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Biomedical Applications of Magnetic Levitation

Sajjad Rahmani Dabbagh, M. Munzer Alseed, Milad Saadat, Metin Sitti,*

and SavasTasoglu*

Magnetic levitation (Maglev) is a user-friendly, electricity-free, accurate,
affordable, and label-free platform for chemical and biological applications owing
to its ability to suspend and separate a wide range of diamagnetic materials (e.g.,
plastics, polymers, cells, and proteins) based on their density. Various MaglLev
designs (e.g., standard, single and double ring, titled, and rotational MagLev
setups) are presented in the literature with a trade-off between sensitivity and
detection range. Herein, various MagLev designs, the advantages and pitfalls of
each method, and current challenges encountered by MagLev platforms are
reviewed. Moreover, end applications of MagLev are presented in single-cell and
protein analysis, diseases diagnosis (e.g., cancer and hepatitis C), tissue
engineering, 3D self-assembly, and forensic case studies to provide an insight

regarding the potentials of MagLev.

1. Introduction

Volumetric mass density can be used to analyze and track various
biological and chemical states and processes, including chemical
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reactions, quality of micro/milli-plastic
products, degree of polymerization, protein
binding, and cell pathophysiology as well as
cellular physiological changes, because the
density of cells changes during a number of
processes such as malignant transforma-
tion.'=*! Density-based particle separation
methods rely solely on “density” while sub-
stantially insensitive to mechanical proper-
ties of matter (e.g., shape, size, viscosity,
elasticity, and tensile strength), enabling
the density measurement of irregular-
shaped materials.!"!

Several techniques are at a researcher’s
disposal when wishing to measure density.
Hydrometers and pycnometers both work
based on the displaced fluid principle
and are inexpensive devices. However, they
are limited to liquid samples, a large sample volume is needed,
readings for such devices are time-consuming!”! and may come
with errors due to the presence of solids and gases, and also the
temperature control is necessary for precise density measure-
ment.® On the other hand, helium pycnometers and density gra-
dient columns are limited to solid samples and are not portable.!
Besides, hydrostatic balances are expensive and very time-con-
suming. Another disadvantage is that installation (e.g., insulation
on a concrete foundation) is challenging, and accurate tempera-
ture control is essential. Microchannel resonators are other
options to quantify the density through the change in resonance
frequency from the baseline as the sample passes a cantilever
channel. Such devices have high pressure sensitivity and
channel resistance, compromising their overall throughput.!'”
Dielectrophoretic (DEP) flow-field fractionation is a biocompati-
ble technique that exploits the balance of DEP levitation and
gravitation forces.'] DEP devices have the drawback of low
throughput, Joule heating, complex design criteria, and the
requirement of pretreatment steps.!"?

On the other hand, magnetic levitation (MagLev) opens a
unique paradigm for density-based separation, analysis, and
3D self-assembly based on the equilibrium between the
magnetic, buoyant, and gravitational forces."*'*l Maglev was
traditionally used for vehicle™ and train!***® suspension.
Moreover, by using an electromagnetic field, Maglev found
an application in the levitation of strongly diamagnetic materials
(e.g., pyrolytic graphite and bismuth) in the air (1939).'"
Subsequently, Maglev was used in the fabrication of friction-
less rotors (1966),2% tiltmeter (1968),*" and accelerometers
(1969),1”?! followed by the separation of plastic, metals, and
minerals (1976).2*! As a result of using resistive solenoid electro-
magnets and superconductors, in the 1990s, living organisms,
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ethanol, water, wood, and glass were levitated by MagLev.[l’“"ZG]

The advancement in Neodymium (NdFeB) magnets (1984) con-
tributed significantly to the expansion of electricity-free, portable
MaglLev platforms in density measurement."*”**/ The potency
of MagLev techniques has led to the introduction of this method
into heart valves,* fans,*” and density measurement in recent
years.[3 1=34]

MagLev devices are portable,**! low cost,***”) label-free,!
easy to use,*? and accurate.”** MagLev has applications in mea-
suring the density of polymers and characterizing polymer com-
position,*?! and analysis of crystal polymorphs,! biopolymers,!
chemicals, biochemical particles,"! nutrition content of food
products (e.g., dairy),*" and proteins.*”**~*¥ In the specific con-
text of biological assay, MagLev demonstrated excellent potential
for cell analysis,**% quantification of protein binding degree®
and measurement of antigen—antibodies binding in quantitative
immunoassays,[5 U disease diagnosisps’szl (e-g., cancer cells, #0535
sepsis,”’”! and hepatitis C*®), and blood analysis.*® Moreover,
MaglLev is actively playing a role in the density measurement of
illicit drugs and powders, as well as forensic samples,'***¢! 3D
cell culturing®>® and tissue engineering.***”) More recently,
MagLev platforms have been integrated with smartphones**#1>°)
and fluorescent imaging”® to further promote their versatility and
portability in resource-limited settings.

In this review article, the working principles of MagLev
devices are described, and the decisive design parameters of
Maglev platforms are introduced. Additionally, we review the
state-of-the-art Maglev designs and end applications spanning
over disease diagnosis (cancer detection, blood analysis, and pro-
tein analysis), biological assay (forensic evaluation, single-cell
analysis, bone analysis, cell sorting, and identification), and tis-
sue engineering (3D cell culturing and scaffold-free biofabrica-
tion). Finally, current challenges (and recommendations for
overcoming them) of developing MagLev platforms for future
studies are provided.

38—41]

2. Magpnetic Levitation Fundamentals

The word “magnet” has a Greek root “magngés lithos,“/® mean-
ing “the Magnesian stone, lodestone.“*”) Magnetic materials are
traditionally classified based on their bulk susceptibility (y),”"
i.e., the ratio of magnetization upon the magnetic field strength
(x=M/H) 7 Diamagnetic materials oppose the applied magnetic
field, attaining a negative magnetic susceptibility (—107°).["?
The second type of magnetic materials—paramagnetic
materials—has small y (around 107> to 107%) and is weakly
attracted in a magnetic field. The other group of magnetism is
called ferromagnetism. Ferromagnetic materials have a magnetic
susceptibility much higher than unity.””) When the size of ferro-
magnetic materials reduces to a critical value (e.g., 10-20nm in
diameter for iron oxides'”®), these materials become single
domain,” therefore responding faster and stronger to applied
magnetic fields”* without any magnetic memory.”* Most mate-
rials are diamagnetic, including graphite, water, most polymers,
colloidal suspensions, heterogeneous materials, pastes, gels,
liquids, and organic matter—all organic matter is diamagnetic,
except stable free radicals./*” There are also other categories of
magnetic materials outside the scope of this review article.”%”
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Attracted materials to a magnet have unpaired electrons in
their outer shell. When exposed to a magnet, these unpaired elec-
trons create a small magnetic field that may aggregate to create a
strong magnetic field around the material.”®) As magnetism is
the inherent property of matter, the susceptibility difference
induces a magnetic force under an external magnetic field,
meaning that magnetic manipulation of microparticles or cells
is possible. Therefore, target objects (e.g., cells or particles)
can be separated from heterogeneous mixtures under a magnetic
field.””! Being inexpensive and easy to use,””) magnetic field-
based manipulation methods have shown to be promising for
the small-scale motion control of objects.”® These manipula-
tions have applications in magnetic separation,”?#? droplet
manipulation,®*®! focusing and sorting,®®”! detection,®**°!
and mixing.>*!

The magnetic susceptibility difference between the object and
the medium, under a magnetic field, is exploited to suspend par-
ticles,*”! which is either based on positive or negative magneto-
phoresis. In positive magnetophoresis, paramagnetic materials
are manipulated in a diamagnetic medium. However, negative
magnetophoresis'®! is a low-cost and convenient method!®”
for stably suspending diamagnetic (or weakly paramagnetic)
samples in a paramagnetic medium under a magnetic field,
which imposes a magnetic force on the diamagnetic sample
(e.g., cancer cells, illicit powders, or microparticles) in the
field.®* The term “levitation” is mainly used due to the move-
ments of particles from the walls (where the magnets are often
located) toward the channel centroids, in other words from high
magnetic field strengths to low magnetic field strengths (i.e., dia-
magnetic materials in a paramagnetic medium). Therefore, the
“MagLev” term is usually dedicated for “negative magnetophore-
sis,” unless otherwise mentioned. This review article focuses on
negative magnetophoresis devices (i.e., MaglLev devices) and
their applications in sample analysis and, specifically, biological
sample characterization and measurement.

3. Magnetic Levitation Platforms: Design
Perspective

The terms “sensitivity” (i.e., the ability of MagLev to distinguish
subtle density differences in levitated objects) and “dynamic
range” (i.e., the range of different densities that can be mea-
sured) are two important parameters to determine the perfor-
mance of a Maglev platform. Based on the specific demand,
different MagLev platforms are developed to tune the sensitivity
and/or the range. In “standard” Maglev, two permanent
magnets are placed vertically with like-poles facing.****! In other
configurations, axial MagLev devices were developed with either
two-ring?***%~%* or single-ring®” magnets to improve sensitivity.
Stacked, 1% lensless,®® tilted,®! horizontal,®®1%% and rota-
tional*®*! MagLev devices have also been developed (Figure 1).

One major drawback of Maglev platforms is their limited
capacity to analyze multiple samples at the same time. When
sample analysis time is of importance (e.g., testing several
suspicious powder samples simultaneously at airports or police
stations), high-throughput configurations with the aid of stacked
magnets can be useful to reduce analysis duration. Figure 1A
represents a 96-well plate design with stacked magnets which
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Figure 1. Different Maglev designs. A) The high-throughput design with a 96-well plate and 11 pairs of stacked magnets.'®” Reproduced with permis-
sion.'%% Copyright 2018, American Chemical Society. B) Illustration of the lensless MaglLev design.”® Reproduced with permission.*” Copyright 2021,
American Chemical Society. C) (left) The two-ring axial MagLev design®¥ and (right) single-ring MagLev. Reproduced with permission.*?! Copyright
2018, American Chemical Society. D) The axial-circular Maglev design to perform 3D density measurement.®® Reproduced with permission.®
Copyright 2020, American Chemical Society. E) Tilled Maglev device to measure a wider range of densities.'°"! Reproduced with permission.!'®"
Copyright 2016, American Chemical Society. F) Rotational MagLev design.l'®! Reproduced with permission.'®! Copyright 2018, AIP Publishing.

enables high throughput analysis of nonmixable samples
simultaneously.!*”!

To alleviate the issue of bulky and expensive optical instru-
ments in MagLev setups, it is possible to use lensless digital
inline holographic microscopy (LDIHM). This design relies on
the interference pattern between the light diffracted from
samples (e.g., cells) within a microcapillary channel and the
undistorted background illumination using a complementary
metal-oxide-semiconductor (CMOS) imaging sensor (Figure 1B).
The spatial resolution, in this method, is limited to the maximum
pixel size of the imaging sensor (e.g., 1.12 ym). The integrated
setup (MagLev + LDIHM) cost was less than $100 with a compact
size that can fit into a pocket. A challenging task in this method is
the thresholding because reconstructed holographic images
generate an optical artifact presented in LDIHM accompanying
severe irregular background noise.*”

In contrast to standard MagLev platforms, in which physical
barriers may complicate samples or paramagnetic medium addi-
tion/withdrawal, in axial MagLev systems with two-ring magnets,
these limitations can be partially addressed (Figure 1C). In axial
Maglev configurations, as the top end of the container is
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accessible, it is possible to add or retrieve samples during
analysis and also to perform ultrasonic levitation height measure-
ment.* Moreover, a 360° view of the sample is available, which
allows great control over height recording and density measure-
ment. In addition, this type of Maglev is compatible with
different container shapes and sizes. Compared to single-ring
magnets, two-magnet systems have several advantages, such
as the linear magnetic field (compared with nonlinear magnetic
fields generated by single-magnet platforms), which promotes
straightforward density measurement, particle alignment along
the centerline of magnets, and operational simplicity in density
measurement (Figure 1C).””) On the other hand, two-ring sys-
tems have the drawback of short working distance (=15 mm
compared to 45 mm in the standard MaglLev device), while this
value for nonlinear magnetic fields can be extended at least to
~38 mm. For single-ring Maglev devices, density measure-
ments as accurate as +0.0005 to +0.0078 g cm ™~ are reported.””!
Besides, two-ring MagLev configurations can be modified for 3D
density profile measurement (Figure 1D). In this method, levita-
tion height, in the axial direction, and the circular position of
samples were used to perform density measurement. Circular
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regions of high-sensitivity zones can be used for density-based
analysis and manipulation, as samples with minor density differ-
ences (<0.0023gm™>) were stably levitated in the circular
regions. The sample levitation positions, in the case of two-ring
magnets, become misaligned first and then back to align with the
centerline of the container as the separation distance of magnets
further increases. Therefore, by controlling this distance, it is
possible to identify an extremely high sensitivity region between
the magnets (~87 500 mm [gcm™>]™") or to switch to conven-
tional axial MagLev with less sensitivity.°*™%

Moreover, if the range of density measurement is of impor-
tance, it is possible to tilt a standard Maglev design, and there-
fore tune the gravitational force component relative to the
magnetic field (Figure 1E). This simple method offers excellent
improvement in density measurement range (from air bubbles
(p=0) to osmium and iridium (p~ 23 gcm™?)). However, a
MaglLev designer should consider the inherent trade-off between
measurement range and sensitivity. It is difficult, therefore, to
use this method to resolve small differences in density between
samples that are both far from the density of the medium (e.g.,
metals) and physically large enough that they prevent each other,
by hard contact, from reaching their equilibrium positions. In
addition, by placing the MagLev platform horizontally and using
a string to hold samples, it is possible to measure densities of

A B
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minerals in outdoor explorations with a measurement range
of 1.094-9.949 g cm 3 101102

In standard or two-ring Maglev systems, the sensitivity
improves by the reduction of the magnetic field strength (by
selecting weaker magnets or increasing their distance) or the
paramagnetic medium concentration. However, these may lead
to destabilization in density measurement. In the circumstances
where measurement sensitivity is of significance, rotating
MagLev platforms is useful (Figure 1F). The measurement sen-
sitivity can be improved with flexibility by increasing the rotating
speed and eccentric distance of the MagLev setup or by decreas-
ing the paramagnetic medium concentration.*?!

4. Emerging End Applications of Magnetic
Levitation

4.1. Proof-of-Concept Particle Levitation

A customized, 3D printed, and lightweight (62 g) MagLev was
proposed and integrated with a smartphone to separate micro-
objects (Figure 2).”) In this setup, a magnification lens
(with an outer diameter of 6.33 mm, a numerical aperture of
0.64 mm, and an effective focal length of 4.03 mm) was placed
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Figure 2. Density-based particle separation using smartphone attachable MaglLev. A) The 3D printed case holding the smartphone and capillary tube.
B) Illustration of the magnetic field between magnets. C) Levitation of polystyrene microspheres (10 um) for 0 and 75 s in 30 and 100 mM paramagnetic
medium. Confinement limits are presented with red (bottom) and blue (top) dashed lines. D) The equilibrium time (red) and height (blue) in different
concentrations of the medium. E) By levitating eight microspheres with standard density, the relation of the density of particles and levitation height was
investigated in different concentrations of medium (dashed lines). F) Effects of different microsphere sizes on the equilibrium time (red) and height
(blue). The change of particle size had no significant influence on the levitation height.”! Scale bars are 100 pm. Reproduced under the terms and
conditions of the Creative Commons Attribution International license 4.0.2 Copyright 2015, The Authors, published by PLOS.
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between the smartphone’s camera and a microcapillary
(0.98 x 0.98 mm?) with micro-objects of various densities sus-
pended in a paramagnetic medium (gadolinium-based (Gd™))
inside the capillary (Figure 2C). The smartphone images were
processed using a custom Android application on the smart-
phone to calculate the density by levitation height measurements.
It was reported that a lower concentration of paramagnetic
medium eventuated in more levitation height differences
between particles, facilitating the identification of particles with
subtle density differences (i.e., better detection resolution)
(Figure 2E). Besides, larger microparticles reached the equilib-
rium height faster than smaller particles (Figure 2F). Image anal-
ysis indicated a negative (inverse) linear correlation between the
sharpness of the microsphere images and their axial distance,
meaning that the resolution dropped as the spheres deviated
from the capillary centerline. In addition, the thermal analysis
demonstrated that the generated heat by the system (e.g., the
smartphone’s screen and the light-emitting diode [LED]) did
not change the temperature distribution significantly, keeping
the density measurements unaffected.””

In most of the Maglev platforms, only a single container can
be loaded each time, which decreases the high throughput of
analysis. The separation of particles in a flowing paramagnetic
medium is a promising solution to amplify the sorting yield.**"
To investigate the effect of magnet size and flow rate on the sort-
ing efficiency of micro-objects, a Maglev setup was proposed
consisting of a magnification lens (with a diameter of
6.33mm and a numerical aperture of 0.64mm) and two
NdFeB magnets (50.8 x 2 x 5 mm?) surrounding a capillary con-
taining a gadolinium-based paramagnetic solution.'*"! Magnet
lengths between 10 and 50 mm, and three flow rates (0.1,
0.25, and 0.75 uLs™ ") were tested. It was observed that the sepa-
ration efficiency increased as the magnet length increased or as
the flow rate decreased. Smaller magnets and/or higher flow
rates mean a shorter exposure time of particles to the magnetic

-ll"l"l‘i

|
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field, thereby giving them less time to focus and reach an
equilibrium height.['*?

4.2. Protein Analysis

In order to identify cellular targets of bioactive small molecules
and screen inhibitors of proteins, bioassays involving the binding
of proteins to resin-bound small molecules are used. Currently,
fluorescent or radioactive labels are mostly in use for on-bead
binding assays to quantify the binding of a receptor to its
ligand.*”! However, these methods are not label-free and require
expensive equipment. A label-free and spectroscopy-free MagLev
platform was developed for the analysis of the association of
ligands and proteins using porous diamagnetic beads function-
alized with covalently bound small molecules.*”! The ligands
were immobilized on gel beads, and the proteins of interest were
subsequently introduced. As protein-ligand binding occurred,
the density of each gel bead changed, allowing quantification
of bound protein in Maglev setup with two NdFeB magnets
(50 x 50 x 25 mm®). The density changes of proteins were mea-
surable with the accuracy of £0.0006 gcm > (unaided eye) and
+0.0002 gcm ™ (using a camera), remarking high sensitivity of
Maglev for protein studies. Besides, equilibrium time was found
to be proportional to the square of the beads’ radius and the
initial ligands’ concentration. The platform was unable to levitate
relatively large proteins (>70kDa, e.g., antibodies), which can be
addressed by designing and synthesizing beads with larger pore

A Maglev setup was developed for plasma protein density
quantification using superparamagnetic iron oxide nanoparticles
(SPIONs) (30mgmlL~") functionalized as the paramagnetic
medium (Figure 3).*”) In this setup, two cubic N42-grade
NdFeB magnets (25.4 x 25.4 x 50.8 mm?) with a gap of 2.5 cm
were employed. Following levitation of standard polyethylene
(PE) microspheres of 1.011, 1.033, and 1.05gmL71, ladder

- el
Mixture of the
three proteins Proteins p=1.011
p=1.033
p=1.050
p=1.077
p=1.260

A, e

t=0 t=30 min

Figure 3. The MaglLev design to quantify plasma protein density. A) The emergence of ellipsoidal shapes from plasma proteins as a function of time in
0.06 mg mL ™" concentration of SPIONs. B) Levitation history of 10-protein ladder in SPION with a concentration of 0.06 mg mL™". The molecular mass
for these proteins ranged between 9 and 250 kDa. C) Levitation profiles and corresponding densities (in g cm™?) of a mixture of three proteins (albumin,
lysozyme, and immunoglobulin G [IgG]) with different molecular weights mixed with five standard density fluorescent polyethylene microspheres in
1mgmL™" concentration of SPIONs.F*! Reproduced with permission.”?! Copyright 2020, American Chemical Society.
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proteins (consisting of standard proteins with known molecular
weights) were levitated, and ellipsoidal patterns were seen after-
ward. It was speculated that these patterns could be related to the
structural alternation of single proteins or protein—protein inter-
actions that led to solution structures with higher or lower den-
sities. Finally, three different proteins were levitated with low,
middle, and high molecular weight, and five standard fluorescent
PE microspheres were employed to calibrate the density mea-
surement. This mixture was levitated at the same height, verify-
ing that the protein density is not a strict function of molecular
weights.[*”]

MagLev can also detect unlabeled protein-ligand attachment
using inexpensive equipment without the need for spectroscopy.
In this method, the protein should attach to a small-molecule
ligand which was already immobilized on a gel bead. After that,
this bead was added to a paramagnetic medium. Then, the dif-
fusion rate of the immobilized protein from the bead into the
medium can be determined by monitoring the density change
of the gel bead using MagLev. This method could resolve
dissociation constants from ~10 to 100 pM within a relatively
short time (20 min—2 h).1*®!

For protein detection, a magnetic susceptibility-based MagLev
platform was integrated with an inverted microscope for
imaging.®”) The principle of magnetic susceptibility is based
on labeling the protein with magnetic nanoparticles (MNPs),
thus changing the beads’ magnetic susceptibility. Generally,
polymer microspheres levitate in the midpoint between the
two magnets because they have no magnetic susceptibility.
However, in the case of binding any magnetically susceptible par-
ticles, polymer microspheres would levitate far away from the
midpoint and closer to the magnets. This principle was tested
to detect the presence of mouse IgG using MagLev. Polymer
microspheres (as mobile assay surfaces) and MNPs (as labels)
were coated with anti-mouse IgG antibodies that selectively
bound with mouse IgG. Once coated particles were introduced
into the sample, binding with mouse IgG took place (in the case
of the presence of IgG in the sample), forming sandwiches of
MNP-antibody-IgG—antibody—microsphere, meaning that the
microspheres can be excited in a magnetic field. Using this
method, minute changes in the volume magnetic susceptibility
of the microspheres were sensed with a resolution of 4.2 x 1072
per 1 um of levitation height change. Besides, biotinylated bovine
serum albumin in serum was detected with a detection limit
of ~110fgmL™'. Furthermore, detection limits of >10 and
1.5ngmL™" were achieved in serum and buffer, respectively,
by developing a sandwich immunoassay for mouse IgG."’!

A MagLev platform was proposed to study the homogeneity of
the created protein corona (PC)-coated NPs through an ex vivo
model in order to complement our understanding regarding bio-
logical identity therapeutic NPs."®) Human plasma was used as
a protein source, in which polystyrene NPs (60, 100, and 500 nm)
were incubated and then placed in a MagLev platform with two
NdFeB magnets (25.4 x 25.4 x 50.8 mm”®). The PC-coated NPs
levitated around two separate bands inside the paramagnetic
medium for all different NP sizes, indicating the heterogeneity
of PC. Therefore, it was concluded that contrary to the widely
held opinion, the exvivo method of PC preparation on the
surface of model NPs did not result in homogeneous corona
formation. Moreover, the results were similar for NPs incubated
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for 1, 3, and 24 h, describing the independence of incubation
time from PC’s homogeneity.!'*®)

4.3. Single-Cell Analysis

MagLev was employed to monitor cells and cellular events. Algae
(Chlamydomonas reinhardtii), mouse fibroblast (NIH-3T3)
(NIH-3T3), and yeast (Saccharomyces cerevisiae) were levitated
in a 40 mM solution of Gd-DTPA between two permanent mag-
nets, reporting 2.5 pm as the smallest trappable cell size with this
platform.”*! In another study, a MagLev platform was developed
to measure cell densities as low as 1 x 10™*gmL™" using two
N52 NdFeB magnets (50 x 2 x 5 mm?), a microcapillary channel
(50 x 1 x 1mm?®, with a 0.2 mm wall thickness), an inverted
microscope, and two mirrors to capture levitation profiles
(Figure 4A).'°! The density profiles of cancer and blood cells
were identified for different cell radiuses, demonstrating a
shorter equilibrium time for larger particles (Figure 4B).
Moreover, density measurement of 1.025, 1.031, 1.044, 1.064,
and 1.089 gmL™' PE particles in 30 mM Gd* was performed
in this setup, confirming the ability of MagLev to adequately dis-
tinguish subtle density differences on the cellular scale
(Figure 4C). Additionally, to study the cell viability in acidic
environments, breast cancer cells were studied in control
(neutral pH) and acidic (100mM HCI) microenvironments,
which affirmed that acidic environments promote cell sinking
(Figure 4D). Finally, to show the density measurement of micro-
organisms, yeast cells were treated with 100 pM fluconazole and
cantharidin, reporting yeast cell resistance to cantharidin and,
therefore, small levitation and density change. Moreover, a
strong dependency of density to fluconazole was observed,
verifying the efficacy of the MagLev platform for microorganism
density measurements (Figure 4E).1%%

Hyperplasia and adipocyte hypertrophy are indicators of
abnormalities in adipogenesis, which may correlate to diseases
such as diabetes, obesity, osteoporosis, and anorexia nervosa.l*”!
Optical microscopy and flow cytometry are in use for the detec-
tion and examination of adipocytes. However, microscopy meth-
ods face challenges in terms of separation and manipulation of
the cells, and mature cell damages are conceivable in flow cytom-
etry due to the pressure (up to 10 psi). On the other hand,
MagLev imposes no pressure on cells while enabling effective
manipulation of particles, which can be used for adipocytes
and osteoblasts analysis.l"””) A MagLev platform was developed
to detect bone marrow stem cells (D1 ORL UVA) adipogenic dif-
ferentiation using a pair of magnets (50 x 5 x 2mm?®), an
inverted microscope, a microfluidic platform, standard beads
(for calibration), and two mirrors (placed at 45°).%
Examining five different concentration of gadolinium (Gd*"),
the measurable cell density interval (i.e., detection range) of
the system was determined to be 0.956-1.055gmL ' for
10mM, 0.882-1.130gmL ' for 25mM, 0.760-1.256gmL "'
for 50mM, 0.637-1.381 gmLf1 for 75mM, and 0.515-
1.507gmL™" for 100mM Gd** concentration. The cell
density analysis of the adipogenic cohort resulted in
1.079 4+ 0.005 gmL ' on the first day of culture and reduced
by 1.76% to 1.060+0.029gmL " on the tenth day. It was
reported that adipogenic cells were less dense than stem cells
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Figure 4. Cell analysis with MagLev. A) Schematic depiction of the platform. Pieces of PMMA are employed to hold platform elements. B) The effect of
cell radius on levitation time in different paramagnetic medium concentrations. C) Levitation heights of two standard microparticles in 30 mM Gd.
D) Microscopic images of breast cancer cells in control and acidic (100mM HCI) environments. Cells in acidic environments tend to sink.
E) Density distribution of yeast cells treated with 100 uM fluconazole and cantharidin in comparison with the control sample.l"®! Reproduced with

permission.l"%! Copyright 2015, PNAS.

owing to the lipid accumulation inside adipogenic cells during
differentiation, reducing their densities and levitating them
higher in the microcapillary.*”

4.4. Blood Analysis and Diseases Diagnosis

4.4.1. Whole Blood, Red Blood Cell, and White Blood Cell
Analysis

Integrating high-quality image acquisition capability and ever-
increasing computational power of smartphones with MagLev
platforms enable robust and semiautomated (with minimal man-
ual steps) analysis of samples with high accuracy, particularly in
developing countries.”! A portable, rapid, label-free, and afford-
able smartphone-based Maglev diagnostic system (i-LEV) was
produced to levitate, separate, and quantify red blood cells
(RBCs) and white blood cells (WBCs).*®! A microcapillary channel
(50 x 1 x 1mm?), two N52 NdFeB magnets (50 x 2 x 5 mm?),
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and side mirrors were used to implement the MagLev platform.
In contrast to designs working with manual focusing, the
autofocus feature in smartphones could adjust the focal plane
without displacing the sample in this device, demonstrating
the comparable capability of i-LEV to conventional microscopy.
PE beads, RBCs, and WBCs were spiked in phosphate-buffered
saline (PBS) containing different concentrations of Gd* (30,
60, and 90mM). Beads with diameters in the range of
10-100 pm and with densities of 1.064, 1.044, 1.031, and
0.125gmL " were used to verify i-LEV resolution. By imaging
and analyzing the width and height of cell bands, the device effec-
tively quantified RBCs spiked in PBS with concentrations in the
range of 50-250 million cells mL™". In addition, it was possible
to capture single RBCs at a concentration of 100000 million
cells mL™" and quantify WBC concentrations from 1 to 5 million
cells mL™". Besides, a mobile compatible app could be used so
that the end user and healthcare providers could share results and
communicate via integrated cloud platforms.”*®!
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To identify patients with sepsis, MagLev was used to measure ~ was developed to detect infectious diseases such as HBV s.a.,
the size, morphology, and magnetic properties of circulating leu- ~ EBV, HIV, HAV, Dengue, Zika, and Chikungunya.!'*®! This plat-
kocytes. It was reported that circulating leukocytes had a substan-  form was successful in the detection of T-cell antigen CD3, RBC
tially higher mean cell area in pixels (px) for infected patients  antigens CD35 and RhD, eosinophil antigen Siglec-8, soluble IL-
compared with noninfected controls. Median levitation height 6, and RBC-bound Epstein—Barr viral particles, while the detec-
of circulating leukocytes was measured for 22 infected patients  tion performance was validated with immunofluorescence
and 39 noninfected control patients, and it was observed that the = microscopy. This setup was potent to replace flow cytometry,
levitation height was 293.1+61.4px for septic patients and enzyme-linked immunosorbent assay (ELISA), or microscopy
288.8 + 23.7 px for the control group, demonstrating comparable  to detect, screen, and quantify different blood pathogens and
classification performance of the developed MagLev platform.’”)  antigens in resource-limited environments.!'%®

A smartphone-based MagLev platform capable of detecting To alleviate the relatively slow analysis of MagLev devices, a
soluble and membrane-bound antigens, found in the blood, high throughput method was proposed to levitate and image
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Figure 5. A-D) A high throughput MagLev device based on 96-well plates and a flatbed scanner. A) The schematic of the design. B) The x-z-plane image of
the setup. The red line denotes the magnetic field for sample levitation. C) Key optical components of the design. D) Erythrocyte density measurements.
Diluted whole blood was levitated in PBS containing 60 mM gadobutrol. This erythrocyte sample was estimated to have a mean density of 1.10 + 0.03
gcm ™ for N = 93 wells, which was in agreement with the value reported in the literature (1.11 g cm~>).'° Reproduced with permission.l"® Copyright
2018, American Chemical Society. E) Smartphone-based Maglev for blood analysis. (left) RBCs of different ages were separated using centrifugation in
Percoll gradient solution. (right) Distinguishable levitation bands for new and old RBCs. Red graphs represent the intensity profiles. All scale bars
represent 50 um.["° Reproduced with permission.'% Copyright 2016, Royal Society of Chemistry.
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micron-sized samples, including human erythrocytes, using a
flatbed scanner, 96-well plates, and particles with standard den-
sities as reference (Figure 5A).1"%! To realize this design, mirrors
were placed in the magnet array gaps and between the tubes
(at =45°) to transfer images of the tubes down to the scanner.
In this setup, 15 pairs of evenly spaced (4.2 mm gaps) magnets
(101.6 x 4.8 x 6.4 mm?) were used with the like-poles facing
(Figure 5B). To solve the issue of out-of-focus images, an array
of relay lenses was employed to focus the images of samples
inside wells to the flatbed scanner (Figure 5C). Using this setup,
the density of 3-chlorotoluene liquid drops, crystals of choles-
terol, and erythrocytes were measured to be 1.069 % 0.008,
1.030 + 0.005, and 1.10 = 0.03 g cm™>, respectively, which were
in agreement with those reported in the literature, 1.075, 1.067,
and 1.11 gcm?, respectively (Figure 5D).['*

To identify and sort cells rapidly (in 15 min), a smartphone-
based MagLev platform was proposed.'*” To demonstrate the
system performance, beads with known densities and RBCs with
artificially altered densities were employed, and a microscope
was used for verification purposes. To validate the capabilities
of the platform, RBCs were taken from the control (healthy)
and anemic patients, and it was found that anemic cells levitated
higher due to their lower densities (Figure 5E). Moreover, old
and fresh RBCs were successfully separated, indicating that
old RBCs were heavier than their fresh counterparts.
Comparison of smartphone images and microscope results
confirmed a comparable performance.*”

4.4.2. Cancer

Malignancy and invasiveness of cancer cells can be correlated to
the stiffness of the extracellular matrix (ECM), where mechanical
signals from the ECM can influence the physical properties of
cells (e.g., density).''% A MagLev device was designed to charac-
terize A549 lung cancer and MDA-MB-231 breast cancer cells
based on their density profile after being cultured on 3D hydro-
gels of increasing collagen concentration (i.e., various fiber den-
sities).'*% Cancer cells were expected to have different densities
depending on the collagen concentration. Three different con-
centrations, namely, 0.36, 0.72, and 1.44 mgmL™!, were used,
representing three different fiber densities. After 7 days of incu-
bation, the platform was calibrated using standard beads, cancer
cells were loaded into the setup, imaged using a microscope, and
the captured images were processed in MATLAB. Cell culture on
collagen gels with higher density (1.44 mgmL™") resulted in a
greater range of density values for the MDA-MB-231 cells, while
no significant variance with A549 cell lines was reported. Hence,
MaglLev is a potent platform to characterize cancer cells and
assess the effects of ECM conditions on the internal properties
of cells.'1%

A label-free microfluidic sorter was developed to separate cir-
culating tumor cells (CTCs) in a continuous flow based on their
densities using MagLev.*”) The polydimethylsiloxane (PDMS)
microfluidic sorter (fabricated using soft lithography) was placed
in between two NdFeB magnets (50 x 2 x 5 mm?). Four mirrors
(tilted at 45°) and an inverted microscope facilitated the visuali-
zation of the sorter. To demonstrate the device
potential to extract CTCs (<1.06gmL™") from blood cells

Adv. NanoBiomed Res. 2022, 2, 2100103 2100103 (9 of 21)

www.advnanobiomedres.com

(1.09 gmL™"), cells with densities of 1.06 and 1.09 gmL ™" with
a diameter of 20 pm were simulated using the finite-element
method, and their trajectories inside the channel were obtained
under a 10 uL min~! flow. These simulations indicated that a
channel length of 50 mm would be enough to direct heavier
(1.09gmL ") cells to the lower outlet and 1.06 gmL ™" cells to
the top one. In fetal bovine serum containing 30mM
Gadavist, particles were prepared with a concentration of
10 000 microparticles mL~'. The sample was then delivered into
the sorter with a syringe pump at a flow rate of 10 uL min™". It
was reported that 5.32% of heavier (1.09 g mL ') microparticles
mistakenly were sorted through the top outlet. As for the bottom
outlet, 7.5% of 1.02 g mL~" microparticles erroneously ended up
to the lower outlet, highlighting the acceptable accuracy of the
proposed MagLev setup for CTC collection.!*”!

Another low-cost, portable, and smartphone-based MagLev
device was proposed for real-time sorting and quantification
of micro-objects (e.g., cancer cells) in fluid flow.!"'"! To perform
3D printing of this device, three different 3D printers (Objet30
prime Polyjet, MakerBot Replicator fused deposition modeling
[FDM], and Formlabs 2 stereolithography [SLA] 3D printers)
were used to evaluate multiple printing metrics such as cost,
printing time, and resolution (the working principle of these
3D printing techniques can be found elsewhere!''*'"?). It was
reported that all five parts printed with the Polyjet printer were
working correctly, while four pieces of SLA-printed and only two
parts of FDM-printed components were working. However, the
printing cost of five parts for the Polyjet printer was 30 and 4
times more than that of FDM and SLA printers, respectively.
As for the resolution, Polyjet showed the best accuracy among
these printers. In addition, the printing time was relatively con-
stant among the three printers, ranging between 25.2 and 28.7 h.
Therefore, an optimized combination of the five parts was cho-
sen based on the cost analysis. After print optimization, the
device was tested with a mixture of different blood cells and can-
cer cells suspended in a paramagnetic solution flowing through a
magnetic field, reporting a successful separation of lung, pros-
tate, breast, and ovarian cancer cells from blood cells with distinct
confinement lines.!'""!

An automated MagLev platform with LDIHM was designed
for label-free separation of three various cell lines (i.e., MDA-
MB-231 [breast cancer cells], D1 [bone marrow stem cells],
and U937 [monocytes]) and comparing them to their dead cor-
respondents (Figure 6).°% The imaging was based on interfer-
ometry, meaning that the undistorted incoming light and the
diffracted light from the sample would meet at the sensor to real-
ize an interference (hologram) pattern. Two N52 NdFeB magnets
(50 x 2 x 5 mm®), with a separation gap of <1 mm, were used in
a stereolithography-based 3D printed framework. The effect of
the concentration of the paramagnetic medium on the levitation
height was investigated, reporting that a lower concentration of
medium resulted in more difference in the levitation height of
particles of different densities (better resolution) while limiting
the operational range of the device (Figure 6B). After 10 min of
levitation, it was observed that dead cells levitated at lower
heights compared to the live cells, demonstrating the ability of
the proposed MagLev setup to adequately monitor cell density
changes as a result of the loss of viability (Figure 6C,D).
Moreover, the effects of three different drug concentrations
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Figure 6. MaglLev based on lensless digital inline holographic microscopy. A) Different components of the platform. B) The analysis of the levitation height of
various density microspheres for different paramagnetic solution (Gd**) concentrations (dashed lines are linear fitting at each concentration). C) Levitation
height of live and dead D1 ORL UVA cells in 100 mM Gd**. D) Calculated average densities for different live and dead cells. E) Drug response of MDA-MB-231
cells in 100 mM Gd*" at 16.8 uM doxorubicin concentration during levitation.”® Reproduced with permission.?” Copyright 2021, American Chemical Society.

(4.2, 8.4, and 16.8 pM) on cancerous cells were monitored during
a period of 24 h. An increase in drug dose resulted in higher cell
densities due to cell viability reduction. After 24 h, cell densities
were calculated as 1.0621, 1.1608, 1.1531, and 1.2415 gmL ™" for
control, 4.2, 8.4, and 16.8pM of doxorubicin, respectively
(Figure 6E). However, to use this platform, cell concentration
needs to be sufficiently low to reduce the holographic errors (twin
images) in spatial positions. With this device, it was possible to
acquire high-resolution images (<2 pm) without costly optical
platforms, making this tool useful for portable and affordable
point of care (PoC) medical applications.”*”

A more advanced smartphone-based MagLev system was used
with three microscopy modes, i.e., bright field, dark field, and
fluorescence microscopy.*® A custom-designed 3D printed case
was used to hold the smartphone, an aspheric lens with a numer-
ical aperture of 0.64 mm and diameter of 6.33 mm, a capillary
tube, two NdFeB magnets (50.8 x 2 x 5 mm?®), LEDs with differ-
ent colors, emission filters for both dark-field and bright-field
imaging modes, and electronic components to exchange emis-
sion filters. Excluding the smartphone, the system weight was
214 g, with a cost of $105.87. Microspheres of various diameters
between 5.35 and 79 um were introduced into a 100 mM para-
magnetic solution and then placed into the capillary tube to eval-
uate the setup performance. It was reported that imaging the
sample in bright mode and dark mode gave similar results, dem-
onstrating the ability of the device to capture cell-sized beads.
Besides, the best contrast was attainable when the used emission
filter, RGB channel, and microspheres had the same color. The
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setup performance was evaluated for biological applications, cell
counting, and concentration determination, using breast cancer
cells cultured and stained with calcein in five different concen-
trations. The concentration of cancer cells was measurable with
10 pL of the sample, obviating the need to acquire large samples
from patients. Moreover, the proposed device determined the
concentration of cells accurately (a 0.95 linearity) with a detection
limit of 680 cells mL™" or 1 cell in 1.47 pL.°

4.4.3. Hepatitis C

According to the World Health Organization (WHO), virtually 71
million individuals have chronic hepatitis C virus infection,
which caused ~400000 deaths in 2016."* Although 95% of
hepatitis C cases are curable with antiviral medicines, late
diagnosis and inadequate treatment increase the chance of devel-
oping cirrhosis or liver cancer, particularly in resource-limited
settings.''* MaglLev, as a portable and electricity-free method,
is a viable candidate for hepatitis C diagnosis in PoC applications.
For this purpose, a portable smartphone-assisted MagLev device
was developed as a means for PoC detection of hepatitis C virus
(HCV), with no external power source and optical instrument
required (Figure 7A).*® The setup was composed of a glass
microcapillary channel (1 x 1mm? in cross section, 50 mm in
length, with a 0.2mm wall thickness), two NdFeB magnets
(50.8 x 6.35 x 3.175 mm?), and four (17 x 23 mm?) aluminum-
coated flat mirrors. Prior to the HCV identification test, the
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Figure 7. The smartphone-assisted MagLev platform for hepatitis C detection. A) Constituent elements of the platform. B) Levitation resolution of
different concentrations of the paramagnetic medium. A higher slope of the line means more difference in levitation heights for small density differences.
C) Working principle of hepatitis C detection method using anti-HCV NS3 antibody functionalized beads. D) Imaging resolution of the smartphone
camera for different bead sizes.”®! Reproduced with permission.®® Copyright 2020, Royal Society of Chemistry.

device was calibrated with density markers (polyethylene beads
[~200 pm)]) in different paramagnetic agents. Microsensor beads,
functionalized with anti-HCV NS3 antibody, were added to the
sample to capture the HCV NS3 proteins (if present in the sam-
ple) as HCV biomarkers, ultimately increasing the density of
functionalized beads in HCV samples compared to beads in
the healthy samples (Figure 7C). The platform successfully
detected the density difference between nonfunctionalized and
anti-HCV NS3 antibody-coated MS beads from a levitation height
difference of Ah =19.17 + 0.31 pm, demonstrating the capability
of the proposed setup for HCV detection. Moreover, among
tested paramagnetic medium concentrations (50, 100, and
200 mM Ggx), the highest detection resolution was reported for
the SO mM Gx (Figure 7B). Without expensive imaging equip-
ment (e.g., microscopes), the smartphone camera was able to
take clear images of 200pum beads, whereas images of
45-53 um beads were not of high quality, yet suitable for levita-
tion height measurements. Nonetheless, in the smartphone
images, 18-20 pm beads appeared as a blurred cloud of particles,
in which small density differences were difficult to distinguish
(Figure 7D).P®

Metal-amplified density assay, as a bead-based Maglev assay, is
a method for screening the levitation height of polystyrene beads
accompanying biomolecules (e.g., proteins, nucleic acids, antibod-
ies, or antigens) on their surfaces. The working principle is based
on using gold nanoparticle (AuNP)-labeled biomolecules and
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electroless deposition of gold or silver.”"! As a result, AuNPs grow
in size, and their density change is amplified, making the detection
easier. In the case of utilizing antibodies or antigens as recognition
elements, the performed assay would be an immunoassay. Based
on this methodology, a MagLev setup was proposed with no need
for electrical power for two different assays: 1) a quantitative den-
sity-linked immunosorbent assay (DeLISA) to quantify neomycin
residues in milk, and 2) a multiplexed DeLISA to detect syphilis
and hepatitis C in blood serum.®" Results showed a levitation
height of 27 mm for beads exposed to the antibiotic-free milk
and a levitation height of 35 mm for beads exposed to the sample
with 500 ppb of neomycin, pointing out adequate accuracy of
metal-amplified-based MagLev for neomycin analysis. Moreover,
beads of different colors were used (e.g., yellow [human IgG, posi-
tive control], pink [HCV NS3], and blue [T. pallidum p47]) to reveal
the presence of certain antibodies in the sample by changing the
levitation height. It was reported that the beads’ levitation heights
were changed only when the corresponding cognate antibody was
present in the serum sample, highlighting the capability of the pro-
posed MagLev platform for syphilis and hepatitis C analysis.l*"

4.5. Sickle Cells

Sickle cell disease (SCD) can be fatal if left undiagnosed. A 3D
printed smartphone-based Maglev was proposed to separate
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sickle cells with a higher density than normal cells in a small
volume of the blood sample with minimal sample preparation
required.*!! Smartphone images demonstrated that control
(healthy) RBCs levitated higher and had a narrower height dis-
tribution. In contrast, sickle cells had a lower levitation height
and a wider range. Acquired images with the microscope also
corroborated the potency of the device to sort sickle cells effec-
tively.*! Despite its single-cell and label-free detection capabili-
ties, this device was not able to monitor real-time responses of
cells to stimuli such as certain drugs on a particular type of cells.

A self-contained and affordable (less than $100) MagLev was
proposed to detect sickle cells in blood samples in a short time
(15 min) using a small blood volume (only a drop) by an embed-
ded Raspberry Pi computer running a Python script, with mini-
mal need for wuser intervention (only reagent mixing)
(Figure 8).'">) Gd solution and sodium metabisulfite were mixed
with the blood sample and delivered inside a capillary tube placed
between two NdFeB magnets (2 x 5 x 50 mm®) with a 1.1 mm
gap. Polystyrene microspheres and RBCs levitated at the height
of 35 and 110 pm for 100 x 102 and 25 x 10 *> mM concentra-
tion of the paramagnetic medium, respectively, highlighting the
capability of self-contained MagLev to effectively levitate and ana-
lyze blood samples for sickle cell diagnosis. Moreover, it was
reported that a higher detection resolution was achievable using
low concentrations of the paramagnetic medium to detect subtle
density changes.""”

4.6. Forensic

In the forensic chemistry field, low concentrations of illegal
drugs in minute samples (mass <50mg) can be challenging
to identify and analyze. Among standard portable methods (calo-
rimetric tests, handheld Raman, and Fourier-transform infrared
[FTIR] spectroscopy) for general detection of illicit drugs by law
enforcement personnel, FTIR-attenuated total reflection (FTIR-
ATR) and Raman spectroscopy (which outperform calorimetric
tests in sensitivity and accuracy) have a minimum detection
threshold of approximately 5wt%. Therefore, these methods
may not be suitable for detecting trace concentrations of drugs
inside the mixtures of illegal drugs, adulterants, and diluents.™*
To overcome this difficulty, MagLev was shown promising for
identifying undetermined powders in mixtures.

In this regard, a MagLev platform was utilized for initial sepa-
ration, followed by FTIR-ATR characterization, allowing the
detection of fentanyl in a sample of fentanyl-laced heroin
(1.3 wt% fentanyl, 2.6 wt% heroin, and 96.1 wt% lactose).™* A
cuvette filled with Gd(DPM)3TOPO (450 mM) was used to per-
form the separation in a 23 and 77 vol% mixture of hexane and
tetrachloroethylene (Figure 9A). Using MaglLev, this device could
capture trace (1.0-2.6 wt%) components from powdered mix-
tures, ie., 1) 1.0wt% lidocaine-HCl and 99.0% caffeine;
2) 1.3wt% fentanyl. HCl, 2.6 wt% heroin-HCI, and 96.1 wt%
a-lactose; and 3) 99.0 wt% lidocaine-HCI and 1.0 wt% caffeine
(Figure 9B). This study also indicated that the combination of
FTIR-ATR with MagLev was functional for forensic drug inspec-
tion because both methods were portable and compatible with
powdered compounds. These two methods complement each
other because MagLev, by magnetically focusing fentanyl, can

Adv. NanoBiomed Res. 2022, 2, 2100103 2100103 (12 of 21)

www.advnanobiomedres.com

achieve higher sensitivity than FTIR-ATR when dealing with
complex mixtures."

Maglev was proven successful in characterizing forensic-
related evidence for determining densities of gunpowder and
glitter samples, separating glitter particles with various densities,
and determining the density of a glitter sample extracted from a
heterogeneous sample matrix. In a 1 x 1 x 4.5 cm® cuvette con-
taining MnCl, as the paramagnetic medium, the density of a vari-
ety of glitters and gunpowder was measured with MagLev, which
ranged from 1.4 to 2.4gcm™> for glitters and from 1.226 to
1.662 g cm > for gunpowder. Also, this device was able to sepa-
rate a mixture of Chrome Silver 1P and Mirror Crystalina I glitter
samples.[*%

MaglLev can also be used in forensic evidence processing of
rape kits. In line with this, a microchannel with a 1 x 1 mm?
cross section was inserted between two NdFeB magnets, along
with two mirrors located at two sides of the microchannel,
improving the resolution of microscopic imaging.!®"! Complex
mixtures of sperm and E-cells (standing for rape kit forensic sam-
ples) were separated under DAPI and bright field microscopy.
For sperm concentrations of 100, 500, and 1000 sperm cells
per sample volume, the separation efficiencies were reported
to be 93.9%, 96.1%, and 94.5%, respectively. In addition, flow-
based sorting was performed to direct sperm to the top outlet
of the microfluidic capillary (sperm channel) while isolating
E-cells to the bottom one. Average sorting efficiencies of 92.3%,
92.2%, and 93.6% were reported after three trials with 10 000 E-
cells and 100, 500, and 1000 sperms, respectively. Finally, to vali-
date the technique with samples closest to actual case samples,
three mock forensic samples were investigated. Despite the age
of the mock samples (from 2003 and 2015), cells exhibited stable
levitation heights with a sorting efficiency of 90.4 +0.95% for
sperms. By employing MaglLev, the processing time was reduced
by over 20-fold (ie., down to 20 min) compared to differential
extraction techniques, providing an affordable and high-through-
put substitute to the current time-consuming methods.®!!

4.7. Bottom-up Tissue Engineering

3D cell cultures, compared to 2D cultures, recapitulate the com-
plexity of cell behavior in vivo more accurately in terms of drug
sensitivity, signaling pathway activity, gene expression profiles,
cell—cell and cell-matrix interactions.''**# Traditional 3D cell
culturing involves a process called the top-down approach, where
cells are seeded into a porous scaffold to create the desired tissue.
However, in bottom-up or modular approaches, small modules
of cells are assembled to make large tissues with the aid of mod-
ular scaffolds, overcoming the top-down approach limitations
such as low cell density, limited diffusion, and slow vasculariza-
tion.'*”! However, using scaffolds has its drawbacks, such as the
inhomogeneity of cells inside the scaffold,!'*”! the need for scaf-
fold synthesis and sterilization,"?" and the limited selection of
biocompatible material.**?) Furthermore, 3D bioprinting is an
emerging method for the rapid prototyping of perfusable, com-
plex 3D bioconstructs (ranging from organ-on-chip to full-scale
organs).'2*12! However, due to the high shear stress or intense
light exposure, retaining cell viability during the printing process
is challenging.!'**1%"]
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Figure 8. Label-free sickle cell analysis with self-contained MagLev. A) Steps of sample preparation. B) Inside of the device. Magnets, lens, LED, and a
built-in camera were the main components of the device. C) The magnetic field acting on the cross section of the capillary tube. D) Different forces exerted
on an object in the paramagnetic medium. F,,, magnetic force; F,, gravitational force; Fy, drag force; and Fy,, buoyant force. At the stable equilibrium
condition, Fq is zero, where F, and F;’ are equal and in opposite directions. E) (left) Levitation height and confinement width of RBCs. (right) Separation
means the normalization of the discrepancy between the average levitation heights to the greater mean value, while sickleness means the ratio between
the normal fit heights. (F) (left) Confinement width of control RBCs and SCD RBCs obtained experimentally (i.e., the total width of two Gaussian curves fit
pixel intensity gradient data. (right) Representing experimental results for separation and sickliness percentage for the same control and SCD depicted in
the left figure.""® Reproduced with permission."" Copyright 2016, Wiley-VCH.
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Figure 9. The application of MagLev in forensic analysis. A) Separation and identification of trace fentanyl in a mixture containing heroin and lactose
using. (left) The separation of a powdered mixture of fentanyl-containing heroin (fentanyl-HCl (1.3 wt%), heroin-HCI (2.6 wt%), and a-lactose (96.1 wt%))
using MagLev after 30 min of levitation. (right) The separated constituents were removed, rinsed, and air-dried. Black lines represent FTIR-ATR spectra for
the unprepared mixture (top) and the separated fractions (bottom) containing fentanyl and lactose. Pure compounds correspond to the blue lines.
B) Final (end time) images of the Maglev separation of mixtures containing drugs, adulterants, and dilutants with Gd(DPM)3TOPO (450 mm) as
the paramagnetic medium.I' Reproduced with permission.'"! Copyright 2020, Wiley-VCH.

Although electromagnets are in use for levitation, manipulation,
alignment, and assembly of ferromagnetic particles, only materials
with strong magnetic properties (containing Ni, Co, and/or Fe) can
be suspended. Maglev (which suspends diamagnetic objects), on
the other hand, can be used to address the abovementioned limi-
tations, enabling contactless orientation/manipulation of fragile bio-
material and scaffold-free assembly of bioconstruction.'*® In this
approach, first, microcomponents (e.g., cells) should be suspended

Adv. NanoBiomed Res. 2022, 2, 2100103 2100103 (14 of 21)

and oriented in desired layer-by-layer order (as a result of an equi-
librium between gravitational, buoyant, and magnetic force), and
then the assembly is done by gradual draining of the paramagnetic
medium (Figure 10)."**! Assembling cell structures by MagLev is
advantageous because it does not induce any toxic or inflammatory
response, and no electrical power is needed for levitation.*”!

A proof-of-concept MagLev platform was developed based on
magnetic NP assembly to model white adipose tissue (WAT) and
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Figure 10. Contactless assembly of particles using MagLev. A) Assembly of four circles and a circular base. Scale bars are 5 mm in length.['®! Reproduced with
permission.['® Copyright 2011, Wiley-VCH. B) Assembly of levitating spheres ordered by colevitating templates. The template, in gray, is shown schematically
along with the placement of spheres. The scale bars are 6.3 mm.[®® Reproduced with permission."*” Copyright 2011, Royal Society of Chemistry.

monitor the culture process using inverted microscopy.'*”

Compared to 2D cultures, 3D WAT cultures showed long-term
viability for 3T3-L1 preadipocytes, while 2D cultures lost
their adherence and cells died after reaching confluence.
Additionally, upon adipogenesis induction in 3T3-L1 adipo-
spheres, large lipid droplets formed in 3D cultures (which are
typical of white adipocytes in vivo), while only smaller droplets
formed in the 2D cultures, and those droplets accumulated more
efficiently in 3D cultures, allowing for better intercellular signal-
ing. Besides, the produced 3D structures enabled the formation
of vascular-like networks, enabling a robust cell proliferation.[lzg]

A MagLev platform was designed to create scaffold-free 3D cell
cultures, where two 2 x 2 x 20 mm® magnets of ~0.4T, an
inverted microscope, and mirrors were used (Figure 11A)."*"
Instead of MNPs, the cells were magnetized using three different
types of chelates of gadolinium (III) paramagnetic agent, namely,
gadobutrol, gadoteric acid, and gadodiamide. Two different types
of cells were used separately, i.e., NIH 3T3 mouse fibroblast cells
and HCC827 non-small cell lung cancer cells, to investigate the
ability of the platform to create the desired 3D structures.
Evaluating gadolinium (III) chelates, gadobutrol yielded the
maximum cell viability compared to the other two chelates,
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mostly due to its low toxicity, facilitating cell interactions
(Figure 11B,C). Besides, the growth rate of cells (number of cells
per time) in MagLev-based culture was compared to conventional
2D culture, pointing out an exponential growth for 3D culture
and a linear growth for standard 2D culture (Figure 11D).I"*%
In a similar setup, 3D cell cultures of bone marrow stem cells
and breast cancer cells were performed using a different
paramagnetic medium. It was reported that compared to a linear
ligand containing agents, utilization of macrocyclic ligand con-
taining agents (Gd-BT-DO3A and Gd-DOTA) resulted in higher
cell viability.!*"! Another similar setup was used to find the effects
of paramagnetic medium concentration, culture time, and cell
seeding density on 3D cell culturing using mouse fibroblast cells
and five different types of cancer cells (HeLa [human epithelial
cervix adenocarcinoma], PC-12 [rat adrenal gland pheochromocy-
toma], SH-SY5Y [human bone marrow neuroblastoma], MDA-
MB-231 [human epithelial breast adenocarcinoma], and MCF7
[human epithelial breast adenocarcinoma]).'*"! It was reported
that the circularity, area, and size of the spheroids could be con-
trolled by manipulating cell culturing time, paramagnetic agent
concentration, and cell seeding density. An increase of culture
time resulted in the formation of a spheroid with larger
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MagLev-based 3D cell culture, while 2D culture had a lower growth rate, confirming the potency of Maglev for scaffold-free 3D cell culture
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Reproduced with permission.*”! Copyright 2018, Royal Society of Chemistry.

diameters, ultimately decreasing cell viability due to the diffusion
limitation (i.e., cell viability decreased from 92%, on day 3, to
58%, on day 7). Besides, a higher concentration of paramagnetic
medium (100 mM) brought about a larger area and faster cocul-
ture assembly. According to the results, an increase of the cell
seeding density, from 5 x 10 to 50 x 10%, decreased cell viability
below 50% due to the limited nutrients as well as O, diffusion
inside the spheroid and insufficient mass transport, which
caused the accumulation of metabolic waste. Overall, the plat-
form provided an easy-to-use and low-cost method to form 3D
cell cultures for 3D bioprinting, regenerative medicine, and drug
screening applications.*"!

Maglev was used to culture a scaffold-free 3D breast cancer
model in vitro in order to investigate homotypic as well as hetero-
typic cellcell interactions, tumor—fibroblast interactions, and
effects of tumor microenvironment on drug efficacy.*?
Doxorubicin (100nM), a chemotherapy drug, was applied to
the coculture of cancer cells and fibroblast, which resulted in
an 80% and 45% decrease in the area and density of cancer cell
culture, respectively, resembling in vivo findings and demonstrat-
ing the suitability of MagLev cell cultures for cancer drug studies.
In order to study the effects of fibroblast content on drug penetra-
tion into tumors, different ratios of breast tumor cells and fibro-
blasts were examined (50:50 [cell%:fibroblast%], 30:70, 70:30, and
100% fibroblasts), showing that a lower percentage of
fibroblast cells resulted in ~10% higher drug penetration.!'*”

Adv. NanoBiomed Res. 2022, 2, 2100103 2100103 (16 of 21)

In addition to creating 3D cultures of cells and tumors,
MaglLev can be used to model body organs. An aortic valve
was cultured for 3 days in a MagLev platform using valvular inter-
stitial cells (VICs) and valvular endothelial cells (VECs).!"** Tt was
reported that the phenotype was preserved because aortic valve
cocultures (AVCCs) stained positive for CD31 and a-smooth
muscle actin («SMA). Besides, the gene expression was
decreased for collagen type I, laminin, and fibronectin proteins
in 3D compared to 2D, while ECM components also stained pos-
itive. The AVCCs thickness was virtually 500 pm after culture. It
was suggested that AVCC could be used in the future for mecha-
nobiology and calcific aortic valve disease progression
studies.!'**!

5. Challenges of Implementing MaglLev Systems

MagLev has proven its potential as an innovative technology for
contactless manipulation, power-free levitation, and separation
of a wide range of diamagnetic objects. Yet, as an emerging tech-
nology, MagLev faces unaddressed challenges. First, the mag-
netic field is applied to all suspended objects without the
ability to exert an adjustable magnetic force on a particular object
independent of others.!"?®!

Furthermore, there is a negative correlation between detection
resolution (sensitivity) and detection range (dynamic range). A
higher concentration of paramagnetic medium applies higher
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magnetic force, resulting in faster equilibrium time and a wider
range of detectable densities, while shifting levitation height of
particles toward the centerline, which compromises detection
resolution (i.e., subtle density differences are not distinguish-
able).’?! Besides, an increase of the magnetic field strength
and its gradient can widen the dynamic range while reducing
the sensitivity. On the other hand, the use of weaker magnets
or increasing the distance between magnets (weakening the mag-
netic field) improves sensitivity."** Moreover, a MagLev plat-
form can be tilted (relative to the gravitational vector) to tune
the detection range (by ~15x) at the cost of sensitivity.*!
Therefore, Maglev design is a trade-off between resolution
and dynamic range based on the application; whether high
sensitivity is required (e.g., cell or protein analysis), or a wider
dynamic range is of interest (e.g., separation of metallic and
polymer particles).™*!!

In addition, the biocompatibility of the paramagnetic medium
is important to retain the viability of biological samples (e.g.,
cells), particularly in long-term experiments.*”! For instance,
denaturation of proteins happens in widely used paramagnetic
mediums, such as GdCl;, MnCl,, and MnBr,.*! Hence, a para-
magnetic medium should be selected based on the application
and objects to be levitated. In this regard, different families of
paramagnetic material have been reported in the literature with
different characteristics, such as 1) aqueous solutions of biocom-
patible chelates of Mn'" and Gd'™ that are useful for biological
applications (e.g., cellular and protein assays), 2) aqueous solu-
tions paramagnetic salts (e.g., solutions of GdCl; or MnCl,) that
are suitable for water-insoluble samples, 3) nonaqueous solu-
tions of salts (soluble in alcohols) including MnCl, and GdCl;
which are less dense compared to water, suitable for suspending
object less dense than water (e.g., polyethylene and polypropyl-
ene), 4) paramagnetic ionic liquids (PILs) which possess
negligible vapor pressures, low melting points, and high
thermal stabilities, and 5) phase-separated paramagnetic
media.l*3353190135] Although a higher concentration of para-
magnetic medium results in a wider detection range, increasing
the salt concentration in the medium causes cell dehydration
through osmosis, leading to cell density changes (inaccurate
readouts) and cell death.!"**l Utilization of a secondary container
of known density (e.g., a hollow transparent sphere) to isolate/
protect cells from direct contact with the medium can be a prom-
ising solution.**

Environmental parameters, such as temperature and humid-
ity, along with gradual evaporation of the paramagnetic medium
solvent, could result in false readouts. However, the use of den-
sity standards affords an absolute measure of density regardless
of variations of experimental conditions in different laboratories.
Furthermore, the presence of air bubbles on levitated objects
results in the misleading readout, as air is less dense than the
majority of levitated objects of interest. For nonbiological par-
ticles, adding a detergent and quickly sonicating the solution
can reduce the errors.[*”!

In addition, MagLev platforms are relatively low-throughput
devices.!! In most of the designs so far, a single container
can be loaded into the platform for levitation and analysis.!")
Besides, smaller objects take a longer time (~2-24h for most
cells and bacterial species) to reach equilibrium due to the domi-
nant Brownian motion, limiting the high throughput of MagLev

Adv. NanoBiomed Res. 2022, 2, 2100103 2100103 (17 of 21)

www.advnanobiomedres.com

devices."**! A number of viable methods to decrease the equilib-
rium time are the following: increasing the magnetic field
strength, augmenting the concentration of the paramagnetic
medium, decreasing the working temperature, reducing the dis-
tance traveled by the objects during levitation (i.e., smaller
MaglLev platforms), and gentle injection of objects into the
medium to prevent dispersion.'**! In addition, the integration
of Maglev with microfluidic chips!™****! and multiplexed
biomedical platforms!'**'*>71%] enables the development of
flow-assisted devices for real-time monitoring and continuous
separation of samples.

Following the suspension of objects, the levitation heights
should be quantified either with the naked eye or by imaging
equipment. Although a ruler is enough for measuring levitation
height in large MagLev setups, advanced imaging methods (e.g.,
microscopy) are needed for smaller setups levitating submillime-
ter objects (e.g., cells).l’) Optical, fluorescent, and inverted
microscopy techniques are widely used imaging approaches
for this purpose. Nonetheless, relatively large size, high cost,
demanding external power source, and requiring expert opera-
tors are challenges confining portability and affordability, partic-
ularly in resource-limited settings.?> Recent advancements in
the image acquisition capability of smartphones enabled imaging
of cells and bacteria without microscopes, introducing more por-
table, user-friendly, and affordable Maglev platforms.*>*!
However, smartphone-based MagLev devices face the challenge
of standardization of the platform for different smartphones
with different camera characteristics and operating systems.®”
Although self-contained Maglev systems can address these
challenges using an embedded camera, an extra image storage
and controller board are needed in these platforms.%!!

6. Conclusion and Future Perspective

MagLev offers advantages such as 1) being simple in design and
use with virtually no maintenance required (except for occasional
calibration), 2) being electricity-free which is beneficial for
resource-limited settings, 3) being label-free, 4) using cost-
effective, commercially available magnets and paramagnetic
mediums, 5) being able to levitate/separate/sort multiple objects
simultaneously, 6) requiring a small amount of sample which is
important for samples that are difficult/painful to obtain
(e.g., biological samples/biopsies) or scarce (forensic samples),
7) being compatible with fragile samples (e.g., gels and cells),
8) being insensitive to physical properties of particles (e.g., shape,
size, viscosity, elasticity, and stiffness), and 9) being compatible
with smartphones to produce portable MagLev platforms with no
need to microscopic imaging.!®'%14¢l

Size, shape, and strength of magnets, type and concentration
of the paramagnetic medium, and the imaging method
(e.g., visual, microscopy, smartphone-assisted, or self-contained
lenses) are decisive factors determining the performance of
MagLev designs (e.g., detection resolution and dynamic range).
In the present review, MagLev platforms were discussed from a
design perspective, and in order to provide an insight into the
opportunities offered by MagLlev and current challenges of
implementing them, the most recent biomedical end applica-
tions of MagLev were presented, such as separation of different
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types of cells, detection of cancer cells, blood analysis, and diag-
nostic applications. Addressing current challenges and integrat-
ing with emerging technologies can further extend the
applications of MagLev.

Image acquisition and interpretation are complementary steps
following levitation. Classification, analysis, and quantification of
a large amount of obtained data (either from high-throughput
microscopes or smartphone cameras) can outpace human
experts with a propensity for biased decisions. Although a num-
ber of proposed smartphone-assisted MagLev platforms utilized
smartphones for data analysis through predefined software, levi-
tation of undefined objects may challenge the performance of the
device. Machine learning (ML) algorithms allow MagLev setups
to adapt themselves to new experiments without being explicitly
programmed for that specific application."*”"**¥) Furthermore,
we foresee that future studies may employ MagLev to simulate
and monitor the possible effects of prolonged weightlessness on
the human body (e.g., bone mass loss), which occurs in astro-
nauts who were in zero-gravity conditions for a long period.!"*”!
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