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Abstract

The growing need for biological information at the single cell level has driven the development of improved cytometry technologies.
Flow cytometry is a particularly powerful method that has evolved over the past few decades. Flow cytometers have become essential
instruments in biomedical research and routine clinical tests for disease diagnosis, prognosis, and treatment monitoring. However, the
increasing number of cellular parameters unveiled by genomic, proteomic, and metabolomic data platforms demands an augmented
multiplexability. Also, the need for identification and quantification of relevant biomarkers at low levels requires outstanding
analytical sensitivity and reliability. In addition, growing awareness of the advantages associated with miniaturization of analytical
devices is pushing forward the progress in integrated and compact, microfluidic-based devices at the point-of-care. In this context,
novel types of flow cytometers are emerging during the search to tackle these challenges. Notwithstanding the relevance of other
promising alternatives to standard optical flow cytometry (e.g., mass cytometry, various optical and electrical microcytometers), this
report focuses on a recent microcytometric technology based on magnetic sensors and magnetic particles integrated into microfluidic
structures for dynamic bioanalysis of fluid samples—magnetic flow cytometry. Its concept, main developments, targeted applications,
as well as the challenges and trends behind this technology are presented and discussed.
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ADC Analog to digital converter
AMR Anisotropic magnetoresistance
FM Ferromagnetic

GMI Giant magneto impedance
GMR Giant magnetoresistance
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M Metallic

MACS  Magnetically assisted cell sorting
MFC Magnetic flow cytometry
MNPs  Magnetic nanoparticles

MR Magnetoresistance

MRI Magnetic resonance imaging
MTJ Magnetic tunnel junctions
PHE Planar Hall effect

PMTs Photomultiplier tubes

PoC Point-of-care

S Sensitivity

SERF Spin-exchange relaxation-free
SNR Signal-to-noise ratio

SV Spin valve

TMR Tunneling magnetoresistance
TOF Time-of-flight

Introduction
Originally described in the first half of the twentieth century

[1], flow cytometry has become the gold standard for cellular
analysis. It is widely used in life and biomedical sciences to
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quickly analyze a large population of cells or particles in a
fluid passing on a flow channel, through a detector. The tech-
nique allows the analysis of physical and/or chemical charac-
teristics of the target analytes such as size, volume, cycle, and
count. In conventional flow cytometry, cell components or
particles are labeled by fluorochromes, which emit light at
varying wavelengths when excited by a laser. The fluorescent
light is filtered and channeled to various photodetectors called
photomultiplier tubes (PMTs). These PMT sensors convert the
energy of a photon into an electronic signal—a voltage pulse.
However, it has been extensively reported that fluorochromes
suffer from several limitations, related to background interfer-
ence, fluorescence noise, stability, and lifetime, which limit
the performance of optical flow cytometers. In practice, the
potential interference of optical background generated by bi-
ological samples often demands extensive sample preparation
before sample analysis. Moreover, when using multiple dyes,
emission bands are often too broad, causing spectral over-
lap. This demands compensation for spillover into adja-
cent detection channels through complex correction algo-
rithms to deconvolute the overlapped spectra. Therefore,
alternative technologies to optical flow cytometry have
been pursued.

Magnetic flow cytometry (MFC) where the fluorochromes
and photodetectors of conventional flow cytometry are re-
placed by magnetic particles and magnetic field sensors, re-
spectively, is a promising emerging approach. In MFC, mag-
netically labeled or intrinsically magnetic entities dispersed in
a transporter fluid flow inside a channel (often of micrometric
dimensions), and pass over a magnetic field sensor (e.g., mag-
netoresistive, magnetoimpedance, Hall effect). The magnetic
sensor detects the magnetic fringe field coming from the
flowing magnetic entities (Fig. 1).

An electric-to-electronic coupling is used to record the way
in which the magnetically labeled entities flow over the sensor
generating information such as particle velocity, labeling den-
sity, rotation movement, and particle counts.

A comparative description of the main features of both
optical and magnetic approaches is portrayed in Table 1.

Available in a range of sizes and surface functionalization,
magnetic labels have important advantages when compared to
their fluorophore counterparts. The possibility of particle ma-
nipulation and negligible background with respect to biolog-
ical samples enables the sample’s direct electronic readout by
appropriate sensors. Indeed, magnetic carriers have become
widely used in sample preparation and as a routine methodol-
ogy for the separation of key cell populations from biological
suspensions (e.g., magnetically assisted cell sorting, MACS)
[2], which allows single cell analysis. Magnetic cell manipu-
lation is now a standardized process step in numerous process-
es in laboratory and clinical settings [3].

Different types of magnetic sensors have been explored as
transducers in biosensing devices. In the specific case of
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dynamic detection, a wide range of sensors (e.g., spin valves,
magnetic tunnel junctions (MTJ), Hall effect, planar Hall ef-
fect (PHE), giant magnetoresistance (GMR)-multilayer sen-
sors, inductive sensors, giant magnetoimpedance (GMI)) have
been reported. Their compatibility with microfabrication tech-
niques and microfluidics prompted the development of fully
compact, handy, and affordable devices, consistent with the
point-of-care (PoC) concept. Indeed, descriptions of MFC
systems comprising two to three microfluidic processing
zones are emerging in the literature. For example, sample
preparation units may be included upstream of the detection
zone, for labeling, separation (e.g., magnetophoresis [4]) and
positioning by hydrodynamic lateral, vertical, or even three-
dimensional focusing [5-7] of the target analytes.
Downstream of the detection zone, microfluidic structures
for cell sorting may allow the separation and collection of
the species of interest for further use in subsequent analysis
giving rise to full sample-to-results devices (Fig. 2).

Despite several decades between the technological devel-
opment of optical flow cytometry and MFC, and some recog-
nized limitations of the technology, namely in the
multiplexability potential to simultaneously measure different
parameters on the same target entity, the area has generated
great research activity as summarized in Table 2. Relevant
advances regarding miniaturization, integration with fluidic
and electronic components, sensor multiplexability, detection
parallelization strategies, and fields of application are docu-
mented. The initial integration of spin valve sensors with
microfluidic structures enabled the sensing of flowing
ferrofluid droplets [17] and measurement of the flow veloci-
ties of magnetic particles [25]. Ferrofluid-based systems have
been developed primarily as in-line, non-destructive detection
methods to determine the magnetic properties of ultra-small
volumes of magnetic nanoparticles (MNPs) in solution.
Applications include quality control and basic understanding
of magnetic phase formation during the synthesis and
functionalization of superparamagnetic nanoparticles [12],
and control synthesis and screening of magnetic suspension
arrays [9], which are being investigated to expand the MNPs
encoding capability. However, the applicability of ferrofluids
in the biomedical field opens the potential to explore such
systems as magnetic flow cytometers either for in vivo mag-
netic resonance imaging (MRI) [9] or as biomolecular tags for
ex vivo biofluid analyses with lab-on-chip technology. Also,
micron-sized and nanometric magnetic particles are widely
explored either individually as proof-of-concepts or as labels
of animal cells and bacteria in bioanalysis.

For multiplexing purposes, different types of encoded
microcarriers, providing distinct magnetic signals, have
been purified and identified into different batches (analo-
gous to optical colored codes) by magnetic flow cytomet-
ric systems with integrated magnetic detectors [10]. In
this context, magnetic labels of different materials,
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Fig. 1 Schematic representation b (o]
of the MFC concept for magnetic A
particle detection. a A permanent >

magnet below the sensor is used
for an out-of-plane magnetization
of the superparamagnetic particle
that flows inside a microfluidic
channel. b Inset image of a
particle passing over the sensor. ¢
Signal output for a single particle
for each one of the positions over
the sensor
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classified by the difference in their magnetic properties,  targets and parameters in the same target, similar to the
are being explored to discriminate between different  colors of fluorescent labels [26, 31].

Table 1. Comparison of the gold standard optical flow cytometry and magnetic flow cytometry as techniques for cellular analysis

Optical flow (OFC) Magnetic flow (MFC) Comments

Instrumentation complexity - ++ OFC: Expensive and complex optics
and expense MFC: Relatively inexpensive materials
(e.g., thin-film chips and plastics),
standard fabrication processes
(semiconductor industry)
Size/portability - ++ OFC: Bulky, benchtop size
MFC: Potentially compact and portable for PoC usage
Sample preparation requirements - +++ OFC: Extensive protocols for sample preparation
MEFC: Besides magnetic labeling does not
require any other sample preparation steps

Operator expertise - ++ OFC: Need expert and trained personnel
MFC: May integrate most functionalities
in the device making it easy to operate

Number of parameters detected +++ - OFC: Up to 30 parameters
per analyte MEFC: Single parameter per analyte
Quantitation +++ +++ OFC: Easily obtained statistics using embedded software

MFC: Counts analytes at cm/s flow velocities

Sensitivity +++ +++ OFC: Dependent on the fluorochromes,
experimental design, and instrumentation
MEFC: Depends on the type of sensor, magnetic
labels, experimental design, and instrumentation

Throughput - ++ OFC: Analyze one sample at a time
MFC: Can analyze several samples in parallel
in microfluidic multichannel format (so far up to 6)

Cost of analysis ++ +++ OFC: Moderately expensive sample processing
MFC: Avoids sample processing costs
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Fig. 2 Conceptual image of the different modules of a magnetic cytometry device

In this context, the present review covers the most recent
developments and advances on MFC systems. New sensing
architecture, multifunctional magnetic labels, and microfluidic
designs that are being pushed for the analysis of complex
biological samples, such as blood [24, 30] and milk [33], are
discussed.

Emerging designs using ferrofluids and integration within
flexible and stretchable substrates that further extend the scope
of applications for MFC technology are also acknowledged.

Sensing technologies for magnetic cytometry

Table 2 shows the different types of magnetic field sensors
that have been used for MFC. Those sensors are magnetic
field transducers whose output voltage signal (V) is linearly
proportional to an external applied magnetic field (H). This
section provides a brief overview of the different types of
sensors and physical characteristics will be described.

Magnetoresistive sensors

Among the magnetic field sensors used in MFC, magnetore-
sistive sensors have been the most ubiquitous and therefore
will be analyzed in more detail. These sensors are character-
ized by the linear change of their electrical resistance with
small magnetic fields and their response to an external mag-
netic field (transfer curve) can be of two types (Fig. 3).
Sensors with transfer curves like Fig. 3a, such as planar
Hall, spin valve, and magnetic tunnel junction sensors, typi-
cally exhibit the linear region centered at 0 T field. Thus, no
external field is necessary to center the response of these sen-
sors in the most sensitive region (i.e., linear zone). Transfer
curves like in Fig. 3b typically show a resistance close to Ry,
at 0 T field; thus, it is necessary to apply an external magnetic
field to obtain their maximum sensitivity.
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The performance of these sensors is related to two charac-
teristics: the magnetoresistance (MR) and the sensitivity (S).
The MR (Eq. 1) corresponds to the maximum variation of the
resistance while S is defined as the slope of the linear zone
(Eq. 2).

Rmax_Rmin
MR = K Hin o (1)
Rmin
I R 1 AR MR

- - = — = T
Rumin OH  Rmin AH  AH /T

(2)
where Ri,is the minimum resistance, R, 1S the maximum
resistance and AH is the field span where the sensor is linear.

Three phenomena of magnetoresistance are known: aniso-
tropic magnetoresistance (AMR) effect, giant magnetoresis-
tance (GMR) effect, and tunneling magnetoresistance (TMR).

AMR

AMR sensors are based on spontaneous electrical resistance
anisotropy observed in ferromagnetic materials (i.e., Ni, Co,
Fe, and their alloys). The origin of this effect is attributed to a
different scattering of electrons when the magnetization of the
material is parallel or perpendicular to current [36]. For a
measurement configuration as depicted in Fig. 4a, the magne-
tization of the ferromagnetic layer (typically NiFe) should be
oriented parallel to the biasing current leading to a transfer
curve similar to Fig. 3b. AMR sensors with MR up to 2%
with soft permalloy films have been reported [37].

The planar Hall effect takes advantage of this anisotropy of
the resistivity by measuring the Hall voltage on a cross mea-
surement configuration (Fig. 4b) and are sensitive to in-plane
fields [38]. To achieve a transfer curve similar to Fig. 3a, the
magnetization of the ferromagnetic layer (typically NiFe)
should be oriented parallel to the biasing current. This can
be achieved by coupling an antiferromagnetic material (e.g.,
Mnlr) to the sensing NiFe layer [39, 40]. For NiFe films
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= . ranging from 20 to 30 nm, a relative resistance variation % in
8 = @ 3 e the order of 2-3% was measured [39-41].
= 3 3]
5 © 2 g
g | §£§ =R 25
3} 3 5 2
~ A = 4 GMR
The GMR effect, first discovered by Albert Fert [42] and Peter
=R Rg- Tz % :éf 22 Griinberg [43], relies on spin-dependent transmission of con-
2E o = 5 = £ . .
“ § g gg g = “fa 8 §§ o3 5 gwf; duction electrons between two ferromagnetic (FM) layers
= 3] S , 3 &3 S=T5 833 S . s .
§ g %;;g z %g g £ g % o B E —i g g2 through a metallic layer (M). A GMR device is typically com-
— £ oE 29 B =5 — .. .
2 38 23 S5E885=5855¢ 3% posed of one or more repetitions of the multilayer stack FM1/
> =A< = = = - M/FM2. In this device, the electrical transport can be divided
. into two spin channels, namely the spin-up and spin-down
ié S § § 2 :; channel. The FM layers can be in a parallel (Fig. 5a) or anti-
S §.§ £ t2s parallel (Fig. 5b) configuration. In the first case, spin-down
G 5 z; 8 3 § & '; _qg) electrons will have a higher scattering probability than the
2 =3 = = . . o e e
z 3 ~E 3 %é 3 g5 spin-up electrons. This creates a lower resistivity channel for
o8 @ ° oY= . . .
z 3 3 3 spin-up electrons which lowers the overall resistance of the
device (Fig. 5a). In the second case, spin-up and spin-down
8 . . = electrons will both have a high scattering probability in the
h=1 =] =] = . . . .
E By 2y g E e respective FM layer with opposite moment generating two
%D %-"‘g 2 Eﬂ% gme g% S channels with the same resistivity (Fig. 5b). The resistivity
= = S . . . .
= EZ Y g E 5z £ 2 = of this channel is higher than the low resistance channel of
lE g £ “E:L g = gé £ %0 § the first case, therefore producing an overall higher resistivity
2 o5 o 5 —
E EES ESAX § 8% than the parallel state.
~ ~ Q 2 . .
A GMR stack is typically composed of several layers FM1/
M/FM2 and has a magnetic response as depicted in Fig. 3b.
. B The MR of these sensors can amount to 10%.
C 2 2 £ 5 In 1991 Dieny et al. [44] introduced the principle of a spin
= 2 a ¥ 238 .. .
é o - S S8 3] valve sensor comprising a fixed FM layer (pinned layer) and
2 %= E Gs E £5858 an FM layer free to rotate with the external field. This concept
2 L = 95 .
= § 2 ﬁ § 2 % Z EE8s g was further developed and tested in 1994 [45]. The FM mag-
= Z 8 Z ® S netic moment is typically fixed by coupling one of the FM
layers to an antiferromagnetic layer such as Mnlr, MnPt,
Tg’ MnNi, or MnFe. The spin valve configuration leads to a trans-
£ 2 fer curve as depicted in Fig. 3a. MR up to 20% were reported
:_<§> : § ¢ g 5 . for spin valves [46].
= 3 TogE o2
S 2 gg gE==2 gs8e-
& I Suan’y o TMR
S| Eix Eiz=l Be=x
The operation of TMR sensors is described by the spin-
8 dependent tunneling effect. In this phenomenon, elec-
= =] Q . . .
£ P =R trons tunnel across an insulating barrier (I) between two
=] =] 3 .
%D £ Z: § £ FM electrodes. The device composed of FM1/I/FM2,
§ S %S :% £% ; EE“E where FM2 is further pinned using an antiferromagnetic
w © g S} o5 3 . . . .
2| %2z ‘]I’% 2 i ‘ﬁﬁ gzl layer, is called a magnetic tunnel junction. For a suffi-
o 7] @ X . . . . .
A g 3 =4 T B % % ciently thin insulating layer, applying a voltage across
"g £ B the electrodes, the electrons will be able to tunnel
£ 2 2 through the insulator [46]. When the magnetizations of
=} . .
S| o :i% 2 z the FM layers are in a parallel (antiparallel) state, a low
~ — < . . . .
o = Ei TE § T (high) electrical resistance will be measured at the sensor
2| 2|28 2 2 terminal. It was demonstrated that MTJ can attain an MR
<
glals up to ca. 500% at room temperature [47].
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Fig. 3 Schematic representation of linear magnetoresistive sensors transfer curves for a spin valves, magnetic tunnel junctions, and planar Hall; b AMR

and GMR multilayers
Comparison of MR sensors

Table 3 shows expected signal-to-noise ratio (SNR) depend-
ing on the MR sensor type. For MFC applications, in general,
sensors measure the average fringe field of the magnetic enti-
ties over the sensing area. To allow a fair comparison, sensors
with similar area were chosen to remove any geometrical sig-
nal enhancement.

GMR stack and spin valve are the sensors with the lower
expected SNR since they are the ones with lower sensitivity.
Their noise is also higher than the PHE sensors but not higher
than MTJs. The sensitivity of MTJs is maximized when volt-
ages below ca. 50 mV are applied. However, their large MR,
yielding a ratio %’:‘ = %, attenuates the SNR. Also, MTJs show

higher noise when compared to the PHE sensors. On the other
hand, when choosing a type of sensor, besides their intrinsic
noise, it is also important to analyze the contribution from the
signal acquisition system. While the higher noise exhibited by
MTIJs can be a downside for this type of sensor, the challenge
to design electronic systems with noise specification lower

than PHE sensor noise cannot be overlooked. Most of the
time, the limiting noise arises from the acquisition system,
degrading in this way the total SNR. In this context, although
presenting higher noise, MTJ sensors may be of a great ad-
vantage since the noise added by the acquisition system will
be negligible. In this particular case, MTJ has higher SNR of
all MR sensors. If a very low noise acquisition system can be
designed, the PHE sensor will be the one exhibiting higher
SNR.

Other magnetic sensors

Besides MR sensors, other magnetic field sensors have been
also used: Hall effect, inductors, GMI, and atomic
magnetometers.

Hall effect sensors rely on the measurement of the voltage
(Vi) perpendicular to the current passing through a conductor
caused by the deflection of the electrons due to an out-of-plane
magnetic field. These sensors have typical sensitivities up to

a

o
&y

b

®

Fig. 4 Typical measurement configurations for a AMR and b planar Hall
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- N A\——> qrwm
= M < M
—> | Fm2 | o—— M2
a b
— Two channel =
conduction model
—

Fig.5 Schematic of the GMR effect in FM1/M/FM2 structure when FM1
and FM2 are a parallel or b antiparallel. The two-channel conduction
model is illustrated. In this model, each spin channel is represented by a
resistor. If the spin of the electron has the same orientation as the moment

175 V/(T.A) [30, 41], linear response over a large range of
field but present higher noise than MR sensors. Inductors rely
on Faraday’s law. Briefly, a voltage is generated in a coil upon
application of an out-of-plane alternating magnetic flux. The
sensitivity of inductors increases with the frequency, and
therefore large frequencies (gigahertz range) are typically used
to measure small magnetic flux as is the case for MFC [26].
GMI sensors resort to the skin-depth effect which creates a
change in the sensor impedance as an AC current flows inside
an electrical conductor. This impedance varies with the in-
verse of the square root of the frequency and of the magnetic
permeability. A change in the external magnetic field will
cause a variation of the magnetic permeability of the material
and therefore the impedance of the sensors. These sensors
typically operate at tens of megahertz and can detect fields
down to a few nanotesla [14]. Finally, atomic magnetometers
are devices made up of atomic gases (rubidium or cesium) and
use the Zeeman effect. This is a quantum effect where the
magnetic spin of atoms changes with an external magnetic
field. A pump laser is used to set the atoms to a specific spin
state while a probe laser measures the spin state of the atoms

of the layers, the resistance is low. In the opposite case, the resistance is
high. The overall device resistance is the parallel equivalent of the
resistance of both spin channels

which varies with the external magnetic field. This is the most
sensitive magnetometer at room temperature, although com-
plex apparatus including two lasers and a shielded box is
required [8].

Magnetic detection system
Magnetic labels
Labeling considerations

The biological entities targeted in this type of detection system
are non-magnetic in nature and thus invisible to the magnetic
sensors in use. Therefore, magnetic particles are required to
mark the targets and work as reporter systems.

Magnetic labels and their respective magnetic moments
contribute to define the sensitivity and accuracy of the assay,
as well as the assay specificity determined by their surface
functionalization. Therefore, cautious selection of the magnet-
ic particles must be undertaken considering their magnetic,

Table 3 MR sensors SNR comparison

Type of sensor Area (p,mz) Sensitivity (mT™) Hooge constant SNR (vHz/mT ) Reference
PHE 225 0.317 0.01 1.69 x 10 [10]
GMR stack 300 0.03 1 8.87 x 10° [12]

Spin valves 300 0.024 0.1 127 x 10° [34]

MTJ 300 0.2 1 x 10° um? 5.16 x 10° -

The SNR for low frequencies were calculated using the equation SNR = SRL;““ £/ ]YTH/ for PHE, GMR, and spin valve sensors, and SNR = § 1;‘—‘;: af

ay

for MTJ sensors. Ry, is the sensor DC resistance (in most cases Ry, is the resistance at H = 0 Oe), N, is the number of carriers on the conductive materials,
oy 1s the Hooge constant, A is the area of the sensor, and S is the sensor sensitivity. The frequency was assumed to be 5 kHz. The sensitivity and area were
obtained in the references except for the MTJ sensor for which typical values were used. NV, were calculated on the basis of the sensor area and stack.

Typical values of the Hooge constant were used for all the sensors. Finally, 1122"" = 1 was assumed for PHE, GMR, and SV because of their low MR (<
10%). For MTJ sensor, an MR = 100% and a centered transfer curve were assumed, leading to [;T =2

@ Springer
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physical, and biochemical characteristics together with the
characteristics of the detection system and the envisioned
application.

The magnetic properties of the particles are undoubtedly
key features to consider. Particles can be superparamagnetic,
i.e., non-remnant, because the magnetic material within the
label exists as small particles (usually iron oxide), with small
random moments. The detection system relies on the align-
ment of these moments when a magnetic external field is
applied, generating a measurable fringe field.

Some attempts to discriminate between a panel of magnetic
particles and use them for multiplexing purposes could be
obtained using particles with different magnetization values
[31] or different complex susceptibility at a given frequency of
operation [26].

Regarding the physical characteristics of magnetic labels,
size is the most relevant feature and is intimately related to the
type of target entity, including (i) nature (i.e., if it is eukaryotic
or a bacteria cell, spore (Fig. 6), or virus); (ii) size and surface
area; (iii) available labeling sites, such as antibody-binding
epitopes or other specific ligand recognition zones.
Micrometric labels (up to 12 um diameter) have been widely
used in preliminary proof-of-concept experiments, using dif-
ferent types of sensors [4, 18-25]. They are easily observed
under standard optical microscopes and are generally uniform
in size and magnetic content. Although having a lower per-
centage of magnetic composition (ca. 15 wt%), in comparison
to MNPs, their increased volume results in a higher magnetic
moment per label. Thus, when submitted to an external mag-
netic field, detection of independent signals at the single label
level is possible [48]. On the other hand, this may hamper the

Bead coated Antibody
with Protein A (Rabbit IgG)

(Not to scale)

Fig. 6 a Schematic of a bacterial spore labeled with immunomagnetic
nanoparticles. b STORM (Stochastic Optical Reconstruction
Microscopy) image (X 50,000 magnification); Immunofluorescence
image from Bacillus cereus reacted with rabbit anti-B. cereus antibody

@ Springer

B. thuringiensis spore

discrimination of free labels from labeled entities.
Additionally, their higher density makes them behave differ-
ently from cells in microfluidic channels. They tend to sedi-
ment in the channels, and often accumulate in transition zones
(e.g., inlets and outlets).

The most used magnetic nano-sized particles in biomedical
in vivo applications are composed of the iron oxides magnetite
(Fe504) and maghemite (y-Fe,05), and usually have a diam-
eter range of 1-100 nm [3]. These smaller labels with a high
magnetic content (70-85 wt%) are a better solution for label-
ing purposes in MFC applications, mainly because their small-
er size allows higher labeling densities. However, they may
suffer from higher dispersion in size and shape and their high
magnetization and anisotropy for their volume, under an ap-
plied magnetic field, may lead to particle clustering. This can
interfere with the detection of labeled entities, triggering false
positive counts.

Although there is no “tried and true” way yet to address
this issue, possible strategies are filtering the free MNPs and
clusters from solution [49, 50], using microfluidics system
architecture to separate unwanted nanoparticles, thus
preventing them from reaching the proximity of the sensor,
or taking advantage of magnetophoretic forces [51].

Vila et al. [29] have addressed this matter through
the design and tailored production of polymeric nano-
beads. The beads (J 120-190 nm) were loaded with
different contents of magnetite nanoparticles ranging
from 14 to 44 wt%. A fine tuning of the magnetic
content of the beads allows the discrimination of free
beads from labeled cells in a mixture flowing over the
magnetic sensors. However, smaller labels of lower

and goat anti-rabbit secondary antibody labeled with Alexa 647,
presenting high labeling efficiency. ¢ SEM picture of B. thuringiensis
spores labeled with magnetic nanoparticles, presenting low labeling
efficiency (x 20,000 magnification)
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magnetic moment demand higher labeling densities of
the target (more particles per target).

The most common way to label cells is the attachment of
particles on their outer surface through a ligand molecule that
makes the bridge between the magnetic particle and the cell
(Fig. 6a). Such ligands are intended to be specific to particular
sites, molecules, or epitopes in the cell surface. With the ever-
growing area of biosensors, many types of novel ligands have
been investigated and made available, including DNA
aptamers, bacteriophages, and antibody fragments, among
many others, from naturally occurring to synthetic origin.
Antibodies are still the most commonly used for both standard
flow cytometry and MFC.

Antibodies against specific biomarkers, like cell surface
protein antigens (e.g., EpCAM), in the target cells are widely
commercially available. They can be found unconjugated,
modified with affinity molecules for further immobilization
in the magnetic particle carrying the complementary ligand,
or as labeling kits, consisting of magnetic particles pre-
functionalized with specific antibodies. When working with
unconjugated antibodies, one can use several
functionalization chemistries to immobilize them to the mag-
netic markers. Some examples are (a) covalent chemistry,
making use of the antibodies’ native functional groups (e.g.,
amine, carboxylic, thiol, or aldehydes in the carbohydrate
chain) to bind to the particle’s surface through bifunctional
linkers (e.g., glutaraldehyde, EDC/NHS, sulfo-EMCS, sulfo-
SPDP); affinity reactions between an antibody’s F, region and
protein A or G molecules on the particle’s surface; biotinyl-
ation of the antibody and binding via biotin—streptavidin af-
finity reaction. These strategies are discussed in depth by
Martins et al. [52]. Besides the decoration of the cell surface
with magnetic labels, a less explored labeling alternative is the
introduction of MNPs into the cells by endocytosis [28].

The type of sample, in particular complex biological fluids,
is another critical aspect to think of when designing an MFC
system. Viscous samples, such as blood and milk which were
addressed in some of the reports, impose great challenges that
can be tackled using sample preparation units integrated in the
microfluidic systems. Magnetic separation strategies have
been thoroughly explored as a purification and concentration
approach, being an advantageous alternative [53].

Metallic ferromagnetic nanoparticles are particularly inter-
esting for separation processes in complex media because they
exhibit higher saturation magnetizations and allow for fast and
complete separation using high gradient magnetic separators.
For these reasons, they are being explored for many biomed-
ical and industrial applications. For example for the monitor-
ing of in vivo MRI particles and biomolecules tags for ex vivo
biofluid analyses [8, 9]; and in quality control in the synthesis
of encoded microparticles or water source remediation [10,
12]. Thus, ferromagnetic nanoparticles have been used as
ferrofluids in MFC studies to demonstrate the potential of

these systems to work for in-line direct analysis of such
particles.

As stated previously, choosing the size of the magnetic
label is intimately related to the nature of the intended target.
Microbial cells are, on average, 10-fold smaller than mamma-
lian cells (approximately 1 pm vs. 10 pm) and consequently
have lower levels of many cell constituents, including surface
antigens for magnetic labeling (Fig. 6b). These biological dif-
ferences have great impact on the practical aspects of labeling
(Fig. 6¢). This aspect may explain the lower number of MFC
works applied to the detection of bacteria [33-35].

Magnetic labels magnetization

As mentioned above, typically employed magnetic labels are
superparamagnetic, do not express hysteretic magnetization
curves, and have zero remanence. This means that these par-
ticles require an external source of magnetic field to induce a
magnetic moment on them for magnetic detection purposes.
In this respect, a magnetic particle can be approximated to a
magnetic dipole and the stray field is given by Eq. 3:

Ho [3r(m.r) m}

B(m,r) = p; 3

C4Arm (3)
where B(m, r) is the magnetic stray field, m is the magnetic
moment at a vector distance r, and po is the magnetic
permeability.

Two main magnetic field generation strategies are used:
permanent magnets and electromagnets. An important differ-
ence between these two strategies is the much lower magnetic
induction generated by the electromagnet. A permanent mag-
net easily generates a magnetic induction of 0.5—1 T, while the
electromagnet is typically in the millitesla range. An advan-
tage of electromagnetic coils is that they offer flexibility, as the
magnetic field can be simply switched off by setting the coil
current to zero. However, they are usually bulky, have high
power consumption and heating effects, hampering their ap-
plication in PoC solutions.

The magnetic field can be applied in the plane or perpen-
dicular to the sensor. According to the configuration and type
of sensor, different pulse shapes will be measured. For MR
sensors and an in-plane magnetization, the average fringe field
has a unipolar configuration while the perpendicular magne-
tization affords a bipolar configuration (Fig. 7). In the in-plane
configuration, it is important to avoid sensor saturation by
applying a relatively low magnetic field. Larger out-of-plane
magnetic fields (up 1 T) can be applied since this type of
sensor is not sensitive to the field direction. Other types of
sensors such as Hall effect sensors are sensitive to the out-
of-plane field and therefore measure opposite pulse shapes
to MR sensors.
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Fig. 7 Schematic representation of the signal output for an MR sensor when applying a perpendicular or b in-plane excitation field for a particle of
2.8 um diameter (Dynabeads M-280 streptavidin) at 0.2 um from the sensor

Commercial permanent magnets (e.g., AINiCo 500 and
NdFeB, IBS Magnet; NdFeB, Supermagnete) have been ex-
tensively used and are usually positioned under the chip for an
out-of-plane magnetization of the labels. However, they re-
quire careful alignment with the sensing elements, because a

b T T T v T v T v T T T T I
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small tilting of the magnet can create magnetic field compo-
nents in the sensor plane which have a negative impact on
their sensitivity (Fig. 8) [34]. By combining the scanning of
the magnet positioning with transfer curve measurements it is
possible to find the optimal site for maximum sensor output

T ¥ T ¥ T " T ® T s T 4 T
-150 -100 -50 0 50 100 150
Magnetic Field [Oe]

Fig. 8 a Integrated device comprising the chip and a microfluidic module in a PCB. A permanent magnet is placed below the chip for an out-of-plane
particle magnetization. b Effect of a permanent magnet placed under the chip on the transfer curve of a spin valve magnetic sensor
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Fig. 9 Schematics illustrating the
impact of the permanent magnet
positioning in the sensor’s
response. A tilt of the magnet
creates fields in the sensor plane,
shifting the sensor transfer curves
and decreasing the sensor
sensitivity

Properly biased

Resistance

Perpendicular field

(Fig. 9). However, the magnetic field coming from permanent
magnets is typically not uniform over the whole area of the
magnet. Therefore, it is important to reach a compromise in
order to have multiple sensing elements with good sensitivity
while keeping high magnetization of the labels that produces
externally observable signals.

Chicharo et al. [19] designed and proposed a permanent
magnet geometry to generate an out-of-plane external field
above 0.1 T with minimal field component in the other direc-
tions (< 1 mT). This was achieved throughout a large spatial
area of 2 x 6.5 mm?, where the sensing elements can be lo-
cated. The authors claimed that when using the customized
magnet, all the sensors maintain their characteristics [19]. A
group at Siemen Healthcare GmbH proposed the use of a
commercial permanent magnet that is positioned below the
GMR sensor in a coil setup to minimize magnetic field com-
ponents of the external permanent magnet in the plane of the
sensor [18]. However, a coil setup is usually bulky, hampering
system portability. A strategy to overcome the use of external
large coils is on-chip fabrication of integrated structures, for
the same purpose such as excitation coils reported by Boser
and Murali [30] and Murali et al. [26].

Sensor layout and architecture

In the kernel of the magnetic detection system is the sensor
unit, i.e., the detection element. Therefore, one of the key
development steps of an MFC system is the proper selection
and design of the integrated magnetometer. This task consists
of a trade-off analysis between the sensor’s most important
characteristics (e.g., sensitivity and SNR) and emerging dif-
ferentiation factors (e.g., integration feasibility, miniaturiza-
tion, low-cost fabrication). For example, unprecedented sub-
picomolar sensitivities in the measurement of ferromagnetic
30-nm nanoparticles were achieved by implementing a spin-

Resistance
Resistance

Transverse field

Longitudinal field

exchange relaxation-free (SERF), optically pumped atomic
magnetometer [8]. However, to match low cost, integrated
microfluidic platforms for PoC devices, GMR-based sensors
are the sensing technology of choice [13, 16].

The detection mechanism in MFC platforms is identical
regardless of the sensor type used. As a result, the design
process has fundamental guidelines based on the constraints
and particularities of in-flow magnetic detection. MFC entails
the measurement of the stray fields (magnetic field dipoles) of
the magnetic labeled entities flowing within a microfluidic
channel (Fig. 1). Successful detection of such entities requires
the microfluidic channel to be aligned over the sensor unit,
with a layout that considers the sensing direction of the par-
ticular magnetic sensor. Various works employing spin valve
sensors [5, 25, 33] select rectangular stripes as the sensor’s
geometry. In this case, the sensing direction is perpendicular to
the length of the sensor, which must coincide with the flow
direction and thus with the length of the microfluidic channel.

Additionally, the size of the sensing element must be care-
fully chosen on the basis of the size of the objects of interest,
simultaneously ensuring a high sensitivity and the measure-
ment of all particles flowing inside the channel.

Furthermore, the accuracy of the detection is also intimate-
ly related to the design of the microfluidic system, particularly
the channel dimensions, which are limited not only by the
fabrication techniques in use but also dependent on the type
of sample and size of target analytes. Even for pure, low vis-
cosity samples (e.g., water, buffer) and smaller targets (from
nanometers up to a few micrometers), the dimensions of the
channel must be kept several times larger than the targets to
avoid clogging, minimize fluidic resistance, and keep the time
of analysis short to aid high throughput [35].

Given that it is critical to reduce the size of the
microfluidics, and to facilitate the detection of flowing
small entities in a relatively large channel, approaches
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based on the sensors’ architecture have been developed.
Some authors have chosen to design sensing elements
matching the channel dimensions (Fig. 10a) [33]. This
approach guarantees that all targets pass over the sensors.
An alternative design, typically used in ferrofluidic drop-
let detection systems, consists in a meander shape that
greatly enlarges the sensing area (Fig. 10d) [10, 21].
However, there is always a trade-off between the size of
a sensor and its parameters. Sensor size dictates both spa-
tial resolution and the sensitivity to weak point-like mag-
netic sources (e.g., individual magnetic particles) [54].
Therefore, a way to overcome the usage of larger sensors
is to combine sets of smaller sensors arranged in series in
such a way that together they cover the entire channel
width (Fig. 10b) [34] or, individual sensors disposed in
a step-like configuration (Fig. 10c).

However, data analysis coming from sets of sensors
arranged close, side by side, is not trivial, mainly because
the same target entity may afford a detection signal on
two or more adjacent sensors, making it difficult to dis-
tinguish repeated counts from independent events. In this
context, hydrodynamic approaches, similarly to the stan-
dard flow cytometry, have been explored to focus the
sample over the sensing area. The first explored strategy
was lateral hydrodynamic focusing [19, 28, 35]. The ob-
jective is to narrow down the sample stream to about the
target size such that the target can flow in series rather

Sensor: 130 x 2 um?

than side by side when passing through the sensing cle-
ment, ensuring the accuracy of counting. It was found that
restricting the transverse range of cell flow by lateral fo-
cusing afforded more accurate and reproducible results
[28]. However, in MFC, the magnetic signal that reaches
the sensor is often reduced as a result of magnetically
labeled entities flowing at different heights from the sen-
sor (10-200 um) inside the microfluidic channels, in this
way reducing the detection signal output according to Eq.
3 (Sect. “Magnetic labels”) and Eq. 4, as shown in Fig.
11.

AV = S Ryin I B, (4)

where B, is the in-plane magnetic stray field of the parti-
cle, AV is the sensor voltage variation, S is the sensitivity
of the sensor, R, is the minimum resistance of the sen-
sor and [/ is the biasing current.

In the present example, the sensor is a spin valve of rect-
angular shape, 2 x 100 um?, and a sensitivity (S Ruin) of 2 Q/
mT under a biasing current of 1 mA. A microfluidic channel
of 10 um height and a magnetic particle of 2.8 pm in diameter
(Dynabeads M-280 streptavidin) with 4.3 x 10"'* A m* mag-
netic moment were considered for the simulation.

In this particular example, particles flowing on the top part
of the channel would be barely sensed taking into consider-
ation the noise level of the detection system.

Sensor: 30 x 2 um? v(-’

L

Sensor: 30 x 2 um?

Jo

GMR sensor sensing area 130 x 70 um?

s Contact element
e GMR sensor
@ Magnetic Particle

Fig. 10 Schematic illustrating different possible configurations of GMR sensors. a A single sensor with its length equal to channel width; b an array of 4
sensing elements arranged in series; ¢ a set of S sensors in a parallel configuration disposed in steps configuration; d a sensor patterned in a meander shape
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Fig. 11 Signal simulation for a single magnetic particle of 2.8 um diameter (Dynabeads M-280 streptavidin), and 4.3 x 10~'* A m” magnetic moment at

a distance (H) 0f 0.2, 3.5, and 7 um from the sensor

Two complementary strategies may be used to address this
issue: (i) improve sensor performance (increase sensitivity,
reduce noise) or (ii) bring the flowing entities closer to the
sensor (vertical focusing).

Sensor performance

In flow cytometry, a practical definition of “sensitivity” is the
capability of the system to resolve subpopulations of cells,
e.g., how weakly marked a cell can be and still be resolvable
from another population [55]. This capability in optical flow
cytometry (OFC) is limited in part by the amount of back-
ground light intensity intrinsic to other components in the
biological sample (autofluorescence). Conversely, magnetic
sensing takes advantage of the nonexistent magnetic back-
ground of biological samples. Therefore, MFC can be applied
even to turbid or more complex samples since it is not affected
by their inherent properties. Nevertheless, in some MFC con-
figurations, the presence of unconjugated magnetic labels (in
excess in the labeling process) may contribute to this back-
ground noise. Moreover, in magnetic sensing the sensors only
detect magnetically labeled events that pass in their proximity.
Therefore, target attraction and focusing strategies can be used
to allow increased sensitivity and reliability (see next section).

One approach to improving device performance (i.e., sen-
sitivity and reliability) consists in arranging magnetic sensors
in a Wheatstone bridge configuration. This geometry, which
provides a differential, offset-free output, presents several im-
portant advantages for flow cytometry, namely it (i) cancels
the common mode signal, reducing the impact of

environmental disturbances and noise, such as temperature
drifts (of particular interest when working with biological
samples) or background magnetic fields and gradients; (ii)
enables the use of balance/null measurement method, maxi-
mizing the capability of amplification of the output signal; and
(iii) delivers characteristic peak patterns of magnetic entities,
enabling quantitative analysis. Existing literature reports a
vast portfolio of MR sensors implemented in a Wheatstone
bridge configuration [15, 18, 21, 28, 51, 56], demonstrating its
suitability for high precision measurements, critical for the
detection of small output variation caused by in-flow magnetic
labeled species.

Lee et al. [28] designed a GMR biosensor for magnetic cell
detection also capable of sorting cells with different magnetic
moments. In this case, the sensor unit consisted of a single
Wheatstone bridge composed of four circular GMR discs (250
pum), one of them being crossed by a microfluidic channel (the
active sensor). A background noise signal 3.2 smaller was
reported using a Wheatstone bridge configuration when com-
pared with a single GMR disc (without the use of any filter).
These authors further highlighted the advantage of this geom-
etry by linking the reduced average noise amplitude obtained
with the possibility of distinguishing cells covered with a dif-
ferent number of MNPs.

Several authors have explored the capability of probing the
magnetic fingerprint offered by the Wheatstone bridge config-
uration and combined it with time-of-flight (TOF) analysis to
perform quantitative flow cytometry. Reisbeck et al. [27] thor-
oughly described the detection mechanism of a single cell and
spatial resolution of a Wheatstone half-bridge comprising two
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GMR sensors. The authors showed that a characteristic four-
peak pattern is expected and drew layout considerations
claiming that with a cell size to half-bridge ratio > 1.5, binary
information can be derive. Applying TOF analysis and using
the distance between sensors in the layout as input, this work
delivers quantitative single particle information, such as vol-
umetric and immunomagnetic binding capacity.

Helou et al. [51] discussed characteristic signal patterns of
magnetic labeled cells using different bridges layouts (com-
prising 2 x 30 um? GMR stripes): (i) a diagonal half-bridge
layout results in a signal with alternating peaks (Fig. 12) and
(it) parallel layout combining two pairs of parallel GMR sen-
sors results in a signature six-peak signal pattern. The authors
demonstrated that TOF measurements are suitable to extract
cell diameters and that both bridge layouts can be used for cell
detection, concluding that a full-bridge delivers higher signal-
to noise ratio while a half-bridge provides higher throughput
(Fig. 12).

Target vertical focusing

An important aspect of the development of microcytometers is
the control of the flow (e.g., velocity, stream location) of target
entities inside the microchannels. Sample focusing signifi-
cantly improves signal quality by making the particles pass
precisely over the sensing region [57, 58].

Wolff et al. were the first group to implement a hydrody-
namic focusing strategy in microfluidic chips [59]. Since then,
reported advantages include allowing the use of channel di-
mensions large enough to prevent clogging, improvement of
detection limits by sharp sample focusing in both the vertical
and the horizontal dimension, and suitability to count single
cells once these approaches cause particles to flow in single
file.

In this context, the 3D hydrodynamic focusing concept was
adopted by MFC technology [5, 35]. Here the lateral sheath
flows (lateral focus), which drive the sample towards the

a \/cc

GND

Fig. 12 a Schematic of a half-bridge circuit, with a diagonal
configuration (transfer curve overlap indicates sensing elements,
remaining are reference sensors). b Image of integrated MFC chip
comprising 4 half Wheatstone bridges overlapped by a microfluidic
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center of the channel, are combined with a vertical sheath flow
(vertical focus) that pushes the sample towards the bottom of
the channel. In this way, the targets flow closer to the sensing
elements. The authors claim that the vertical focusing in-
creased signal amplitude and enhanced discrimination of la-
beled cells from free labels [5]. Issadore et al. were able to
observe the signal from a single bacterium cell that was not
detected without the focusing strategy [35].

However, the major drawback of hydrodynamic focusing is
the increase of size and volume of the whole system. It needs a
continuous pumping of liquid sheath at high flow rates to
generate a thin sample stream.

Another common approach for target pull-down and
sorting towards the sensing areas is based on magnetophoretic
focusing, which consists in the movement of the targets actu-
ated by magnetic forces in a medium. According to Newton’s
second law, the translational magnetophoresis of a magnetic
particle or a labeled target is described by the following equa-
tion:

d*r dr
3D S-S F(r) =
ren + 3w Uy YF(r)=0 (5)

where r is the position coordinate of the particle, w is the mass
of the magnetic particle, ¢ is the time, and > F(r) is the sum of
all forces, except the hydrodynamic drag force [60].

Micromagnetic structures, either elements made of ferro-
magnetic materials or current conductors, are employed for
magnetic sorting.

In Loureiro et al.’s study [4], the fluidic platform con-
sists of two microchannels implemented in an H-shaped
geometry. The channels are separated by a central wall
comprising several gaps to enable the magnetic particles
to pass from one channel to the other. To aid in the mag-
netic separation of labeled cells from unlabeled cells, two
successive current conductor metallic lines, crossing the
wall gap, were integrated in the detection chip. The mag-
netic gradient created by these lines is responsible for the

0
.
.
‘.

channel. The zoomed image shows an individual Wheatstone bridge
and the superimposed signal from 15 detection events. Adapted from
Helou et al. [51]. Reproduced by permission of The Royal Society of
Chemistry
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magnetophoretic separation of the magnetic particles
flowing inside the microchannels.

Also, Jiang et al. [56] reported a device which includes a
forked microfluidic channel, flanked by independent tapered
current lines for particle sorting. However, it is mentioned that
for attraction of beads by the current lines, there is a critical
velocity, which is above the bead’s Brownian drift velocity. It
is also important to bear in mind that electrical structures con-
sume a considerable amount of energy and the Joule heating in
the microfluidic channel should be considered in the device
design.

Additionally, there are authors taking advantage of magnet-
ic forces coming from a permanent magnet below the chip,
which pulls the beads closer to the sensor surface, acting as
vertical magnetophoresis [18, 26]. A group at Siemens
Healthcare GmbH proposed the combination of those vertical
magnetophoretic forces with mechanical focusing structures
(like chevrons) in a 3D patterned microfluidic channel (in-
cluding various enrichment sections) [18]. In this way,
balancing hydrodynamic forces and magnetophoretic guiding,
an adaptive in situ target enrichment was achieved while elim-
inating the need for additional sheath-flow focusing strategies.

Ferrofluidic droplets

The detection of ferrofluid droplets, which is extremely rele-
vant for a variety of applications, e.g., drug design and screen-
ing or in vivo MRI analysis, has also been profiting from
optimized layouts developed for in-flow sensing. As for the
case of individual magnetic labeled species, various analyses
and magnetic sorting of ferrofluid droplets have been enabled
by the capability of extracting their magnetic signal footprint.
Pekas et al. [17] reported the detection of a pattern of droplets
using an integrated droplet formation T-junction microfluidic
system comprising three sets of Wheatstone half-bridges of 4
x 20 um? spin valve GMRs sensors. The flow velocity, drop-
let size, and droplet-formation frequency were successfully
determined from the characteristic sensor response. In the de-
sign of GMR-based MFC platforms for droplet dictation, there
are also geometrical constraints concerning sensor and droplet
dimensions to avoid sensor saturation occurring when the sen-
sor width is equal to the length of the droplet [15]. Later, the
same group further explored this feature and demonstrated a
magnetic encoding concept for droplet microfluidic systems
[10]. GMR multilayer sensors arranged in a meander shape
were selected as a magnetic decoding element and mounted in
a single Wheatstone bridge configuration using three off-chip
trimmers. The implementation of a meander shape composed
of 19 turns of 3 x 100 um” GMR stripes allowed the sensor to
have an enlarged active area of approximately 100 x 100 pum?.
Additionally, this meander shape of magnetic sensors is often
used owing to its well-defined orientation of sensitive layer
combined with an increased sensor length, which in turn

enables a higher resistance variation, thereby increasing the
sensor sensitivity [21].

More exquisite strategies have been proposed aiming at
enhanced detection of magnetic markers’ stray fields by the
magnetic sensors. Flexible sensors have been proposed in the
format of a rolled-up GMR-based magnetic sensor [21] and
flexible polymer-sandwiched GMR [13] being prominent ex-
amples. Monch et al. [21] combined GMR multilayer sensors
with meander shapes arranged in a Wheatstone half-bridge
configuration discussed earlier. The authors claimed that for
a particle magnetized along the flow direction, the fringe field
produced can be detected in all directions by a GMR sensor
with a tubular shape. Lin et al. [13] developed a flexible
microfluidic device equipped with in situ magnetic function-
ality, which when associated with MNPs is used to enrich
biomarkers to the near-skin area to enhance the detection.

These approaches, in addition to potentially increasing the
sensitivity of detection, also pave the way for the development
of wearable and/or implantable solutions based on integrated
magneto-fluidic sensors—a key future trend for MFC
systems.

Electronics interface

When designing a sensor interface and signal processing sys-
tem for MFC, adequate signal bandwidth, and consequently
the acquisition rate, both influenced by the flow speed, sensor
shape and size, particle size and number, and event frequency,
must be determined. Additional important information is the
sensor signal intensity and the SNR of the acquisition chain.

Signal-to-noise ratio

An important constraint in the design of the electrical interface
is the system noise, and consequently the SNR. To increase
the SNR three major actions can be taken: (i) increase the
signal intensity, (ii) reduce system noise, (iii) or reduce the
bandwidth to integrate less noise.

Increasing the signal intensity mainly depends on the sen-
sors which are the source of the signal (described in Sects.
“Sensing technologies for magnetic cytometry” and “Sensor
layout and architecture™). Reducing the system noise depends
mainly on the biasing architecture and the first amplification
stage. For the resistive/impedance sensors, most of the works
use very simple and reliable biasing schemes like Wheatstone
bridges [10, 11, 13, 17, 21, 23, 24, 51, 56] or half-bridge [22,
27, 34], or benchtop current sources [16, 31, 35]. The
amplification/acquisition of the signal is in most cases per-
formed with ultra-low noise benchtop lock-in amplifiers, high
precision voltmeters, or with custom-built discrete electronics
[5, 31, 33, 35].
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Bandwidth

The correct determination of the acquisition bandwidth of the
system is paramount. It should be noted that the bandwidth is
dependent on the event duration and shape, which is related to
particle size, proximity to the sensor, and flow speed [27, 61,
62]. However, when using commercial undedicated electron-
ics, the bandwidth is mostly defined by the sampling rate of
the available analog to digital converter (ADC) to avoid anti-
aliasing, and the flow speed and event frequency of the exper-
iment are adapted to the hardware [9, 27, 28, 62].

The use of commercial devices is a reasonable choice be-
cause it is challenging and time consuming to replicate the
performance of these amplifiers in a custom-made system.
The lock-in amplifier limits the bandwidth to the minimum
possible, reducing the integrated noise and increasing the
SNR, although to use it the particles must be magnetized by
an external AC field. The frequency of this AC field should be
much higher than the event duration and frequency. However,
if the target is to reach a PoC device, such all-purpose devices
must be replaced by custom-tailored analog front ends [33],
and ADCs.

Most works measure the sensor signal in the baseband
sampling at low rates (< 200 ksps), while some use larger
sampling frequencies [31] to allow for lower test times,
sacrificing the noise performance.

Signal processing and peak detection

Regarding signal, most works use digital or analog bandpass
filtering to reduce noise. However, Huang et al. [61] presented
a matched filter, which according to the authors, increases the
SNR by four-fold.

The detection principles are mostly based on peak thresh-
old detection and heuristics. The pulses are fed to a decision
algorithm that evaluates if the number of threshold matches
what is expected [5, 27, 61]. The most complex systems [27,
61] use the simulated results of the MNP/sensor interaction to
predict the expected pulses.

Sensor multiplexing

To address more than one sensor, one either multiplies the
number of interfaces by the number of sensors, which rapidly
increases the complexity of the interface, or uses multiplexing
techniques and schemes at some point in the interface. In
Duarte et al. [33] this multiplexing is done at the end of the
analog chain by using a multiplexed digital acquisition board
(Fig. 13).

In works related to steady state magnetic detection systems,
it has been shown that it is possible to perform this
multiplexing before the amplification stage by integrating
CMOS chips as the analog interface [63, 64]. Using CMOS
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grants a lot of flexibility, scalability, and area efficiency when
interfacing sensors, scaling up the number of sensors from
dozens to hundreds or even thousands of sensors.

In the case of dynamic/flow measurement, the duration of
the event, i.e., the time the particles are interacting with the
sensors, is inversely related to the bandwidth, which means
that short events have large bandwidths. Since the progress is
also in the direction of the reduction of test times, this means
that bandwidths tend to increase. Thus, when designing a
multiplexed interface, both acquisition frequencies and even
data transfer rates will be challenging, and the approach will
probably rely on bringing the processing of raw data closer to
the sensors and transmitting to the user only the events or
event-related information.

Conclusions and future trends

This review gives an overview of the current research on mag-
netic flow cytometry. Although less advanced than the
established optical flow cytometry technique, MFC is present-
ed as a promising approach, particularly with respect to its
compatibility with miniaturized assay formats, prompting
the development of lab-on-chip platforms. The article dis-
cusses the technology based on its main components, namely
(1) the sensing units, their performance, and reported architec-
ture; (i) magnetic labels; (iii) fluidic design; and (iv) electron-
ic signal processing.

Different magnetic sensors have been identified to measure
the average fringe field of magnetic entities flowing over the
sensing area. The principle of operation and the intrinsic prop-
erties of magnetic sensors such as sensitivity are important
aspects to consider. In this context, it is noted that magnetore-
sistive sensors, particularly spin valve (SV) sensors, are the
most reported sensors in the literature. Although having lower
sensitivity when compared to PHE or MTJs (Table 3), their
high magnetoresistance and minimum noise contribution from
the electronic acquisition systems make them the preferred
choice for MFC applications. The sensor size dictates both
spatial resolution and the ability of the system to detect indi-
vidual magnetic events. Different sensor geometries have
been identified in the current work, highlighting a great ver-
satility in the microfabrication process of magnetic sensors. Of
note is the ability to tune the sensor’s size according to the
target analytes of interest, as a measure to increase assay
sensitivity.

Magnetic labels and respective magnetic moments are im-
portant elements to consider. Most works use
superparamagnetic particles as the labels of choice, particular-
ly smaller labels (1-100 nm), which are expected to allow for
higher labeling densities of the analytes of interest.
Additionally, the ability to adequately functionalize the parti-
cles with recognition elements, such as antibodies, must be
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Fig. 13 Schematic representation of the electronics for sensor biasing and signal acquisition

considered. Some works reported standard commercially
available particles while others tailored the particles according
to their needs. Ultimately, the type of particles, the type and
quality of the recognition element, and respective immobili-
zation chemistry impact assay sensitivity and specificity.

The coupling of microfluidic channels with the sensing
units is an essential requisite in the identified literature. The
channel networks not only allow for sample flowing over the
sensing area and automation but also impact the assay sensi-
tivity. Channel dimensions are usually kept larger than the
targets to avoid clogging and minimize fluidic resistance.
However, signal intensity is inversely proportional to the dis-
tance from the sensors; therefore, a careful choice of the chan-
nel size is of paramount importance. Target focusing emerges
as viable approach to simultaneously focus the label targets
over the sensing area while overcoming the constraints of
restricted channel dimensions.

As mentioned earlier, electronic signal acquisition has a
major impact on SNR of the system. Therefore, the correct
determination of the bandwidth of the system is paramount.
Most of the reported works use commercial undedicated elec-
tronics that most of the time hamper the full miniaturization of
the system.

While in steady state magnetic detection systems, inte-
grated electronics and scalability are at an advanced stage,
it is still challenging to address the dynamic flow mea-
surement characteristics such as particle velocity and
proximity of the sensors, which both influence the typical
peak signal length and shape.

Despite the recognized capabilities of MFC technology,
several important challenges need to be addressed before these
systems achieve their full potential as integrated systems ca-
pable of moving from the laboratory into a real-world appli-
cation. Indeed, most of the reported works deal with simulated
laboratorial samples.

Additionally, minimum hands-on time, automated sample
processing, affordable price, and sensitivity and specificity
comparable to standard assays are milestones that are yet to
be achieved.

The automated handling of samples can be accomplished
with the integration of microfluidics which is well described in
several MFC systems. Nevertheless, in most cases, PDMS is
the material of choice. The simple fabrication method and
easiness of replication make this polymer useful for small-
scale production, yet impractical for a cost-effective scale-
up. Undoubtedly, the introduction of other polymers such as
those provided by micromachining plastics or channels based
on pressure-sensitive adhesives may provide a cost-saving
approach for the fluidic system.

Another sensitive aspect relates to sample volumes and
relevant concentrations of the target analytes. As microfluidic
technology evolves, femtoliter to nanoliter volumes can now
be manipulated in an automatic manner. Nevertheless, such
small volumes may induce sampling errors or demand for a
long analysis time to provide statistically accurate results.
Magnetic manipulation is an implicit advantage of using mag-
netic tags, as it provides a means for separation and/or focus-
ing of the labeled targets. Besides simplifying the sample

@ Springer



1860

Soares R. et al.

preparation step and enhancing the detection limit by in situ
target concentration, magnetic labeling offers the possibility
of manipulating and positioning the labeled targets directly
above the sensing elements for increased measurement accu-
racy. Some of the described techniques rely on the use of
external magnetic fields provided by either permanent mag-
nets, coils, or patterned magnetic films. Used alone, or in
combination with hydrodynamic focus, the exploitation of
such structures has been proven successful to overcome some
of the constraints on detection limits.

As MFC platforms evolve, the possibility of the simul-
taneous detection of different biomarkers will become an
important requirement. In this context, some groups are
exploiting distinct particle signatures for differential label-
ing of target cells. For example, Issadore et al. [31] used
different particles exhibiting distinct magnetization prop-
erties to target different biomarkers in the same cell. The
easiness of integration of some magnetic sensors, notably
GMR sensors, with flexible/stretchable substrates elimi-
nates the constraint of planar substrates. In view of this,
tubes and capillaries can be shaped with sensing capabil-
ities. Ultimately, these new configurations may allow for
the in vivo monitoring of flowing labeled markers and
pharmacodynamic studies. Finally, the defined manipula-
tion of ferrofluids provided by certain MFC systems will
offer new opportunities for imaging and may extend MFC
applications beyond the biological scope.
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