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Abstract

We report a simple and versatile method for /in vitro fabrication of scaffold-free tissue-engineered
constructs with predetermined cellular alignment, by combining magnetic cell levitation with
thermoresponsive nanofabricated substratum (TNFS) based cell sheet engineering technique. The
TNFS based nanotopography provides contact guidance cues for regulation of cellular alignment
and enables cell sheet transfer, while magnetic nanoparticles facilitate the magnetic levitation of
the cell sheet. The temperature-mediated change in surface wettability of the thermoresponsive
poly(N-isopropylacrylamide), PNIPAM, substratum enables the spontaneous detachment of cell
monolayers, which can then be easily manipulated through use of a ring or disk shaped magnet.
Our developed platform could be readily applicable to production of tissue-engineered constructs
containing complex physiological structures for the study of tissue structure-function
relationships, drug screening, and regenerative medicine.
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Introduction

One of the major challenges in tissue engineering is the production of functional 3D tissue
models capable of recapitulating complex, physiologically-relevant structures=3. We have
previously developed a thermoresponsive nanofabricated substratum (TNFS) that enables the
engineering of scaffold-free 3D tissues with improved function and structural organization®.
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Functionalization of the nanofabricated substratum with temperature-sensitive poly(N-
isopropylacrylamide), PNIPAM, provides several distinct advantages for tissue culture and
engineering applications. Firstly, the ability to print nanoscale topographical cues, like nano-
ridges or grooves, allows for tunable control of the cellular microenvironment in order to
direct and control global tissue organization. Previous studies have been shown that when
cells are cultured on anisotropic nanopatterned substratum, the formation of highly
organized anisotropic monolayers which closely resemble the /in vivo structure of native
human myocardial tissue are observed®. Moreover, both cellular action potential
propagation and contractility are highly anisotropic and consistent with the underlying
nanotopographic cues. This suggests that the anisotropic nanopatterned substratum provide
powerful guidance cues regulating cellular alignment and function /n vitro. Lastly, methods
utilizing thermoresponsive polymers have previously been used to fabricate cell-dense 3D
tissue structures without scaffold-based tissue engineering techniques® 8-10, The change in
hydrophobicity of PNIPAM from hydrophobic, at physiological temperatures (37°C), to
hydrophilic, at ambient room temperatures (22°C), allows for the selective detachment of
either individual cells or cellular monolayers without the use of extracellular matrix (ECM)-
digesting enzymes or calcium chelators (i.e. Trypsin-EDTA). However, despite the
advantages of the TNFS platform, controlling and manipulating the released cell sheet is
difficult because the competition between bending and stretching forces within thin cell
monolayers cause them to roll inward spontaneously, which in turn leads to the loss of their
anisotropic morphology. We previously developed a gel casting method to reduce this
technical difficulty?, but this protocol is limited to 2D cell sheet transfer and low throughput
applications. The capacity for TNFS technology to extend its benefits to other tissue culture
platforms is therefore predicated on the development of novel manipulation methods with
greater flexibility, control, and utility in 3D culture systems.

In this paper, we developed a simple and versatile method for performing magnetic
nanoparticle-mediated cell sheet transfer that enables the long-term maintenance of
structural organization. In addition, we established a scaffold-free 3D tissue culture method
for creating cell spheroids with predetermined cellular alignment using magnetic
nanoparticles in combination with the TNFS platform. Nanoparticles have been utilized for
many bioengineering-based applications, such as drug delivery®: 12 bio-imaging3: 14,
artificial cell culture platform® 16 anti-fouling!”: 18, and antibacterial coatings!®: 20,
Previously, magnetic nanoparticles have been used to create three dimensional (3D) tissue
culture platforms via magnetic levitation?1-24, Cellular binding of magnetic nanoparticles
allows for external manipulation of cellular function using an external magnetic field2>-27,
Magnetic levitation provides a physiologically relevant 3D culture environment that could
promote the formation of complex structures and more mature phenotypes currently limited
by conventional 2D culture systems.

To utilize this magnetic levitation in our proposed system, the magnetic nanoparticle
embedded cells were cultured on TNFS. Aligned cell monolayers that closely mimic the
architectures of native cellular environments were then created by nanotopographic cues.
Lastly, these cell monolayers were detached spontaneously, as intact cell sheets, and
manipulated through the application of ring or disk shaped magnets to facilitate cell sheet
transfer and the formation of 3D scaffold-free spheroid-shaped tissues. We believe that the

Nanotechnology. Author manuscript; available in PMC 2018 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Penland et al.

Page 3

proposed platform could be used to study cellular microenvironments and the organization
and composition of ECM within 3D tissues models.

Materials and Methods

Fabrication of Thermoresponsive Nanofabricated Substratum (TNFS)

Cell Culture

Figure 1 shows schematic diagrams that describe the procedures for fabricating a
poly(urethane acrylate)-poly(glycidyl methacrylate) nanopatterned substratum, as reported
previously?. Briefly, using capillary force lithography?8, a UV-curable poly(urethane
acrylate) (PUA, Minutatek, Korea) mold was fabricated using a silicone master. This mold
was used as the template for reproducing nanotopography on treated glass using a 1%
weight/volume GMA (Sigma-Aldrich)/PUA (Norland Optical Adhesive) solution. Prior to
nanopattern fabrication, glass coverslips were brush coated with an adhesion promoter and
air-dried (Glass Primer, Minuta Tech, Korea) to improve the attachment of the GMA/PUA
polymer to the glass surface. 20 uL. of GMA/PUA solution was applied to the coverslip and
pressed with the PUA template consisting of 800 nm wide and 800 nm deep parallel grooves
and ridges. The GMA/PUA solution was drawn up into the nanogrooves of the PUA mold
via capillary force, and then the mold/GMA-PUA/glass sandwich was cured under 365 nm
UV light to initiate photo polymerization for 5 minutes. After initial polymerization, the
PUA mold was peeled away from the new nanopatterned substratum using forceps and the
substratum were UV-cured overnight to finalize polymerization.

The epoxy groups present within GMA of the GMA/PUA substratum react freely with the
amine groups presented by amine-terminated poly(N-isopropylacrylamide) (a-PNIPAM)
through an addition reaction to form a hydroxyl group and a secondary amine (Figure 1).
Powdered a-PNIPAM (M,, = 2500, Sigma-Aldrich) was dissolved in deionized (DI) water at
room temperature at a concentration of 1 g/30 mL. In order to thermoresponsively
functionalize the nanofabricated GMA/PUA substratum, the PNIPAM solution was reacted
with the GMA/PUA substratum on a table-top rocker at room temperature for 24 hours at 55
rpm. The TNFS were then washed three times with DI water and sterilized with 294 nm UV
light for one or more hours prior to use.

and Seeding on the TNFS

C2C12 mouse myoblasts were cultured in Dulbecco’s minimal essential medium (DMEM,
Gibco) supplemented with 20% fetal bovine serum (FBS, Sigma), 1%
penicillinstreptomycin (Sigma), and 1% amphotericin-B (Sigma) in an incubator at 37 °C,
5% CO». Cells were split at 80% confluency to prevent spontaneous differentiation. To seed
cells onto the TNFS, cells were split and seeded at either a low density (75,000 cells/plate =
48,700 cells/cm?) for cell spheroid levitation or a high density (150,000 cells/plate = 97,500
cells/cm?) for cell sheet transfer. In order to ensure cells were only seeded onto the PNIPAM
functionalized surface within the 35 mm dishes, cells were re-suspended in a small volume
of 120 uL of culture medium and plated into the recessed well that is created by the
nanopatterned coverslip once attached to the underside of the 35 mm dish in order to seal the
hole at its bottom. The plates were lightly shaken to evenly distribute the cells across the
surface of the TNFS, and incubated at 37°C for 2 hours to allow cell attachment. Warmed
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medium was then added to each dish for further culturing. Cells were cultured for 24 to 48
hours at 37 °C to allow sufficient cell attachment before addition of the nanoparticle
assembly. Cells cultures were imaged using a bright-field microscope (Nikon TS100).

Attachment of Nanoparticles for Cell Sheet Transfer

For the plates seeded at a higher density (150,000 cells/plate = 97,500 cells/cm?2), medium
was removed 48 hours after plating and 120 pL of culture medium with 1 uL/10,000 cells of
Nanoshuttle™-PL (Nano3D Biosciences, Inc., USA) was added to the cell sheet. The
Nanoshuttle product consists of a composite nanoparticle (~50 nm) consisting of gold, iron
oxide, and poly-L-lysine (PLL) that can attach to the plasma membrane electrostatically (50
pg/cell). The cell sheets were incubated for one hour at 37°C before the addition of 2 mL
warmed medium. Finally, they were incubated overnight with the nanoparticle assembly and
cellular uptake of the nanoparticles was confirmed using bright field microscopy.

Attachment of Nanoparticles for Spheroid Levitation

For the plates seeded at a lower density (48,700 cells/cm?), medium was removed 24 hours
after plating and 120 pL of culture medium with 1 pL/10,000 cells of Nanoshuttle™-PL was
added and allowed to incubate for one hour?L. Following the initial incubation period, 2 mL
cell culture medium was added to each sample, taking care to minimize any disturbance of
the nanoparticle solution. Cell cultures were incubated overnight in the solution of medium
and nanoparticles. Uptake of the nanoparticles was again confirmed using bright field
microscopy.

Immunofluorescence Cryosectioning and Staining

Cell spheroids were washed twice with PBS for 5 minutes with centrifugation at 1000 rpms
for 1 minute in between each wash. 100 pL of 4% paraformaldehyde was then added to fix
the cells at room temperature for 15 minutes. After fixation, cells were washed 3 times with
PBS with centrifugation. Cell spheroids were then placed into cryomolds and filled with
optimal cutting temperature (OCT) compound so that the entire spheroid was immersed. The
cryomold was then dipped, but not submerged, into liquid nitrogen to flash freeze the
sample. The frozen tissue block was then transferred into a cryotome cryostat at —20°C. The
spheroids were sectioned into 5 um slices and mounted onto glass microscope slides.

On the microscope slides, cells were permeabilized and blocked with a 0.1% Triton-
X100/5% BSA-PBS solution for one hour at room temperature. Phalloidin (1:100) and
fibronectin (1:200) primary antibody were added to a 1% BSA-PBS solution, then the 100
uL composite solution was added to the cells and was incubated over night at 4°C. The cells
were then washed in 1 mL of PBS 3 times for 5 minutes before being mounted on
microscope slides using a Vectashield mounting medium. Nuclear counterstaining was
achieved by incorporation of DAPI into the mounting medium. Samples were sealed with
nail polish and stored at 4°C until ready for analysis. Immunofluorescent imaging was
performed on a confocal microscope (Model 36 LSM 510 Meta, Zeiss Confocal
Microscope) and using the associated software.
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Magnetic Levitation

Disk shaped neodymium magnets with a diameter of 25.4 mm and a thickness of 1.6 mm
(N52 strength, K&J Magnetics, Inc., USA) and ring shaped neodymium magnets (outer
diameter: 32 mm, hole diameter, 5.5 mm, and thickness: 8 mm, N42 strength, Gaussboys
Super Magnets, USA) were used throughout this study. The Teflon-based magnet housing
for the cell transfer system was designed using 3D CAD software (SolidWorks, USA) and
fabricated using a 3D printer (Makerbot, USA) with the following dimensions: inner
diameter = 27 mm, outer diameter = 32 mm, height = 20 mm, and “Vent” diameters = 3 mm.

Results and Discussion

We fabricated TNFS containing 1% GMA by weight (Figure 2A) based on previous work
that showed that C2C12 mouse myoblast cells exhibited increased attachment and improved
monolayer formation with decreasing GMA percentages, suggesting that high-density
grafted PNIPAM inhibited cell adhesion®. Specifically, the 1% GMA TNFS produced the
most confluent monolayers of all GMA concentrations studied. Similarly, nanotopographical
cues consisting of parallel ridges and grooves with dimensions 800 nm wide and 800 nm
deep were fabricated since previous studies indicated these dimensions were optimal for
promoting cellular development’. Scanning electron microscopy (SEM) confirmed
nanopattern fidelity in our engineered constructs (Figure 2A inset).

To demonstrate the control over 3D tissue architecture provided by TNFS and magnetic
levitation, C2C12 mouse myoblasts were used for all experiments. Figure 2B and C show
phase contrast images of C2C12 myaoblasts cultured on flat control substratum and TNFS,
respectively. Cells attached to the flat control substratum and TNFS within 2 hours of
seeding and spread to form a confluent monolayer within 24 hours. Cells cultured on TNFS
showed rapid formation and alignment in parallel with the direction of the nanopatterns
within 2 hours of seeding, indicating cellular sensitivity to nanoscale topography. Figure 2D
shows bright field microscopic images indicating the uptake of nanoparticles by individual
cells within the cell sheet cultured on TNFS after incubation with Nanoshuttle (brown
particles). The black arrow denotes the direction of cell alignment within the cell sheet and
TNFS. Cell sheets could be maintained in culture with the nanoparticle assembly for several
days without any observable adverse effects on cell morphology, growth, or structural
anisotropy.

To conduct thermoresponsive detachment of cell monolayers from TNFS, the nanoparticle
embedded C2C12 monolayer maintained on 1% GMA TNFS was transferred from a 37°C
culture incubator to room temperature (22 °C). In addition, room temperature DPBS was
applied to the cells to induce the temperature-mediated change in substratum configuration.
Within 10 min, the medium began to penetrate the edges of the C2C12 monolayer and
buckling, 7.e., delamination and folding was observed, as shown in Figure 2E: because of a
competition between bending and stretching within the thin cell monolayer, the sheet rolled
inward on itself (yellow arrow) perpendicular to the alignment angle (black arrow).
Subsequently, the cell sheet quickly began to lose its anisotropic morphology and became a
cell-dense mass due to the spontaneous curling and tube formation properties of the
detached cell monolayer.

Nanotechnology. Author manuscript; available in PMC 2018 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Penland et al.

Page 6

In order to avoid the loss of structural organization and anisotropic morphology while
transferring or manipulating the detached cell sheets, we introduced a cell sheet transfer
method using magnetic levitation. Schematic illustration of the cell sheet transfer process
using a disk shaped magnet is shown in Figure 3A. A Teflon-coated magnetic transfer
device, consisting of a custom 3D-printed housing with a N52 strength disk magnet with a
diameter of 25.4 mm and a thickness of 1.6 mm (K&J Magnetics, Inc., USA) was placed
directly on top of the cultured cell sheet. The cell sheet was then detached from the TNFS
via incubation in DPBS at room temperature (22 °C). Once the cell sheet had detached, the
remaining liquid was aspirated from the culture dish and the magnetic transfer device was
lifted from the dish with the cell sheet remaining fixed to the bottom of the transfer device.
Figure 3B shows a detached nanoparticle embedded C2C12 cell sheet from TNFS affixed to
the bottom of the magnetic transfer device without losing structural organization. The red
arrow denotes the direction of cell alignment within the cell sheet. Once detached, the
housing and levitated cell sheet was then placed onto a glass surface treated with fetal
bovine serum (FBS) to aid cell attachment. The magnet within the housing was then
removed and placed underneath the culture dish to encourage attachment. The entire
construct was incubated at 37 °C for three hours to allow for cell sheet attachment to the
glass. The transfer devise was lifted off leaving the cell sheet attached to the new culture
surface and warm medium was gently added. As shown in Figure 3C, we demonstrated that
magnetic levitation can enable the successful transfer of a nanoparticle embedded C2C12
cell sheet to a new glass substratum.

In addition to transferring intact sheets, we investigated the potential to create scaffold-free
3D tissue culture via production of cell spheroids with predetermined cellular alignment
through use of magnetic levitation in combination with the TNFS platform. First, a sphere-
shaped scaffold-free tissue culture was created, as shown in Figure 4. A ring shaped
neodymium magnet (outer diameter: 32 mm, hole diameter, 5.5 mm, and thickness: 8 mm,
Gausshoys Super Magnets, USA) was used for this application because the ring’s hole made
it possible to observe the cells through the inverted microscope. In addition, this magnet was
able to gather the cells in the center of the well to form a spheroidal cell tissue. Magnetic
flux simulations of a planner magnet?® using commercial finite element software COMSOL
Multiphysics® demonstrate that when the distance between the ring shaped magnet and
working plane (cell sheet) is less than 6 mm, the magnetic field on the working plane
possesses central minimum (Figure 4B). This leads to a ring-shaped cell pattern at the onset
of levitation produced by the upward force pulling cells towards the field maximum?L,
However, when the magnet is placed far enough from the work plane (greater than 6 mm
above), the central maximum of the magnetic field was produced (Figure 4B), resulting in
the ability to form sphere shaped tissues. In this experiment, the distance between the ring
magnet and the cell sheet was 12 mm which should result in the formation of 3D cell
spheroids.

Subsequent experimental results showed good agreement with the simulation result. To
create spheroid cell structures, culture medium was aspirated and replaced with room
temperature (22 °C) DPBS to induce a temperature change. The ring shaped magnet was
then immediately placed 12 mm above the cell-sheet. 10 minutes after the thermal shift, the
cells on TNFS began to spontaneously detach, magnetically levitate, and gathered at the
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center of the ring shaped magnet (Figure 4C). The cell mass formed within 48 hours of
levitation and took on spherical shape with 72 hours. The spheroids maintained their shape
over 5 days in a levitated state. Figure 4D shows confocal images of the C2C12 cell sphere
after 5 days in levitation. Expression of F-actin filaments were observed throughout the
entire structure as well as areas of locally aligned cells (white arrow denotes direction of cell
alignment within the cell sheet). Upon magnetic levitation of hanopatterned cell sheets into
spheroid form, cellular alignment becomes less pronounced than nanopatterned cell sheets
maintained on TNFS as shown in Figure 2D. Within the levitated spheroid, the surface
topographical cues provided by the TNFS are no longer present, and cells respond to the
changing matrix guidance cues provided by the surrounding 3D extracellular matrix (ECM).

With such results, these methods could be readily expanded to a number of other cell types
to create more structurally ordered tissues compared to conventional cell culture methods.
Our recent study showed that anisotropic nanotopography was sufficient to distinguish
structural differences between normal human induced pluripotent stem cell derived
cardiomyocytes (hiPSC-CMs) and Duchenne muscular dystrophy (DMD) hiPSC-CMs, as
these differences were masked on conventional flat substratum3C. With further investigation,
we envision significant improvements in the engineering of complex and physiological
tissues such as multi-layered, uniformly-aligned, 3D tissues for drug screening and disease
modeling applications.

Conclusion

In this study, we combined TNFS-based cell culture platforms with magnet levitation
techniques for both the transfer of intact cell sheets and the formation of scaffold-free
spheroids. Cell sheets could be quickly and spontaneously released from the TNFS by a
temperature change, eliminating the need for cell-disassociating agents such as Trypsin-
EDTA. Our TNFS, in combination with magnetic nanoparticle technology, has allowed us to
create 3D tissues with complex cellular architectures produced by the natural secretion of
ECM proteins. These methods could be used to study cellular microenvironments, cell
migration, and organization of ECM proteins within 3D tissues models. Future studies will
assess the long-term structural maintenance of the ECM in levitated cultures and the effects
of levitation on the differentiation and maturation of other cell types.
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Figure 1.
Schematic illustrations of the fabrication process used to create thermoresponsive

nanofabricated substratum (TNFS) using capillary force lithography, and the subsequent
functionalization of the substratum with amine-terminated PNIPAM.
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Figure 2. Characterization of thermoresponsive nanofabricated substratum (TNFS) and C2C12
cell responseson TNFS. (A)

Photograph of fabricated TNFS and SEM image of nanopatterns (inset) on the TNFS. Bright
field images of C2C12 myoblasts maintained on unpatterned (B) and nanopatterned (C)
TNFS. (D) Bright field microscopic image of nanoparticle embedded C2C12 cells
maintained on nanopatterned TNFS for 4 days. The black arrows denote direction of cell
alignment within the cell sheet. (E) Time sequence bright field microscopic images of the
cell-rolling phenomenon. Sheet was rolling perpendicular to cell alignment denoted by black
arrow. Inset provides close-up detail of cell. Scale bars: 5 um in (A) and 100 pm in (B), (C),
(D), and 200 pm in (E).
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Figure 3. Cell sheet transfer using ther moresponsive nanofabricated substratum (TNFS) based
cell sheet engineering technique and magnetic cell levitation. (A)

Schematic illustrations of the cell sheet transfer process using a disk shaped magnet. A
Teflon-coated magnetic transfer device was directly placed on top of the aligned cell sheet.
The cell sheet was then detached from the TNFS via a reduction in culture temperature. The
magnetic transfer device was lifted from the dish with the cell sheet remaining fixed to the
bottom of the transfer device. The cell sheet and housing were then placed onto a glass
surface. The magnet within the housing was then removed and placed underneath the culture
dish to encourage attachment. Lastly, the transfer devise was lifted off, leaving the cell sheet
attached to the new culture surface. (B) Picture of the cell sheet transfer device and C2C12
cell sheet remaining fixed to the bottom of the transfer device. (C) C2C12 cell sheet 1 hour
after transfer to glass. The yellow arrow denotes the direction of alignment within the cell
sheet. Scale bar: 100 um in (C).
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Figure 4. Scaffold-free tissue construction with 3D sphere architecture. (A)
Schematic illustrations of sphere-shaped scaffold-free tissue culturing using ring shaped

magnets. Following a temperature change in the cultured cells, the ring shaped magnet was
placed above the cell-sheet. 10 minutes after temperature reduction, the cells on TNFS began
to detach and magnetically levitated before gathering at the center of the ring shaped
magnet. (B) Simulation results by COMSOL Multiphysics®. When the distance between the
ring shaped magnet and the work plane (cell sheet) was less than 6 mm, the magnetic field
on the work plane had a central minimum and was maximized surround the ring hole.
However, when the magnet was far enough from the work plane (greater than 6 mm above),
the central maximum of the magnetic field was produced promoting the formation of sphere
shaped tissues. (C) Picture of C2C12 cells in levitation with ring-shaped magnet for 0 and
72 hours. (D) Confocal image of C2C12 sphere after 5 days in levitation. White arrow
denotes direction of cell alignment within the cell sheet. Scale bars: 200 um in (C) and 100
pum (left) and 50 um (right) in (D).
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