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Diagnostics to Tissue Engineering
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ABSTRACT: The magnetic levitation technique has been utilized to orientate and
manipulate objects both in two dimensions (2D) and three dimensions (3D) to form
complex structures by combining various types of materials. Magnetic manipulation
holds great promise for several applications such as self-assembly of soft substances and
biological building blocks, manipulated tissue engineering, as well as cell or biological mol-
ecule sorting for diagnostic purposes. Recent studies are proving the potential of magnetic
levitation as an emerging tool in biotechnology. This review outlines the advances of
newly developing magnetic levitation technology on biological applications in aqueous

environment from the biotechnology perspective.

» ‘i.-i;l -

Scaffold free
30 coll cutture

yarogels
Magnetic 3D Self-Assembly
Levitation & ' e

Tissue Engineering,

umor mod:
spi
—— Diagnostic
% Applications
I/
A Smartphone-bosed MagLov System

MagLau Systom

Magnatophoresis Systam

KEYWORDS: magnetic levitation, 3D self-assembly, diagnostics, tissue engineering, 3D cell culture

1. INTRODUCTION

As biotechnology advances, innovative tools and instruments
are gaining capabilities to overcome obstacles in the biomedical
field. Mimicking nature is one of the new trends in biotech-
nology that has revolutionized current understanding in the
fields of tissue engineering, biomedical sensors, and diagnostics.
The main challenge associated with mimicking biological sys-
tems is the lack of highly sophisticated, controllable tools
because current technologies rely on randomized methods that
cause problems in functionality and viability." In this context,
the ability to control or intervene in the microenvironment and
manipulate biological building blocks such as cells is crucial in
both tissue engineering and biomedical fields.” For instance,
manipulating biological entities assists in mimicking hierarchical
self-assembly of a real tissue that improves the current practice
in tissue engineering. In parallel,” controlling the biological micro-
environment helps to create an informative platform that gives
insight into the complexity of cellular behavior for screen-
ing applications. There are several contactless manipulation
approaches reported to engineer or control microenvironments
while protecting biological delicacy, such as acoustic waves"™”
and magnetic levitation.'"™"

Magnetic levitation is an emerging and powerful tool that
offers the ability to control the microenvironment. The method
provides antigravity'*'> conditions while levitating biological
molecules such as bovine carbonic anhydrase (BCA),'”"” cells
such as Paramecium caudatum,"® animal cells,'® tissues,"”™>* and
synthetic materials"**~** incubated in paramagnetic fluid.***’
Magnetic levitation method uses the magnetic force principle,
which helps to separate, differentiate, or orientate objects/
biological materials depending on their density differences
within a three-dimensional (3D) space. Magnetic levitation
has inspired multiple research endeavors to improve method-
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ologies such as development of a new generation diagnostic
tools,”® label-free separation of cells and biomolecules,'®'”
improvement of 3D cell culture rnethodologies,zg’30 and 3D
assembly of micro/nanostructures.”'

Varied components and environmental parameters were used
for magnetic levitation; in this review, we mainly focus on the
molecular and cellular level biological applications in aqueous envi-
ronment, especially in the field of diagnostics and tissue engi-
neering. We give an overview of leading studies in the field of
magnetic levitation. First, we highlight the current technology,
model systems, and working principles. Then, we focus on emerg-
ing diagnostic and tissue engineering applications in addition to
providing an emphasis on the future perspective and impact.

2. THEORY

The magnetic levitation concept was introduced in the 1960s,
where a friction-free suspension was enabled for graphite disk
under vacuum by utilizing diamagnetic levitation method-
ology.”” Afterward, the magnetic levitation system was devel-
oped for density-based mineral®*** and metal separation.’
Later, the levitation system was improved for density measure-
ments of solid and organic liquids.* A very well-known example of
the magnetic levitation is the levitating frog, where the whole
complex organism levitated in the air environment.””~*’ How-
ever, in this review, we mostly focus on biological applications
of magnetic levitation concept in aqueous environment,
particularly in diagnostic and tissue engineering fields.

The basic principle relies on levitating objects in para-
magnetic fluid under a constant magnetic force that positions
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Figure 1. Magnetic levitation theory and technology. (a) 3D magnetic field simulation in the X—Z plane, illustrating flux density (arrows) generated
between two NdFeB magnets in anti-Helmholtz configuration. Reproduced with permission from ref 41, Copyright 2016 American Chemical
Society. (b) Schematic illustration of basic magnetic levitation setup shows the magnetic (Fm) and gravitational forces (T:g) that levitate the object.
Basic principle of magnetic levitation; objects levitate to different heights due to density differences. Reproduced with permission from ref 24,

Copyright 2011 John Wiley and Sons.

those objects due to their density differences. Magnetic levi-
tation tools generally consist of two permanent magnets (e.g.,
neodymium iron boron, NdFeB) where the same poles ori-
ented toward each other in an anti-Helmholtz coil config-
uration to generate a magnetic field and magnetic field gradient
(Figure 1a).*' High grade (N52) NdFeB** solid-state magnets
generating a magnetic field of 0.4 T are commonly used for
magnetic levitation applications. These magnets introduce
strong magnetic forces and ensure a high qzuality magnetic field
for density dependent separation,”®*’ chemical analy-
sis, 203" contactless location control, and catching diamag-
netic objects in 3D."*** In a paramagnetic medium (e.g,
manganese chloride, MnCl,, aqueous medium), objects are sus-
pended and aligned between two magnets without any external
force.”> When objects have a different density to the solution,
gravitational force, magnetic force, and steric interactions push
objects from the center and lead them to either float or sink.
Depending on density, a stable levitation height within the
paramagnetic fluid arises due to the balance among magnetic
and other forces. According to the equation, gravitational
(ﬁ'g) and magnetic (?m) force balanced while objects lev-
itating.23’ o

. — 1)
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1_3; +E = (n, —p)VEg + V(BV)B =0

Here, p, and p,, represent density of levitating objects and
paramagnetic medium (kg m™), respectively; magnetic suscep-
tibilities of the object and medium are y, and y,, respec-
tively, and magnitude of the magnetic field is B (A m™).
Volume sample is V (m*); permeability of free space is 1, (1.26 X
10° m kg s> A™2), and gravitational constant is g (9.81 m s72).

As illustrated in Figure 1b,** objects with different densities
position at the bottom of the container due to the gravitational
force. Upon magnetic field exposure, objects begin to levitate
based on their density differences.

Magnetic force emerges due to the interaction of two
magnets and a paramagnetic medium.”>" There is a gradient in
paramagnetic medium depending on the replacement of para-
magnetic liquid toward a high magnetic field (Figure 1a). While
increasing the volume of the paramagnetic medium where
magnetic field potency is high, the potential energy decreases.
Therefore, a magnetic levitation system shows replacement of
diamagnetic objects in the direction of the center of the con-
tainer depending on the magnetic force. This replacement takes
place in the field where the magnitude is low; if gravitational
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and magnetic forces become equal, a material levitates
constantly in its position. As a result, the levitating object is sus-
pended at a minimum magnetic field strength region based on
the magnetic susceptibility difference between levitating objects
and paramagnetic media.****

3. MAGNETIC LEVITATION TECHNOLOGY AND
DEVICE FABRICATION

In recent years, magnetic levitation was developed for sep-
arating,”*" classifying, and positioning cells’> and other bio-
logical substances such as proteins or protein—ligand cou-
ples,'*"” depending on their physical properties.”® It is also
employed to guide substances such as hydrogels and elastomers
for complex assembly in 3D microenvironment.

One of the earliest magnetic levitation systems, which was
developed as a diagnostic tool, was fabricated as a polydime-
thylsiloxane (PDMS) microfluidic device (Figure 2a).* The
microfluidic device was combined with NdFeB magnets to sep-
arate polystyrene particles that differ in density. Diamagnetic
polymer particles were suspended in a paramagnetic salt solu-
tion, gadolinium chloride (GdCl;), and levitated using a
magnetic field. Utilized system was able to differentiate and
separate particles ranging in diameter from S to 5000 ym, both
in static and flow mode. Later, another magnetic levitation
system was introduced (Figure 2b)*® which combines a simple
cuvette and NdFeB magnets with the aim of developing a rapid,
inexpensive, and direct-forward methodology to quantify the
chemical reactions on a solid support. In this system, poly-
styrene beads were functionalized for chemical reactions and
levitated in a paramagnetic solution between two NdFeB mag-
nets. Upon reaction completion, levitation height was changed
relying on density of beads (Figure 2c). The same system was
utilized for a sensitive density-based characterization of both
solid materials and liquid droplets.*® Densities of diamagnetic
solid particles and water-immiscible organic liquids were
measured successfully in the range of 1.0—1.7 g/cm?.

Recently, a new generation magnetic levitation (MagLev)
setup has been introduced as “Tilted MagLev” (Figure 2d),%°
which overcomes density-based limitations of previous setups.
According to this work, the device was tilted approximately
toward the gravitational vector, causing the magnetic force to
be decreased. Thus, at ambient conditions, a wide range of den-
sity measurements can be made for different materials (Figure 2d),
from air bubble (p ~ 0) to iridium (p ~ 23 g/cm?). In another
study, a high-sensitivity magnetic levitation setup was
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Figure 2. Development of magnetic levitation setups. (a) Schematic illustration of a microfluidic device consisting of separating and collecting
channels (left). Magnetic separation of the polymer beads is based on the density differences and collected at the outlet tubing (right). Reproduced
with permission from ref 43, Copyright 2007 American Chemical Society. (b) Magnetic levitation setup for monitoring chemical reactions on solid
support. Reproduced with permission from ref 26, Copyright 2008 American Chemical Society. (c) Solid-supported chemical reactions are
represented, showing levitating clusters of polystyrene beads in different time scales, with each data point on the graph representing the relation
between bead density with their levitation height. Reproduced with permission from ref 26, Copyright 2008 American Chemical Society. (d) Basic
“tilted MagLev” setup with tilted to the gravitational axis (bottom); top image illustrates spherical objects levitated depending on their varied
densities. Reproduced with permission from ref 50, Copyright 2016 American Chemical Society. (e) Schematic representation of the high sensitivity
MagLev device which can measure densities of objects in rotating configuration. Reproduced with permission from ref 41, Copyright 2016 American
Chemical Society. (f) The configuration of beads at 6 = 90° rotation. Reproduced with permission from ref 41, Copyright 2016 American Chemical
Society. (g) Detailed illustration of magnetic levitation platform with NdFeB magnets and mirrors being assembled by using PMMA holders.
Reproduced with permission from ref 18, Copyright 2015, Proceedings of the National Academy of Sciences USA. (h) Working principles of
microfluidic platform in the presence/absence of magnetic field (top). Schematic and prototype of microfluidic channel system (bottom).
Reproduced with permission from ref 51, Copyright 2016 John Wiley and Sons.
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Figure 3. Magnetic levitation setups used for 3D cell culture applications. (a) Basic magnetic field concentrator with a steel plate sandwiched in
between acryl resin plates to generate cellular strings. Reproduced with permission from ref 19, Copyright 2009 Elsevier. (b) Schematic illustration
for cellular ring construction by Mag-TE technique, where MCL labeled C2C12 cells are seeded into a well where a magnet and a silicon plug are

located. Reproduced with permission from ref 19, Copyright 2009 Elsevier.

developed (Figure 2e)*' which overcomes the resolution
limitations of the previously introduced Tilted MagLev
setup.”’ The new system was able to evaluate weak magnetic
gradients in rotated configuration which enables quantification
of density differences less than 107* g/cm? (Figure 2f).

Previously, an easy-to-use magnetic levitation device
(Figure 2g)"® was developed as a diagnostic tool for separating
cells. In this system, two permanent magnets were assembled
by utilizing poly(methyl methacrylate) (PMMA) holders, and a
glass capillary channel was introduced among the magnets. Mir-
rors were used in a 45° slope position to visualize the channel
using a microscope that helps to evaluate the height of the cells
within the channel. When the cells were injected into the para-
magnetic medium, they move from higher to lower magnetic
field and align due to their density characteristics. To separate
the cells, another magnetic levitation setup was introduced
where permanent ma%nets located close to the microfluidic
channels (Figure 2h). ' Cells levitated from a laminar flow
pathway due to the magnetic buoyancy force. Therefore, a
mixture of HeLa and blood cells was separated due to their size
and density differences.

The use of magnetic levitation on biological materials has
also extended toward the tissue engineering field. The earliest
system used for tissue engineerinjg is magnetic force-based
tissue engineering (Mag-TE) setup.'” In this model, a steel plate
was squeezed in between acryl resins to fabricate cell strings
(Figure 3a). This steel plate is used as a magnetic field concen-
trator and placed over a magnet to create a magnetic field gra-
dient. Culture dishes were covered with agarose to create an
adhesive culture surface, so string-like 3D cellular constructs
were generated on the surface. Later, a 3D cell culture device
(Figure 3b) was made with a silicone plug that is settled at the
center of the well plate. Cells were seeded around the silicon
plug while a magnet settled underneath the well and was used
to orientate ring-shaped cellular constructs.

Recently, a basic Petri dish was modified as a ma§netic levi-
tation setup for 3D cell culture studies (Figure 4a). ! The 3D
bioassembler consists of magnetic iron oxide (MIO) particles,
gold nanoparticles (AuNP), and RGD motif containing
MI13-phage particles was used to provide hydrogel assembly.
Cells incubated with hydrogels to gain magnetic property.
Magnetic field-based cell levitation was observed, and cells were
levitated at air—medium interface upon external magnetic
introduction to the system. Both large magnets (12 mm radii)
and small magnets (6 mm radii) have been used to observe the
effect of magnetic field strength on 3D cell culture formation.
The resulting cell culture structures reflect the strength of the
magnetic field; the large radius magnets have a central
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minimum, which leads to a ring-shape formation (Figure 4b);
in contrast, the smaller magnets result in intense cellular assembly
(Figure 4c). Later, the magnetic field-based cell levitation
concept evolved toward a 96-well plate format (Figure 4d).”
A magnetic drive settled at top of the plate, where poly-L-lysine
cross-linked MIO-based bioinorganic hydrogels were utilized
to levitate cells at air—medium interface, so cellular agglomer-
ation occurs while supporting extracellular matrix (ECM)
synthesis.

4. MATERIALS USED IN MAGNETIC LEVITATION

Two major classes of materials are used for magnetic levitation
applications; one of them is a paramagnetic agent that gives
magnetic property to the medium and ensures diamagnetic
objects will levitate, and the other one is scaffold-forming mater-
ials (polymers, hydrogels, etc.) that are particularly used as a sup-
port material to levitate objects.

GdCl,, copper sulfate (CuSO,), holmium chloride (HoCly),
ferrous chloride (FeCl,), MnCl,, and manganese bromide
(MnBr,) are some of the paramagnetic agents used in aqueous
solutions.”® Each of these paramagnetic salts has different
magnetic susceptibilities, which leads to differentiation of the
densities of objects. Thus, these materials are used as a para-
magnetic agent to manipulate the objects in aqueous solution.
The previously mentioned study®® examined solids and water-
immiscible organic liquids between 1.0—1.7 g/cm® density range
by using GdCl; and MnCl, in water. Depending on the type of
paramagnetic salt, the density range can be adjusted. Alcohol or
other organic solvents can solvate Gd** and Mn>' salts and
increase the density range to 0.8—3.0 g/cm’. Besides different
gadolinium salts, other paramagnetic agents that are magnetic
resonance imaging (MRI) contrast agents used for clinical inves-
tigation such as gadobutrol and gadoteric acid have been used for
magnetic levitation applications. Particularly with respect to
cell-based studies,'” these paramagnetic agents show low tox-
icity compared to that of other counterparts.

Gel-forming materials aid the levitation of biological mate-
rials. In 3D cell culture studies, bioinorganic hydrogels have
been used with MIOs."" The combination of hydrogel with MIO
particles provides magnetic manipulation of cells while culturing
them at the same time (Figure 4a). Additionally, polymer-based
hydrogels such as methacrylated gelatin (GelMA) and
polyethylene glycol dimethacrylate (PEGDA)*” are commonly
used examples for microgel production, and cells are seeded or
encapsulated into these soft materials to levitate them in para-
magnetic solutions. Those living soft materials can be
assembled into more complex 3D structures via magnetic
levitation.
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Figure 4. Magnetic levitation setups used for 3D cell culture. (a) Ilustration of magnetic levitation setup for 3D cell culture; MIO containing
hydrogels are added over the cells, and then a magnetic force is applied to raise cells to the air—medium interface. Reproduced with permission from
ref 11, Copyright 2010 Nature. (b and c) 3D shape control of levitated cells by using (b) 12 and (c) 6 mm magnets. Reproduced with permission
from ref 11, Copyright 2010 Nature. (d) A well-plate form of magnetic levitation setup for 3D cell culture. Transfer of 3D cell culture from 24-well
plate to 96-well plate by using a Teflon pen. After removal of the magnet from the pen, 3D cell culture settled into the 96-well plate. Reproduced
with permission from ref 22, Copyright 2014 Elsevier. Reproduced with permission from ref 29, Copyright 2013 Nature.

5. STATE-OF-THE-ART MAGNETIC LEVITATION

Magnetic levitation holds a great promise to revolutionize the
current understanding in bioanalytical science by providing a
novel toolbox for the contactless manipulation of biological
substances.”'”'""*”>% Recent approaches that use magnetic
levitation can be divided into three subcategories: (i) 3D self-
assembly, (ii) tissue engineering, and (iii) diagnostic tool appli-
cations. In this section, we highlight utilization and develop-
ment of magnetic levitation in all three subcategories.

5.1. 3D Self-Assembly via Magnetic Levitation. Self-
assembly is a process that can produce different functional
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systems by combining varied microstructures at the same
time.'® Magnetic force,”>*** capillary force,”*™** electrostatic
force, "% surface energy,él_é3 and gravity-based methods®#®°
are some of the basic technologies of self-assembly that have
been introduced for various applications.

Magnetic force has a multifunctional ability for guiding 3D
self-assembly processes.”* The utilization of magnetic inter-
actions for 3D self-assembly is highly convenient method because
objects are exposed to the magnetic force from a certain distance;
thus, no physical contact is required. Recently, magnetic levita-
tion principle has been applied to varied systems for 3D self-
assembly of diamagnetic objects without any magnetic

DOI: 10.1021/acsbiomaterials.7b00700
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Figure S. 3D assembly of polymeric materials via magnetic levitation method. (a) 3D assembly of PMMA spheres (top) accompanied by colevitating
PMMA templates (middle and bottom). Reproduced with permission from ref 23, Copyright 2011 Royal Society of Chemistry. (b) PMMA and PVC
templates levitate according to their density differences. Reproduced with permission from ref 24, Copyright 2011 John Wiley and Sons.

Table 1. Summary of Magnetic Levitation-Based Tissue Engineering Applications

materials/methods

magnetite cationic liposomes (MCLs)

M13 derived MIO/magnetic field-based cell
levitation

MIO hydrogel (NanoShuttle)/magnetic field-based 3D cell culture

cell levitation
MIO hydrogel (NanoShuttle)/magnetic field-based
cell levitation

MIO hydrogel (NanoShuttle)/magnetically
levitated four cell coculture

air way remodeling research

MIO hydrogel (NanoShuttle)/magnetic
nanoparticle-based coculture of VIC sand VECs

MIO hydrogel (NanoShuttle)/magnetically

levitated breast tumor model drug screening

bronchiole coculture

application
artificial muscle tissue engineering

multicellular coculture

adipose tissue engineering

white adipose tissue-based cell therapy

inflammatory response angiogenesis

heart valve engineering

understanding of tumor biology

cell type ref
C2C12
LN-229
U-215MG
Cl17.2

HEK293, MDA 231, MCF-10A, LNCaP, AS49,
HepG2, 3T3-L1, bEnd.3, H-4-IL-E, U251-MG

3T3-L1
bEnd.3
EpiCs
SMCs
PFs

PECs
VICs
VECs
HPF
SUM 159
MDA-MB-231
Hs785bst
Hs371.t
293T

30

moments and unpaired electrons being balanced by gravita-
tional and magnetic forces. An example of this contactless manip-
ulation approach has been focused on formation and packing of
complex 3D structures via magnetically levitated spherical and
nonspherical objects (Figure 5a2).%

The way in which shape and density of PMMA templates
affect the formation of complex 3D models has been inves-
tigated. The design of a colevitating PMMA template ensures
that spherical PMMA objects form alternative 3D lattices and
structures. As represented in Figure Sa, colevitating templates
provide a framework for the levitating objects to form an ordered
structure; otherwise, objects go into disordered positions without
forming clusters. Depending on colevitating PMMA templates,
various forms of lattices and structures can be obtained. Differ-
ent shaped frames (e.g, rectangular, triangular, and circular)
that have the same density with objects allow packing of the
objects into the frame in 3D. Alternatively, levitating objects
can surround the surfaces or edges of the colevitating templates
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(Figure Sa). In another study, diamagnetic objects were guided
through the magnetic field that generates 3D assemblies depend-
ing on density difference. Figure 5b”* shows the formation of 3D
assemblies for both PMMA and polyvinyl chloride (PVC)
levitating templates, which is guided by the magnetic field of
the bottom magnet. Magnetic levitation technology”®** ensures
formation of 3D structures by aligning, positioning, and self-
assembling components without any physical handling. Conse-
quently, development of magnetic levitation and contactless
manipulation contributes to development of other fields such as
tissue engineering and diagnostic tools.

5.2. Current Tissue Engineering Strategies. Magnetic
levitation technology has recently been used to demonstrate the
ability of the technique for culturing cells in a 3D microenviron-
ment.”**"*®  Although there are other approaches such as
bioreactors,””~"* microfluidics,”*~"” stereolithography,”®~*'
etc. for tissue engineering, most of these focus on the devel-
opment of materials. Rather than developing new materials,
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tissue engineering needs innovative methodologies to create Considerable effort is being targeted at developing functional
3D cellular structures by mimicking the natural microen- tissues; however, guiding cells into a desired complex 3D
vironment.” In addition, it also requires cell—cell and cell— structure and forming the physical force environment is still an
ECM interactions so that tissues can become functional. obstacle that needs to be overcome. To cope with those
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Figure 6. Mag-TE technique. (a) C2C12 cell string (above) and cell ring (below) constructs and bright-field micrographs of hematoxylin and easin-
stained longitudinal section of the cellular string and ring. Reproduced with permission from ref 19, Copyright 2009 Elsevier. (b) The shrinkage of
C2C12 cell sheets (indicated by arrows) in different culture periods. Reproduced with permission from ref 19, Copyright 2009 Elsevier.
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Figure 7. 3D cell culture by magnetic levitation. (a) Spheroid fusion of human glioblastoma cells (green) and normal astrocytes (red) shown by
bright-field and fluorescence microscopy. Reproduced with permission from ref 11, Copyright 2010 Nature. (b) Micrograph images of magnetically
levitated 3D cell cultures for varied cell types (HEK293, human tracheal smooth muscle cells, human pulmonary fibroblasts, human glioblastoma,
H-4-11-E, MDA-231, HUVECs, MCF-10A, LNCaP, HepG2, AS49, and 3T3-L1), scale bar 100 ym. Reproduced with permission from ref 29,
Copyright 2013 Nature. (c) Col I, FN, Lam staining in 3D AVCC (aortic valve coculture) and 2D VICs and VECs) cell cultures; IHC stain (green)
and nuclei are counterstained with DAPI (blue). Reproduced with permission from ref 22, Copyright 2014 Elsevier. (d) Immunostaining patterns in
2D and 3D models of fibroblast cell and breast cancer cells in three days in 3D model cells forming a tumor structure with heterogeneous cell
distribution. Reproduced with permission from ref 30, Copyright 2014 Nature.
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(a)

Figure 8. Magnetic levitation-based tissue engineering approaches. (a) Selective levitational assembly of PEG hydrogels. Red and blue hydrogels
formed assemblies at different levels due to their polymer concentration. Reproduced with permission from ref 27, Copyright 2015 John Wiley and

Sons. (b) Scaffold-free 3D cell culture via magnetic levitation.

difficulties, magnetic levitation offers a contactless manipulation
option while preserving the natural microenvironment of
the cells.

Magnetic levitation-based tissue engineering systems have
different applications in varied fields such as drug discovery,*
regenerative medicine,'”*'** stem-cell research, and tumor
biology."" Current efforts on magnetic levitation-based tissue
engineering are summarized in Table 1.

Recently, a magnetic force-based tissue-engineering techni-
que; Mag-TE (Figures 3a and b) has been reported for the
formation of artificial skeletal muscle tissue.'” Here, generating
string or ring-shaped tissue structures mimicked the fiber bun-
dles of skeletal muscle. Magnetite cationic liposomes (MCLs)
were employed as a magnetic agent, and MCL uptake by
Myoblast C2C12 cells was completed prior to application of
magnetic force. Seeding C2CI12 cells onto a magnetic con-
centrator where a magnet is located underneath, both cell
strings and cell rings (Figure 6a) were obtained via agglom-
eration without any scaffold. Cell sheets and cell strings were
obtained in desired shape and thickness (around 200 um);
however, they shrank and lost their shapes during further
culture periods for myogenic differentiation (Figure 6b).

In another study, M13 phage-based bioinorganic hydrogel
system with magnetic properties (Figure 4a) was introduced to
mimic irregular tumor formation by coculturing.'' This study
offers a controlled system, which shows formation of 3D in
vitro tumor structures at varied size and composition. Not only
3D cell culture formation but also spheroid fusion is controlled
by this model system. To demonstrate the ability of the
introduced technique for magnetic manipulation, both human
glioblastoma cell spheroids and human astrocyte cell spheroids
were magnetically guided together, with spheroid fusion being
obtained in 12 h (Figure 7a). The introduced magnetic levi-
tation system is further extended to a highly sophisticated well-
plate format (Figure 4d) for easier and more controlled tissue
formation.”” Poly-L-lysine cross-linked MIO/AuNP hydrogels
named as NanoShuttle (Nano3D Biosciences, United States)
were utilized as a magnetizing agent for 3D cell culture forma-
tion. 3D cell culture forming ability of this straightforward
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magnetic levitation technique was demonstrated by using
different cell lines such as human embryonic kidney cells
(HEK293), mouse fibroblast cells (3T3-L1), human mammary
epithelial (MDA-231), human umbilical vein endothelial cell
(HUVECs), and human hepatocyte cell (HepG2). 3D cell
culture formation was obtained for all varied cell lines (Figure
7b); based on the cellular characteristics, some formed denser
and smaller structures, while others formed less dense and
sparse structures. The developed magnetic levitation method
for 3D cell culture was further used for the formation and
investigation of adipose tissue,”® a coculture of bronchiole,*' a
breast tumor model,®® and also to create a coculture of 3D
aortic valve.”” White adipose tissue (WAT) formation® was
achieved through a combination and aggregation of adipose
cells to produce organoids termed adipospheres.

Later, coculture of a bronchiole’’ in vitro model was
obtained through assembly of human pulmonary microvascular
endothelial cells (PECs), human pulmonary fibroblasts (PFs),
human bronchial epithelial cells (EpiCs), and human tracheal
smooth muscle cells (SMCs). After those achievements, uti-
lization of the developed magnetic levitation method was
extended to 3D aortic valve assembly”” (Figure 7c) and breast
tumor model*’ (Figure 7d) formation.

Quite recently, the magnetic manipulation of living objects in
a paramagnetic salt solution was demonstrated for tissue engi-
neering applications.”” NIH 3T3 mouse fibroblast cells were
encapsulated either in GelMA or PEGDA hydrogels. To para-
magnetize the suspension solution, paramagnetic Gd> salt was
utilized. Self-assembly of cell encapsulated microstructures was
achieved through magnetic levitation technique (Figure 8a).

However, the above-mentioned magnetic levitation techni-
ques employ scaffolds or other support materials. For tissue
engineering or regenerative medicine applications, material
dependency is an important limiting factor. To overcome this
limitation, a new technique was developed which utilizes mag-
netic levitation methodology for 3D cell culture in scaffold-free
format (Figure 8b)** which promotes cells to secrete their own
ECM without any additional materials to form 3D structure.
Progress in this technology enables mimicking of tissue models
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more closely while maintaining the natural microenvironment
and native ECM molecules.

5.3. Current Diagnostic Strategies. Miniaturized diag-
nostic devices are mostly preferred these days because of their
rapid, cheap, portable, easy-to-use properties for identifying
diseases or informing people rapidly about their state of
health.'>**™*® Current diagnostic tools generally rely on
immunospecific interactions to separate and acquire targets
from complex media that complicate detection processes in
terms of cost effectiveness, durability and time of analysis. Mag-
netic levitation has emerged in recent years with the aim of
analyzing and characterizing biological macromolecules by its
potential to overcome these obstacles. A comparison of the
most commonly used magnetic levitation-based diagnostic mod-
els are introduced in Table 2.

In recent years, magnetic levitation setup was developed to
measure protein—ligand interactions,'”'” in which BCA and
derivatives of benzenesulfonamide act as a protein and ligand,
respectively. The beads were functionalized with ligands, so
proteins are bound to the latter and lead to a change in density
of the bead. Depending on levitation height, (i) amount of a
bound protein and (ii) association and dissociation of a protein
can be measured (Figure 9a)."¢ It is concluded that this method
can be efficiently used for the analysis of varied biological
molecules and biomarkers for diagnostic purposes. The mag-
netic levitation approach was further extended to metal-
amplified density assay of varied biomolecules such as proteins,
antigens, and nucleic acids (Figure 9b),*” and being particularly
linked with ELISA and termed a density-linked immunosorbent
assay (DeLISA). The performance of the system as a diagnostic
tool was evaluated successfully via multiplexed detection of
NS3 protein of Hepatitis C (Hep C) virus and p47 protein of
syphilis Treponema pallidum in serum samples (Figure 9c).

Current studies on magnetic levitation offer rapid separation
of single cells or cell populations, depending on their unique
density or magnetic properties. A simple magnetic levitation
platform (Figure 2g) was introduced recently for separation of sin-
gle cells.'® This method is a density-based technique which
enables quick and easy profiling of cells. Here, the magnetic
levitation is applied to breast, esophageal, nonsmall cell lung
cancer, and colorectal cancer cell lines, and as a result, char-
acteristic blueprints were obtained due to density differences
(Figure 9d).

A similar setup was integrated into a smartphone for cell
(i-LEV) and microparticle analysis.*>*® Both systems included a
lens for focusing images on the camera; a magnetic levitation
setup with capillaries settled below the lens to observe the
height of levitated cells or particles. Both the cells (Figure 9e)
and microparticles (Figure 9f) were separated depending on
their density characteristics. Utilization of such systems con-
firmed that the magnetic levitation methodology has high poten-
tial for bioanalysis applications especially as a miniaturized diag-
nostic tool in resource-limited settings.

In another study, the above-mentioned magnetic field-based
cell levitation technique™ that utilizes NanoShuttle for 3D cell
culture formation was used for diagnostic applications, espe-
cially in toxicity assays. While cells treated with NanoShuttle,
they acquire magnetic properties and are easily guided under
magnetic field. When a magnetic field is applied, cells are
levitated and then either collected or printed at the bottom of
the plate to form 3D cell structures. The whole assay was
imaged with a mobile device that decreases imaging time com-
pared to microscopes and enhances efficiency of drug toxicity
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Table 2. Comparison of Magnetic Levitation-Based Diagnostic Systems
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Figure 9. Magnetic levitation-based diagnostic and biosensor applications. (a) Polymeric gel beads functionalized with small ligands to bind the
target protein, so the density of the bead changes and starts to levitate with protein binding. Reproduced with permission from ref 16, Copyright
2012 American Chemical Society. (b) Schematic representation of metal-amplified density assays (MADAs). Reproduced with permission from
ref 87, Copyright 2015 Royal Society of Chemistry. (c) Multiplexed immunoassay for syphilis and Hepatitis C via magnetic levitation. The first
column represents the beads after settling in developing buffer; second column represents negative results for both syphilis and Hep C; and the third
column represents positive for Hep C. The fourth column represents positive results for syphilis and Hep C. Reproduced with permission from ref
87, Copyright 2015 Royal Society of Chemistry. (d) Magnetically levitated cancer and blood cells via density-based cell separation, (HCC827,
nonsmall cell lung adenocarcinoma cells; HCT116, colorectal carcinoma cells; HT29, colorectal adenocarcinoma cells; JHEsoAD1, esophageal
adenocarcinoma cells; MDA-MB-231, breast adenocarcinoma cells). Reproduced with permission from ref 18, Copyright 2015 Proceedings of the
National Academy of Sciences USA. (e) Red and white blood cell separation within i-LEV platform (top) and live/dead assay imaging (bottom) of
cells. Reproduced with permission from ref 85, Copyright 2016 John Wiley and Sons. (f) Smartphone-attached magnetic levitation platform where
microparticles are levitated depending on their densities. A smartphone camera and 3D printed attachment are used to capture polystyrene
microsphere (10 ym) images, scale bar is 100 ym. Reproduced with permission from ref 88, Copyright 2015 PLOS ONE.
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screening. This method was improved for toxicity screening of
3D cellular structures.®® Afterward, this method evolved to
magnetic 3D bioprinting (M3DB) where 3D cell structures
were formed to measure cytotoxicity,” vasoactivity,”" and uterine
contractility measurements.”

6. CONCLUSION AND FUTURE PERSPECTIVE

This review aimed to provide a broad perspective and overview
of the current advances and applications of magnetic levitation
in biotechnology. We also attempted to consolidate critical
studies using current magnetic manipulation methodologies
contributing to the field of diagnostics as well as tissue engi-
neering. The advancements in separation, classification, and
manipulation of living cells confirm the potential of magnetic
levitation methodologies in diagnostics and tissue engineering
fields. Recently, considerable efforts have been devoted to
developing novel magnetic levitation platforms that facilitate
guiding of living cells to generate hierarchically ordered tissues.
Magnetic levitation technology also enables contactless
capturing and separation of diagnostic biomarkers from
complex media such as blood, plasma, and other body fluids
that reduces the tedious sample pretreatment time and efforts.
These advancements will pave the way to rationalization of
wearable, implantable continuous monitoring lab-on-a-chip
systems that are robust and resistant to interference. In addi-
tion, advancements in contactless manipulation will foster
developments in functional artificial tissue formation. The
future challenges in biotechnology demand novel technologies
and new generation biomaterials converging to perfection that
minimizes drawbacks. Magnetic levitation has emerged as a
versatile tool for controlling spatial order at the single-cell level
and contactless manipulation of target bioentities at the cellular
level. We foresee that the magnetic levitation will exhibit future
potential to generate novel advancements in biotechnology

fields.
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