. The fact that the expressed antigen lacks its intracellular domain
could reduce the risk of immunogenicity [132].

Matheson et al. developed an antibody-free magnetic cell sorting strategy, in which
transfected or transduced cells co-express a gene or shRNA of interest with a cell surface
affinity tag comprising a 38-amino-acid streptavidin-binding peptide. Cells could then be
isolated after incubation with streptavidin-conjugated magnetic beads. Magnetic particle
detachment could also be achieved through competition by incubation with excess biotin,
leaving cells ready for use in downstream applications [63]. Genetically modified primary
human CD4+ T cells have been enriched at a purity of 99% using this approach. Recently,
Shen et al. have shown that HeLa cells could be transfected with a plasmid containing
a gene encoding the K3 coiled-coil-forming peptide to induce its expression on the cell
membrane and use it as a selection marker for sorting [133] (Figure 7). Cells were immobi-
lized using iron oxide particles coupled to the E3 peptide, interacting with K3 to form a
heterodimeric coiled coil system with a micromolar dissociation constant. The coiled-coil
peptides could be degraded by trypsin, allowing cell detachment from the particles.
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Figure 7. Specific isolation of cells transfected with a plasmid encoding the K3 coiled-coil forming
peptide. Reprinted with permission from [133].

e  Magnetic fishing

Other approaches based on DNA were also developed in the field of microbiology, to
answer the need of cultivation-independent methods for sorting of bacterial cells. The use
of antibody-based sorting techniques may be hampered by the need to recover enough anti-
genic molecules to produce antibodies, which limits their application to culturable bacteria,
representing only a small percentage of prokaryotic cells. In this context, the combination of
fluorescence in situ hybridization (FISH), using fluorescently labeled oligonucleotides that
target rRNA, and flow cytometry, has become a method of choice for detection of bacteria
in environmental samples [134]. A magnetic version of this approach was proposed by
Stoffels et al., who introduced the concept of probe-based cell fishing [64]. This approach
implies in situ hybridization of biotin-labeled polynucleotide transcript probes with specific
regions of the target bacteria rRNA. Due to the probe size, it was hypothesized [135] that
some probes or partial probes remain outside the cell, therefore allowing anchorage of
streptavidin-coated paramagnetic beads and subsequent isolation using a magnetic field.
Cells isolated using this method are not viable due to the fixation step performed with a
chemical fixative (typically paraformaldehyde), aiming at denaturing the bacterial cell wall
and achieving crosslinking of proteins. Nevertheless, fixed bacteria remain whole cells
fully exploitable for subsequent genomic analysis. Pivetal et al. combined this approach
(Figure 8A), referred to as MISH (magnetic in situ hybridization), with the use of a mi-
crofluidic cell sorter obtained by integrating a permanent micromagnet array in a PDMS
microchannel. The target Escherichia coli DH10 cells were enriched from an initial concen-
tration of 0.04% to a final concentration of 98.46% from an artificial cell mixture [136]. To
enlarge the panel of possible rRNA sequences that can be targeted, Royet et al. proposed
an approach inspired by HCR-FISH [137], using a combination of MISH and HCR (hy-
bridization chain reaction) [66] (Figure 8B). The same approach was recently validated on a
eucaryotic cell model by Bastian et al. [67].
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Figure 8. Magnetic fishing. (A) (a) Schematic illustration of magnetic in situ hybridization.
(b) E. coli bacteria targeted by this approach and trapped on an array of 7.5 x 7.5 pm? magnets.
Reprinted with permission from [65]. Copyright © 2014 Elsevier B.V. B. Principle of HCR-MISH.
(A) (a) and (B) reprinted with permission from [66]. Copyright © 2018 Elsevier B.V.

3.3. Endocytosis-Mediated Labeling

Diamagnetic cells can also acquire a magnetic load through the endocytosis process, by
which they internalize substances from their external environment. Based on this natural
process, MNPs can be transported into cells by vesicles invaginated from the plasma
membrane. The kinetics of endocytosis depends on the involved pathways [138,139] which
in turn depend on both the cell type and features of the nanoparticle, such as charge/surface
chemistry, shape and size. The quantity of nanoparticles internalized by cells can be
adjusted by tuning their initial concentration in the solution, as well as the incubation
time [140]. Robert et al. have demonstrated that monocyte-derived macrophages could be
separated from their respective native monocytes in a microfluidic magnetophoresis device
based on their increased endocytotic capacity. A purity of more than 88% and an efficacy
higher than 60% were achieved, at a throughput of 10 to 100 cells.s ! [68].

3.4. Label-Free Magnetic Cell Sorting

Magnetic cell separation usually relies on a preliminary cell labeling step. However,
this approach has some drawbacks, such as cost and difference in magnetic responses from
one cell to another due, for instance, to variability in marker expression across a cell popula-
tion. Label-free cell-sorting approaches based on negative MAP (or “diamagnetophoresis”)
are therefore an appealing alternative to this well-established strategy. They offer the great
advantage of leaving the cell unaffected, which is an asset for downstream use or analysis.

3.4.1. Adjusting Magnetic Properties of Cell Surrounding Medium

Manipulation of diamagnetic cells (often referred to as “non-magnetic”), usually
requires tuning of their magnetic properties through magnetic labeling or MNP internal-
ization to obtain significant forces, as developed in the previous section. This strategy
essentially allows the application of an attractive MAP force. It is, however, possible
to apply a repulsive magnetic force on cells by instead increasing the susceptibility of
their surrounding medium, thereby increasing the absolute value of the susceptibility
contrast factor Ax = (xp — xm) (in Equation (1)), which becomes negative. In these condi-
tions, unlabeled particles are pushed towards low field intensity regions. This so-called
“magneto-Archimedes effect”, combined with microfluidics, offers a wide range of applica-
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tions, which were recently reviewed [78,141,142]. While many studies concern trapping,
focusing or separation of particles, such as polystyrene beads employed as an easy-to-use
model (for calibration and optimization), we focus here on biological cell separation, which
has benefited from progress made in the synthesis of biocompatible fluids. Exploitation of
diamagnetic repulsion enables manipulation of cells, while avoiding the need for cell-bead
conjugation and associated washing steps, and reduces the dispersion of behaviors in
terms of ligand-receptor interactions or endocytotic capacity, even for the same type of
cells [68]. Increasing the value of X, can be achieved by using a paramagnetic salt solution
or a ferrofluid. Paramagnetic fluids offer the advantages of low cost and transparency,
which allows visualization of suspended particles [143]. They are generally prepared by
using paramagnetic metal ions, such as Mn?* and Gd3*, and an organic chelating agent or
halide, such as diethylenetriaminepentaacetic acid (DTPA), which can bind to these metal
cations [40,142]. Chelation of gadolinium by organic ligands was shown to decrease its
toxicity to acceptable ranges. Halide salts, such as MnCl, [144] or GdCls [26] and MRI
contrast agents, such as Gd-DTPA [26,40], have been used in experiments with cells. How-
ever, the concentration of paramagnetic solutions must be limited, as possible adverse
effects on cells have been reported above a few tens of mM, such as inhibition of cell
division [40]. The magnetic susceptibility of prepared solutions, and, by extension, the
magnetic contrast factor value Ay, consequently remain low. This manipulation strategy is,
therefore, preferably combined with the use of integrated magnetic structures capable of
producing high magnetic field gradients [41]. Using this approach, Shen et al. successfully
achieved label-free separation of U937 cells from RBCs with >90% purity and 10° cells/h
throughput using a 40 mM Gd-DTPA solution [74] (Figure 9A). Recently, Sarigil et al. could
detect adipogenic differentiated cells mixed with a stem cell population based on magnetic
levitation in a paramagnetic medium containing gadolinium. Under the influence of the
magnetic field, cells were pushed towards a position at which the magnetic and buoyancy
force balanced, depending on their densities [145].

On their side, ferrofluids are colloidal suspensions of monodomain ferromagnetic
nanoparticles in a “non-magnetic” fluid [146]. Their magnetic susceptibility is significantly
greater than that of paramagnetic fluids. The nanoparticles, around 10 nm in diameter, are
typically made of magnetite (Fe3O4) or maghemite (Fe;O3) and coated with a surfactant
to improve biocompatibility and ensure colloidal stability [147]. Commercial ferrofluids
(such as water-based Ferrotec’s EMG series [148]), as well as custom-made biocompatible
ferrofluids [79] have been used for cell or bacteria manipulation. The biocompatibility of
several magnetic liquids was examined by Zhao et al. [142]. Concentration of magnetic
nanoparticles in ferrofluids should also be carefully adjusted as light diffraction makes it
difficult to directly observe cells, unless fluorescent markers are used [32]. An overview
of the ferrofluid-related designs and applications was given by Zhao et al. in a recent
review [76]. The Mao group has used ferrofluid-based negative MAP to separate cancer
cells from blood cells by exploiting their size difference [77,79,149] (Figure 9B). Liu et al.
gave a detailed overview of fundamentals of ferrohydrodynamic cell separation in the
specific case of CTCs and presented a new strategy for their efficient isolation using dia-
magnetic repulsion combined with magnetophoretic attraction of MNP-labeled, unwanted
WBCs [80].
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Figure 9. Label-free magnetic cell sorting. (A) Microfluidic cell separation based on the difference
in magnetic repulsive forces between two cells of different size in a paramagnetic salt solution. The
separation efficiency can be enhanced by increasing medium magnetic susceptibility from Xm1 to Xmo-
Reprinted with permission from [74]. Copyright © 2012, American Chemical Society. (B) Illustration
of cell separation in a ferrofluid. HeLa cells and smaller blood cells are deflected from their laminar
flow paths towards two different outlets by magnetic repulsion forces. Reprinted with permission
from [79]. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.4.2. Exploiting Cell Intrinsic Magnetic Properties

As stated in Section 2.1., most biological cells are composed of water, a diamagnetic
substance. However, specific cells contain paramagnetic materials and can then be sep-
arated from others based on their intrinsic susceptibility. The presence of iron atoms
in hemoglobin makes the RBCs less diamagnetic than water [150,151] (Ax > 0) in their
deoxygenated state, in contrast to other blood cells, such as platelets and WBCs. These
cells are therefore submitted to positive and negative MAP forces, respectively, and can
be separated in microfluidic devices under continuous flow. To compensate for the low
value of magnetic contrast factor Ay, when cells are in their native state, high magnetic
field gradients, as produced by integrated microstructures, are usually required [70-73].
Interestingly, Shamloo et al. have proposed reinforcing the effect of high magnetic field
gradients produced by a ferromagnetic track using a sheath flow directing cells toward it,
where the gradient was maximum. The negative magnetic force exerted on diamagnetic
CTCs and WBCs was then sufficient to repel them efficiently from the ferromagnetic wire,
where RBCs were attracted [152].

4. Cell Separation Devices
4.1. Magnetic Cell Separator Designs

As indicated by Equations (1) and (2) (for unsaturated and saturated dipole, respec-
tively), the force exerted on a magnetically labeled cell depends on its magnetic moment
and on the magnetic field gradient (see Section 2). As a result, the choice of a magnetic
separator depends on the type of magnetic particles used to label cells (see Table 2).

Conventional magnetic separators, based on simple magnets producing low magnetic
field gradients (<100 T/m, LGMS: low gradient magnetic cell separators [49]), are used
for the separation or cells labeled with relatively large particles (size > 1 um) with strong
magnetic moments. They belong to the category of “open gradient magnetic separators”
(OGMS), meaning that they do not exploit inserts of high-permeability materials [153]. They
offer the advantages of simple design and compatibility with use of standard laboratory
tubes, which reduces the cost compared to solutions based on dedicated columns. One
of the most well-known separators of this type is the DYNAL™ magnet from Invitrogen,
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used in combination with Dynabeads™ particles. These polymer particles, embedding
superparamagnetic nano-inclusions, are uniform in size, with a typical diameter of between
1 and 5 um (Figure 10A). Even though large size magnetic beads provide a fast magnetic
response, they present several drawbacks, such as reduced binding capacity compared
to their nanometer-sized counterparts, potential for sedimentation and possible adverse
effects on cells due to the large shear forces involved. In this respect, a negative cell selection
strategy can be more appropriate. Moreover, large magnetic particles also strongly affect the
light scatter signature of the cells to which they are bound when analyzed by FACS [154].

High gradient magnetic separators (HGMS) enable circumvention of some of these
limitations. They exploit matrices of ferromagnetic material to locally distort the magnetic
field, thereby producing much stronger magnetic field gradients. As a result, significant
magnetic forces can be obtained, even on cell-magnetic bead complexes displaying a weak
magnetic moment. This type of separator therefore permits the separation of cells la-
beled with nano-sized particles (Figure 10B). The magnetic matrices used in HGMS have
been reviewed by Ge et al. [155]. This is the principle exploited in the MACS technol-
ogy, developed by Miltenyi Biotec [156]. The cell mixture is introduced in high-gradient
magnetic cell separation columns containing a matrix composed of superparamagnetic
spheres, which are sufficiently spaced so that unlabeled cells can move freely between
them (Figure 10C). When the column is placed in a MACS Separator (strong magnet), the
spheres distort the field lines, producing strong field variations, i.e., strong field gradients
(up to 10* T/m [157]). The high forces thereby generated retain cells labeled with MACS
MicroBeads. Once the column is extracted from the magnet, the bead matrix can no longer
retain the labeled cells and they can be eluted. The separation process can be automated,
as is the case in the CliniMACS and AutoMACS systems produced by Miltenyi Biotec.
Minimal labeling with only a small amount of MicroBeads (50 nm in size) is sufficient to
ensure effective cell separation, which is one of the main advantages of the technology, as it
reduces the risk of cell perturbation. Moreover, nanosized particles have a higher binding
capacity, due to higher surface-to-volume ratio and reduced steric hindrance, which allows
grafting of numerous particles on the cell surface. Their binding kinetics are also faster
compared with microsized beads.

Table 2. Characteristics of some commercial cell separation technologies and their respective advan-
tages and disadvantages.

Separator Beads Typical Bead Size Technology Advantages Disadvantages Ref.
) ng:f;rl\er;_ free - Slow binding kinetics due
DYNAL Dynabeads 1-5 um OGMS, LGMS - Low cost to largg bead size [158]
(Invitrogen) B Fast - Potential cell damage due
. to large shear forces.
separation
- Minimal
labeling - Use of dedicated magnetic
MACS (Miltenyi MicroBeads 50 nm HGMS required, column (cost) [156]
biotec) resulting in - Potential complications of
minimal cell column overloading
perturbation.
EasySep magnetic . - Simple
™ yoep magn p
EasySep nanoparticles OGMS, built . - Column-free
(STEMCELL 150 nm-1.5 um around a multipole
Technologi (Dextran-coated " - Fast o .
echnologies) iron particles) magne separation - Optimized magnet design,
but field gradient still [153]
OGMS. based on a _ Magnet rack lower than in HGMS
BD IMag™ (Becton ~ BD IMag™ g fitting 6 systems
& g 230 nm rectangular magnet -
Dickinson) particles assembl tubes simul-
y taneously

There is also a third approach, which is a trade-off between both the previous ones,
combining OGMS with optimized magnet design for increased gradient, thereby allowing
to take advantage of nanosized particles while avoiding the need for dedicated columns.
This approach is used, for instance, in the case of BD Imag™ separation technology, where



Magnetochemistry 2022, 8, 11

19 of 45

single cell
suspension in

sheath fluid in
(optional)

D
magnets /

magnetic cell
fraction out
non-magnetic

cell fraction out

a rectangular magnet assembly ensures the production of a high field gradient in up to
6 tubes simultaneously, while EasySep™ exploits a multipole magnetic field coaxial with a
standard cylindrical laboratory tube [153]. Chalmers and Zborowski have pioneered this
approach [159,160] by designing open-gradient magnetic separation systems exploiting
the relatively high magnetic field gradient (>150 T/m, up to 286 T/m [69]) that could
be achieved based on a quadrupole magnet design. Cell separation is performed by
flow-through MAP in an annular channel placed coaxially inside a quadrupole magnetic
field, in a split-flow thin cell fractionation configuration [161] (Figure 10D). The magnet
configuration produces a linearly increasing field intensity (Figure 10E) and a constant,
high magnetic field gradient along the radial » coordinate. The magnetic force acting on
a magnetized particle in such a field is therefore directed along r and has a centrifugal
character. It pushes the magnetically labeled cells against the cylinder wall, near the
magnet poles, without affecting the unlabeled cells. More recently, the same group has
demonstrated that a periodic pattern of permanent magnet blocks (tessellation) could
provide a means of increasing the efficiency of the magnetic flow cell sorter design by
decreasing the mass of magnet blocks per flow channel. A 9-channel array generated a
5-fold higher throughput compared to the 1-channel array, for the same overall tessellated
magnet array dimensions and the same magnet aperture [162] (Figure 10F).

b
external cylinder wall 2
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Figure 10. Examples of conventional magnetic particles and separators. (A) H9 lymphocyte
infected with HIV-1 labeled with Dynabeads (2.8 um in diameter) coated with anti-p-18 (scale-
bar: 1 pm). Reprinted with permission from [163]. (B) Human PBMCs labeled with MACS
CD3 MicroBeads (50 nm) for the isolation of T cells (source: https://www.miltenyibiotec.com,
accessed on 10 December 2021). (C) Example of dedicated column used with HGMS (large cell
column, source: https://www.miltenyibiotec.com, accessed on 10 December 2021). (D,E) Schemat-
ics of a quadrupole magnetic cell sorter and corresponding magnetic field intensity in the radial
direction. Adapted with permission from [6]. Copyright © 2011, American Chemical Society.
(F) Tessellated permanent magnet circuits for flow-through, open-gradient cell separation (9-channel
array). Light rectangles, pink areas and orange circles, respectively, represent permanent magnet
blocks, soft steel yokes and flow channels. Adapted with permission from [162]. Copyright © 2016
Elsevier B.V.


https://www.miltenyibiotec.com
https://www.miltenyibiotec.com

Magnetochemistry 2022, 8, 11

20 of 45

4.2. Microfluidic Cell Separators

Due to progress in miniaturization processes, microfluidic devices have been widely
used for a wide range of applications, in particular, for biological research or biomedical
applications. They can handle small-volume samples, which provides several benefits (e.g.,
reduced cost of reagents, increased chemical reactivity, laminar fluid flow, etc.), including
the ability to bring the magnets closer to the micrometric channel in which the samples
will flow. Microfluidic cell separation can rely on various strategies to generate a non-
uniform magnetic field, to create a MAP force that can be either perpendicular or parallel
to the flow and exploit it to trap or deviate specific cells from the sample into a dedicated
buffer. This force can also be combined with other effects (e.g., specific design of the
microfluidic channel or additional flow or force) to enhance separation efficiency. An
exhaustive overview of these different strategies is given in some recent reviews [25,164].
One strategy concerns electromagnets of different designs, such as single wire or micro-
coils. They enable generation of a dynamically configurable magnetic field (ON/OFF) but
have the disadvantage of generating Joule heating that can be detrimental to cells. We will,
therefore, here focus on two other common approaches based on permanent magnets or
ferromagnetic materials.

4.2.1. Permanent Magnets

The first and easiest strategy consists in using a macroscale permanent magnet placed
on the side of a microchannel and exploiting the non-uniformity of the magnetic field at the
edge, as illustrated on Figure 11A. Cells will be more or less deflected from their laminar
flow path according to their magnetic properties, which enables their sorting, and poten-
tially transfer of target cells in another fluid [77]. The arrangement of several permanent
magnets of different magnetization orientations expands the possibilities of this strategy, as
in the Halbach configuration (Figure 11B) [71,165] strengthening the magnetic field on one
side of the magnets. Alternatively, magnets arranged with opposing poles enable a large
magnetic field gradient to be obtained. Placed underneath the chip, such magnet assembly
ensures target cell trapping at the bottom of the microchannel (Figure 11C) [166]. Similarly,
Dumas Bouchiat et al. have developed an array of oppositely magnetized micromagnets
capable of producing magnetic field gradients as high as 10° T/m, obtained by thermomag-
netic patterning of a flat NdFeB hard magnetic film [167], which can be integrated at the
bottom of a microfluidic channel [44,168] (Figure 11D). Creating higher, asymmetric [169]
gradient magnetic fields and forces, locating the maximum flux density at the center of the
channel [170,171] (Figure 11E) or at multiple spots [172], are different options provided by
adequate arrangement of several magnets, including the quadrupole magnet arrangement
mentioned earlier in Section 4.1.

In order to limit the influence of cell sedimentation caused by gravity that could
restrict the purity of the targeted sample, the permanent magnet can also be placed on
top of the microfluidic device [173]. The use of bulk magnets may be combined with
channel structuration. In this way, the trapping areas are not solely determined by the
magnetic field applied, but also by the channel microstructures. For instance, by adding a
microwell array between the channel and magnet, Huang et al. could demonstrate that
MNP-labeled CTCs were trapped in the microwell region near the edge of the magnet
after a high-speed washing step, while uncaptured blood cells could be easily flushed
away [173]. Channel microstructures enable creation of passive turbulence/vortexes and
increase the probability of interaction between target cells and the trapping surface due to
advective transport [174,175] (Figure 12A). Zhang et al. [176] exploited this effect to first
trap anti-EpCAM conjugated magnetic beads in a herringbone groove by applying the
magnetic field and then introducing cells in the microfluidic device with a precise infusion
rate for immunoreaction. However, owing to the fragility of some biological cells, such as
CTCs, this sharp groove pattern was smoothed into a wavy herringbone pattern to avoid
physical damage to the cells [177] (Figure 12B). Yang et al. recently developed a cell-sorting
system that combines the mechanisms of magnetic sorting, with an array of micropillars
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acting as a sifter [178]. The device is capable of separating target cells, background cells
and redundant MINPs at the same time (Figure 12C).
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Figure 11. Macroscale permanent magnets in microfluidic separation devices. (A) Illustration of a
simple magnet separation device exerting a negative magnetophoretic force on CTCs and WBCs and
a positive force on RBCs in a ferrofluid. Reprinted from [77], with the permission of Royal Society of
Chemistry; permission conveyed through Copyright Clearance Center, Inc. (B) Illustration of Halbach
configuration; distribution of the magnetic field from one side to farther distances. Reprinted with
permission from [71]. Copyright 2020 American Chemical Society. (C) Picture (scale bare is 20 mm)
and schematic illustration of a microfluidic device with three magnets with opposite polarities placed
under the channel for CTCs isolation. Reprinted from [166], with the permission of Royal Society of
Chemistry; permission conveyed through Copyright Clearance Center, Inc. (D) Illustration of an array
of micromagnets obtained by thermomagnetic patterning of NdFeB hard magnetic film. Reprinted
from [167], with the permission of AIP Publishing. (E) Schematic of inertial-ferrohydrodynamic cell
separation. Six magnets, placed above and below the channel, create a maximum flux density at
the center of the channel. Reprinted from [170] with the permission of Royal Society of Chemistry;
permission conveyed through Copyright Clearance Center, Inc.

.:/;goww.‘. W ..& .

@=CTC
—

Flow

Inject MPs @ direction '
and place it on magnet

)

—_—
hivid — Nt
_— R

Figure 12. Macroscale permanent magnets combined with microstructured channels (A) Principle of

advective transport with herringbone pattern. Reprinted from [174]. (B) Schematic of the principle of
CTCs trapping in wavy herringbone. Reprinted from [177] with the permission of Royal Society of
Chemistry; permission conveyed through Copyright Clearance Center, Inc. (C) Schematic of magnetic
labeled cell trapping in a micropillar array. Reprinted with permission from [178] © IOP Publishing.
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Permanent magnets can also be fabricated using hard magnetic powders, such as
NdFeB, embedded in a polymer matrix [179,180]. The most used polymer is PDMS.
Such composite materials featuring magnetic properties can be easily structured us-
ing simple, soft lithography processes, which facilitate the integration of magnetic
sources very close to the microfluidic channel. They therefore provide a promising
low-cost alternative to complex and costly microfabrication approaches, as recently
reviewed [181].

4.2.2. Soft Magnetic Materials

A second strategy is to concentrate the magnetic flux relying on soft ferromagnetic
elements embedded close to the microchannel and magnetized with an electromagnet
or macroscale permanent magnet. This solution creates the possibility of switching
off the magnetic field to release the trapped cells. The external magnet does not need
to be as close to the channel as in the previous strategy, which can be more conve-
nient for microscopic observation. Due to the development of easily accessible and
cost-affordable microfabrication techniques, such as nickel electroplating [182], the fer-
romagnetic material can advantageously be microstructured to increase the magnetic field
gradient. Such a high-gradient magnetic field concentrator can thus be integrated close
to the microfluidic channel so that molecules and living cells bound to magnetic parti-
cles are pulled from one laminar flow path to another by applying a local magnetic field
gradient [183].

Inglis et al. developed a microfluidic device with tilted strips of Ni at the bottom sur-
face of the microchannel [184] to generate a lateral force evenly over the whole microchannel
and deviate cells from their laminar trajectories. Such lateral-driven magnetophoretic sep-
aration was also implemented with a ferromagnetic wire array to separate blood cells
based on their native magnetic properties [185]. More recently, Kim et al. developed a
single-cell isolation technique for CTCs based on a similar approach [186]. Their device
comprised a lateral magnetophoretic microseparator and a microdispenser as a two-step
cascade platform. After CTCs enrichment from whole blood by the lateral magnetophoretic
microseparator, target cells were electrically identified with a single-cell impedance cy-
tometer and isolated relying on a synchronized microshooter (Figure 13A). For their part,
Aldridge et al. [187] developed a “prismatic deflector” separating a continuous sample
stream into discrete subpopulations based on surface marker expression (Figure 13B).
Cobalt-based deflection guides made up of distinct segments of different angles can sepa-
rate cells according to the number of magnetic beads attached to them. Profiling surface
marker expression is therefore possible if this magnetic load varies in direct proportion with
protein expression, which implies the use of magnetic nanoparticles rather than micrometer-
sized particles.
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Figure 13. Microfluidic devices with soft-patterned ferromagnetic structures. (A) Two-step cascade
platform: Lateral magnetophoretic separator and a microdispenser synchronized with electrical
impedance detection. Reprinted with permission from [186]. Copyright 2016 American Chemical
Society. (B) Prismatic deflection based on surface marker expression. Reprinted with permission
from [187]. Copyright 2018 American Chemical Society. (C) Schematic top view of a microsystem
integrating soft iron-PDMS pillars in the channel and scanning electron microscope images of the
magnetic structures. Reprinted from [188], with the permission of AIP Publishing.

Along with microwells strategies presented earlier, arrays of microstructured ferro-
magnetic material (such as pillars or planar magnets), magnetized by permanent magnets,
have also been implemented to provide local magnetic field enhancement at specific loca-
tions in the microfluidic channel, where target cells are trapped. These structures therefore
act as a magnetic sifter [189]. The use of soft micro or nanoparticles (carbonyl iron or nickel,
for instance) embedded in a polymer matrix can provide a simple way to integrate soft
magnetic pillars into the microfluidic channel (Figure 13C). Self-assembled structures of
magnetic microparticles on top of printed magnetic ink spots also offer the potential to
reduce the complexity and cost of fabrication of soft magnetic structures; this method is
applicable for low flow rates to prevent the detachment of self-assembled structures from
the printed arrays [190].

Unlike the majority of devices based on soft lithography, Malic et al. [191] developed a
microfluidic separator composed of a sandwich of thermoplastic layers fabricated using
hot-embossing. A hard plastic layer contains the engraved 3D magnetic capture region,
and the microfluidic interface is embossed in a softer layer. Two permanent magnets are
placed on both sides of the device, to generate a quasi-uniform magnetic field within the
chamber and 16-pum diameter pillars are coated with a soft magnetic material (2 pm-thick
Ni layer). To minimize the physical damage to the cells due to collision with the pillars,
Huang et al. [192] have decreased the thickness of the micromagnets, made of Ni patterned
into spots, using lift off and thermal deposition. Darabi and Guo proposed a continuous
flow system based on a similar principle, enhanced with a buffer switching scheme to
improve the performance of the separation process [193].

Besant et al. improved this concept of pillars trapping by giving an X-shape to the
extruded microstructures which created pockets of locally low linear velocity, named
velocity valleys [194]. Cells that enter a velocity valley slow down, allowing the magnetic
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force to overcome the reduced drag force and trap them. The cell-sorting device with four
zones of decreasing average linear velocity is represented on Figure 14A. As the channel
cross section is increased, the drag force drops in each sequential zone. Cells with higher
levels of surface markers are captured in the first zones while cells with lower levels are
captured in the latest. Here, the capture structures (pillars or X-shape) generally span
the full height of the channel in each zone, but due to the reduction of the drag force
the mechanical stress imposed on the cells is reduced. Poudineh et al. have developed a
similar procedure [195] to profile nanoparticle-labeled cells, exploiting a concept referred
to as “magnetic ranking cytometry” (MagRC). Using antibody-functionalized magnetic
nanoparticles, cells can be discriminated thanks to their magnetization that is proportional
to surface expression of a selected biomarker, as mentioned earlier. To do so, round nickel
micromagnets are patterned under the X-shaped structures within the channel to increase
the external magnetic field. As the micromagnets increase in size along the length of the
channel, cells with a lower level of surface marker expression are trapped (cf. Figure 14B).
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Figure 14. X-shaped velocity valleys. (A) Schematic of the velocity valleys principle. Magnetic
field and flow velocity distributions in the channel (scale bar represents 1 mm). Fluorescent mi-
croscopy picture with CTCs in red (the scale bar represents 150 um). Reprinted (adapted) with
permission from [194] (B) Velocity valleys enhanced with Ni structure (microscope image of captured
immunostained SKBR3 cell). Reprinted by permission from Springer Nature—Nat. Nanotechnol. [196],
Copyright 2017.

4.2.3. Hybrid Integrated Strategies

As previously seen, several studies show the value of integrating particular geometries
in the channel to combine hydrodynamic effects with separation based on magnetophoretic
properties (e.g., grooves [175,176], channel enlargement [194], sheath flow [152,170], etc.).
Other passive methods can also be integrated to further increase separation efficiency and
throughput. Nasiri et al. [197] proposed a hybrid device including inertial separating and
focusing channels, and a magnetic cell separation device for CTC separation from whole
blood based on specific antigen properties, to improve the separation efficiency and purity
of separated CTCs (Figure 15A). In a similar manner, Ozkumur et al. [198] exploited a
focusing unit with an upstream deterministic lateral displacement module, in which cells
navigate through an array of posts. The post design ensures that small cells move with the
convective flow while larger cells move in a direction imposed by the array. Based on this
principle, RBCs and platelets stayed in the original blood sample, while large WBCs and
target CTCs were transferred, then focused, into a specific buffer for antigen-dependent
magnetophoretic sorting (Figure 15B). The device has the advantage of enabling both
positive and negative selection modes.
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Figure 15. Magnetophoretic separation devices combined with passive hydrodynamic functions
for CTCs isolation (A) Inertial (not at scale) and magnetophoretic combined separators [197]
(B) Hydrodynamic cell sorting (deterministic lateral displacement) and inertial focusing combined
with magnetophoretic sorting. Reprinted from [198] with permission from AAAS.

Magnetophoresis can also be combined with other physical methods, such as centrifu-
gation [81,199], acoustophoresis [200], or dielectrophoresis [152,201] in hybrid microfluidic
devices. This approach provides increased flexibility by exploiting different cell charac-
teristics, such as density, compressibility or electrical properties, and opens the way to
multi-target cell separation. Kim et al. [201] combined, for instance, DEP and MAP in the
same device and demonstrated high-purity sorting of multiple bacterial target cell types
in a single pass. The target cell types were sorted based on surface markers, via specific
receptor-ligand binding to either DEP or magnetic tags. More recently, Shamloo et al. [152]
have investigated a combined dielectrophoresis and magnetophoresis separator based on
cell intrinsic properties. Their two-step device (Figure 16A) is designed to first remove the
largest part of a blood sample (i.e., RBCs and smaller platelets), in the magnetophoresis
section. Remaining cells are then sorted by the dielectrophoretic force depending on their
dielectric properties and diameters.

Shamloo et al. [81,202] have also presented a system mounted on a rotating disk, where
centrifugal force is combined with the negative magnetic force to enhance both purity
and recovery rate of low-concentrated target cells. As illustrated on Figure 16B, sample
preparation is performed directly on the chip, where the blood sample and ferrofluid
are mixed using magnetic force. After that, cells are aligned after passing through a
pinched channel and sorted with both negative magnetophoretic and centrifugal forces in a
curved channel.

Bhaghat et al. [200] have recently described a novel approach combining immunomag-
netic depletion and acoustic cell sorting (Figure 16C). The sample first passes through a
magnetic depletion step that removes >98% of unwanted blood cells labeled with magnetic
microparticles and then undergoes an in-line acoustic focusing and washing step, which
removes unwanted cells and concentrates the CTCs for sorting.
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Figure 16. Illustrations of cell separators combining MAP with other forces. (A) A combined
dielectrophoresis and magnetophoresis separator based on cell intrinsic properties. Reprinted
from [152]. (B) Centrifugal microfluidic platform using hydrodynamic and magnetophoretic tech-
niques, reprinted from [202]. (C) Approach combining immunomagnetic depletion and acoustic cell
sorting. Reprinted from [200].

4.2.4. Fluidized Bed Separation

A fluidized bed consists of a granular solid phase that behaves like a fluid when the
drag force due to an imposed vertical fluid flow is higher than an opposite gravitational
force. Used in chemistry and biology for many applications, it has been implemented by
Pereiro et al. [203] in a miniaturized microfluidic device where gravity is replaced by a
magnetic field created by an external permanent magnet. The granular solid phase is com-
posed of magnetic microparticles (diameter ranging from 1 to 5 um) that are functionalized
so that they can specifically capture species that are brought by the flow (Figure 17). The
authors highlight that stability, resistance to clogging and ability to separate analytes from
a liquid, coupled with a very low elution volume, make this system very promising to play
the role of a pre-concentrator in microsystems.
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Figure 17. Schematic illustrations of the microfluidic fluidized bed for two working regimes: at low
imposed pressure, particles are organized in a packed bed. When drag forces associated with the
flow compensate for magnetic forces, fluidization of particles occurs. The volume of the bed can be
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tuned while maintaining the equilibrium between drag and magnetic forces. On the right, a schematic
description of the protocol for the concentration and extraction of a model biomarker by immunocap-
ture followed by elution washing step. Reprinted from [203], with the permission of Royal Society of
Chemistry; permission conveyed through Copyright Clearance Center, Inc.

5. Applications

Magnetic cell separation is used for a wide range of applications and in various
contexts, such as disease diagnostics, environment monitoring, fundamental biological
research, etc. Itis a crucial step in diverse biosensor assays and, along with the development
of new cell separation systems, lots of efforts are also devoted to the synthesis of multifunc-
tional magnetic nanoparticles displaying fluorescent [204-207], electrochemical [208,209]
or plasmonic [210,211] properties, to enable both magnetic capture and downstream detec-
tion. In this section, we present examples of applications with a particular emphasis on
CTCs and pathogenic bacteria isolation, representing considerable research efforts from the
community.

5.1. Circulating Tumor Cell (CTC) Isolation

CTCs are defined as cancer cells that detach from a solid tumor lesion and enter the
bloodstream, thereby having the potential of colonizing vital distant organs. They are of
paramount importance to understand the biological process of metastasis and constitute
potential blood-based markers to non-invasively evaluate disease progression and monitor
therapeutic response. A significant effort has therefore been made in recent years to develop
specialized technologies to capture, enumerate and interrogate CTC populations to test
their suitability for clinical applications [212], as recently reviewed by others [213-217]. The
low frequency of CTCs (potentially less than 1 CTC per mL of blood [218]), together with
their heterogeneity and their property of moving individually or as cell clusters, make their
detection very challenging [219].

5.1.1. Commercial Systems

The gold standard for the enumeration of CTCs remains the CellSearch® system
(Menarini Silicon Biosystems, Huntington Valley, PA, USA), based on magnetic cell sep-
aration [220]. It was cleared by the US Food and Drug Administration (FDA) in 2004
as a diagnostic tool to predict survival in patients with metastatic breast cancer [221],
and was since FDA-approved for prognostic use in prostate and colorectal cancer. The
method is based on magnetic enrichment of CTCs from a 7.5 mL blood sample using fer-
rofluid nanoparticles with antibodies targeting epithelial cell adhesion molecules (EpCAM).
Cells are also fluorescently stained with antibodies against cytokeratins (8, 18, 19) and
CD45 antigen, respectively, specific to epithelial and white blood cells. The system detects
and enumerates CTCs of epithelial origin (CD45-, EpCAM+, and cytokeratin 8, 18, 19+).
However, as CTC detection relies on epithelial markers, the system fails to detect popu-
lations of CTCs with low EpCAM level expression and non-epithelial phenotypes, such
as carcinoma cells, that undergo epithelial-mesenchymal transition (EMT), or CTCs of
mesenchymal origin [222-226]. Elimination of residual leukocytes using immunomagnetic
capture antibodies against the leucocyte marker CD45 can also be performed after tumor
cell enrichment by other approaches, such as filtration with the ISET® system [227]. An-
other commercial platform for CTC detection is the AdnaTest (Quiagen), based on positive
immunomagnetic selection of cells using a cocktail of antibodies (e.g., EpCAM, MUC-1,
Her2) specific to the cancer type prior to analysis of tumor-associated gene expression by
RT-qPCR [228,229].

5.1.2. In Vivo Solutions

The CellCollector™ developed by Gilupi is a CE-certified medical device able to
capture CTCs in vivo directly from the bloodstream, to increase the volume of blood that
can be sampled (Figure 18A). EpCAM-positive tumor cells are attached to anti-EpCAM
antibodies bound to the surface of a wire inserted into a vein. The wire is stained with



Magnetochemistry 2022, 8, 11

28 of 45

fluorescently labeled antibodies and examined microscopically to identify CTCs [230].
Vermesh et al. have also recently proposed another in vivo solution for intravascular
retrieval and enrichment of CTCs. The flexible MagWIRE, composed of magnetic units with
alternating polarity, is introduced through an intravenous catheter to efficiently capture
targets that have been labeled in the blood with injected antibody-coated magnetic particles
(Figure 18B). In a proof-of-concept experiment in a live porcine model, the wire achieved
capture efficiencies that corresponded to enrichments of 10-80 times the amount of CTCs
in a 5-mL blood draw [231].

e r\ !
MagWIRE - t_ab 1 1

e BloOd flow * . Anti-EPCAM MP s CTC +#"° Labelled CTC

Figure 18. In vivo solutions for CTC isolation. (A) Blood screening with the CellCollector™ for
in vivo CTC capture (https://gilupi.com, accessed on 10 December 2021) (B) Capture of CTCs with
the MagWIRE producing high magnetic gradients for efficient cell recovery. Reprinted from [231]
with permission form Springer Nature.

5.1.3. Microfluidics-Based Approaches

In the more widespread case of in vitro CTC capture, microfluidics-based approaches
offer an attractive alternative to macroscale techniques, such as bulk magnetic sorting,
since they are operator-independent and have the potential to provide precise sorting
conditions and continuous sample processing, minimizing rare cell loss. Thus, many efforts
have been devoted to the development of microfluidic systems based on magnetism to
isolate CTCs in the past decade [110,177,232-234], as recently reviewed by Chen et al. [235].
The IsoFlux System (Fluxion Biosciences Inc, South San Francisco, CA) is an example of
microfluidics-based technology using IMS and dedicated to CTC isolation brought to the
market. The sample passes through a microfluidic device that contains an isolation zone
to capture CTCs on the upper surface of the cartridge in an externally applied magnetic
field. The roof of the microfluidic channel can be removed from the rest of the cartridge
with the CTCs retained on its surface in a droplet of approximately 3 pL that can then be
directly recovered into a cell lysis buffer for molecular analysis or onto a microscopy slide
for further analysis.

The Ephesia cell capture technology uses magnetic particles bearing EpCAM antibod-
ies, self-assembled in a regular array in a microfluidic flow cell [190]. High aspect-ratio
magnetic columns are generated using a magnetic field and act as sieves to capture epithe-
lial cells with high specificity and capture efficiency above 90% for concentrations as low
as a few cells per ml, at a throughput of 3 mL per h [236]. Tang et al. also described an
approach based on preliminary bead assembly in which immunomagnetic nanoparticles
(IMN) formed patterns between nickel posts electroplated on a transparent (ITO-coated
glass) substrate encapsulated in a thin PDMS layer (Figure 19A). CTCs were captured from
whole blood on IMN and, as they were trapped almost in the same plane, they could be
directly visualized with an inverted fluorescence microscope in situ for identification and
enumeration by immunocytochemistry [237]. The capture efficiency could be up to 94%
and the throughput approached 0.5 mL/h when four channels were arranged in parallel.
This IMS device was later adapted for the development of a novel extracorporeal circu-
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Figure 19. Microfluidic devices for CTC isolation. (A) Schematic diagram of magnetic nanosphere
based microfluidic device and microscopic image of IMN patterns and Ni squares in the detection
zone. Used with permission of Royal Chemical Society from [237]; permission conveyed through
Copyright Clearance Center, Inc. (B) Final separation stage of the LPCTC-iCHIP, combining a wiggler
concentrator for inertial focusing and a magnetic separator (top and cross views). The labeled WBCs
are focused by the force towards the center of the channel, where the magnetic field intensity is
maximum (right). Reprinted with permission from [171].

Lateral magnetophoresis-based approaches have also been widely reported for contin-
uous separation of white blood cells and CTCs, one of these populations being labeled with
magnetic nanobeads for positive or negative isolation of CTCs [186,239]. The advantages of
both approaches were evaluated and compared by Cho et al. [240]. They concluded that the
positive isolation method could be used to obtain highly pure CTCs, enabling detection of
somatic oncogenic mutations using advanced genetic analysis techniques, while negative
isolation yielded a larger number of CTCs and was more suitable for discovery of cellular
and transcriptomic biomarkers of cancer.

Methods to enrich and count CTCs can be divided into two groups [241], one taking
advantage of cell surface markers, including most methods based on magnetism, and
the second using physical characteristics of cells, such as size [242], deformability and
density [243]. A third, hybrid, strategy can also be used, as with the CTC-iChip technol-
ogy developed by the Toner group [171,244]. The proposed approach relies on negative
depletion of leukocytes with antibodies directed against them, which enables isolation of
untouched CTCs, without bias for expression of specific tumor epitopes. It is therefore
agnostic to cancer type. The separation of labeled leucocytes (WBCs) from unlabeled CTCs
follows a first debulking step allowing erythrocyte and platelet depletion using determin-
istic lateral displacement [244] or inertial separation [245], which are based on cell size
differences. Alternatively, it can follow a leukapheresis procedure, allowing centrifugal
enrichment of peripheral blood mononuclear cells. Interestingly, the magnetic sorter design
has been adapted to deflect labeled WBCs toward the center of the channel in the core of
the flow, thus preventing WBCs clogging at high-throughput operation [171]. This was
achieved by combining a quadrupolar magnet arrangement with adequate polarity of
magnets. Using soft iron-filled channels to act as magnetic microlenses enabled 35-fold
increase in the magnetic field gradient and achievement of an ultra-high-throughput (up
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to 168 mL/h). Moreover, 86% CTC recovery was achieved with a 10°-fold depletion rate
of unwanted cells. The "YCTC-iCHIP is thus capable of processing an entire leukopak of
~65 mL, and to recover many more CTCs than competing approaches, that can handle
only a small percentage of this volume [246] (Figure 19B).

5.1.4. Towards Point-of-Care Application

7

The convenient and noninvasive sampling of CTCs from blood, or “liquid biopsy”
offers opportunities for the development of new platforms for point-of-care disease screen-
ing [247-249], also accessible in low-resource settings. Yang et al. combined a dual recog-
nition strategy and glucometer-based signal readout to develop a point-of-care approach
for detecting CTCs in whole blood [250]. In this research, magnetic beads conjugated with
anti-EpCAM antibodies were used as the capture probes for CTC isolation and enrichment,
and anti-HER?2 antibody and invertase co-modified polystyrene microspheres were used as
the signal amplification probes to convert sucrose into glucose, which was then measured
by a commercial glucose meter (Figure 20A). Issadore and coworkers have developed
a microfluidic chip-based micro-Hall detector (WHD) which can detect single, immuno-
magnetically tagged cells in whole blood. The pHD successfully identified CTCs in 100%
of patients with evidence of clinical progression or stage IV disease, where only 18% of
cases were detected with CellSearch [251,252]. Kirby et al. also developed a lab-on-a-disc
platform, which integrates direct immunoseparation of magnetically tagged cancer cells
and their detection in whole blood (Figure 20B). Cells isolated from the background sample
are specifically directed to a dedicated detection locus and the extent of occupation of this
locus is analyzed using bright-field imaging for quantification [199]. The low complexity of
this system makes it well suited for use in POC. However, the sample volume processed
here is only a few pL. The prerequisite of small sample amount and fast turnaround time
for POC applications raises the question of the minimal sample volume required to account
for CTC cell rarity. According to Hong and Zu, it could be theoretically reduced to 1 mL of
whole blood if more sensitive and accurate detection methods are developed [253].
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Figure 20. Towards POC detection of CTCs. (A) Dual recognition strategy and glucometer-based
signal readout for CTC detection in whole blood. Reprinted with permission from [250] © 2019
Elsevier B.V. All rights reserved. (B) Lab-on-a-disc platform for separation and subsequent detection
of cancer cells using bright-field imaging. Reprinted with permission from [199] © 2014 International
Society for Advancement of Cytometry.

5.2. Detection of Pathogenic Bacteria

Bacterial contamination of food, airborne transmission of pathogenic microorganisms
to humans from the environment, and healthcare associated infections are major public
health issues. Novel methods for the detection of pathogens in the food and beverages
industry, environment, or clinics are therefore required to mitigate these threats.

Guidelines for assessing the microbiological safety of food usually state that pathogens
such as Salmonella, E. coli O157, Listeria monocytogenes and Campylobacter should be absent in
25 g of the sample. Conventional methods for the detection of foodborne pathogens are based
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on culturing the microorganisms to increase their numbers to detectable levels. While they
are selective, they can be time-consuming (the whole process can require several days) and
laborious [254]. Due to the low content of target microorganisms and the possible interference
of food ingredients and nontarget flora, the detection techniques must generally be com-
bined with effective sample pretreatment relying on membrane filtration and centrifugation
of the sample suspended in liquid medium. Immunomagnetic separation (IMS) offers an
alternative by enabling selective separation of target bacteria from the heterogeneous ma-
trix [54,255-257], and IMS-based sample pretreatment can be automated [258]. Thermo Fisher
Scientific commercializes bench-top IMS instruments, such as the Dynal BeadRetriever™,
used in combination with Dynabeads™ specific to Salmonella, Legionella, Listeria, etc. and the
Pathatrix™ system [259]. Captured bacteria are further tested by polymerase chain reaction
(PCR) or direct plating. ELISA is also commonly used as an end-detection method [260].
Still, the current detection techniques remain expensive and complex and there is growing
interest in the development of fast, simple, and sensitive methods for on-demand and on-site
detection of pathogenic bacteria from complex samples. Multifunctional MNPs coated with
antibodies are used in a variety of novel biosensor assays for rapid and sensitive detection of
foodborne pathogens based on several measurement methods, such as impedance [261,262],
surface-enhanced Raman scattering (SERS [263-265], or loop-mediated isothermal amplifica-
tion (LAMP) [266], potentially achieving limits of detection lower than 10 CFU/mL. Yao et al.
developed a biosensor based on impedance which could detect E.coli O157:H7 in milk with a
detection limit of 12 CFU/mL in 2 h [261].

Aptamers or peptide-modified nanoparticles are widely investigated as an alternative
to antibodies for the specific recognition of target pathogenic bacteria in the context of
food safety, environmental or medical applications [101,118,267]. Ozalp et al. have demon-
strated that the combination of aptamer-magnetic separation and quartz crystal microbalance
could be used for rapid and sensitive detection of Salmonella in milk at 100 CFU/mL [268].
Feng et al. have similarly captured Listeria monocytogenes in food samples using aptamer
magnetic capture, prior to detection by LAMP. The reported detection limit was 5 CFU/mL, for
a total assay time of 3 hr [269]. Yuan et al. [265] have developed a new assay based on Fe;O,4
particles functionalized with antimicrobial peptides (AMP) [270] for multiple bacteria detection
from whole blood using SERS. When different kinds of bacterial pathogens were combined
with the SERS tags, differences among their “fingerprints” could be detected (Figure 21). This
approach could be potentially exploited to detect bacteria in blood prior to transfusion.

Phage-based detection strategies are also widely exploited in targeting various
pathogens [271-276]. Bacteriophages are bacterial viruses that can infect a broad or narrow
range of host organisms. Their ability to uniquely identify living bacterial hosts can be
used as a means towards using phages as detectors for bacteria [277]. The natural lysis
component of the infection cycle can be exploited for DNA release prior to qPCR analy-
sis [278]. Bacterial selection can be achieved using magnetic particles coated with complete
phages [279], or phage components, such as cell-wall-binding domains (CBDs), which
are recombinant high-affinity domains derived from phage endolysin, an enzyme that
hydrolyzes bacterial cell walls [280,281]. Phages only infect viable hosts and therefore
overcome a limitation of other detection methods, such as PCR, which are not able to
differentiate between viable and nonviable bacterial pathogens.

In the above-mentioned assays, the target bacteria are separated from the background
by forming complexes with magnetic particles prior to detection, but this sample pre-
treatment by IMS generally requires manual handling. Microfluidic platforms have the
potential to integrate preconcentration of target bacteria and subsequent detection in the
same chip to minimize off-chip sample preparation time and effort [282,283]. Pereiro et al.
could perform one-step detection of Salmonella typhimurium in undiluted unskimmed milk
using a microscale fluidized bed. Target bacteria were captured on antibody-functionalized
magnetic beads retained in a chamber during sample perfusion due to the equilibrium
between magnetic and drag forces. Captured cells were then cultivated in situ under
nutritious medium perfusion, and their growth induced an expansion of the fluidized bed
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(Figure 22A) The measurement of this expansion allowed quantitative detection down
to 4 CFU, with a dynamic range of 100 to 10 CFU/mL in 2 to 8 hr [284,285]. In another
study, a Salmonella cell capture efficiency of up to 99% could be achieved, with only 2%
non-specific capture of E.coli using this hand-held device [286]. Guo et al. developed a
microfluidic device for the detection of S. typhimurium from a bacterial mixture. A first
module integrating nickel wires for lateral MAP enabled separation of non-target E. coli and
immunomagnetically tagged pathogens, which were deflected towards the detection zone.
Here, they were trapped between nickel patterns and could be detected by fluorescence
after reaction with biotin-antibody and streptavidin-modified quantum dots (Figure 22B)
The limit of detection (LOD) obtained in milk was 5.4x10% CFU/mL [287].
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Figure 21. Bacterial detection via a SERS sandwich strategy, in which AMP modified magnetic
Fe304NPs were utilized in the bacteria capture and 4-MPBA modified Au@Ag-GO nanocomposites
were used as SERS tags. Adapted from [266] with permission.
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Figure 22. Microfluidic platforms for pathogenic bacteria detection. (A) Bacterial detection using a
microfluidic fluidized bed. Quantitative detection can be performed by measuring the bed expansion.
Reprinted with permission from [284]. (B) Microfluidic device integrating a magnetic separation
stage and a detection stage based on magnetic target capture and sandwich assay. Reprinted with
permission from [287]. Copyright © 2015 Elsevier B.V. All rights reserved.
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5.3. Other Applications

While we have focused our attention here on the widely explored fields of CTCs
and pathogen detection, there are many other applications related to magnetic separa-
tion, such as detection of malaria-infected cells [288-292], peripheral blood lymphocytes
sorting in different T cell subsets for immunotherapy [293,294], cell counting for disease
monitoring [295], as well as phenotypic cell sorting. The Kelley group has developed
several microfluidic devices for high-throughput analysis based on the MagRC concept (see
Section 4.2.2). One of them was used to separate a cell sample into distinct cell subpop-
ulations expressing varying levels of surface biomarkers and perform high-throughput
phenotypic CRISPR screens. The method allowed processing of an entire genome-wide
screen containing more than 108 cells in less than 1 hr [296]. The concept exploited here
could similarly be applied to CTC profiling, antibiotic-resistant bacteria identification,
and stem cell analysis [156]. This last field of investigation is also attracting a lot of inter-
est [297,298]. Hematopoietic progenitor cell isolation is, for instance, a critical step in thera-
pies based on hematopoietic stem cell transplantation for reconstitution of hematopoiesis
in cancer patients [6]. Magnetic selection also enables enrichment of CD34+ blood stem
cells from a donor graft prior to transplantation, while removing other cells that can cause
graft-versus-host disease, as performed by the CliniMACS CD34 Reagent System (Miltenyi
Biotec), an FDA approved medical device using antibodies conjugated to MNPs. In such
applications, where certain cells will ultimately be implanted in vivo, negative selection
strategies leaving target cells untouched could be preferred, or alternatively magnetic bead
detachment should be made possible [299].

6. Conclusions

Although this review has attempted to cover many aspects of magnetic cell separation,
it is far from being exhaustive, the possible applications and associated technological
development being countless. A plethora of articles related to the subject have been written
in the last decade, reflecting the excellent dynamics of the field. Magnetic cell separation
has reached a certain maturity, as suggested by indicators such as certification and approval
of medical devices, including for in vivo use. There are still some limitations to overcome
for optimal development of MAP-based separation approaches, one of which being their
cost, which remains high compared to other separation techniques. The development of
label-free approaches based on magnetism, the large-scale production of MNPs, as well
as the more systematic use of synthetic ligands, such as aptamers and peptides, should
help to solve this issue. There is also a great need for the development of disposable,
low-cost devices, and bedside diagnostic tools accessible in low-resource settings, which
will be boosted by the emergence of new, easy-to-process materials, relying on affordable
technologies, such as 3D printing. As regards improvements that can be expected on
the theoretical side, a better comprehension of the collective behavior of magnetic objects
should help understanding of how cooperative magnetophoresis and magnetophoretic-
induced convective capture [300] could be exploited in new separator designs and how
to optimize fluidized bed or ferrofluid-related experiments. Lastly, a crucial point for the
efficient isolation of rare cells is to push further the limits that can be reached in terms of
selectivity and sensitivity. In this respect, the combination of several approaches in hybrid
microfluidic devices has great promise.
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