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Abstract: Rare cells play essential roles in the initiation and progression of diseases and therefore
their analysis is of great interest. The micro-magnetofluidic system is one of the emerging platforms
that have been proposed for the rapid, sensitive, and cost-effective analysis of rare cells. Given its
unprecedented throughput, micro-magnetofluidic systems have attracted substantial research interest
in the last decade—multiple designs have been proposed, validated, and even advanced to the stage
of clinical trials. This mini review aims to provide a timely summary of the relevant progress in the
field thus far. We reviewed the concepts and realizations of micro-magnetofluidic devices based on
the interaction between nanoparticles and on-chip micro-magnets. Their real-world applications in
rare cell analysis were also highlighted and explained. In addition, we discussed the major challenges
in the development and translation of micro-magnetofluidic into the clinic, including multi-marker
capability and large-scale manufacturability.

Keywords: microfluidics; magnetic nanoparticles; rare cell analysis; cell sorting

1. Introduction

There are approximately 37 trillion cells present in the adult human body [1]. Among
this gigantic number of cells, some cell populations, although relatively rare, play critical
roles in the initiation and progression of diseases and the success of tissue regeneration.
Given the critical role of rare cells, their quantitation and isolation have become an intrigu-
ing research topic.

So far, the efforts can be roughly divided into two categories: optimization of existing
approaches and development of new techniques. The existing approaches include the use
of off-the-shelf equipment, such as flow cytometry [2–9]. Indeed, multiple protocols have
been developed to use various flow cytometers to robustly detect rare cell populations
down to 0.001% [4]. However, these approaches require recording a very large number of
events (e.g., 1 × 109) [4] due to the inherent noise level of flow cytometers [3]. This scale of
events is not practical for real-world analysis, even with the most advanced high-speed
flow cytometer (~60,000 events/s) [10,11]. Therefore, the majority of the research efforts
have been paid to develop new techniques, mainly microfluidics [12–16], for the isolation
and analysis of rare cells.

Microfluidics is the “science and technology of systems that process or manipulate
small amounts of fluidics using channels with dimensions of tens to hundreds of mi-
crometers” [12]. The feature size of microfluidic devices is inherently at the same scale
of mammalian cells (~10–20 µm in diameter). As a result, microfluidics can offer very
precise manipulation of mammalian cells with a single-cell resolution [17] and this has
led to the assembly of highly complicated cell-laden microwells [18], droplets [19], or
microtissues [20] for physiology [21] and drug screening [22]. The use of microfluidics
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for CTC isolation began in 2007 [23] and it opened a completely new field. Thus far, over
50 different types of microfluidic devices have been designed and validated for the analysis
of rare cells, such as circulating tumor cells [24–26]. Undoubtedly, microfluidics has become
one of the mainstream technologies in the analysis of rare cells.

To distinguish rare cells from their excessive counterparts, researchers often took
advantage of a combination of nucleic acids and/or proteins specific to the rare cells [27]. In
realization, these specific ‘biomarkers’ are often detected through antibodies that generate
fluorescence [28], Raman spectroscopy [29,30], mass spectrometry [31,32], or magnetic
signals [33]. Among these readouts, magnetic signals confer the best throughput of iso-
lation due to their non-serial, highly parallelized working principle [34]. In fact, the
most advanced micro-magnetofluidics have achieved a throughput of 3.2 billion cells per
hour [35], which outperforms the throughput of fluorescence-activated cell sorting, Raman
spectroscopy, and mass spectrometry by order of magnitude. Taking advantage of high
throughput, the magnetic sorting of rare cells from patient whole-blood samples can be
completed in 1–2 h, enabling routine analysis of CTCs in large-scale clinical studies [36].

The term “micro-magnetofluidics” was proposed in recent years to describe the com-
bination of magnetophoresis and microfluidics [37,38]. It has several advantages, including
(1) an easy trigger mechanism that can be created with a permanent magnet [39]; (2) precise
control of cell movement in the microchannel [40]; (3) continuous- and high throughput flow
separation of cells [41]; and (4) easy integration with other techniques such as optical and
acoustic manipulation [42]. Thus far, two realizations of micro-magnetofluidic approaches
for rare cell analysis have been proposed—magnetic deflection and magnetic ranking.

Here, we review the concepts and realizations of magnetic deflection and magnetic
ranking for rare cell quantitation. Their real-world applications are also highlighted and
explained in a case-by-case manner. We hope this review provides a timely summary
of the state-of-the-art technologies being developed so far and help to shape the future
development of novel devices to overcome the current limitations in magnetic-based cell
isolation and analysis.

2. Rare Cells: Definition and Examples

A cell is considered ‘rare’ when the number of cells of that subpopulation represents
less than 0.01% of the total cell populations in a tissue or biofluid [43,44]. These cells,
although occur as a minimal population, may play critical roles in disease progression and
tissue regeneration. Below are a few examples highlighting the essentiality of rare cells in
important bioprocesses.

For disease progression, one vivid instance is the initiation of cancer metastasis [45],
where the primary tumor evolves and generates delayed secondary tumors in distal or-
gans [46]. While many theories have been proposed to explain the process of cancer
metastasis, the most accepted mechanism is through the formation of circulating tumor
cells (CTCs) [47,48] (Figure 1A). In brief, CTCs are rare cells that emigrate from the primary
tumor, enter and circulate within the peripheral blood, and eventually settle down in differ-
ent organs for growing [49]. CTCs are generally considered as the seed of metastasis given
their critical role during cancer migration [50,51] and therefore have attracted significant
attention as a general biomarker for monitoring and predicting cancer progression [52–54].
However, one critical challenge of using CTCs is their rarity—the number of CTCs is
extremely low, usually at the scale of a few CTCs in millions of normal cells [55–57].

For tissue regeneration, a representative example is the use of human hematopoietic
stem/progenitor cells (HSPCs) for transplantation. HSPCs only represent 0.2% to 0.5% of
the leukocyte population (or 0.0003–0.0008% of the blood cell population) in peripheral
blood [58], but have the full potency to produce all types of blood cells (e.g., lymphocytes
and monocytes, Figure 1B). Therefore, the transplantation of HSPCs has been essential to
the immune reconstruction post the treatment of leukemia [59–61]. Besides, rare cells may
modulate the fate of a specific regenerative therapy given to a patient. It has been reported
that rare undifferentiated stem cells in therapeutic cells, such as cardiomyocytes [62] and
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beta cells [63], may undergo uncontrolled growth in vivo in animal models [64,65] and
eventually convert regenerative therapies into stem cell cancers [66–69].

Thus far, over 50 different types of microfluidic devices have been designed and
validated for the analysis of rare cells, including circulating tumor cells [70,71], circulating
tumor clusters [72–74], circulating cancer stem cells [75–77], circulating fetal cells [78,79],
and circulating endothelial cells [80] in peripheral blood, as well as contaminating tumor
cells [81] in therapeutic cell products. Multiple strategies have been proposed, such as
filtration, inertial fluidics, deterministic lateral displacement (DLD), and immunomagnetic
sorting [13]. In this article, our focus is immunomagnetic sorting.

1 
 

 

Figure 1. Rare cell-mediated bioprocesses in disease progression and tissue regeneration. (A) Circu-
lating tumor cells (CTCs) play a critical role in cancer metastasis. In primary tumor sites, some highly
invasive cancer cells undergo intravasation to enter the blood circulation and become CTCs. CTCs
travel to distal organs and tissues, undergo extravasation, and eventually form deadly metastatic
colonies. (B) Human hematopoietic stem/progenitor cells (HSPCs) have the potential to regenerate
all types of blood cells. Under proper conditions in vitro and in vivo, HSPCs can differentiate into all
myeloid (monocytes, neutrophils, etc.) and lymphoid cell lineages (T cells, B cells, etc.).

3. Pre-Requisition of Micro-Magnetofluidics: Labeling and Characterization

Magnetic labeling refers to the specific binding of magnetic nanobeads and target
cells. Magnetic beads are usually conjugated with antibodies specific to the target cells
(Figure 2A). To achieve magnetic separation, the magnetic loading of target cells is impor-
tant. First, it requires high expression of certain antigens/proteins on the surface of target
rare cells while low expression of such proteins on other cells. Choosing a good biomarker
with high specificity for the target cells is essential for efficient magnetic separation. For ex-
ample, EpCAM/cytokeratin, HER2, and vimentin have been used as biomarkers for CTCs
and have shown great promise in differentiating CTCs from blood cells [23,82,83]. Other
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than antibodies, aptamers have also been used for enhanced magnetic labeling [84–86].
Aptamers are single-stranded DNA or RNA that can specifically bond to target proteins
and form DNA-protein entangled 3D structures. Aptamers can be obtained through the
systematic evolution of ligands by Exponential Enrichment (SELEX) [87]. Compared with
antibodies, aptamers have several advantages including high affinity, easy synthesis, and
better stability [88]. As such, aptamer-decorated magnetic beads can bind better with
surface markers on target cells compared with antibody-conjugated magnetic beads [88].
Additionally, the binding between aptamers and cell surface markers can be engineered to
be reversible. It can facilitate the efficient release of magnetic beads after magnetic separation.

Magnetic beads are conjugated with antibodies in different ways. This can be through
biotinylation, where magnetic beads coated with streptavidin are bonded with biotinylated
antibodies [76,89,90]. This method is straightforward and can be easily implemented for
magnetic labeling. Streptavidin usually has multiple binding sites for antibody conjugation.
Therefore, it is also amenable for further decoration and forms magnetic bead conjugations
and enhance magnetic signaling. However, in certain occasions, it can cause the clumping
of target cells which can be unfavorable if single-cell collection is desired. Protein G and IgG
interaction is another way for the conjugation of magnetic beads and antibodies. Magnetic
beads are decorated with protein G which can be bonded with IgG. Such decoration allows
a magnetic bead to be bonded with an antibody [91–93]. Therefore, the quantification of
magnetic loading can be more accurate using magnetic beads with protein G. However,
the binding between protein G and IgG can be less specific and less efficient compared
with other bead conjugation methods. Antibodies covalently bonded to magnetic beads is
a traditional method for antibody-bead conjugation [94]. It usually relies on the binding
of carboxyl (COOH) group on the magnetic beads and the amine group on antibodies.
Such binding is strong and irreversible and can significantly reduce the chance of bead
detachment during magnetic sorting. However, this method is usually time-consuming
and may cause loss of function of antibodies during a covalent binding reaction. To
address these issues, optimized bead conjugation protocols have been proposed such
as the Invitrogen Cross-Linking Immunoprecipitation (CLIP) Protocol. Other magnetic
components were also proposed for magnetic labeling. For example, David Arnold et al.
reported magnetic microdiscs for magnetic labeling of target cells and enhanced magnetic
separation [95]. The magnetic susceptibility of magnetic beads can also be designed by
adjusting the percentage of ion oxide (Fe3O4 or Fe2O3). Using different types of magnetic
beads with varying ion oxide supplemented can achieve multiplexed cell separation. For
example, Di Carlo et al. reported a magnetic ratcheting cytometry system that can separate
CD4+ T cells and CD8+ T cells from the same blood samples by conjugating the two types
of cells with magnetic beads containing different ion oxide levels [96].

The magnetic labeling of cells is commonly performed by simply mixing the cells
with magnetic beads/discs in a small volume of buffer (e.g., 100 µL of phosphate buffered
saline, PBS) for a short period (e.g., 10–30 min). Interestingly, a recent study suggested
that this short period of time is sufficient for some cell types, for example, human T cells,
to internalize some of the magnetic particles into cytoplasm and maintained the particles
for 2 weeks [97]. In addition, the internalization of magnetic particles is reported to be
size dependent [98]. Smaller particles generally underwent fast internalization. As iron
particles have been reported to have dose-dependent cytotoxicity [99], it is highly desired
to develop a new strategy to inhibit particle internalization during magnetic labeling,
or at least perform a titration on labeling time to minimize the labeling time to reduce
internalization [33].

To obtain the best performance of magnetic separation, it requires optimal magnetic
loading on target cells. This is usually achieved by saturating magnetic binding between
target cells and magnetic bead–antibody complexes. Measuring the magnetic mobility of
magnetic labeled target cells is one way to determine the magnetic saturation of the target
cells. Cell Tracking Velocimetry is used to measure the magnetic mobility of magnetic
labeled target cells [100]. For this method, target cells are first saturated with antibodies
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determined by flow cytometry. Magnetic beads specific to the antibodies were then supple-
mented to determine the saturation magnetic loading by measuring the cell movement in
set incoming flow conditions.

Post magnetic labeling, magnetically labeled cells can be separated through macroscale
magnetic columns [101]. This process is often referred to as magnetic-activated cell sorting
(MACS) [102]. Over the years, a range of MACS-based products and systems have been
commercialized for cell isolation, purification, and analysis. Although MACS has been
widely used in research and clinical studies, it still has certain limitations, including low
controllability and poor performance on weakly expressed markers [103,104]. Microfluidics-
based magnetic sorting technologies become more appealing. It is not only amenable for
a high level of controllability, but also sensitive enough for the separation of cells with
extremely low magnetic susceptibility. Therefore, microfluidics-based magnetic separation
generally performed better than off-the-shelf MACS technology and has enabled high-
throughput, high-precision sorting of rare cells for diagnosis and therapeutics.
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Figure 2. Working principle of magnetic deflection. (A) Illustration of magnetic labeling of target
cells in cell mixture and magnetic sorting of target cells in the microfluidic device. (B) Illustration of
magnetic deflection. Target rare cells were specifically labeled with antibody-conjugated magnetic
nanoparticles. The sample mixture was then introduced to the microfluidic device. Target rare
cells were then deflected due to the strong magnetic gradient produced by the ferromagnetic guide
imbedded under the microchannel. Image reproduced with permission from [105]. Copyright 2017
Elsevier. (C) The PRISM device developed in the Kelley group. Magnetic guides made of metglas
were branched out from the middle to the side of the microchannel. The magnetic guides have
multiple incline angles with reference to the flow direction. Magnetically labeled rare cell thus
experience different magnetic forces along the flow direction. Cells expressing different levels of
biomarkers were then separated in different outlets. Image reproduced with permission from [106].
Copyright 2019 Nature Publishing Group.
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4. Micro-Magnetic Deflection
4.1. Principles

Magnetic deflection is a main approach of magnetophoresis. It relies on the dictated
movement/migration of target cells to achieve separation (Figure 2A). The main proce-
dures of magnetic deflection include the specific magnetic labeling of target cells, the
incorporation of an external magnetic field, and on-chip magnetic sorting.

The magnetic deflection of target cells is the result of interaction between magnetic
force and hydrodynamic force on the cells. In the presence of an external magnetic field,
magnetically labeled cells experience a magnetic force produced by the inserted magnetic
gradient. In the meantime, the cells experience Stoke’s drag force from the fluid flow. The
magnetic force given as

Fm = nVbead
∆χbead

µ0
(B · ∇)B (1)

where n is the number of magnetic beads bound to the target cell, Vbead is the volume of a
nanobead, ∆χbead is the relative magnetic susceptibility of nanobeads, µ0 is the magnetic
permeability of the free space, and B is the magnetic field.

The drag force is expressed as

Fd = 6πηRU (2)

where η is the viscosity of the ambient fluid, R is the radius of the t cell, and U is the velocity
magnitude of the target cells relative to the flow.

To dictate magnetic deflection, both magnetic force and hydrodynamic force can be
designed based on applications. For magnetic force manipulation, the magnetic labeling of
target cells and magnetic gradient in the microchannel can be designed. The optimization of
magnetic labeling was discussed above. The change in magnetic gradients can be achieved
by modifying the magnetic field. For the optimization of hydrodynamic force, the flow
pattern in the microchannel can be designed.

4.2. Magnetic and Hydrodynamic Optimization

The design of magnetic field is an important aspect for the optimization of magnetic
deflection. To achieve a good deflection, a large magnetic gradient is required. To increase
the magnetic gradient, researchers have tried different types of permanent magnets and
different ways to place the magnets. The easiest strategy is to apply a macroscale perma-
nent magnet on the side or at the bottom of the microfluidic device to produce magnetic
gradient [107–109]. Target cells will be deflected due to the non-uniform magnetic field
produced by the permanent magnet. However, the magnetic gradient may not be strong
enough to achieve high-resolution magnetic deflection when target cells have low magnetic
susceptibility. Alternatively, magnetic blocks arranged with opposing poles were used for
a larger magnetic field gradient [110,111]. Micro-magnet arrays have also been applied to
create strong local magnetic gradients to increase magnetic deflection sensitivity [112,113].

Insertion of paramagnetic materials has also been used to further enhance local mag-
netic gradients in the microfluidic device. Soft magnetic materials such as nickel and ion
oxide micro- or nanostructures were integrated in microfluidic devices to create strong local
magnetic gradients in the microchannel [105,114–116]. Tom Soh et al. have designed nickel
microchannel strips to deflect magnetic labeled rare cells [117]. The magnetic ratcheting
cytometry system developed by the Di Carlo group also applied soft magnetic materials
for magnetic field enhancement and adjustment. In this system, micropillars made of
soft materials were arranged at various distances to create multiple magnetic ratcheting
zones in the sorting chamber. Periodically switching magnetic fields were produced under
the microchip through rotating permanent magnets. The micropillars activated by the
switching magnetic field drove magnetically labeled cells across the sorting chamber, and
cells with different magnetic loading levels would be stabilized at different ratcheting
zones [118,119]. In recent years, the Kelley group has developed a magnetic deflection-
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based microfluidic chip-termed PRISM (Figure 2B) [106,120,121]. This system made use of
the superb ferromagnetic property of an amorphous metal alloy ribbon called metglas to
produce an extremely strong local magnetic field when external magnets were introduced.
Through lithography and wet etching, metglas-based magnetic guide could be patterned
on a glass substrate. SU8-based microchannels were then generated on top of the magnetic
guide for sample processing and magnetic deflection. The magnetic guides embedded
under the microchannel were designed to branch out from the middle to the sidewall of
the microchannel with multiple magnetic deflection angles. Magnetically labeled rare cells
were thus segregated into different subpopulations when following the magnetic guides.

Making use of hydrodynamic force is another way to dictate magnetic deflection.
For example, designing microstructures in the microchannel to produce a low drag force
zone can be used to isolate magnetically labeled cells for single-cell analysis [122]. Using
different materials for channel substrates and optimized channel shapes to obtain uniform
flow profiles is another way for drag force manipulation [123]. A third way is to introduce
‘flow pockets’ on the side the microchannel and apply permanent magnets along the ‘flow
pockets’ [124,125]. The flow velocity is close to zero in the ‘flow pockets’ and non-target
cells flowing along the fluid flow will not enter the ‘flow pockets’, while magnetic labeled
target cells will be deflected and trapped in the ‘flow pockets’. Table 1 summarizes different
magnetic sorting methods and their relevant performance including throughput, target cell
isolation efficiency, purity, sensitivity and their potential limitations.

Due to the miniaturized channel scale and strong inserted external magnetic field,
microfluidics-based magnetic deflection can bring high deflection efficiency of target cells
with good purity [14,126–128]. Additionally, since magnetically labeled cells move con-
tinuously along the sorting chamber, deflected target cells can be easily collected in the
designated outlet with few cell loss. However, this method solely depends on magnetic
force added on the target cells, which may not be enough to address the heterogeneity of
target cells. Rare cells such as CTCs are known to be heterogenous in both biological and
physical properties [129,130]. For example, CTCs undergoing epithelial to mesenchymal
transition (EMT) will lose the expression of EpCAM [131–134]. Targeting EpCAM alone
cannot isolate CTCs with low EpCAM expression. To address this problem, researchers
introduced multiplex marker targeting [135–137]. In addition to EpCAM, biomarkers such
N-cadherin, vimentin were used to differentiate CTCs under EMT from blood cells [138,139].
Alternatively, magnetic deflection can be combined with physical-property based cell sepa-
ration methods to achieve superb CTC isolation efficiency.

Table 1. Comparison of different magnetic deflection-based cell sorting strategies.

Sorting Strategy Application Throughput Efficiency Purity Sensitivity Limitation Reference

Magnetic guided
deflection

CTC and
CTC cluster

isolation
0.5 mL/h ~90%

5.7 log white
blood cell
depletion

10 targe cell
per mL

Strong cell–cell
interaction at

high cell
concentration
can affect its
performance

[120]

Modified magnetic
beads

Separation of
cancer cells NA ~90% >80% 106 cells /mL

Large bead size
reduce

sensitivity
[140]

Captured magnetic
bead-bounded

target cells with
dead-ended side

chambers near the
a permanent

magnet

CTC isolation
from whole

blood
1.2 mL/h >90%

<0.4% white
blood cell
capture

2–80 target
cells spiked
in 1 mL of

blood

Lack of clinical
sample

processing
[108]
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Table 1. Cont.

Sorting Strategy Application Throughput Efficiency Purity Sensitivity Limitation Reference

Magnetophoresis
assisted cell

capture activated
by magnet arrays

Isolation of
cancer cells
spiked in

human blood

7.2 mL/h >60% ~30%

3.5 × 104

cancer cells
spiked in 1

mL of blood

Release of the
rare cells would
be challenging

[110]

Two-stage
magnetic

separation

White blood
cell sorting
from whole

blood

1.2 mL/h 93% >70% 103 cells/min

Require further
optimization of

rare cell
separation

[114]

Ferromagnetic
guide based

deflection in a
large scale 3D

printed system

Isolation of
mature

natural killer
cells from

blood

>18 mL/h >50% ~90% 107 cells per
mL

Complicated
fabrication and

assembly process
[121]

Magnetic
deflection
facilitated

single-cell capture

Capture of
rare tumor
cells from

mouse blood

2 mL/h ~90% >90%
<100 CTCs

from 1 mL of
whole blood

The system can
be saturated due

to the limited
number of trap

units

[122]

Magnetic
deflection and

capture on
wavy-herringbone

structures

Capture
CTCs from

whole blood
0.54 mL/h 92% 91%

100 target
cells per mL

blood

Lack of clinical
processing [125]

Magnetic
ratcheting

Profiling of
magnetically

labeled
immune cells

in spiked
samples

NA 87% 95% 107 cells per
mL

The throughput
was limited as no
in-flow allowed
during magnetic

ratcheting

[118]

4.3. Fabrication of Magnetic Deflection-Based Microfluidic Devices

The functioning of magnetic deflection-based microfluidic devices requires two main
components: microchannel/sorting chamber assembly and magnetic component combi-
nation. For most designs, the sorting chamber for magnetic deflection is integrated to the
microchannels for sampling. Polydimethylsiloxane (PDMS) is the most common mate-
rial for channel fabrication as it is transparent, air permeable, and biocompatible. PDMS
substrates with microchannel/sorting chamber features can be conveniently fabricated
using soft lithography [141]. Briefly, a mold such as a silicon master containing the channel
features can be first fabricated using photolithography, and then liquid PDMS mix (base:
curing agent = 10:1) is casted on the mold and polymerized at 70 ◦C for 2 h. The PDMS
substrate is then bonded with a cover (e.g., a thin glass slide) to form the microchannel.
Other than PDMS, other materials such as negative photoresist (e.g., SU8) were also used
in channel fabrication [120]. SU8 channels can be fabricated through photolithography. For
the integration of magnetic components, it can be direct integration by simply applying
a permanent magnet at the top/bottom or on the side of the microchannel. It can also
be a complicated process by adding soft magnetic materials. For the insertion of soft
magnetic materials, there are multiple ways. The soft magnetic material can first be mixed
in solution and then introduced to the bottom substrate of the device through injection
molding [105]. Another way is to use wet etching to generate magnetic deflection features.
For this method, the soft magnetic materials are first coated on the device substrate through
electron beam physical vapor deposition or epoxy taping [120,142]. The soft magnetic
layer is then patterned through wet etching masked by a photoresist layer. A third way
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to generate soft magnetic features is through electroplating [118]. Different fabrications
have pros and cons. For example, liquid soft magnetic material injection can plate magnetic
materials easily, but it requires a mold with mirochannels for injection. Therefore, the shape
and size of soft magnetic features can be limited. Deposited magnetic features can be highly
accurate, but the thickness and magnetic strength of the material can be limited. For the
taping of ferromagnetic material such as metglas, it can introduce an extremely strong
local magnetic field. However, the taping process limits the smoothness of the substrate
surface. Electroplated magnetic features can be generated with relatively high aspect ratio
and brings strong local magnetic field. However, the resolution of electroplated feature is
relatively low. As such, the fabrication methods chosen usually depends on the specific
application of the microfluidic device.

4.4. Integration and Applications for Rare Cell Capture

Different approaches have been reported to combine magnetic deflection with other
cell separation mechanisms, showing high compatibility of magnetic deflection. The
integration of label-free cell sorting methods and magnetic deflection was widely explored
since it usually shows advantages of both approaches. Label-free cell sorting methods
generally give high throughput, while magnetic deflection shows high specificity. Toner
et al. have developed an integrated microfluidic system that includes deterministic lateral
displacement (DLD), inertial focusing and magnetic separation (Figure 3A) [26]. This
system was able to isolate CTCs from untreated whole blood, where nucleated cells were
first separated from red blood cells (RBCs) through DLD, followed by magnetic depletion
of magnetically labeled white blood cells (WBCs). Since RBCs are significantly smaller
than nucleated cells, DLD can separate nucleated cells from RBCs with high purity. Inertial
focusing re-aligns nucleated cell mixture into single-cell strips which reduces the cell–cell
interaction. Therefore, in the last step, the magnetic depletion of WBCs brought high
CTC efficiency and purity. Similarly, Nasiri et al. presented a hybrid device combing
inertial focusing and magnetic deflection for CTC isolation (Figure 3B) [143]. High isolation
efficiency and purity can also be achieved. Several groups have combined dielectrophoresis
(DEP) with magnetic separation for rare cell separation (Figure 3C) [144–146]. Nucleated
cells were separated by size using DEP and target cells were then isolated through magnetic
deflection. Combing magnetic deflection with acoustic-based sorting for the isolation
of rare cells from whole blood was also widely studied [147]. Acoustics is a technology
used for separating particles/cells based on the acoustic force which is proportional to the
size of cells. As such, acoustics can also be used for the pre-sort of nucleated cells when
integrated with magnetic deflection. Several other mechanisms incorporated with magnetic
deflection were also reported to be highly efficient. For instance, Alipanah et al. developed
a rare cell sorter using induced charged electroosmotic flow and magnetophoresis [148].
Shamloo et al. presented a system combining centrifugal force with magnetic deflection for
efficiency and high-purity isolation of rare cells [149]. Javanmard et al. described a novel
approach for the rapid assessment of surface markers on cancer cells using a combination
of immunomagnetic separation and multi-frequency impedance cytometry. In this work,
multi-frequency impedance cytometry was applied for target cell detection rather than
separation [150].

Overall, the combination of magnetic separation with other cell separation methods
can provide a more flexible and effective approach to isolate and purify specific cell pop-
ulations. Magnetic separation alone may not achieve complete separation of the target
cells from non-target cells or impurities. By combining magnetic separation with other
separation methods, it is possible to increase the purity of the target cells, resulting in a
more homogeneous sample [151,152]. On the other hand, label-free cell isolation methods
usually differentiate cells based on physical properties such as size, dialectical properties,
and density. Such methods are not applicable in heterogeneous samples, where physical
properties alone cannot differentiate rare cells and non-target cells [153,154]. Combining
them with magnetic separation can improve the selectivity and specificity of the separation.
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Magnetic separation can be a rapid and efficient method for capturing cells, and when
combined with other methods such as fluorescence-activated cell sorting (FACS) or cen-
trifugation, it can result in higher capture and separation efficiency. In some cases, the
combination of magnetic separation with other methods can reduce sample loss, which can
be especially important when working with limited sample volumes.
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5. Micro-Magnetic Ranking
5.1. Principles and Fabrication

Magnetic ranking cytometry (MagRC) is another realization of micro-magnetofluidic
cell capture proposed by Shana Kelley and co-workers in 2015 [155]. The core concept is
also to balance the two major forces applied to the magnetically labeled cells present in a
microfluidic channel—the magnetic force generated by the interaction between magnetic
nanoparticles (MNPs) and permanent magnets, and the fluidic drag force generated by
the fluids (Figure 4A) [155,156]. Once these two forces reach equilibrium, the cells will
be captured in a specific capture region of the device, also referred to as the zones [157].
Compared to magnetic deflection, the key idea of MagRC to use microfluidic geometries to
slow down the local fluidic profile so that the labeled cells with weakly magnetic labeling
(equivalent to weakly expressed biomarkers) can be captured on-chip properly. In addition,
for rare cell analysis, trapping rare cells on-chip helps the downstream quantitation process.

In the original article proposing MagRC, Mohamadi et al. tested five capture geome-
try and highlighted that the ‘X’-shaped structures yielded the high-efficiency capture of
cells [155]. Meanwhile, the ‘X’-shaped structures also experienced minor levels of non-
specific capture of non-magnetically labeled cells, such as WBCs. As benchmarked by
Aldridge et al. [120], the ‘X’-shaped capture pockets non-specifically trap 2000 WBCs per
mL of blood, yielding a WBC depletion efficiency of 99.97% and outperforming other cap-
ture structures (e.g., Herringbone [125], 7000 WBCs per mL of blood). However, given the
rarity of CTCs (a few cells in a million of WBCs), it is still necessary to perform optimization
on the capture geometry used in MagRC to further reduce non-specific capture.

Upon capture, the target cells will remain stable on-chip for various downstream
assays, including in situ microscopy [158], phenotypic assay [159], and cell culture [35].
Notably, similar to magnetic ratcheting cytometry, MagRC can fine-tune the local magnetic
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fields and/or local fluidic velocity to enable not only the capture but also the quantitative
profiling of rare cells based on a single marker, for example, EpCAM. This gives the
researchers the ability to better understand the molecular profile of captured rare cells,
which has been highlighted to be useful for disease monitoring and treatment decision-
making. For example, recent studies have revealed that moderate-affinity T-cell receptors
(a surface protein that governs tumor reactivity), rather than high or low affinity, drive the
T cells to develop into mature memory T cells without significant dysfunction.

In practice, the workflow of MagRC takes approximately 2 h to complete and can be
largely divided into three steps: magnetic labeling, microfluidic sorting, and downstream
application (Figure 4B) [160]. In brief, a cell mixture containing rare cells are labeled
by MNP-conjugated antibodies targeting a specific surface protein biomarker expressed
specifically on the cellular membrane of the target cells, for example, EpCAM on CTCs
or CD34 on HSPCs. Labeled cells are introduced into the microfluidic device with the
‘X’-shaped capture pockets. The microfluidic device is sandwiched by arrays of neodymium
permanent magnets (N52 grade) to generate stable external magnetic fields during device
operation. The microfluidic sorting begins with withdrawing labeled cell mixture into
the microfluidic device under a constant flow rate generated by a programmable syringe
pump, often approximately 2–30 mL/h depending on the expression level of target proteins.
Post the capture, cell-free washing solution will be introduced to the microfluidic device
2–3 times at the same flow rate to flush out the non-labeled cell population into the syringe
reservoir. The captured rare cells will remain in the capture pocket based on the capture
theory explained in the previous paragraph. At this time point, the captured rare cells
can be treated differently to fulfill the demands of downstream assays. In some cases, the
cells are fixed and permeabilized under a lower flow rate for on-chip immunostaining,
followed by fluorescence microscopy. In other cases, external magnets are removed from
the chips, and the cells are recovered from the chips at a higher flow rate to a different
reservoir. Recovered cells are highly viable and suitable for most molecular and phenotypic
assays, such as sequencing, flow cytometry, and direct culture. It is worth mentioning that
the typical shear stress generated during the cell recovery process of MagRC is relatively
small (<0.01 Pa) [72], which explains why sensitive cell types, such as cardiomyocytes and
induced pluripotent stem cells, grew well post recovery [161].

The fabrication of MagRC can be carried out in a standard cleanroom setup [155]. First,
photolithography is used to generate ‘X’-shaped captured pockets on photoresist-coated
silicon wafers. The patterned wafers are subsequently used as a mold for soft-lithography to
generate polydimethylsiloxane (PDMS) chip replicas. PDMS replicas are plasma bonded to
a thin glass coverslip to finish the chip. As the chip design contains multi-depth structures,
the fabrication involves multiple-step mask alignment and photolithography, which makes
the cleanroom-based procedure complicated and time-consuming. Alternatively, high-
resolution stereolithography can be utilized to generate the mold for PDMS casting via
one-step 3D printing [161]. The use of 3D printing greatly simplified the mold generation
process. However, the microstructure generated by 3D printing is a bit rough compared to
standard photolithography [35,161]. The impact of suboptimal capture pockets on capture
performance is not well studied at this moment and may deserve further investigation.

5.2. Applications

Since its first release in 2015, Kelley and co-workers paid a substantial effort to demon-
strate the utility of MagRC for rare cell capture, isolation, characterization, and expansion.
They firstly highlighted that the MagRC device can be used to track the expression level of
EpCAM on rare CTCs and the expression profile of EpCAM correlated to the progression
of tumor metastases (Figure 5A) [155,156]. In these studies, they demonstrated the value of
quantitative profiling of CTCs and reported that not only the number of CTCs, but also the
EpCAM level of CTCs, predict the metastatic status in late-stage prostate cancer patients.
Higher averaged zonal number, or equivalently lower expression of EpCAM, correlated
with disease progression [156]. Later on, they demonstrated that the MagRC system is



Chemosensors 2023, 11, 335 12 of 24

useful for studying tumor precursor cells (Figure 5B) [162]. In this study, Duong et al.
used MagRC to capture rare mesothelin (MSLN) -expressing cells in blood circulation and
studied the expression of CD34 and CD90 on captured mesothelioma precursor cells. It
was found that MSLN+CD90+ cells are largely present in the early stage (asbestos-exposed)
patients while MSLN+CD34+ cells are present in the late stage (advanced mesothelioma,
Figure 5B). This is the first study to reveal the prognostic importance of MSLN+CD90+ and
cells in the early diagnosis of mesothelioma. There are also practices to combine MagRC
with other microfluidic or molecular approaches for the comprehensive characterization
of CTCs and tumor precursor cells. For example, Poudineh et al. combined MagRC with
the chemokine-mediated migration assay to simultaneously characterize the mobility of
isolated CTCs [163]. Green et al. recovered CTCs from the MagRC and performed the
collagen uptake assay by culturing recovered live CTCs for up to 48 h to assess the invasion
behavior of isolated CTCs [159]. Lastly, at this moment, MagRC has advanced to the
pre-clinical study stage and demonstrated that the number and EpCAM status of captured
CTCs are valuable prognostic biomarkers for metastatic prostate cancer using a cohort
containing 36 patients [36]. Taken together, these studies highlighted the value of MagRC
as a powerful device for cancer liquid biopsy.
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Image reproduced with permission from [160]. Copyright 2020 American Chemical Society.
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Figure 5. Applications of MagRC in capturing rare cells for disease diagnosis and therapeutics.
(A) MagRC-mediated capture of CTCs. (i) EpCAM-based CTC profiles from patients with metastatic
prostate (MP, purple) and localized (LG) prostate tumors. Patients with Gleason score of 6, 7, and
8–9 were in green, blue, and red, respectively. (ii) Box plot indicating the median zone values of
the captured CTCs. More severe disease resulted in higher number of CTCs and lower EpCAM
expression. Image reproduced with permission from [156]. Copyright 2017 Nature Publishing Group.
(B) MagRC-mediated capture of circulating mesothelioma precursor cells (MPC). (i) Mesothelin-
based MPC profile from patients with mesothelioma. (ii) Illustration of MPC subtypes and their
typical marker expression derived from the captured rare cells. Image reproduced with permission
from [162]. Copyright 2020 Elsevier. (C) MagRC-mediated capture and recovery of tumorigenic stem
cells. (i) Capture performance of TRA-1-60-based capture of rare pluripotent stem cells. MagRC can
robustly detect five rare stem cells spiked in 1 million non-target cells, yielding a limit of detection
of 0.0005%. (ii) Pictures of teratoma (stem cell-derived tumor) developed from 300 (0.03%) and
3000 (0.3%) rare pluripotent stem cells. (iii) Fluorescence images of live rare pluripotent stem cells
recovered from MagRC post sorting. Isolated rare stem cells expressed typical markers of pluripotency
(e.g., TRA-1-60, Oct4 and Nanog) and developed colony over 10 days of culture, demonstrating
a strong viability and potency. Image reproduced with permission from [161]. Copyright 2020
American Association for the Advancement of Science. (D) MagRC-mediated capture and recovery
of tumor-infiltrating lymphocytes (TILs). (i) MagRC (also referred as MATIC) offer high-purity,
high-yield capture and recovery of TILs from dissociated tumor cells compared to other cell isolation
approaches such as FACS and MACS. (ii) The high yield of MagRC resulted in better expansion
rare of TILs. More than 5 × 106 TILs can be generated with 14 days of culture. (iii) Expanded TILs
are highly potent in tumor infiltration as revealed by the immunohistochemistry images. Number
of infiltrated TILs can be quantified by counting the CD8+ (pink) dots. Image reproduced with
permission from [35]. Copyright 2022 Nature Publishing Group.

MagRC has been applied to study rare cell populations present in therapeutic cells,
such as the undifferentiated human induced pluripotent stem cells (hiPSCs) present in the
differentiated cardiomyocyte populations for regenerative therapy (Figure 5C) [161]. In
brief, rare undifferentiated hiPSCs present in the therapeutic population have the potential
to form teratoma, a stem cell-derived cancer, after engraftment due to their ability to
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actively proliferate and differentiate [67,68]. This resulted in a significant safety concern
to the clinical administration of hiPSC-derived therapeutic cells [164,165]. It has been
reported that even 0.03% of hiPSCs in the differentiated cells is sufficient to form a teratoma
in immunocompromised animals [166] and therefore a sensitive technology is needed to
accurately detect rare hiPSCs. Kelley and co-workers proposed an alternative version of
MagRC for the precise quantitation of hiPSCs based on TRA-1-60, a strongly expressed
pluripotency-related biomarker, and achieved a detection limit of 0.0005% (Figure 5C).
They also performed animal studies to ensure this sensitivity is sufficient to predict the
formation of teratoma in immunocompromised animals. Given its rapid assay time (~2 h)
and unprecedented sensitivity, MagRC has a high potential to become a standard assay for
assessing the contamination of rare hiPSCs in therapeutic cells. In addition to the detection,
MagRC can be used to refine the therapeutic cells based on their surface markers. In a
recent study, Kelley and co-workers designed a high-throughput version of MagRC that
supports the sorting of 3.2 billion cells per hour and used this system to purify highly
potent tumor-infiltrating lymphocytes (TILs) from bulk preparation (Figure 5D) [35]. This
approach is named microfluidic affinity targeting of infiltrating cells (MATIC). During the
process, billions of TILs were sorted based on the expression of CD8 and/or CD39, a surface
biomarker that indicates the level of activation and exhaustion of T cells. Compared to other
cell sorting approaches such as FACS and MACS, MATIC resulted in much higher purity
and yield rate post sorting, thanks to the high level of controllability of parallelization of
microfluidics. The high purity and yield accelerated the vein-to-vein turnaround time of
TIL therapy and improved the overall therapeutic outcomes, as measured by the level of
TIL infiltration and median survival days of animals (Figure 5D).

The use of MagRC has also allowed new types of rare cells to be identified. A recent ar-
ticle reported the discovery of circulating tumor-reactive lymphocytes (cTRLs) in peripheral
blood with the help of MagRC [167]. This cell type, although present in blood circulation, is
tumor-specific and could kill autologous tumors and metastases effectively post expansion.
As a result, this cell type holds great promise for the development of next-generation adop-
tive cell therapies against cancer metastases. Interestingly, a simple MagRC procedure [167]
and a complicated FACS + scRNA sequencing procedure [168] resulted in the discovery of
the same biomarker (CD103) of the cTRL population. This showcases the high fidelity of
MagRC in rare cell analysis. Besides, MagRC is also compatible with non-cell targets. For
example, Chang et al. recently published a study using MagRC for ranking magnetically
labeled polystyrene beads for biomolecular display and selection [169], demonstrating the
good versatility of MagRC as a general platform for bioseparation.

In addition to the efforts of Kelley and co-workers, other researchers also implemented
the concept of MagRC to detect rare cells for diagnosis and therapeutics. For example,
Noosawat et al. desgiened V- and W-shaped nicket microstructures to capture malaria-
infected red blood cells that have increased magnetic susceptibility [170]. They achieved
80% capture efficacy of infected mouse blood with a 200 µm × 200 µm × 40 µm capture
pockets, though no significant difference between V- and W-shaped microstructures was
observed. In addition, Descamps et al. deposited NdFeB microparticles into microfluidic
channels to form magnetic micropillars for capturing circulating tumor cells [171]. The
system was designed to trap small WBCs on-chip effectively while allowing CTCs to pass
through. The system achieved a depletion efficacy of up to 85% for WBCs, allowing CTCs
to be purified for downstream culture and molecular assays.

6. Outlook

At this moment, two major challenges need to be addressed to further translate the
micro-magnetofluidics from bench to bedside. The first challenge is the capability for multi-
marker isolation and analysis. It is well acknowledged that the CTC populations contain a
high level of heterogeneity [172–174]. We are unlikely to discover a one-for-all biomarker
for CTC capture. Indeed, multiple articles have reported that a subpopulation of CTCs
may undergo a complete epithelial-to-mesenchymal transition (EMT) and become EpCAM
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negative in breast [175], lung [176], and colorectal [177] tumors. Therefore, EpCAM,
the current ‘universal’ marker for CTCs is potentially biased and may not reflect the
whole landscape of metastasizing cells [178]. Multiple alternative biomarkers have been
proposed to facilitate the capture and analysis considering the EMT nature of CTCs such as
Vimentin [179], N-Cadherin [180], AR-V7 [181], HER2 [182], and Ki67 [183]. These markers
are generally overexpressed on CTC subpopulations and are highly associated with the
mesenchymal phenotypes of cancer cells [184]. However, these markers are also expressed
in normal mesenchymal cells that are irrelevant to metastasis, such as circulating fibrocytes
(Vimentin+CD34+) [185]. Hence, there is an urgent need to develop magnetic sorting
technology that is able to sort on the basis of multiple markers (e.g., EpCAM, vimentin,
and CD34) for the accurate phenotyping of CTCs.

Unfortunately, unlike fluorescence signals, we do not have a spectrum of magnetic
interactions. Hence, most of the current approaches perform multi-marker magnetic sorting
on a serial (one-by-one) basis [163,186], which is extremely time-consuming and opera-
tionally complicated. It will be interesting to design new strategies that allow magnetic
sorting to be performed based on the expression of multiple biomarkers simultaneously.
Soh and co-workers proposed using magnetic beads with significantly different dimensions
to generate size-dependent magnetic deflection and had success in separating bacterial
cells [142]. This idea is interesting and may be worth further exploration. There might be a
possibility to develop new stimulus-responsive magnetic materials based on the inverse
Faraday effect [187], or develop a new bead hierarchy that can be decoupled on microfluidic
devices [188]. In addition, it might be possible to couple magnetically captured cells with
other high-throughput microfluidic assays, such as aqueous droplets [189] or hydrogel
droplets [190], for multiplexed rare cell analysis post capture. Di Carlo and co-workers re-
cently demonstrated rare antibody-secreting B cells can be encapsulated into their hydrogel
nano-vials and separated based on the level of secretion effectively [191,192].

In addition to the single-marker limit, the current micro-magnetofluidic devices have
experienced difficulties in scale-up applications due to poor manufacturability. Indeed,
the majority of the designs proposed above, such as Prism [120] and magnetic ratcheting
cytometry [96], require the accurate assembly of micro-magnets with the corresponding
fluidic channels. This requirement is difficult to be achieved during large-scale manufactur-
ing at a reasonable cost, which greatly hampers their translation as affordable technologies
for routine clinical applications. The MagRC devices do not require such fine assembly
but need to generate complex, multi-depth structures in the fluidic channel, which is
not easy to be fabricated through micro-molding. 3D printing may be served as an al-
ternative given its capability to generate multi-depth structures [193–196]. However, the
feasibility of 3D printing in large-scale fabrication (>10,000 pieces per month) remains to be
verified [197–199].

Lastly, to further translate micro-magnetofluidic devices from bench-to-bed, one must
consider their simplicity, integrity and ease of use. At this moment, the majority of micro-
magnetofluidic devices reply on external syringe pumps and pressure sources for operation,
and dedicated or even customized microscopes for visualization and performance tracking.
It is highly desired to develop a simplified, all-in-one version of micro-magnetofluidic
systems for diagnostic and therapeutic applications. Indeed, Di Carlo and Emaminejad
groups recently reported an all-in-one ferrobotic system for accessible and automated
viral testing [200], which provides an excellent model for integrating micro-magnetofluidic
systems. In fact, multiple low-cost and accessible alternatives of pumps [201,202] and
microscopes [203–205] have been developed in the last 10 years. Most of them were made
with off-the-shelf components and are open source, and will therefore facilitate fast and
easy integration with the current micro-magnetofluidic devices.

7. Conclusions

In summary, micro-magnetofluidic devices are promising solutions for the rapid
and sensitive analysis of rare cells present in biofluids, such as peripheral blood and cell
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suspension. Impressively, the inherent high throughput of micro-magnetofluidics has
enabled the direct processing of whole-blood samples for CTC quantitation, enrichment,
and analysis. The whole assay can be completed in a clinically relevant turnaround (a few
hours), making it an excellent candidate for non-invasive cancer screening and monitoring.
After 15 years of development, micro-magnetofluidic devices have generated encouraging
outcomes in the laboratory. At this moment, we are well equipped with the technologies
that allow us to find the right needles in haystacks. With multiple mature designs being
tested at the preclinical and clinical stages, we are optimistic about the future of magneto-
microfluidic assays as a standard procedure for the analysis of rare disease-related cells.
We hope, in the next ten years, that the micro-magnetofluidic assays can be mass produced
at a reasonable cost and widely implemented in the clinic.
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