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Abstract

3D cell culture approaches are cell culture methods that provide good visualization of interactions between cells while
preserving the natural growth pattern. In recent years, several studies have managed to implement magnetic levitation
technology on 3D cell culture applications by either combining cells with magnetic nanoparticles (positive magnetophore-
sis) or applying a magnetic field directly to the cells in a high-intensity medium (negative magnetophoresis). The positive
magnetophoresis technique consists of integrating magnetic nanoparticles into the cells, while the negative magnetopho-
resis technique consists of levitating the cells without labelling them with magnetic nanoparticles. Magnetic levitation
methods can be used to manipulate 3D culture, provide more complex habitats and custom control, or display density data
as a sensor.The present review aims to show the advantages, limitations, and promises of magnetic 3D cell culture, along
with its application methods, tools, and capabilities as a density sensor. In this context, the promising magnetic levitation

technique on 3D cell cultures could be fully utilized in further studies with precise control.

Keywords 3D cell culture - Scaffold-based and scaffold-free tissue engineering - Magnetic levitation - Magnetic
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Introduction

In recent years, 2-dimensional (2D) cell culture approaches
have been replaced with 3-dimensional (3D) cell culture
methods in various research applications due to the fact that
they provide more accurate data simply by offering a more
realistic cell growth scenario. As an in vitro model, 3D cell
culture allows researchers to conduct studies that are more
biologically relevant than 2D cell cultures [1]. Studies using
3D cell culture have shown that changing the extracellular
matrix (ECM) around cells from 2D to 3D may significantly
affect cell survival, differentiation, proliferation, and mech-
ano-responses [2]. One of those 3D cell culture models is
implemented with the integration of magnetic levitation.
Although magnetic 3D cell culture is a method that has been
studied recently, it is a field that has seen rapid development.
Magnetic levitation application to 3D cell cultures could
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simply be explained as levitating a cell culture during its
incubation, which promotes cell-to-cell interactions. Some
models not only being a fitting 3D cell culture environment
but also provide accurate data on the density of incubating
cells in real time, adding another layer of information on top
of traditional 3D cell culture methods. Magnetic nanopar-
ticle types that have seen use in the first research done [3]
on magnetic levitation based 3D cell culture are still rel-
evant to this day in the positive magnetophoresis method,
yet lately emerging negative magnetophoresis methods also
show promise of development along with successful results
in many studies today. Besides being applicable for highly
accurate drug testing studies, the magnetic levitation based
3D cell culture method also offers density-based separa-
tion of cells, which could indicate various differentiations
in cells during incubation in real-time. Another important
parameter for such methods tends to be the equipment and
application costs, which often draw the line between a niche
method and a widespread method. However, researchers
have already made progress on the overall cost problem of
the method by having managed to create a system that poses
only as little as a 100$ expense and also does not require
trained professionals to operate the system [4].
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During the literature search, it has been noted that the
vast majority of studies cover and study one of two tech-
niques, namely positive magnetophoresis, which has its own
advantages over its counterpart but also features its own dis-
advantages. This article includes fundamental knowledge
of magnetic 3D cell culture, its current place in research,
and its advantages over similar 3D cell culture methods,
considering both positive and negative magnetophoresis
methods. Afterward, state-of-the-art magnetic 3D cell cul-
ture application methods were explained and compared. It
is essential to completely understand both of these methods
for conducting successful research on this topic. Therefore,
the aim of this article is to present information in order to
help many other researchers in their studies, draw attention
to this still-growing topic to be improved, and contribute
to the database. This review includes English-language
articles generally published in 2010-2022, since 2010 was
the year when the issue of the implementation of magnetic
levitation on 3D cell cultures was first raised. Although the
topic is relatively niche, the list of publications was lim-
ited to high-quality peer-reviewed journals as much as pos-
sible, especially for information that is directly related to
the topic. Scopus and ScienceDirect databases were used
during this research, which roughly presented 75 articles on
the topic. The average citation of these articles, excluding
non-academic materials, is 348.

3D cell culture

Cell culture techniques have long been used in biotech-
nology research for clinical tests in order to aid the devel-
opment of new diagnostic tools, the discovery of drugs,
disease investigation, tissue engineering, and regenerative
medicine [5-8]. The use of cell culture techniques gives
a chance to avoid the significant, costly, and ethical dif-
ficulties connected with the use of methods on animals in
studies [9]. Because of their low cost, simplicity, and repeat-
ability, two dimensional (2D) cell culture models are still
commonly used in most experiments [10, 11]. Normal drug
development begins with evaluating the medicine in a 2D
cell culture technique, proceeding with animal testing, and
finally performing the clinical trials phase. Unfortunately,
around 90% of novel medications do not prove success-
ful in clinical trials [12], owing mostly to the inability of
existing 2D preclinical assays to accurately simulate the
diverse and unique human cell structure and, as a result of
estimating human biological reaction to molecules [9, 13].
In the 2D cell culture method, cell shape tends to be flat
and elongated due to their growing ability only on a two-
dimensional surface, whereas in 3D cell culture, natural
cell shape will be preserved during growth, which enables
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cell-to-cell interactions [14—16]. Considering the human
body is a tremendously complicated organism with many
cells, both differing in type and function, interacting with
one another to share and propagate the vital information
[17], 3D cell culture gives a much better representation of
the human body. 3D cell culture has several uses, including
cancer and stem cell research, drug development, and cell
disease studies [6—8].

The first known official 3D cell culture model idea dates
back to the 20th century. George Gey originally described
the formation of cell clusters in all three dimensions rather
than the traditional monolayer formation in the 1950s.
Ehrmann and Gey state in a study that they cultured distinct
human cell lineages using collagen obtained from the tails
of rats that are used as substrate and produced cell agglom-
erates without requiring a scaffold [18]. Soon after, three-
dimensional tissues produced using in vitro methods from
human progenitor cells were created by James Rheinwald
and Howard Green [19]. In the 1990s, skin organoids from
minimum numbers of primary cells from human donors
were developed, and the organoids were utilized to heal
third-degree burns. Additionally, 3D cornea cultures were
used to cure blindness in over 100 people utilizing similar
methods around that time [20-22].

3D cell culture methods offer a variety of methods that
could be summed up as scaffold-based and non-scaffold-
based techniques. Hydrogel, polymeric material support,
hydrophilic glass fiber, and organoids are examples of
scaffold-based approaches. Because of their capacity to
replicate the extracellular matrix, hydrogels show unique
properties [23, 24]. Hydrogels also facilitate the delivery of
soluble substances from the environment to the cells that
could be vital for either the cells or the purposes of the study
[25]. Hydrogels are very flexible, as they may be utilized to
make spheroid cells and could be made in a variety of forms
required by the experiment. Due to the scaffold’s capacity
to mimic the ECM’s structure, polymeric hard scaffolds are
vital tools in the research of cell-to-ECM interactions [26].
According to research, HepG2 liver cells grown in 3D poly-
meric hard scaffolds had a higher viability and were less
susceptible to cytotoxic agents than those produced in 2D
[27]. For testing antibodies, detecting cell invasion, and
modeling 3D malignancies, hydrophilic glass fibers are con-
sidered promising scaffolds since they effectively encourage
cell-cell contact and promote the development of 3D cell
networks [6]. One such example of drug testing could be
given as the study conducted by Lang et al. [28], in which
researchers simultaneously administered the dual drug-
loaded nanoparticles (Src inhibitor saracatinib (AZD0530)
and AKT inhibitor capivasertib (AZD5363)) into the same
population of tumor cells. Organoids imitate the microen-
vironment of certain organs and aggregate into spheroids
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by generating ECM fibers that link single cells via integ-
rin binding, allowing researchers to study human illnesses
using patient-derived pluripotent stem cells [29]. It is pos-
sible for researchers to be able to grow tumor models using
organoids based on patient-derived tissue cancer cells. This
allows scientists to model the patient’s tumor in order to test
treatments on a patient-to-patient basis. Furthermore, organ-
oids have shown signs that one day they may be able to aid
in an alternative organ transplantation method [6].
Scaffold-free methods, such as hanging drop microplates,
spheroid microplates with ultra-low attachment coating, and
magnetic force-based cell patterning, are exceptional in that
they allow for unrestricted growth. Hanging drop plates
enable the production of spheroid shapes by self-aggre-
gation via gravity [6, 23]. The spheroids are suspended in
open bottomless wells that are frequently confined in the
plate’s bottom to adjust the ambient humidity of the cells
[23, 30]. Because of their vast volume, spheroid microplates
with an ultra-low attachment coating are often utilized to
research tumor cells as well as establish multicellular cul-
tures. It has also been proven that multicellular spheres pro-
duced from two non-small cell lung cancer (NSCLC) cells
have substantially distinct development properties than 2D
cell cultures [1, 31]. 3D incubated cells demonstrate higher
resistance against drugs compared to 2D cells [32]. General
models that utilize magnetic force-based cell patterning are
bioprinting, ring formation, and levitation (Fig. 1) [9]. In
the bioprinting model (Fig. 1b), magnets are placed under
the 3D cell culture medium, which increases cell aggrega-
tion and matrix formation at the bottom of the well plate.
This technique was investigated for secretory epithelial
organoids that were created using human dental pulp stem
cells (hDPSCs) to assess epithelial regeneration capability
following transplantation in ex vivo models [33]. Further-
more, the utilization of human fetal osteoblast cells to bio-
print magnetic 3D spheroids in order to study normal bone
physiology as well as bone tissue creation and regeneration
[34] could be given as an example on heterogeneous 3D cell
culture studies concerning nanoparticle-assisted bioprint-
ing. The ring formation model (Fig. 1c) is the most recent
approach [9], which is applied similarly to bioprinting by
placing a magnet under the 3D cell culture medium but
differs in magnet shape. Magnets used for ring formation
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models are ring-shaped themselves, which alters the shape
of the magnetic force they provide and promotes the aggre-
gation of cells in a toroidal shape [9]. In the magnetic levita-
tion model (Fig. 1d), cell levitation and spheroid formation
are achieved by placing a magnet above the 3D cell culture
medium, which levitates cells that are labeled with magnetic
nanoparticles. This method have seen several uses such as
magnetic levitation-assisted formation of hDPDC spheroids
to test the therapeutic efficacy of these cells in regenerative
medicine [35]. In any magnetic nanoparticle-assisted 3D
cell culture methods, magnetic nanoparticle-labelled cells
tend to form tighter clusters [4], which makes them less
likely to be separated by density difference.

Without utilizing magnetic nanoparticles, the levitation
model might also be accomplished by applying a magnetic
field to the cells directly in a high-density medium, which
causes cells to form spheroid formation by magnetic force
produced by magnets [36]. Integration of the magnetic
nanoparticles results in a dense cell environment which
generates an extracellular matrix. Furthermore, the external
magnet may be utilized to alter the 3D culture, enabling more
complicated habitats and specific control [37] or to display
density data as a sensor [4, 36, 38, 39]. Overall, magnetic
levitation can recreate both simple and complex surround-
ings, rendering it a very versatile approach [6] while provid-
ing rapid spheroid development on cells [40—42].

Magnetic levitation in 3D cell culture

Integrating magnetic levitation and 3D cell culture studies
was started in 2010 by Souza et al. in order to make an addi-
tion to 3D cell culture application methods by developing a
3D cell culture in a magnetic environment using hydrogels
that contain bacteriophage and magnetic iron oxide nanopar-
ticles [3]. In this study, cells were treated with hydrogels
containing magnetic iron oxide and incubated overnight
after achieving 80% confluence. The cells were then treated
with trypsin and placed on attached plates. Afterward, a
magnet was placed on the plate, making cells settle into
a spheroid configuration within a few hours as a result of
air-liquid exchange toward magnetic levitation; hence, the
first implementation of magnetic levitation on 3D cell cul-
tures was achieved [3, 43]. Similarly, a combination of the
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magnetic levitation technology and scaffolds was studied by
other researchers [9, 44], yet the magnetic levitation tech-
nique is not limited to only scaffold usage, this technique
could be used for vehicle suspension, smart phones, fluores-
cent imaging, etc. [45, 46].

Levitation-based 3D cell cultures offer many advantages,
such as flexibility on medium choice, applicability on 2D
cell culture models, applicability on a variety of cell types,
overcoming the limitation of traditionally used 96-well
plates, requiring less time to form cell spheroids, applica-
bility on scaffold-free studies, and allowing extracellular
matrix formation during cell culture configuration [6, 47].
Magnetic levitation techniques on 3D cell cultures can be

examined in two groups as positive magnetophoresis and
negative magnetophoresis [48, 49]. Several examples of
studies on magnetic levitation-based 3D cell culture appli-
cations are mentioned in Table 1.

Positive magnetophoresis

The positive magnetophoresis technique utilizes magnetic
nanoparticles in order to achieve magnetic levitation on
designed systems, which is done by integrating magnetic
nanoparticles in cells (Fig. 2a). The technique is described
by several authors as incorporating magnetic nanoparticles
with cell membranes [50], then levitating the cells during

Table 1 Examples of 3D cell culture with magnetic levitation

Experimented Magneto- Magnetic Points of Interest Refer-
Material phoresis  Device / ence
Type Magnetic
Nanoparticle
MDA - MB -231 Negative  Hologram Cell density have been measured by height difference [4]
(Breast cancer cell) integrated mag- 5000 cells could be analyzed in nearly 10 min
D1 bone marrow netic levitation  Up to 100 mM Gd** have been used and the concentration haven’t effected
stem cells system cell viability
U937 monocytes
MDA-MB-231 Negative  Single ring 80% of the media were able to be replaced without disrupting levitation [46]
(breast cancer cell magnet based  Viability of cells compared to 2D equivalent were 66% higher after 48 h
line) magnetic levita- Levitation of cells that has 1.02—1.09 g/ml have achieved
D1 ORL UVA (bone tion system 3D adipocyte clusters noted as “too unstable” for either transfer or fusion
marrow stem cell procedure
line)
Hepatitis C (HCV) Negative Phone camera  Compared to traditional ELISA method, 10 times lower protein concentration  [64]
compatible have been successfully detected (50 pgml™")
magnetic levita- Lower limit of object visualization were 45-53 pm
tion system Analysis itself takes less than a minute
D1 ORL UVA (bone Negative Phone camera  Correlation between levitation height and density have been studied [35]
marrow stem cell compatible 25 mM Gd** concentration were noted as suitable
line) magnetic levita- Adipogenic cell density found as low as 0.989, which explains lower level of
tion system Gd** requirement
Human Tuberculosis ~ Positive  Iron oxide, Fluorescent staining have also been utilized in research, yet autofluorescence  [73]
gold, were not a problem for experimented system
poly-L-lysine ~ There’s no mention of cytotoxicity due to magnetic nanoparticles, it is noted
that experiments have to repeated with different tuberculosis strains
Human pancre- Positive  Iron oxide, 40mL/mL nanoparticle concentration was used [74]
atic B-cell line gold, No reports on breaking of heterogenous structure formation
(EndoCbH3) poly-L-lysine
Human umbilical
vein endothelial cells
(HUVECs)
Colon carcinoma Positive  Iron oxide Solution of nanomagnetic particles at [Fe]=1mM were used [75]
(CT26) cells Consistent and adjustable spheroid models were noted possible
Human glioblastoma Fastest spheroid formation was in 4 h
(U-87 MG) cells Spheroid size was an important parameter in drug penetrability
Human breast cancer Positive ~ Carbon encap- (1 mg/ mL) concentration of cobalt magnetic nanoparticle solution were used [55]
Colorectal cancer sulated cobalt  Cells were able to be maintained up to 5 months
Magnetic levitation method among other 3D cell culture methods have been
stated to promote cell-to-cell interactions
Murine melanoma Positive  Iron(II, IIT) 1 mg/mL of iron(IL,IIT) nanoparticle solution were used [56]

(B16F10) cells

19 mm diameter and 100 pm thickness on melanoma disk were achieved
The 3D culture generated a factor of 3.0-3.7 increase in melanin production
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the procedure with the help of magnetic fields to support
cell-to-cell aggregation and spheroid formation [5, 23]. The
positive magnetophoresis technique on 3D cell cultures
allows cells to form homogenous structures with desired
levitation [5, 35]. It is also highlighted that positive mag-
netophoresis is difficult since the labeling procedure using
magnetic nanoparticles is labor-intensive, time-consuming,
and subject to experimental variability due to differences in
cell labeling efficiency [49].

In positive magnetophoresis applications, typically two
magnetic nanoparticle types have been developed on a com-
mercial state and are commonly used, which are iron oxide
nanoparticles [51, 52], and a combination of gold and iron
oxide nanoparticles [33, 53]. In a study conducted by Cal-
effi et al. in 2021 it was stated that gold nanoparticles were
allowed by the United States Food and Drug Administration
(FDA). Additionally, Caleffi et al. [5] demonstrated that iron
oxide nanoparticles have no negative effects on mammalian
cells. Some other studies have utilized different nanopar-
ticles that are arguably in experimental states, such as glyco-
polymer-coated gold nanoparticles as a pH-responsive drug
carrier system [54], carbon-coated cobalt nanoparticles in
order to incubate breast and colorectal cancer cells [55], and
iron (ILIII) oxide (Fe;0,) magnetic nanoparticles to achieve
magnetic levitation [50, 56]. In these studies, it is stated that
iron (II, IIT) oxide and carbon-coated cobalt nanoparticles
did not cause any cytotoxicity [50, 55], whereas drug carrier
glycopolymer-coated gold nanoparticles caused more toxic-
ity in cancer cells compared to healthy cells, and the reason
is the linkage to the drug used rather than nanoparticles [54].

Negative magnetophoresis

The negative magnetophoresis technique in 3D cell culture
consists of levitating cells without labeling them with mag-
netic nanoparticles [57]. Biochemical and genetic variables,
such as differential gene expression and energy consump-
tion, can cause density disparities within cell populations
[58, 59], which is simply how single cell separation is
achieved by negative magnetophoresis (Fig. 2b). While
being exposed to a magnetic field, non-labeled cells tend to
move to the center, where the magnetic field is least effec-
tive [60], then cells become stationary at the place where the
equilibrium between magnetic and buoyancy occurs [61].
The equilibrium point of each type of cell differs due to their
density, which creates a unique height profile for each cell in
the capillary column. In the system, cells with more density
tend to be closer to the bottom magnet, which is the reason
for separation, and the difference in height between cells
allows for the detection of the density of the cells [4, 36,
38, 62]. Traditional non-label magnetic levitation systems
(Fig. 3a) include a capillary tube, two magnets placed on its
vertical sides facing each other, and two 45° tilted mirrors
that allow observation of the capillary tunnel [4, 38, 62].
One example could be a study done by Anil-Inevi et al.
[49] by creating a ring magnet levitation system in the pres-
ence of paramagnetic gadolinium (Gd>*) agents for biofab-
rication of MDA-MB-231 (breast cancer cell line) and D1
ORL UVA (bone marrow stem cell line) cells by manipulat-
ing living cells on an axial-circular angle (Fig. 3b). Dur-
ing their research, Anil-Inevi et al. observed that changes
in cell density over time lead to changes in the altitude of
cell cultures in magnetic levitation systems. Possible sen-
sory applications could be given as the detecting density of

@ Springer



7022

Molecular Biology Reports (2023) 50:7017-7025

Fig. 3 a Simple description of
the frontal view of the traditional a
magnetic levitation tool used in
the negative magnetophoresis
method (Black arrows represent-
ing pathway of microscope sight
and light) b Simplified illustra-
tion of upward magnetic waves
(blue dotted lines) effecting the
culture in ring magnet levitation
setup
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blood cells, which could potentially indicate illness [63],
or drug treatments that would cause a change in the den-
sity of yeast or bacteria [61]. In addition to the non-scaffold
approach, Gd** is an often used material in a negative mag-
netophoresis cell culture medium to create a magnetic sus-
ceptibility difference [46, 49, 62]. Gd** could possibly be
accompanied by Ficoll in order to increase media density,
which makes magnetic levitation achievable for specific
cell cultures [49]. However, Gd** has also been noted to
cause toxicity in operations where cells metabolize calcium
(Ca**) by being a competitive inhibitor, which researchers
overcame by adding a gadobutrol agent with Gd** to attain
high kinetic stability while still being able to use its features
[49].

Several studies have been conducted on negative magne-
tophoresis, some of which even contributed to the traditional
non-label magnetic 3D cell culture technique. Traditional
system requires costly optical microscopes [61] and trained
personnel to operate them. It should also be noted that dif-
ferent brands or self-built systems will inevitably have
minor differences in mirror placement and capillary tube
size. Thus, having varying distances between the object and
microscope makes the procedure harder to standardize [4].
Some studies have offered alternative magnetic levitation-
based devices that are portable, low-cost, and allow mea-
surements with mobile phone cameras. Although the brand
difference was still an issue, without suitable lighting and
extra optical setup giving an efficient magnification scheme,
these investigations could hardly distinguish features the
size of a white blood cell (20 um) [4, 63, 64]. Alternatively,
another compact design utilizing magnetic levitation was
studied, one which had low-cost and was capable of making
rapid analysis. However, the design required users to manu-
ally focus on microparticles, thus being incompatible with
automation and again requiring trained personnel [65]. In an
effort to eliminate shortcomings of previous magnetic levi-
tation systems, Delikoyun et al., created a system that aimed
to combine magnetic levitation technology and a lensless
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holographic microscopy imaging system that researchers
named HologLev [4]. HologLev does not only eliminate the
need for a trained professional to be able to use it but also
is very cheap (100$ for the cost of all the parts, according
to researchers), portable, and able to be used either with or
without a fluorescence microscope to provide high-resolu-
tion images (< 2 um). It is also possible to use the HologLev
system with an embedded microcomputer that could make it
cell phone attachable or integrate the HologLev system with
fluid pumping mechanisms for high sample density analysis
besides 3D cell culture experiments [4]. HologLev has been
tested by researchers on 2D and 3D drug response experi-
ments by incubating MDA-MB-231 (human breast cancer)
cells, then adding varying concentrations of Docetaxel (a
chemotherapy drug) to the cell medium. It has been noted
that besides the system giving more accurate results in the 3D
experiment, a comparison with traditional methods shows
that the overall accuracy of the results was equal. During the
experiment, the density of dying cells was increased by the
loss of cell osmolarity, which made dead cells denser than
others. That difference in density also caused a separation
[4], thus proving HologLev to be an accurate real-time mea-
surement device for dead cell count. The separation of live
cells from dead cells is a critical step in cell-based toxic-
ity tests for medicines, environmental pollutants, and other
chemical substances [66]. Moreover, changes in cell density
may reflect certain conditions in cells, like cell differentia-
tion or disease [4].

Challenges of Magnetophoresis

Magnetic levitation is a recently developed method, which
means it still has obstacles to overcome by researchers in
order to fully utilize both positive and negative magneto-
phoresis. For sensory applications, negative magnetophore-
sis was the preferred method of many researchers, as the
integration of magnetic nanoparticles would change the
characteristic density of cells unequally. As a result, density
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measurement by levitation height is not possible with posi-
tive magnetophoresis at the current state. Another reason
that made certain researchers focus on negative magneto-
phoresis was the fact that magnetic nanoparticles would not
be removed from the cell structure, causing cytotoxicity
and DNA damage [40, 67, 68]. However, Sarigil et al. [48]
noted that using negative magnetophoresis caused problems
in the adipogenic cell levitation study as cells attached to the
surface of the capillary structure that provides the magnetic
field, which is a problem that could be overcome by reduc-
ing Gd** concentration or forming a co-culture with other
cells. Another possible problem that could occur in negative
magnetophoresis was reported as weak cell-to-cell interac-
tions that were present in adipocytes. Tightly packed cells
merge better between cellular units, whereas loosely packed
cells (e.g., cancer cells) merge slowly or not at all [49].0n
the other hand, in the positive magnetophoresis technique,
the biocompatibility of magnetic nanoparticles is an essen-
tial parameter for nanoparticle integration in the 3D cell
culture method. The material used should not develop toxic
effects on cells, alter the proliferation or metabolism per-
formance of the cells, promote pro-inflammatory responses,
or create oxidative stress [5, 33, 42]. In one case, research-
ers reported that either cell morphology, viability, or pro-
liferation were not affected by magnetic nanoparticles, and
more than 90% of the cells were viable after 3 days of cul-
ture [33]. In another case, magnetic nanoparticles did not
cause any intracellular oxidative stress or any inflammatory
effects, so it was decided that the overall cytotoxicity of
magnetic nanoparticles was negligible since cell metabo-
lism was not significantly affected during both incubation
and when exposed to a magnetic field [69, 70]. However,
it should also be noted that different cells could show dif-
ferent types and levels of responses against magnetic
nanoparticles; therefore, nanoparticles that are intended
to be used could be tested on biocompatibility levels spe-
cific to the cell before starting an experiment. Malhotra et
al. reported that commonly used iron oxide nanoparticles
could show toxic effects such as inflammation, ulceration,
decreases in growth rate, declines in viability, and trigger-
ing of neurobehavioral alterations in plants and cell lines
(human leukemia monocytic (THP-1), HeLa, human lung
carcinoma (A549), human embryonic kidney (HeK293),
etc.) as well as in animal models (adult zebrafish, mice,
chick embryos, etc.). However, it has been noted that gold
coated iron oxide nanoparticles show lesser and ignorable
levels of toxicity depending on cell types [71], which proves
gold-coated nanoparticles are a step in the right direction.
Also, the coating of nanoparticles with different materials
such as chitosan, carbon, polyethylene glycol (PEG), poly-
vinyl alcohol (PVA), and silver significantly enhanced the
biocompatibility of nanoparticles [71]. Both positive and

negative magnetophoresis techniques pose different merits
and demerits when compared with each other; therefore,
their evaluation of viability differs from study to study. On
the other hand, a study conducted by Meng et al., in 2011
for observing the effects of abnormal gravity conditions on
human mesenchymal cells has shown that human mesen-
chymal cells cultured in a magnetic levitation environment
even under pg conditions have shown apoptosis in 56.95%
of cells [72]. This study emphasizes that not every cell is
applicable to a magnetic 3D cell culture system, yet many
other studies done in the following years, utilizing magnetic
3D cell culture systems, only prove that the capabilities of
the systems require more research to be fully discovered.

Conclusion

The magnetic 3D cell culture method is a recently devel-
oped method that offers the incubation of cells in a 3 dimen-
sional environment by utilizing external magnetic forces to
achieve cell levitation. Incubation of cells in this manner
leads more accurate results on testing drugs and treatments
since it allows the cell culture to represent an organism more
accurately. Studies that have been conducted on magnetic
3D cell culture so far not only demonstrate the availability
of this method but also bring out key factors to look out for
in future studies. It has been noted that compared to positive
magnetophoresis, the number of negative magnetophoresis
based research was significantly limited, possibly due to
the negative magnetophoresis being a more recent method.
Even as branches of the same method, positive and nega-
tive magnetophoresis present crucial differences that allow
them to cover a widespread area of applications together. In
the case of positive magnetophoresis studies, the possible
effects of the chosen magnetic nanoparticles on the cells that
are involved in the study should be known in order to iden-
tify possible errors. At this point, coating materials seem to
be a promising approach to enhance the biocompatibility
of nanoparticles. Likewise, the possible difference in den-
sity between cells in a negative magnetophoresis based 3D
cell culture should be known since it could lead to looser
cell formation, which would affect cell-to-cell interactions
and provide inaccuracy in results. Additionally, magnetic
3D cell culture shows promise even outside of tissue engi-
neering. To our knowledge, there is no negative magneto-
phoresis based research aiming solely to isolate a species
of microorganisms from a co-culture formed in their natu-
ral habitat, which could potentially open up new topics of
research. In any case, further research on the topic would
not only improve the already existing method but also pro-
vide material and application alternatives, possibly making
the magnetic levitation method cheaper and easier to use, to
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turn 3D cell culture and any other possible applications into
widespread methods.
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