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Abstract

Tissue engineering research aims to repair the form and/or function of impaired tissues.
Tissue engineering studies mostly rely on scaffold-based techniques. However, these
techniques have certain challenges, such as the selection of proper scaffold material,
including mechanical properties, sterilization, and fabrication processes. As an alter-
native, we propose a novel scaffold-free adipose tissue biofabrication technique based
on magnetic levitation. In this study, a label-free magnetic levitation technique was used
to form three-dimensional (3D) scaffold-free adipocyte structures with various fabri-
cation strategies in a microcapillary-based setup. Adipogenic-differentiated 7F2 cells
and growth D1 ORL UVA stem cells were used as model cells. The morphological
properties of the 3D structures of single and cocultured cells were analyzed. The
developed procedure leads to the formation of different patterns of single and
cocultured adipocytes without a scaffold. Our results indicated that adipocytes formed
loose structures while growth cells were tightly packed during 3D culture in the
magnetic levitation platform. This system has potential for ex vivo modeling of adipose
tissue for drug testing and transplantation applications for cell therapy in soft tissue

damage. Also, it will be possible to extend this technique to other cell and tissue types.

KEYWORDS

adipose tissue, bone marrow stem cells, magnetic levitation, self-assembly, single cell studies

on demand and specific to the tissue of interest. More specifically,

utilization of scaffolds for tissue biofabrication requires careful con-

Tissue engineering applications aim to repair the form and/or the
function of impaired tissues (Lanza et al., 2011). Techniques related to
tissue engineering, therefore rely heavily upon the optimization of cells,
scaffolds, and proper chemical or mechanical signals to mimic the tis-
sues of interest. Of these components, the scaffold serves as an ex-
tracellular matrix (ECM) biomimetic and can be tailored from materials
that are natural or synthetic (Anil-lnevi et al, 2020; Flynn &
Woodhouse, 2008); ordered or amorphous (Ince Yardimci et al., 2019;
Mantsos et al., 2009; Sleep et al., 2017; Sun et al., 2012); bioactive or
space-filling (Dubruel & Van Vlierberghe, 2014; Pan et al., 2015) based

sideration of crucial parameters such as porosity, biocompatibility,
bioactivity, and biodegradability to recapitulate the physiological mi-
croenvironment and provide structural support for three-dimensional
(3D) in vitro models to mimic in vivo conditions (Hutmacher & Cool,
2007; Loh & Choong, 2013; Yildiz-Ozturk et al., 2017). However, these
parameters are challenging to engineer. For example, an inadequate
scaffold degradation rate may cause reduced tissue formation or tissue
collapse (Lu et al., 2019; Wu et al,, 2014). Furthermore, the designed
scaffolds should possess proper mechanical properties to enable cell
growth and to mitigate problems such as stress shielding (Ince Yardimci
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et al., 2019; Powell & Boyce, 2009; Silver et al., 2001). Other challenges
related to scaffold design include durability of the material during
sterilization and expensive and time-consuming fabrication processes
(Dai et al., 2016; Subia et al., 2010; Zhang et al., 1996). Scaffold-free
biofabrication is emerging as an alternative approach to cope with the
challenges inherent to the use of scaffolds (Baraniak & McDevitt, 2012;
Elloumi-Hannachi et al., 2010; Napolitano et al., 2007; Norotte et al.,
2009; Yu et al,, 2016).

Most cells can create self-assembled 3D structures due to their
tendency to form clusters. This natural tendency to aggregate enables
cells to secrete and form ECM components per se, relieving the need to
use a scaffold in the system. Established tissue engineering protocols,
such as the hanging drop method (Timmins & Nielsen, 2007), low ad-
hesive surfaces (Costa et al., 2014), bioreactors (Sart et al., 2016), and
microfluidic systems (Hsiao et al, 2009) enable the formation of
spheroids through this self-assembly behavior of cells. Some of these
protocols, such as the hanging drop method, exert precise control over
the size and shape of formed spheroids (Fukuda & Nakazawa, 2005;
Tung et al., 2011), however, the working volume is very low and re-
plenishing the culture medium is challenging (Klingelhutz et al., 2018).
Utilization of bioreactors also presents a scaffold-free approach in tis-
sue engineering for extended culture time and high throughput; how-
ever, continuous rotation in bioreactors causes prolonged shear stress
on cells (Lv et al., 2017). On the other hand, cell sheet technology is an
alternative technique based on the detachment of the cells as sheets
using thermo-, photo- or electro-sensitive surfaces for 3D construction
of tissues (Li et al., 2019; Matsuda et al., 2007; Yamato & Okano, 2004).
Cell sheet engineering produces layered cell constructs, and detached
cell sheets with their own ECM can facilitate transplantation into host
tissues (Shimizu et al., 2003). Nevertheless, the fabrication of appro-
priate thicknesses of stimuli-responsive polymer surfaces for cell at-
tachment and detachment is challenging (Akiyama et al, 2004).
Furthermore, cell layer thickness can be a limiting factor for cell-dense
tissue models due to poor nutrient diffusion and hypoxia (Sekine et al.,
2011). It is also possible to encounter a folding problem with cell sheets
(Cooperstein & Canavan, 2009). In these systems, the physical and
chemical properties of polymers are important parameters for efficient
cell manipulation (Cooperstein & Canavan, 2009; Liu & lto, 2002).

Another novel technique that enables scaffold-free biofabrication is
the magnetic levitation and subsequent assembly of single cells or
spheroids (Anil-Inevi et al., 2018; Mirica et al., 2011). Magnetic levita-
tion can be applied to cells based on positive or negative magneto-
phoresis principle (Yaman et al., 2018). In positive magnetophoresis,
cells labeled with magnetic nanoparticles (MNPs) can be levitated using
an external magnetic force, and this manipulation can enable cells to
form scaffold-free 3D structures. Previous studies showed potential
applications using this technique for monocultures and co-cultures of
aortic valve (Tseng et al., 2014), bronchiole (Tseng et al., 2013), adipose
tissue (Daquinag et al., 2013), and tumor models (Jaganathan et al.,
2014). Although magnetic levitation with positive magnetophoresis is a
contact-free and straightforward method, it requires additional labeling
procedures and uniform distribution of MNP. Unfortunately, MNPs
cannot be removed from the assembled biostructure and cause

cytotoxicity and DNA damage once internalized (Abakumov et al.,
2018; Alarifi et al,, 2014; Feng et al., 2018).

An alternative variant to accomplish magnetic levitation is to use
negative magnetophoresis, which can levitate diamagnetic objects such
as cells and organisms based on their tendency to avoid strong magnetic
fields (Durmus et al., 2015; Ge et al., 2020; Simon & Geim, 2000). Still
contact-free, negative magnetophoresis has an additional advantage due
to its label (MNP)-free working principle (Anil-Inevi, Yilmaz, et al.,, 2019).
Magnetic levitation conducted with negative magnetophoresis can be
applied for 3D self-assembly of both nonliving objects and cells (Gao
et al,, 2019; Mirica et al., 2011; Savas Tasoglu et al., 2013; Yaman et al.,
2018). In previous studies, magnetic levitation was used as an effective
scaffold-free biofabrication method for cartilage and cancer cellular
spheroids (Parfenov et al., 2018; Tocchio et al,, 2018) as well as mono-
phasic or biphasic assembly of stem cells, cancer cells, and fibroblasts
(Anil-Inevi et al., 2018; Gupta et al., 2020). Magnetic levitation based on
negative magnetophoresis stratifies cells based on their inherent single
cell density profile (Durmus et al., 2015; Savas Tasoglu et al., 2015), and
all of the previous studies showed biofabrication using cells of similar
single cell density (Anil-Inevi et al., 2018; Turker et al,, 2018). However,
some tissue types such as adipose tissue contain cells with highly variable
single cell density phenotypes (Sarigil, Anil-Inevi, Yilmaz, Mese, et al.,
2019). Scaffold-free 3D biofabrication of adipose tissue was performed
previously through magnetic levitation with positive magnetophoresis
using iron oxide and gold nanoparticles (Daquinag et al., 2013; Souza
et al, 2010). However, the label-free biofabrication of adipose tissues
using negative magnetophoresis approach has never been shown. In this
study, we demonstrate scaffold-free biofabrication of monophasic and
biphasic structures consisting of normal and adipogenic cells of bone
marrow origin. We believe this approach may constitute a viable alter-
native to meet the clinical demands of regenerative medicine and cell

therapy for adipose tissue engineering (Choi et al., 2010).

2 | MATERIALS AND METHODS

2.1 | Experimental setup

A magnetic levitation system was used (Figure S1) as described in a
previous study consisting of two N52-grade neodymium magnets
(NdFeB; Supermagnete), a capillary channel (Vitrocom), and two
mirrors (Sarigil, Anil-Inevi, Yilmaz, Mese, et al., 2019).

2.2 | Infection of the cells

7F2 cells were labeled with a red fluorescent protein (DsRed). For
labeling, MSCV retrovirus expressing DsRed fluorescent protein and
providing puromycin resistance for antibiotic selection was used. Ret-
roviral vectors were produced in 293T cell lines. The NIH3T3 cell line
was used for the determination of infectious retroviral vector con-
centration. After 48 h of infection, antibiotic selection was performed
with 2 pg/ml puromycin and selection continued until all uninfected
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cells died. D1 ORL UVA cells were labeled with green fluorescent
protein (GFP) as previously described (Karadas et al., 2020).

2.3 | Cell culture

D1 ORL UVA®CFP and 7F2PsRed cells were cultured in growth med-
ium supplemented with 10% fetal bovine serum (FBS; Gibco) and 1%
penicillin/streptomycin (P/S; Gibco) at 5% CO, humidified atmo-
sphere at 37°C. Dulbecco's modified Eagle's medium (DMEM high
glucose; Gibco) and alpha Modified Essential Medium (aMEM;
Biological Industries) were used as standard growth media for D1
ORL UVA and 7F2 cells, respectively. The medium was refreshed
every 2-3 days. For differentiation of 7F2 cells into adipocytes, the
cells were seeded in six-well plates with a concentration of 5000
cells/well. On the 2nd day of culture, the medium was replaced with
adipogenic differentiation medium composed of 10nM dex-
amethasone, 50 uM indomethacin, 5 pug/ml insulin and the cells were
cultured for 5, 7, or 10 days. The adipogenic induction medium was
replaced every 2-3 days. D1 ORL UVA cells were seeded with the
same conditions and cultured in the growth medium only. Through-
out the study cells cultured in the adipogenic medium were called
the “adipogenic” group, while non-induced cells that were culture in
the standard medium were called the “growth” group. In addition to
murine cells, we also used human lung carcinoma cells (A549) and
human fetal osteoblastic cells (hFOB 1.19) for scaffold-free biofab-
rication of human-derived cells. A549 cells, which are known to have
the capacity for lipid accumulation (Han et al., 2020; Zakaria et al.,
2015) were cultured in DMEM high glucose containing 10% FBS and
1% P/S at 5% CO, humidified atmosphere at 37°C. hFOB cells were
cultured in DMEM:F12 (Gibco) medium supplemented with 10% FBS
and 1% P/S in a humidified incubator at 34°C. For adipogenic dif-
ferentiation of A549 cells, the cells were seeded in 12-well plates
with the concentration of 750 cells/well. Adipogenic differentiation
was induced for 21 days by using same inducers as in 7F2 differ-
entiation. For growth group, the confluent cell cultures of A549 and
hFOB cells were used. The cells were imaged at 10x under an

inverted microscope (Olympus IX-83).

2.4 | Cell viability assay

Cell viability was tested with a calcein-AM/propidium iodide (PI)
double staining kit (Sigma-Aldrich). The 7F2 and D1 ORL UVA cells
were seeded into 24-well plates with a concentration of 750 cells/
well. For adipogenesis, 7F2 cells were induced with adipogenic in-
ducers after 2 days of seeding and all groups were cultured for an
additional 7 days. At Day 7, the cells were treated with Gd con-
centrations of 15, 30, and 50 mM during 24 h. Then, the cells were
washed with phosphate-buffered saline (PBS) and the assay solution
was added. The cells were incubated at 37°C for 15 min. The stained
cells were imaged under the fluorescence microscope (Olympus
IX-83).
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2.5 | Oil-Red-O staining

To stain lipid accumulation, A549 cells in growth and adipogenic group
were washed with PBS were fixed with 10% Neutral Buffer Formalin
(NBF) for 15 min at room temperature and then rinsed with distilled

water. Afterward, the cells were stained with Oil-Red-O solution

(Amresco) for 45 min at 37°C and rinsed with distilled water three times.

2.6 | Fluorescent staining of human-derived cells

To label A549 cells with red tracer and hFOB cells with green tracer,
the cells were trypsinized and centrifuged. The pellet was resuspended
at a concentration of 1 x 10° cells/ml in serum-free medium. Then, the
cell-labeling solution (Vybrant™) was added at a concentration of 5uM
and incubated at 37°C for 20 min. The labeled cells were centrifuged at
1500 rpm for 5 min three times. Finally, the cells were suspended in

complete medium and used for 3D levitation culture.

2.7 |
system

3D culture of the cells in magnetic levitation

Firstly, to show the single cell culture of adipogenic cells, 7F2 cells cul-
tured in growth and adipogenic induction medium were trypsinized at
Day 10. Then, they were centrifuged at 125g for 5 min and the pellet was
resuspended to 10° cells/ml in the culture medium. Quiescent (growth)
and adipogenic-differentiated cells were loaded into capillaries as 50 pl
samples (5000 cells/capillary) using concentrations of 15, 30 and 50 mM
gadolinium (Gd®*) based solution (Gadavist®; Bayer). The cells were
cultured in the levitation system for 24 h at 5% CO, humidified atmo-
sphere at 37°C and then visualized under an inverted microscope at x4
magnification. Levitation images were subsequently analyzed by Image)
Fiji software to determine morphological parameters [area, perimeter,
thickness, length and elongation (1/circularity)] and levitation heights of
3D structures. All morphological indices of the self-assembled clusters
were quantified as described previously (Anil-Inevi et al., 2018). Second,
D1 ORL UVA®SFP stem cells and adipogenic differentiated 7F2P5Re cells
were cocultured under magnetic levitation. The cells cultured for 5, 7 or
10 days were detached from culture plates and were mixed at a 50:50
ratio with a final concentration of 10° cells/ml. Then, the mixed cells
were loaded into capillaries using 50 MM Gd and cultured over 24 h at
37°C. Imaging and analysis of 3D structures were carried out as men-
tioned above. Three strategies were used to create different 3D cellular
patterns. In the first strategy, two cell types were sequentially loaded
into capillaries with different periods. For this, D1 ORL UVASS cells
cultured for 7 days in plates were loaded into capillaries with 10° cell/ml.
After culture of the cells for 24 h in the levitation device, the second type
of cells (7F2P°Red) were loaded with the same concentration and cultured
for an additional 4 h. 3D structures were monitored using both inverted
and confocal microscopes. The vertical band thickness of overlapped
7F2PsRed and D1 ORL UVASCFP cells was calculated with Image) Fiji. In
the second strategy, one cell type was used to cover another cell type.
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FIGURE 1 Magnetic levitation culture of 7F2 cells after adipogenic induction for 10 days. (a) lllustration of levitation-based culture
through scaffold-free technique (green line: perimeter of 3D cluster, red arrow: length, black arrow: thickness, blue arrow: levitation height).
(b) Culture images of growth and adipogenic 7F2 cells at 15, 30, and 50 mM Gd concentrations. Scale bar: 200 um. Quantitative parameters of
3D cellular clusters; (c) levitation height, (d) area, (e) perimeter, (f) length, (g) elongation, (h) thickness, (i) area/length, (j) area/thickness,

(k) area/perimeter. Data are represented as mean + SD. Statistical significance was defined as *p < 0.05; **p < 0.01; ****p < 0.0001 [Color figure

can be viewed at wileyonlinelibrary.com]

For this, D1 ORL UVA®SFP cells were cultured for 8 h in the levitation
device, then 7F2PR¢ cells were loaded into capillaries containing D1
ORL UVASCFP clusters and capillaries were rotated 180° twice every
15 min. After additional culture for 8 h, the process was repeated by
adding 7F2PRed cells. To measure the coating capacity of loaded
7F2PsRed cells, fluorescence signals of the cells were quantified by ImageJ
Fiji. The same loading strategy was performed by starting with culture of
7F2PsRed cells and adding D1 ORL UVASC™ cells. A third strategy was
used to form multilayered structures. The cells were loaded into capil-
laries at 8h intervals in three steps by loading D1 ORL UVASCSFP,
7F2PRed and D1 ORL UVASCFP cells sequentially. During loading, the
magnetic levitation device was horizontally rotated 180° and cells were
cultured for 24 h in total. The same strategy was performed by starting
with culture of 7F2P°Red and adding, in turn, D1 ORL UVAS® cells and
7F2PsRed - Al imaging processes for 3D cellular structures were per-
formed using an inverted microscope (Olympus I1X-83) at x4 and confocal
microscope (Leica DMi8) at x10. To show the applicability of the system
to 3D culture of human-derived cells, A549 and hFOB cells were cul-
tured or cocultured in equal proportions during magnetic levitation and

imaged under the inverted microscope.

2.8 | Statistical analyses

All the experiments were performed in triplicate, and data on levi-
tation height and morphological parameters are presented as the

mean and standard deviation (mean+SD). Student's t test (two-
tailed) was applied to determine statistical significance, and p < 0.05
was considered as statistically significant. Nonsignificant changes are

also reported for completeness but marked with (p-NS).

3 | RESULTS

3.1 | 3D culture of single adipocytes in magnetic
levitation device

To evaluate whether the magnetic levitation setup that was pre-
viously developed (Anil-Inevi et al., 2018; Sarigil, Anil-Inevi, Yilmaz,
Mese, et al,, 2019) is suitable for the scaffold-free biofabrication of
adipocyte clusters, quiescent (growth) and adipogenic 7F2 cells were
levitated and cultured for 24 h. The 3D structures that formed during
magnetic levitation were evaluated based on their area, perimeter,
thickness, length, elongation, and center of gravity height from the
top surface of the bottom magnet (Figure 1a). At the beginning of the
experiment, single cells that were cultured in growth medium for
10 days levitated to the heights of 622+ 19.5, 850+6.3, and
963+ 4.4pum in 15, 30, and 50 mM Gd-containing solution, respec-
tively (Figure S2a,b). Average single cell levitation height of adipo-
genic 7F2 cells were 34.1%, 13.6%, and 8.9% higher compared
with matching Gd concentration of growth cells (all p<0.0001)
(Figure S2b). The clusters formed after 24 h in levitation culture by
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adipogenic cells at three different Gd concentrations (15, 30, and
50 mM) exhibited looser and more branched patterns compared with
the packed structures in the growth group (Figure 1b). Levitation
height of growth cell clusters were 442+53, 502+83, and
814+ 54 um in 15, 30, and 50 mM Gd-containing solution, respec-
tively (Figure 1c). Adipogenic cell clusters on the other hand ex-
hibited 115% (p =0.006), 119% (p < 0.0001) and 46% (p < 0.0001)
higher levitation heights for matching Gd concentrations.

When the cells were cultured with levitation and 50 mM Gd, the
morphological indices of the clusters including area, perimeter, thickness,
length and elongation of the whole structure were 117,196 + 74,871,
2930+2127, 309 £83, 907 £574, and 6.3+5.6 for the growth group,
respectively (Figure 1d-h). Adipogenic clusters on the other hand
showed 106% (p=0.02), 36% (p=0.005), and 292% (p=0.01) higher
perimeter, thickness, and elongation values, respectively, compared with
clusters formed by growth cells. However, no significant difference was
detected for the area and length of clusters between growth and adi-
pogenic groups. Furthermore, as criteria for loose packaging of cells,
area/perimeter (Figure 1i), area/thickness (Figure 1j), and area/length
(Figure 1k) values were also examined. These results showed that the
observed differences occurred not because of the length of the clusters
that were measured but because of thickness and perimeter.

During levitation culture experiments, some clusters belonging to
the growth group at 30 mM Gd and to both the growth and adipogenic
groups at 15 mM Gd attached to the capillary bottom surface and those
clusters were not analyzed for morphological parameters (Figure S3). At
30 mM Gd, adipogenic 3D clusters had larger area (341%, p =0.002),
perimeter (463%, p<0.0001), thickness (129%, p < 0.0001), length
(176%, p=0.002), and elongation (648%, p=0.001) compared with
growth controls (Figure 1d-h). At 15 mM Gd concentrations, adipogenic
clusters only differed from growth controls in thickness (241%,
p=0.017) and levitation height (115%, p = 0.006).

The effect of Gd concentration on the size of 3D structures
formed during magnetic levitation culture was also examined for
growth and adipogenic cells, excluding the samples that showed total
attachment at lower concentrations. The 15 mM Gd group showed
differences in the growth group for elongation and thickness com-
pared to the 30 mM (118%, p=0.011) and 50 mM (55%, p = 0.010)
Gd groups, respectively. No statistically significant difference was
observed for the morphology of the 15 mM Gd group compared with
other concentrations in adipogenic clusters (Figure 1d-h). However,
the clusters formed by cells at 50 mM Gd were larger structures and
the differences between their mean area, perimeter, thickness,
length, and elongation were 58% (p =0.003), 59% (p =0.003), 28%
(p=0.02), 57% (p=0.002), and 59% (p=0.013) compared with the
clusters formed at 30mM Gd concentration. However, all size

parameters were similar between adipogenic groups.

3.2 | Coculture models of adipocytes

To manipulate the self-assembly and single cell density phenotype of
cells, adipocytes or growth 7F2PRe? cells were mixed with D1 ORL
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UVASCFP (D1°5FP) stem cells either pre- or post- levitation. Before

mixing, D1°¢FP

cells were levitation cultured in the microcapillary
platform using similar time and Gd®* concentration conditions
(Figure 2a). Levitation heights of single D1°¢"" cells cultured for
7 days were 581+ 19.7,831+ 9.0, 962 + 7.5 um at 15, 30, and 50 mM
Gd, respectively (Figure S4). On the other hand, 3D clusters formed
by D1°°FP cells after 24h had levitation heights of 521+ 54.2,
801 +20.9,and 914 + 17.8 um at 15, 30, and 50 mM Gd, respectively
(Figure 2b). D1°CFP cell clusters did not show significant differences
in area and thickness for all Gd concentrations, and exhibited minor
differences for perimeter, length, and elongation.

The applied Gd concentrations (up to 50 mM) were previously
shown not to induce cytotoxicity on D1 ORL UVA cells (Anil-Inevi et al.,
2018). However, to ensure that 7F2 cells were also tolerant to Gd, live/
dead staining for both growth and adipogenic 7F2 cells treated with Gd
concentrations (15, 30, 50mM) for 24h was assessed (Figure S5).
Considering the viability and 3D culture results, the 50 mM Gd con-
centration was deemed to be suitable for the following studies.

D1°SFP cells that were cultured in growth media and 7F2PsRed
cells that were cultured in growth or adipogenic media were mixed in
1:1 ratio and levitation cultured for 24 h. The degree of adipogenesis
in 7F2PsRed cells was controlled by their exposure time to adipogenic

induction for 5, 7, or 10 days; while D1°¢FP 2DsRed

and growth 7F
cells were cultured for the same time points in growth media
(Figure S6). Single cell levitation of D15%7" and 7F2P*Red cells showed
homogeneous distribution for the growth group, while based on the

2Ds Red

adipogenic exposure time, a portion of 7F cells were observed

to levitate above D1°CFP

cells (Figure S7). The clusters formed after
24 h of levitation culture appeared to have a homogeneous cell
distribution for growth conditions; while with increased adipogen-
esis, 7F2PsRed cells positioned themselves in the higher portion and
D1°CFP cells remained on the lower portion of clusters, resulting in
multi-layered cell structures (Figure 3a, yellow arrows). The levita-
tion height of clusters formed by cocultured of adipogenic and stem
cells was 1014.6 £ 86.4 um at Day 5 (Figure 3b). However, when the
adipogenic induction time was increased to 7 and 10 days, 3D
clusters of adipogenic group were located at 9% and 8% higher levels
compared to 5 days. When the 3D clusters were analyzed for area
(Figure 3b), at Day 5, cocultured adipogenic and stem cells had the
size of 126,674 +83,897 pm2 Compared with Day 5, the area of
clusters increased twofold (p < 0.001) at Day 10. A similar trend was
observed for other parameters such that average perimeter, thick-
ness, length, and elongation increased 27.1%, 11.7%, 8.7%, and
44.2% at Day 7 (all p-NS) and 131.0% (p<0.001), 19.2% (p-NS),
79.5% (p=0.001), and 165.8% (p =0.005) at Day 10 compared with
Day 5 (Figure 3b). Also, comparison between Days 7 and 10 in-
dicated 77.3% (p=0.005), 81.8% (p=0.007), 6.7% (p-NS), 65.1%
(p=0.005), and 83.6% (p-NS) increases in area, perimeter, thickness,
length, and elongation, respectively. On the other hand, the sizes of
7F2PsRed and D1°CFP cells cultured in growth medium showed minor
differences based on culture time. We continued further levitation
coculture studies using 7 days of growth and adipogenic 7F2PsRed

1eGFP

cells and growth D cells for consistency.
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concentrations. Scale bar: 200 um. (b) Quantitative parameters of 3D cellular clusters were present as levitation height, area, perimeter,
thickness, length, and elongation. Data are represented as mean = SD. *p < 0.05; **p < 0.01; ****p < 0.0001 [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Homogeneous coculture of adipogenic cells and stem cells. (a) Phase contrast and fluorescence microscopy images of that 7F2
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Yellow arrows indicate D1 ORL UVA cells on the bottom layer. Scale bar: 200 um. (b) Quantitative parameters of 3D cellular clusters formed by
two cell types were present as levitation height, area, perimeter, length, elongation, and thickness. Data are represented as mean + SD.

*p < 0.05; **p <0.01; ***p<0.001; **p < 0.0001 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Magnetic levitation culture of adipocyte structures with various culture strategies. (a) Schematic illustration of cell loading
strategies. First strategy: Adding 7F2 (red) cells after culture of D1 ORL UVA (green) cells for 24 h; second strategy: After culture of D1 ORL
UVA for 8 h, adding 7F2 cells twice with intervals of 8 h and 180° rotation at last loading; third strategy: After culture of D1 ORL UVA for 8 h,
adding 7F2 and D1 ORL UVA cells, respectively, with 180° rotation twice per 15 min during second and third cell loading. (b) After culture of D1
ORL UVASCFP cells for 24 h, 7F2PRed cells were added and cultured for additional 4 h. Yellow brackets indicate overlapped cells in vertical. (c)
After culture of D1 ORL UVASC™P cells for 8 h, 7F2PRed cells were added by 180° rotation of the capillary twice per 15 min and adding of
7F2PsRed s repeated after additional 8 h. Yellow arrows show 7F2PRed cells positioned on D1 ORL UVASCFP clusters. (d) Same strategy with C
were performed by starting with 7F2P°Re? cells and then adding D1 ORL UVASC™P cells. (e) After culture of D1 ORL UVASCFP cells for 8 h,
7F2PsRed cells were added and after additional 8 h D1 ORL UVA®CFP cells are added by 180° rotation of the capillary. (f) Same strategy with E
were performed by starting with 7F2P%R¢ cells and adding D1 ORL UVA®CFP and 7F2PsRed cells, respectively. Phase contrast (left), fluorescence
(lower left), and confocal (right) microscopy images. Scale bars: 200 um [Color figure can be viewed at wileyonlinelibrary.com]

To demonstrate the applicability of the 3D culture method per-
formed with the magnetic levitation system to human cells, human-
derived hFOB osteoblast cells (Figure S8a) and A549 cells which can
accumulate lipid droplets (Figure S8b) were used. First, the single cell
levitation profiles of A549 and hFOB cells were measured using 50 mM
Gd concentration as 988+ 64 um for hFOB cells, 958+ 18 um for
growth A549 cells and 964 +53 um for adipogenesis-induced A549
cells (Figure S8c). In the adipogenic A549 group, several cells with re-
latively increased cell size, were observed at higher levitation heights
(Figure S8c, yellow arrows). The cells were then grown for 24 h under
levitation as single- or co-cultures and morphological parameters were
analyzed (Figure S9a-c). Area, perimeter, thickness, length, and elon-
gation of 3D clusters of single-cultured growth A549 cells were
207,331+ 55,586 um?, 6474+ 1619 um, 212 + 37 um, 1822 + 406 um,
and 16.5 * 5.6, respectively. For the adipogenic group, these parameters
were mostly similar to the growth group. Only thickness exhibited a
significant increase (36%, p = 0.022). On the other hand, when the cells
were mixed with osteoblastic hFOB cells in the same ratio, the two cell
types showed a homogeneous distribution in 3D structure (Figure S9c).
In terms of morphological features and levitation profile, there were no
significant differences between growth and adipogenic groups in 3D
cocultured cells (Figure S9b). However, it was observed that the co-
culture of hFOB cells with growth A549 cells resulted in decreases in

perimeter (36%, p = 0.016), length (29%, p = 0.04), and elongation (56%,
p=0.003) and an increase in thickness (23%, p = 0.037) of the 3D cel-
lular structures compared to single-cultured growth A549 cells. The
comparison of adipogenic groups exhibited a similar trend with de-
creases in perimeter (40%, p = 0.02) and elongation (64%, p = 0.003).

To form multilayered structures in the magnetic levitation sys-
tem, mouse-derived cells were loaded into the system with various
fabrication strategies (Figure 4a), resulting in distinct patterns
(Figure 4b-f). By loading 7F2PRed cells after levitation culture of
D1°SFP cells for 24 h (1st strategy), pre-formed D1°°FP aggregates
were partially coated with 7F2P°R¢d cells in both growth and adi-
pogenic groups (Figure 4b). In the adipogenic group, 7F2PRe cells
were more loosely integrated into this construct because of the
disparity in the levitation height of these two cell types due to their
different densities (Figure S7). In contrast, for the growth group,
separately assembled D1°°F" clusters were mostly coated by
7F2PsRed cells, forming a large aggregate. Analysis of the contact
surface area of the two cell types showed that the vertical band of
overlapped cells (Figure 4b, yellow bracket) was decreased three-
fold (p =0.015) (Figure S10a).

An alternative (2nd) strategy was performed to increase coating
on the lower side of clusters in an effort to form multi-layered

spheroid-like structures (Figure 4c,d). In this strategy, the second cell
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type was loaded in two consecutive runs to improve coverage of the
pre-formed cluster; and 180° rotation of the microcapillary was
performed between loadings. Based on this strategy, we first tried to
coat D1°CFP clusters with 7F2P*Re? cells and observed that small
D1°%FP clusters assembled with the 7F2PRed cells. Also, it was seen

1eGFP

that 7F2P%Red cells were located on the surface of D clusters in

both groups without complete coating (Figure 4c, yellow arrows) and

1eGFP 2D5Red cells in-

that the contact area of D clusters with 7F
creased 7.6- and 17.3-fold for the growth (p < 0.001) and adipogenic
(p=0.01) groups, respectively, compared to the 1st strategy
(Figure S10b). By using this strategy, although we did not observe
effective coating, compared to the first loading strategy the differ-
ences between levitation heights of growth and adipogenic
cells were minimized, leading to coded structures. We then tried to

2DsRed cjysters with D1°CFP

cover 7F cells with the same strategy
(Figure 4d) and, although we observed an increase in the contact
area of growth cells, we failed to observe the same for adipogenic
7F2PsRed motentially due to the low density of adipogenic cells.
Finally, we utilized a 3rd strategy for biofabrication of layered
structures with an inoculation strategy similar to the 2nd approach
but we varied the cell type during inoculations. When cell loading
started with D1°CFP cells, we observed that D1°°F" cells assembled
with adipogenic cells and showed a similar pattern as that formed by
the 2nd loading strategy (Figure 4¢). When we started with 7F2PsRed
cells, we observed that adipogenic cells coated the D1°CFP cells,
while layered structures emerged in the growth group (Figure 4f,

yellow and blue lines).

4 | DISCUSSION

In this study, a magnetic levitation system was used as a biofabrication
tool for only adipocytes or adipocytes with stem/osteoblastic cells.
When adipocytes differentiated from mouse-derived cells were
levitation-cultured under magnetic gradient, it was observed that the
cells created very loose 3D clusters compared to tightly-packed growth
cell clusters. This difference in morphological phenotype may be due to
altered intercellular interactions after adipogenic differentiation. On the
other hand, when the adipocytes and stem cells were cocultured with
different loading strategies, it was observed that denser cells tended to
spontaneously self-assemble in the bottom part of the cell mixture.
However, with different loading strategies we obtained partially cov-
ered stem cells with adipocytes or asymmetrical attachments. There-
fore, compared with some other spheroid-based scaffold-free culture
techniques challenged with creating complex structures, it was shown
that our platform can be used to form heterotypic and layered 3D
cellular structures, and that the levitation system is also appropriate to
form vertical cellular layers.

Adipose tissue defects caused by burns or tumor removal have
prompted rising interest in adipose tissue engineering for clinical
needs and adipose tissue engineering has started to be widely uti-
lized in regenerative medicine and cell therapy (Choi et al., 2010).
Adipose tissue models are also important for the determination of

the physiological and pathological processes, which are associated
with obesity and obesity-related diseases. Several studies performed
in static or dynamic conditions have been reported for adipose tissue
engineering studying the relation between adipocytes and other cell
types (e.g. cancer cells) in 3D environment (Daquinag et al., 2013;
Gerlach et al., 2011; Henriksson et al., 2017; Herroon et al., 2016;
Kang et al., 2009; Klingelhutz et al., 2018; Loskill et al., 2017; Muller
et al., 2019; Rubin et al., 2007; Sonoda et al., 2008; Yao et al., 2013).
The complex nature of adipose tissue which contains various cell
types such as adipocytes, adipose-derived stem cells, and vascular
smooth muscle cells, is the biggest obstacle for the fabrication of
appropriate adipose tissue mimics (Mizuno et al., 2017). Studies on
adipose tissue engineering mostly rely on using scaffolds to mimic
the 3D architecture of adipose tissue because of the consensus that
adipose tissue cells could not produce their own ECM and need
supporting materials for maintenance of their 3D morphology during
culture due to their fragile nature (Abbott et al., 2016; Klingelhutz
et al.,, 2018; Sonoda et al., 2008). In contrast, some studies showed
that it is possible to achieve scaffold-free adipose tissue engineering,
demonstrating that these cells have the ability to product their own
ECM (Klingelhutz et al., 2018; Turner et al., 2015, 2018). Here, the
microcapillary-based system provides an alternative scaffold- and
contact-free method for biofabrication of a 3D adipose tissue. To
recapitulate the 3D architecture of adipose tissue, we created self-
assembled 3D structures of adipocytes and mesenchymal stem cells,
which are used as model cells for the two components of adipose
tissue (Mizuno et al., 2017). In this context, cell culture in the mag-
netic levitation system was performed with different Gadavist con-
centrations and loading strategies to assemble the cells which exhibit
different intercellular interactions. As a result of the study, it was
shown that the magnetic levitation system allowed monolayered or
bilayered coculture of the adipose tissue cells using a scaffold-free
culture approach. Although we only utilized cell culture techniques
and immortal cell lines, we believe this approach can be adapted to
use unilocular and multilocular adipocytes to better mimic various
adipose tissues.

Magnetic levitation of cells can be performed with magnetic la-
beling of cells (positive magnetophoresis) or label-free (negative mag-
netophoresis) (Yaman et al., 2018). Iron oxide and gold nanoparticles,
which are used for cell manipulations in positive magnetophoresis, may
be cytotoxic and they cannot be easily removed from assembled bios-
tructures (Abakumov et al., 2018; Feng et al., 2018; Goodman et al.,
2004; Tseng et al.,, 2013). Internalization of MNPs can cause increased
production of intracellular reactive oxygen species (ROS) which is
concomitant to DNA damage in a time- and concentration-dependent
manner (Abakumov et al., 2018; Alarifi et al., 2014; Feng et al., 2018).
Even when MNP concentrations are kept in the nontoxic range, their
accumulation can cause cytotoxicity or carcinogenicity (Hasan et al,
2018). Increased ROS levels lead to structural and functional distortion
of cellular components and, eventually. changes in cell metabolism that
are remarkable drawbacks in tissue engineering applications (Alarifi
et al, 2014; Jiang et al., 2019). Although it is possible to reduce the
cytotoxicity of MNPs by biotransformation (Kolosnjaj-Tabi et al., 2015,
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2016; Stepien et al., 2018), the efficacy of this process is dependent on
the size, shape, and surface properties of nanoparticles (Mejias et al.,
2013; Stepien et al., 2018). Furthermore, the use of MNPs requires
additional time-consuming experimental steps for labeling (Frank et al.,
2004). Contrary to studies performed by positive magnetophoresis for
3D adipose culture (Daquinag et al., 2013; Souza et al., 2010), the label-
free approach utilized in our study provides a simple technique to
create 3D adipose models which have the possibility to be translated to
fat grafting clinical applications, without involving magnetic particles
that are likely to cause side effects in patients.

In recent studies, the label-free magnetic levitation technique
has been used for detection and characterization of various cell
types such as blood cells (Durmus et al., 2015; Ge et al., 2018; Savas
Tasoglu et al, 2015; Yenilmez et al., 2016), cancer cells (Durmus
et al., 2015; Stephanie Knowlton et al., 2017), adipocytes (Sarigil,
Anil-Inevi, Yilmaz, Mese, et al., 2019), and osteogenic cells (Sarigil,
Anil-Inevi, Yilmaz, Cagan, et al., 2019). Also, it was shown that sickle
cell disease which results in increased density of erythrocytes
(Knowlton et al, 2015) and drug treatments that cause density
changes in bacteria and yeast (Durmus et al.,, 2015) can be tested
with magnetic levitation systems and portable platforms of the sys-
tem enable applications for point of care testing (Stephanie
Knowlton et al, 2017; Yenilmez, Knowlton, & Tasoglu, 2016;
Yenilmez, Knowlton, Yu, et al., 2016). After the successful application
of the magnetic levitation system to single cell-based studies, it be-
came a focus of interest as a biofabrication tool for tissue en-
gineering (Anil-Inevi, Yalcin-Ozuysal, et al., 2019; Mishriki et al.,
2019). Previously, the suitability of a long-term cell culture in mag-
netic levitation platform was demonstrated by single and coculture
culture of cancer and stem cells (Anil-Inevi et al., 2018). In this study,
we created 3D clusters of adipocytes with or without mesenchymal
stem cells. The size of the structures containing adipogenic cells
formed with the same number of control cells were significantly
larger because the adipogenic cells showed loose packing and formed
porous structures. This may be a result of our particular levitation
system inducing single cell density-based stratification of cells before
self-assembly (Sarigil, Anil-Inevi, Yilmaz, Mese, et al., 2019). Because
single cell density varies greatly in lipid accumulating cells based on
their heterogeneous differentiation and because cells with lower
single cell density position themselves higher compared with others
in the microcapillary system, the resulting structures may be looser
compared with cells that form structures in a single plane. However,
it is also possible that the loose packing of the cell constructs may be
related to the reduced expression of cell adhesion molecules in
adipocytes (Hou et al., 2006; Marie, 2002). In contrast to our
method, magnetic label-based adipogenic cell levitation culture re-
sulted in tighter 3D structure of adipocytes, possibly due to the equal
attractiveness of the magnetic force on the MNPs (Daquinag et al.,
2013; Souza et al., 2010). Regardless of loading sequence and
manipulations, it was seen that the system allows the formation of
bilayer structures by using the density differences of the cells.

For better mimicking of the functions of complex native tissues,
it is important to recapitulate heterotypic cell to cell interactions in
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layers. Previously, various studies have been performed to fabricate
multilayered structures for different tissue/organ models such as
blood-vessels (Ito et al., 2005; Shinohara et al.,, 2013; Takei et al.,
2007), skin (W. Lee et al., 2009; Morimoto et al., 2013), brain (Lozano
et al., 2015; Odawara et al., 2013), bone (Chen et al., 2013; Ren et al,,
2017), air-blood tissue barrier (Horvath et al., 2015), and cardiac
muscle (Shimizu et al., 2002). As in standard 3D culture studies,
studies to produce layered cell structures are commonly based on
the use of supporting materials such as collagen, hydrogel, and
polymer composites, which facilitate the creation of layered cell
constructs due to supporting cell-cell adhesion, with different tech-
nologies such as bioprinting and microfluidics. This strategy of using
scaffold materials is not preferable because of limitations on fabri-
cation and insufficient imitation of native tissues due to their in-
compatible physical and chemical properties (Dai et al., 2016; Lu
et al.,, 2019; Powell & Boyce, 2009; Silver et al., 2001; Subia et al.,
2010; Wu et al., 2014; Zhang et al., 1996). However, contact-free
magnetic force-based 3D culture techniques are emerging as an al-
ternative to mimic more accurate 3D constructs as sheets or
spheroids in a scaffold-free manner. Whereas a number of studies on
magnetic force-based culture methods including MNPs for cell ma-
nipulations were performed to create homotypic or heterotypic 3D
layered cell structures in previous studies (Ho et al., 2013; Ito et al,,
2004, 2007; Shimizu et al., 2007; Tseng et al., 2013), studies of label-
free magnetic levitation used for the construction of layered struc-
tures are very few (Anil-Inevi et al., 2018).

Scaffold-based tissue engineering strategies inherently present
some drawbacks such as biocompatibility concerns, inhomogeneous
distribution of cells, hindering self-assembly, and the disruption of
the physiological circulation of signal molecules by non-physiological
support materials (Anil et al., 2016; El-Sherbiny & Yacoub, 2013;
Ishihara et al., 2014). However, scaffolds also have inherent ad-
vantages for sustaining biomimetic properties for mechanical and
chemical niches (S.-H. Lee & Shin, 2007; Ovsianikov et al., 2018;
Roseti et al, 2017). It is possible to combine magnetic guidance
protocols with scaffold-based tissue engineering for materials in-
cluding methacrylated gelatin (GelMA) and laminin-coated poly-
styrene divinylbenzene beads (Tasoglu et al., 2014, 2015). Although
not applied for adipose tissue biofabrication, the combinatorial ap-
proach signifies the possibility that magnetic levitation can be uti-
lized in the bottom-up engineering of other tissues.

In this study, our results showed that a low density of adipocytes
caused attachment to the top surface of the capillary channels during
levitation culture. It was seen that decreasing Gd concentration or
coculture with denser cells could overcome this problem. Also, adi-
pocyte only cultures forming very loose structures tended to lose the
integrity of these clusters by external forces. This suggested that the
magnetic levitation system may enable the determination of weak
homotypic cell-to-cell interactions. In this study, although we aimed
to create multilayered cellular structures, the difference in single cell
densities was so large between growth and adipogenic cells, it re-
sulted in limited flexibility in imposing construct shape and layers.
This observation warrants further studies on optimization of
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biofabrication, potentially by manipulating working volumes as well
as the magnet array.

In conclusion, we demonstrated biofabrication of adipose tissue
constructs using label-free magnetic levitation. To our knowledge,
this is the first study using a magnetic levitation system to construct
a 3D layered structure of adipose tissue. Compared with other
scaffold-free culture techniques challenged with creating complex
structures (Achilli et al., 2012), magnetic levitation can enable the
creation of the multilayered adipose tissue model with its complex
nature by manipulation of system parameters or configurations. Al-
though we used the system for the design of 3D adipose tissue
model, this novel technology offers the opportunity to mimic other
tissues by providing cost effective and easy operation. As a result it
can be used in translational studies such as metabolism and drug

testing.
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