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Scaffold-free three-dimensional cell culturing using magnetic
levitation

Three-dimensional (3D) cell culture has emerged as a pioneering
methodology and is increasingly utilized for tissue engineering,
3D bioprinting, cancer model studies and drug development.
Magnetic levitation methodology is a newly developed, innovative
technique enabling the formation of scaffold-free 3D cell culture
and cellular assembly by favoring cell-cell, cell-ECM interactions
in the presence of paramagnetic gadolinium agents. Herein, the
magnetic levitation technique has been utilized to manipulate and
orientate living cells in 3D to form complex cellular structures.
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Introduction

Scaffold-free three-dimensional cell culturing
using magnetic levitation

Esra Turker, © Nida Demircak and Ahu Arslan-Yildiz © *

Three-dimensional (3D) cell culture has emerged as a pioneering methodology and is increasingly utilized
for tissue engineering, 3D bioprinting, cancer model studies and drug development studies. The 3D cell
culture methodology provides artificial and functional cellular constructs serving as a modular playground
prior to animal model studies, which saves substantial efforts, time and experimental costs. The major
drawback of current 3D cell culture methods is their dependency on biocompatible scaffolds, which
often require tedious syntheses and fabrication steps. Herein, we report an easy-to-use methodology for
the formation of scaffold-free 3D cell culture and cellular assembly via magnetic levitation in the presence
of paramagnetic agents. To paramagnetize the cell culture environment, three different Gadolinium(in)
chelates were utilized, which led to levitation and assembly of cells at a certain levitation height. The
assembly and close interaction of cells at the levitation height where the magnetic force was equilibrated
with gravitational force triggered the formation of complex 3D cellular structures. It was shown that Gd(in)
chelates provided an optimal levitation that induced intercellular interactions in scaffold-free format
without compromising cell viability. NIH 3T3 mouse fibroblasts and HCC827 non-small-cell lung cancer
cells were evaluated via the magnetic levitation system, and the formation of 3D cell culture models was
validated for both cell lines. Hereby, the developed magnetic levitation system holds promises for
complex cellular assemblies and 3D cell culture studies.

the diversity of materials and scaffold fabrication methods
is helpful, it hardly provides real ECM microenvironment

Through development of three-dimensional (3D) cell cultur-
ing techniques, a variety of systems have been reported for
different cellular applications such as drug screening,'™
cancer studies,’® protein expression studies’ ' and artificial
tissue/organ studies.'*™*® Reliable techniques and models are
required for real-time monitoring of cellular responses, and
3D cell culture has been shown as the most promising model
since it exhibits many features of complex in vivo systems. A
variety of 3D cell culturing methodologies'>'”'® and
materials’® " have been reported during the last decade,
showing the ability of 3D systems to overcome the problems
arising from traditional two dimensional (2D) cell culture
system and substrates.>®>* The most commonly used
materials are (i) synthetic materials such as polymers,>*2° (ii)
natural materials such as collagen, fibrinogen, and
gelatin®>° or (iii) synthetic/natural material hybrids.***
The most important contribution of these hybrid materials is
the mimicking of real extracellular matrix (ECM) environment
while providing more robust and stable scaffolds. Although
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successfully.

Besides, different approaches involving spheroid for-
mation provide scaffold-free environment for 3D cell culturing;
despite their success in the formation of 3D cell cultures in a
scaffold-free environment, these systems have some limit-
ations, and some of them do not allow long-term cellular
studies. Although new methodologies and materials have been
developed to improve the 3D cell culture efficiencies, most
attempts do not meet the requirements of practical and clini-
cal applications.

Herein, we present a simple, straightforward and powerful
technology based on the magnetic levitation technique for
scaffold-free formation of 3D cell cultures. The reported tech-
nique is an alternative to both scaffold-based and scaffold-free
3D cell culture systems. This new technology is based on mag-
netic levitation of cells, which assemble into a 3D cell culture
while secreting their own ECM. The magnetic levitation plat-
form creates a suitable microenvironment for the cells, which
retain their cellular activities while creating 3D organoid
structures.

Application of magnetic forces principle, where magnetic
force arise against gravitational force, through magnetic levitation
for biological systems has been studied quite recently."***™** For
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example, hydrogels containing gold and iron oxide magnetic
nanoparticles have been used as a helping tool to levitate and to
produce 3D cell cultures.” In another study, to magnetize the
cells, cationic polyelectrolyte-coated magnetic nanoparticles
attracting negatively charged cells, were employed for planar cell
sheet and 3D multicellular spheroid formation.*' A magnetic levi-
tation platform is also utilized for the formation of a 3D cell
culture while using agarose gel as a scaffold material.>

Herein, we report the utilization of various paramagnetic
agents, namely, gadolinium(m) chelates for the formation of
scaffold-free 3D cell cultures by using a newly developed mag-
netic levitation platform. The magnetic levitation platform
enables and favors cell-cell interactions and creates stimuli for
the 3D cell culture formation due to the alignment of magneti-
cally levitated cells at the same level under microgravity con-
ditions (Fig. 1A). This developed technology provides an
optimum microenvironment for the cells to assemble into a
3D cell culture while secreting the required ECM molecules of
their own. Thus, the developed system allows us to confirm
and then evaluate the formation of a 3D cell culture in a
scaffold-free format.
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Materials/methods
Fabrication of magnetic levitation setup

N52 grade custom-made Neodymium (NdFeB) magnets (K&]J
Magnetics) ~0.4 T with a size of 2.0 x 5.0 x 50 mm were used
for the fabrication of the magnetic levitation setup. Mirrors
and magnets were assembled (Fig. 1B and C) using poly-
methylmethacrylate (PMMA) holders, which were laser cut
from 1.5 mm thick PMMA sheets via Versa Laser VLS 2.30
(Universal Laser). Borosilicate capillary tubes (VitroCom) with
a size of 1.0 x 1.0 x 50 mm were inserted into the magnetic
levitation setup before each experiment. Mirrors were placed at
45° angles (Fig. 1B and C) to visualize the capillary channel
and its content through an inverted microscope (Zeiss
Observer Z1).

Cell lines and cell culture

NIH 3T3 mouse fibroblast cells and HCC827 non-small-cell
lung cancer cells were cultured respectively in high glucose
DMEM (GIBCO, ThermoFischer Scientific) containing
t-glutamine and RPMI medium (GIBCO, ThermoFischer
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Fig. 1 Working principles and design of magnetic levitation platform. (A) Schematic representation of magnetic levitation technology and 3D cell
culture formation via magnetic levitation. Magnetic field gradient inside the capillary channel varies from 0.4 T to O T when the two NdFeB magnets
are placed with their same poles facing each other. Magnetic and gravitational forces guide cells to assemble at the levitation height (z). Aligned
cells are forced to interact with each other, which leads to 3D cell culture formation. (B) 2D and 3D designs of 4-mirror-based magnetic levitation
setups. (C) Front and 3D view of the magnetic levitation setup after assembly of all components: mirrors, capillary glass channel, NdFeB magnets

assembled by transparent PMMA holders.
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Scientific), supplemented with 10% FBS (GIBCO,
ThermoFischer Scientific), 50 units per ml penicillin, and 50
units per ml streptomycin. The cells were cultured up to ~90%
confluency in a humidified environment (5% CO,, 37 °C); the
harvested cells were used further for long-term cell culture and
magnetic levitation studies.

System calibration, modeling studies and image processing

The system calibration study was carried out via fluorescent-
featured polyethylene beads (Cospheric LLC). The densities of
the polyethylene beads were 1.02 + 0.005, 1.13 + 0.005, 1.09 +
0.005, 1.08 + 0.005, 1.06 + 0.005 and 1.04 + 0.005 g cc™', and
these beads were suspended in DMEM at varied concen-
trations (0/30/50/100/200 mM) of Gd(ur) chelate solutions.
Gd(m) chelates, namely, Gadobutrol (Gadovist, Bayer),
Gadodiamide (Omniscan, GE) and Gadoteric Acid (Dotarem,
Guerbet) were utilized as paramagnetic agents, and their levi-
tation capabilities were investigated. The beads were loaded
into capillary tubes, and the capillary tubes were placed
between two magnets and levitated. Image analysis was done
via the Image] software (NIH). According to the levitation
heights of the beads, a density versus height graph was plotted
to obtain the standard curve for density characteristics. The
levitation height is given by “z”, which represents the vertical
position of the object inside the 1 mm channel.

To analyze the effect of paramagnetic Gd(m) chelates on
cells, 2D cultured cells were resuspended in DMEM containing
different Gd(u) chelates in varied concentrations (0/30/50/100/
200) mM. Later, levitation heights and densities of the cells
were evaluated for each Gd(m) chelate through previously
obtained calibration curves.

Optimization of Gd(m) chelates for magnetic levitation
application and viability determination

To investigate the levitation capability and toxic behavior of
Gd(m) chelates, first, NIH 3T3 cells were investigated as a model
system. The cells were seeded in a 96-well plate with a starting
number of 1 x 10* cells per well. Varied concentrations of Gd(u)
chelates (0/30/50/100/200 mM) were added in the cells, and the
cells were incubated for 7 days. The culture medium and Gd(m)
chelate solutions were replenished every 2 d.

For Live/Dead assay experiments, CytoCalcein™ Green and
Propidium Iodide (PI) dyes (AATBioquest) were used in equal
proportions and added into the assay buffer solution. Cells
were stained with the dye-loading solution at 37 °C for 30 min.
Then, viability analysis was performed using a fluorescence
microscope (Zeiss Observer Z1); image analysis and cell count-
ing were conducted via the Image] software (NIH). MTT assay
was conducted to quantify the cell viability in long term
(7 days). The MTT reagent thiazolyl blue tetrazolium bromide
(Sigma Aldrich) was added (5 mg mL™"), and the cells were
incubated for 2-4 h. After incubation, live cells reduced tetra-
zolium to formazan and dissolved by solubilizing in reagent
DMSO. The resulting dye was measured by a Multiskan™ GO
Microplate Spectrophotometer (ThermoFischer Scientific). All
the data from varied concentrations, including those from the
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control group, were collected and evaluated from at least 4
independent samples.

3D Cell culture via magnetic levitation

Components of the magnetic levitation setup were UV steri-
lized at least 30 min prior to cell culture studies. The cell lines
were expanded and cultured in 25-175 cm® tissue culture
plates. The cells were harvested at ~90% confluency and resus-
pended in 50 mM Gadobutrol (Gadovist) containing a cell
culture medium (DMEM supplemented with 10% FBS and
Pen/Strep). Next, the cell culture mixture was loaded into
1 mm square glass capillary tubes (VitroCom) and cultured in
5% CO, at 37 °C up to 7 days for long-term 3D cell culture
studies. At varied time intervals, 3D cell culture formation was
evaluated using light microscope snapshot images.

The contents in the capillary tubes were taken into 96-well
plates after certain incubation time frames to collect 3D cell
structures for further viability and Live/Dead analysis. Cell pro-
liferation and viability for the 3D levitated cell cultures were
evaluated through Trypan Blue and Live/Dead assay. Each time
point, concentration or other variables are given by mean
values of at least three independent samples.

Results and discussion
Design and development of magnetic levitation platform

The basic principle of the magnetic levitation technology is
given in Fig. 1A. Briefly, cells are suspended in capillary
channel, and the cell suspension medium is paramagnetized by
Gd(m) chelates (ie., Gadobutrol, Gadoteric acid, and
Gadodiamide). The cells are levitated to a certain height, named
as levitation height (z) or equilibrium height, upon insertion of
the channel into the magnetic levitation platform. In a para-
magnetized environment, the cells are forced to migrate from a
higher magnetic field region to a lower magnetic field region till
they reach the levitation height. At the levitation height, the
cells assemble due to a balance of magnetic, gravitational and
buoyancy forces®® This assembly and close interaction of cells
triggers the 3D cell culture formation (Fig. 1A).

In this report, a custom magnetic levitation setup was devel-
oped and improved based on the previously used setup.*’ The
design of the magnetic levitation setup (Fig. 1B) was done
using the Autodesk Fusion software. As shown in Fig. 1C, all
components of the setup, i.e., mirrors, magnets and glass
capillary channel were assembled by using laser-cut PMMA
sheets. Although the previously used setup was an easy-to-use
system,”’ it had limitations in terms of visibility that required
fine alignment of components, which has certain dimensions.
Especially, alignment of the light path is required when
regular mirrors are used. The light path was improved, and
4-mirror-based design was developed to improve the visibility
and image quality. With this improved setup, no adjustment
was required for the light path, and it was compatible with
varied mirror sizes and shapes. Most importantly, it could be
used in varied microscope types.

Biomater. Sci, 2018, 6, 1745-1753 | 1747
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Light path, focusing of cells and visibility are improved and
therefore, monitoring the cell characteristics, cell behavior, and
cellular properties such as density profiles and 3D cell culture
formation are substantially facilitated by this device. Herein,
cells were easily focused and visualized inside the capillary
channel while minimizing the background problem. The advan-
tages of the developed system include (i) simple component
requirements, (ii) easy assembly and fabrication procedure, (iii)
autoclavable, reusable and disposable design, which is especially
useful for cell culture studies, (iv) compatibility with varied
microscopy setups, (v) improved light path and visibility, and (vi)
real time monitoring and analysis of 3D cell culture such as
investigation of spheroid formation and density profiles.

View Article Online
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Optimization of magnetic levitation platform and Gd(u)
chelates

Gd(m) chelates have long been used as phase contrast agents
in MRI applications.**** However, the use of Gd(m) chelates in
magnetic levitation is quite a new concept for 3D cell
culture.”® Herein, the levitation capabilities of three different
Gd() chelates and their effects on 3D cell culture were investi-
gated. Three commercially available Gd(m) chelates
Gadobutrol (Gadovist, Bayer), Gadodiamide (Omniscan, GE)
and Gadoteric Acid (Dotarem, Guerbet) were chosen based on
their ionic/non-ionic, macrocyclic/linear chain characteristics
(Fig. 2A). They were all utilized to paramagnetize the cell
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Fig. 2 Evaluation of levitation height (z) and density profiles through magnetic levitation. (A) Standard curve for PE bead density against levitation
height; linear curve fitting gives the standard function for the corresponding curve. (B, D) Levitation height profiles of single NIH 3T3 cells under 30/
50/100/200 mM Gd concentrations. (C) Single cell density profiles calculated through standard function of linear fitting. Gd(i) chelates were named
as Gx (Gadovist/Gadobutrol), Dx (Dotarem/Gadoteric acid) and Ox (Omniscan/Gadodiamide).
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culture medium to levitate the cells under scaffold-free
conditions.

To characterize the imaging capability of the magnetic
levitation setup, polyethylene (PE) density marker beads were
used. PE beads having varied densities, such as 1.02, 1.04,
1.06, 1.08, 1.09 and 1.13 g cc™', were utilized as standards to
calibrate density gradient in the capillary column under 0/30/
50/100/200 mM Gd concentrations. Fig. 2B shows an almost
linear and inverse relation of density with the levitation
height. A linear fitting curve represents a standard function
to evaluate unknown density profiles of cells and cell spher-
oids. Levitation height profiles of the NIH 3T3 cells (Fig. 2C
and E) were calculated through this standard curve. NIH 3T3
cells were levitated in cell media containing varied concen-
trations (0/30/50/100/200 mM) of three different paramag-
netic Gd () chelates (Fig. 2C and E). The cells reached equili-
brium in 5 min, where there was a balance between magnetic
and gravitational forces. At equilibrium height, the magnetic
and gravitational forces equilibrated with the buoyancy forces
acting on the levitating object. All measurements were com-
pleted when the cells reached the equilibrium height. As
expected, the levitation height of the cells increased inside
the capillary channel from 325 pm position to 500-550 pm
position with an increase in Gd concentration from 30 mM to
200 mM (Fig. 2D), which showed the levitation capability of
the chosen Gd(m) chelates.
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Evaluating cell viability

To investigate the impact of various Gd(u) chelates in terms of
chemical content and structure, cell viability and toxicity were
investigated for long term culture of NIH 3T3 cells. The three
different gadolinium agents (Fig. 2A) Gadobutrol (Gadovist,
Gx), Gadoteric acid (Dotarem, Dx) and Gadodiamide
(Omniscan, Ox) were tested to interpret their toxicities as well
as their effects on cell viability, which were analyzed by both
MTT and Live/Dead assays. The medium containing
Gadobutrol exhibited maximum cell viability when compared
with media containing Gadoteric acid and Gadodiamide. As
shown in Fig. 3 and 4, MTT and Live/Dead analysis results
both showed that Gadobutrol provided the best conditions
with the increasing Gd concentrations. High cell viability was
observed up to 100 mM Gd concentrations when Gadobutrol
was supplied into the cell culture medium. Also, good cell via-
bility was observed at 200 mM, which was the highest Gd con-
centration used for the optimization studies. Considerable via-
bility was observed when 30 and 50 mM Gadoteric acid solu-
tions were supplied; however, above these concentrations, cell
viability was not observed. Last, an increase in Gd concen-
trations caused cell death even at very low Gd concentrations
such as 30 mM for Gadodiamide.

The previous pharmacovigilance studies conducted for
gadolinium-based contrast agents (GBCAs) revealed that the
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Fig. 3 Effect of Gd(in) chelates on cell viability. Gd(i) chelates were named as Gx (Gadovist/Gadobutrol), Dx (Dotarem/Gadoteric acid) and Ox
(Omniscan/Gadodiamide). Cell viability was analyzed by MTT assay for long-term culturing. NIH 3T3 cells were cultured under 0/30/50/100/

200 mM Gd concentrations.
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Fig. 4 Cell viability via Live/Dead analysis. Comparison of effect of Gd(i) chelates on cell viability. NIH 3T3 cells were cultured and analyzed in
standard 2D platform under 0/30/50/100/200 mM Gd concentrations. Scale bar: 100 pm. Gd() chelates were named as Gx (Gadovist/Gadobutrol),

Dx (Dotarem/Gadoteric acid) and Ox (Omniscan/Gadodiamide).

release of free gadolinium ion is the main reason of the toxic
effect, and the release of gadolinium ions has been linked to
stability and half-life of the chelates in physiological con-
ditions.”® The percent release of Gadobutrol and Gadoteric
acid have been reported as 0.007 per day, which is nearly
22-fold lesser than that of Gadodiamide, which exhibits the
lowest cell viability. The major reason of the higher toxicity of
Gadodiamide is fast dissociation of its ligand, releasing gadoli-
nium ions due to its linear chain ligand structure. The half-
life, ¢,,, of Gadodiamide has been deduced as 0.01 hours,
which is ~700- and ~2300-fold faster than those of Gadoteric
acid and Gadobutrol, respectively; this suggests that
Gadodiamide shows fast dissociation period as compared to
other paramagnetic agents. Gadoteric acid and Gadobutrol
have macrocyclic ligand structures, and they exhibit better cell
viabilities with respect to Gadodiamide. However, Gadoteric
acid causes relatively higher toxicity and lower cell viability in
the 50-200 uM range as compared to Gadobutrol. As discussed
previously, ¢/, of Gadobutrol is about 23 hours, which is three
times longer than that of Gadoteric acid, resulting in lower
release of gadolinium ion. These results suggest that the
ligand structure induces strong association of gadolinium ion
thereby lessening the release of free gadolinium and lowering
the toxic effect.

1750 | Biomater. Sci,, 2018, 6, 1745-1753

Magnetic levitation of cells and 3D cell culture formation

NIH 3T3 and HCC 827 cells were used as models to evaluate
the ability of the magnetic levitation setup for 3D cell culture
formation. First, the cells were cultured in 2D to reach the
desired confluence. Later, the cells were resuspended in cell
culture medium supplied with paramagnetic agent, and they
were injected into a capillary channel assembled into the mag-
netic levitation setup. Cellular assembly features were observed
via microscopy imaging immediately and after the given incu-
bation times. As observed from previous characterization
steps, under the given conditions, Gd(m) chelates,
especially Gadobutrol, was well tolerated by the cells. 50 mM
Gadobutrol (Gadovist), which provided suitable levitation
height and good cell viability, was used for 3D cell culture
studies. The cells reached the equilibrium height in 1-5 min
and aligned at around 425 pm position at 50 mM Gd concen-
tration. Levitating cells at the same equilibrium height facili-
tated cell-cell interactions while preventing cell attachment to
any other solid surface; therefore, cellular assembly and cell
proliferation was found to be favored by the magnetic
levitation technique. Proliferation behavior of the magnetically
levitated cells was compared with that of traditional 2D cell
culture (Fig. 5A). An exponential growth was observed for the

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 3D cell culture formation via magnetic levitation. (A) Comparison of standard 2D and 3D cell cultures via magnetic levitation. Number of
cells corresponds to proliferation as a function of incubation time. Following symbols represents the standard 2D cell culture (m), 3D levitated
HCCB827 culture (@), and 3D levitated NIH 3T3 culture (A). (B) Formation of 3D cell culture via magnetic levitation when low numbers of NIH 3T3
cells were used; aligned cells inside the capillary channel (left), cell spheroid formation (middle), Live/Dead analysis of cell spheroids (right) green:
live and red: dead. Scale bar: 50 pm. (C) Formation of 3D cell culture via magnetic levitation when high numbers of NIH 3T3 cells were used; aligned
cells inside the capillary channel (left), cell string formation (middle), Live/Dead analysis of cell strings (right) green: live and red: dead. Scale bar:
100 pm. (D) Representative time-lapse sequence of light microscope images from 1 min and 12/24/48/96/168 h. (E) Average levitation heights (z) of
3D cell cultures for 7 d. (F) Average area values obtained from 3D cell cultures during 7 d.

3D cell culture via magnetic levitation, whereas only a linear
growth was observed for the standard 2D cell culture. As
expected, the magnetic levitation system provided considerable
volume for 3D growth, whereas the 2D cell culture environ-
ment exhibited limitations in terms of accessible area and
volume.

To characterize the cellular assembly via magnetic levita-
tion, cell number is varied initially in paramagnetic cell
medium. 3D cell culture formation is investigated for a 7 day
incubation time. The effect of cell population is demonstrated
in Fig. 5B and C for NIH 3T3 cells. The structure and dimen-
sions of the cellular assembly is varied when the cell number
is increased. When low numbers of cells (1000) are used, the
assembled cells form spheroids (Fig. 5B). However, when high
numbers of cells (100 000) are used, they tend to form bigger
clusters such as cellular strings (Fig. 5C). The dense cellular
interaction triggers the lateral expansion of cell clusters when
high numbers of the cells are incubated. It is also considered
that whenever the magnetic levitation is applied, all the cells
tend to align at the equilibrium height where magnetic and
gravitational forces are balanced. Therefore, lateral direction is
much more favored than longitudinal direction for cellular

This journal is © The Royal Society of Chemistry 2018

growth when high numbers of the cells are used. Magnetic
levitation setup is not only good for cellular assembly but also
for preserving cell viability during 3D cell culture formation.
Cell viabilities of 3D cellular structures are analyzed by Live/
Dead analysis, and the results confirm around 99% cell viabi-
lity in both low number (Fig. 5B) and high number (Fig. 5C) of
cells.

Next, to evaluate and quantify the 3D cell culture formation,
we microscopically monitored shapes of spheroids, levitation
heights and density profiles for 7 days. As given in Fig. 5D,
different phases of spheroid formation were monitored with
snapshots of a time-lapse sequence. The first image represents
the aligned single cells right after insertion into the magnetic
levitation setup. After 12 h, individual cells assemble together
and aggregate into bigger structures. Later, after 24 h, the cells
form more complex and compact 3D clusters. Next, the clus-
ters round up and form individual 3D spheroids in 48 h. It is
also observed that single cells or smaller clusters that surround
the 3D spheroids increase in size and form new individual
spheroids with time, as seen in 96 and 168 h images.
Moreover, levitation height profiles (Fig. 5E) and spheroid
dimensions in terms of area (Fig. 5F) are evaluated. Levitation
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height profiles, which also correspond to density change of
the spheroids, reveal that during 7 d incubation, the levitation
height of the spheroids gradually decrease up to 250 pm posi-
tion in the capillary channel. The decreasing levitation height
indicates increasing density of the cell spheroids, which is
most likely due to an increase in total mass. Additionally, as
given in Fig. 5F, the change in dimensions and area exhibits
very rapid increase up to 3 d but later slows down. The total
mass increases more than the total volume increase; therefore,
the density of the cell spheroids increases with time. It can be
also anticipated that the cells form very dense and compact
structures with ECM formation, which limits the total volume
increase; at the same time, the total mass of the spheroids
increases due to cell proliferation and ECM secretion.

Conclusion

In conclusion, we have demonstrated the ability of magnetic
levitation setup for cellular assembly and 3D cell culture for-
mation without a scaffold or assembling material. Herein, for
the first time, we have shown the ability of varied paramag-
netic agents, namely, Gd(m) chelates and evaluated their
effects on cells and 3D cell culture formation. It is shown that
Gadobutrol provides maximum cell viability as compared to
other two paramagnetic agents Gadoteric acid and
Gadodiamide. Due to the low toxicity of Gadobutrol, intercellu-
lar interactions of NIH 3T3 mouse fibroblasts and HCC 827
non-small-cell lung cancer cells have been facilitated via mag-
netic levitation, which induces 3D cell culture formation.
These results suggest that the developed magnetic levitation
setup is a useful tool for contactless manipulation of cells. It
has been also shown that the spheroid characteristics and pro-
perties can be tuned easily vie magnetic levitation.
Furthermore, the developed methodology is a simple and easy-
to-use method, which does not require complex facilities,
devices or chemicals. We foresee that the developed method-
ology can be applied and the developed setup can be used in
varied research areas such as drug screening, tissue engineer-
ing and development, medicine and 3D
bioprinting.
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