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A Hollow Sphere Soft Lithography Approach
for Long-Term Hanging Drop Methods

Won Gu Lee, Ph.D.;? Daniel Ortmann, M.S."2 Matthew J. Hancock, Ph.D."?
Hojae Bae, Ph.D.;? and Ali Khademhosseini, Ph.D.'?

In conventional hanging drop (HD) methods, embryonic stem cell aggregates or embryoid bodies (EBs) are often
maintained in small inverted droplets. Gravity limits the volumes of these droplets to less than 50 uL, and hence
such cell cultures can only be sustained for a few days without frequent media changes. Here we present a new
approach to performing long-term HD methods (10-15 days) that can provide larger media reservoirs in a HD
format to maintain more consistent culture media conditions. To implement this approach, we fabricated hollow
sphere (HS) structures by injecting liquid drops into noncured poly(dimethylsiloxane) mixtures. These structures
served as cell culture chambers with large media volumes (500 pL in each sphere) where EBs could grow without
media depletion. The results showed that the sizes of the EBs cultured in the HS structures in a long-term HD
format were approximately twice those of conventional HD methods after 10 days in culture. Further, HS
cultures showed multilineage differentiation, similar to EBs cultured in the HD method. Due to its ease of
fabrication and enhanced features, this approach may be of potential benefit as a stem cell culture method for

regenerative medicine.

Introduction

MBRYONIC STEM CELLS (ESCs) hold great potential for

generating various cell types for cell therapies and tissue
engineering.'™ Many approaches for developing effective
differentiation protocols involve the formation of three-
dimensional (3D) cell aggregates called embryoid bodies
(EBs) that contain cells of all germ layers.";’7 In these sys-
tems, ESCs are typically cultured in suspension (i.e., low-
attachment) dishes.®® The cells in these cultures form EBs
that initiate developmental processes and generate deriva-
tives of the endoderm, mesoderm, and ectoderm.!%'! Al-
though simple, these methods generate wide ranges of EB
sizes,'>'® which affect the direction of ESC differentia-
tion."*'” For example, recently it has been reported that EB
size affects chondrogenesis of mouse ESCs.'® Efforts to con-
trol EB size include the popular hanging drop (HD) method,
in which ESCs are suspended in 20-25uL droplets of me-
dium on the lid of a Petri dish.'”"'® When the lid is inverted,
the ESCs settle under gravity and aggregate on the menisci of
the hanging droplets. EB sizes are controlled by adjusting the
droplet volume and cell concentration. ESCs can form ag-
gregates at the air-water interface and therefore maintain

their spherical shapes. The disadvantage of HD methods is
that gravity limits the droplet volume to less than 50 pL, so
that nutrients are depleted within 2-3 days. To sustain growth
rates, periodic replenishment is necessary, which is not only
laborious but also can easily disturb the autocrine and para-
crine signaling in the EBs and upset the equilibrium ambient
conditions within the drops. Other approaches to control
EB size include microwell structures,'>! stirred vessel bio-
reactors,”’ and rotary suspension cultures.” In the latter two
methods, aggregation, proliferation, and differentiation may
be altered by shear stresses and hydrodynamic forces.”” In the
microwell system, EBs grow until they reach the border of the
well and are then limited in their proliferation, presumably
due to mechanical confinement in the wells.

In this study, we present a new cell culture method using
hollow spheres (HSs) that enables the formation and growth
of individual EBs at liquid—gas interfaces in a long-term HD
format for more than 10 days. Through this approach, we
found that the EBs cultured in the HS structures maintained
their ability to differentiate in a multilineage manner. A soft
lithographic approach was developed using liquid drops to
form HS structures in a noncured poly(dimethylsiloxane)
(PDMS) mixture. Each HS structure has a small opening that
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serves as an inlet port for EBs within a HD, and, when
inverted, holds a meniscus where EBs form, similar to HD
methods. Medium replenishment is also facilitated, de-
pending on the particular experimental design, which allows
for even longer culture durations (>15 days). The geometries
of the HDs attached to the rim of HSs were analyzed and
shown to agree with existing theory. This method is cost
effective, scalable, simple to fabricate without the need for
microfabricated 3D replica molds, enables ESC aggregates to
grow larger (up to 1000 um), and generates chambers that
hold large volumes of fluid (500 uL in each sphere).

Materials and Methods
Culture device design and fabrication

The overall fabrication scheme for generating the HS ge-
ometry is illustrated in Figure 1. The liquid spheres were
created in a cured high-viscosity PDMS solution (Sylgard 184;
Dow Corning, Midland, MI). The specific gravities of the
PDMS monomer and curing agent (in liquid form) are 1.11
and 1.03, respectively, and their viscosities at 24°C are 50 and

1.1em?s7?, respectively. Therefore, distilled water (DW) can
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be used to generate liquid spheres that can be placed beneath
the PDMS air surface without sinking to the bottom. To
fabricate the HSs, a solution containing the PDMS mixture
(10:1 ratio) was poured into a culture dish. A controlled
volume of liquid was then loaded onto the PDMS mixture
using a pipette. A thin PDMS membrane was automatically
created at the top of the immersed liquid drop. The PDMS
was then cured in an oven at 80°C for 1h or at room tem-
perature for 1 day. To make the entrance hole of the HS, the
thin membrane was easily trimmed along its rim by using
sharp-edged tweezers. After the thin membrane was gently
detached, the liquid was removed with a pipette. The size of
the opening and the liquid volume injected into the HS de-
termine the shape of the meniscus when the HS is inverted
(Fig. 2B; Supplemental Figs. S1B, S2A, and S2C, available
online at www.liebertonline.com). For most cell culture
studies, the HS was filled with 500 uL of the cell medium
containing 300 cells. The HSs may be created with volumes
ranging from 0.5 to 500 L. In our experiments, we selected
500 pL for long-term HD methods. A more detailed expla-
nation on methodology is given in the Results and Discussion
section.
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FIG.1. Schematic for the HS soft lithography process for long-term HD culture. (A) Schematic for the HS culturing process.
D, is the diameter of EB corresponding to the n-day culture. (B) Fabrication scheme for generating HS mesostructures. (C)
Design and fabrication of the “MIT” logo filled with DW and different food-coloring dyes. Scale bar is 1 cm. (D) Optimization
of the HS size by using liquid volumes that range from 0.25 to 1.0mL. Scale bar is 1cm. HD, hanging drop; HS, hollow
sphere; EB, embryoid body; DW, distilled water. Color images available online at www liebertonline.com/ten.
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FIG. 2. Evaluation of the effect of gravity on the HD curvature. (A) Schematic of salient parameters for HD formation under
gravity. (B) Photographs of HDs of media under HSs for different added volumes: 0, 25, 50, and 75 pL. Bubble-like reflections
are diffracted images of other empty HSs. No bubbles are present inside fluid-filled HSs. Color images available online at
www.liebertonline.com/ten.
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Measurement of sphericity of HS structure
in the fabricated device

To examine the sphericity of the fabricated HSs, Wadell’s
sphericity formula was employed,

2vab?
Y (sphericity) = , M
()
a2 + b

where a and b are the measured semi-major and semi-minor
axis of the created HSs, respectively.

Characterization pendant drop meniscus

When the HS is filled and inverted, a pendant drop forms
and hangs from the HS entrance. The shape of the pendant
drop’s axis-symmetric meniscus was first studied by Young
and Laplace in 1805.2?* The problem is scaled by the cap-
illary length, I. =+/y/pg, over which gravitational and sur-
face tension forces balance. For DW or sterile cell media,>>?®
vy =72dynes cm”, p=10g em™, and I.=2.7mm; for cell
media with cells,”>* y=39-49dynes cm !, p=1.005¢g
cm 3, and I, =2.0-2.2 mm. The relative importance of gravity
and surface tension is quantified by the (dimensionless) Bond
number

gravitational force  pgri (rd)z

g @

™ surface tension force Y
where r4 is the base radius of the pendant drops (Fig. 2). In
our experiments, By ranged from 0.01 to 1.2. Pendant drop
geometry and, in particular, the relation between the drop
height, volume, and base radius (equal here to the HS en-
trance radius) are well understood,?®®? and efficient com-
putational methods for the relevant differential equations are
available.”® For sufficiently small drop volumes, the menis-
cus shape is approximately a spherical cap with volume V.,
given in terms of the height Iy and base radius r4 via

4
Vap = < ha (Bri+nd). 3)

Long-term HD method using HS structures

The HSs in PDMS were washed with phosphate-buffered
saline (PBS) and filled with 20% fetal bovine serum (FBS)
containing medium until the desired pendant drop curvature
was reached. The degree of curvature is determined by the
volumes of the HS and the injected medium. From each HS,
25 pL medium was removed and then replaced with 25 puL of
an ESC suspension solution. To ensure that the initial cell
counts in both the HD and HS experiments were the same,
the same cell solution was used. The HS device was then
inverted and cultured under the same conditions as the HD
cultures.

Long-term HD method by modifying conventional HDs

When ESCs were cultured and reached the desired density
(3x10? cells per drop) in the flask, they were passaged or
used for an experiment. After aspirating the medium, the
ESCs were washed with PBS and then treated with trypsin
for approximately 3min to detach them from the dish.
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Trypsinization was halted by adding serum-containing me-
dium. The cells were then transferred to a 15 mL falcon tube
and centrifuged at 1000 rpm for 5 min. The solution was then
aspirated, and the cells were resuspended in a solution
containing 20% FBS at the desired cell density. A multi-
channel pipette was used to generate 25 uL. drops on the lid
of an 8.5-cm Petri dish (Beckton-Dickinson, Franklin Lakes,
NJ). The dish was inverted, and 10 mL of PBS was put into
the bottom to minimize evaporation from the HDs. The
dishes were then kept in a humidified incubator at 5% CO,
and 37°C for the duration of the experiment (85-95% relative
humidity). In most cases, the medium in the HDs was re-
filled each day. Therefore, the dishes were removed from the
incubator and the lids were inverted. The medium was
carefully removed from the rim of each droplet by using a
pipette. Fresh medium was then added, and the dishes were
returned to the incubator.

Culture of mouse ESCs and EBs

Mouse ESCs (R1 cell line) and ESCs that express a re-
porter gene for goosecoid (Gsc) were cultured in tissue culture
flasks at 5% CO, and 37°C humidified incubators and pas-
saged every other day. The Gsc gene is an ideal marker for
mesendoderm, where Gsc-positive cells express green fluo-
rescent protein.** The cell culture medium consisted of high
glucose Dulbecco’s modified Eagles medium (Gibco, Carls-
bad, CA) supplemented with 10% (v/v) FBS (Gibco), 100U
mL " penicillin and 100 mg mL " streptomycin (Gibco), 1 mM
L-glutamine (Gibco), 0.1mM p-mercaptoethanol (Sigma,
St. Louis, MO), and 1000 U mL ! of leukemia-inhibitory factor
(Chemicon, Billerica, MA).

Reverse transcriptase—polymerase chain reaction

Total RNA was extracted from EBs harvested from two
different EB culture methods using TRIZOL reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. First-strand cDNA synthesis and PCR amplifi-
cation were performed in a single step using the Super-
Script™ IIT One-step RT-PCR System with Platinum® Taq kit
(Invitrogen) according to the manufacturer’s instructions.
cDNA synthesis was performed with 100ng total RNA and
was allowed to proceed at 53°C for 25 min. After an initial
denaturation step at 94°C, several cycles of PCR were carried
out using a PTC-100TM thermal cycler (M] Research, Wal-
tham, MA) under the following conditions: 15s denaturing
at 95°C, 305 specific primer annealing temperature, and 45s
extension at 68°C. After amplification, PCR products were
loaded on 2% (w/w) agarose gels containing ethidium bro-
mide at a concentration of 0.5 ug-mL’l. Digital images of the
fluorescently labeled amplification products were captured
using the Gel Logic 100 Imaging System with Molecular
Imaging Software (Eastman Kodak Company, Rochester,
NY). For quantification, images were analyzed using Image |
software, and background noise was subtracted from the
intensity values of the individual bands. The expression of
the housekeeping gene GAPDH served as an internal RNA
standard to which the expression levels of the investigated
genes were normalized. Each expression level was deter-
mined as the mean if measurements were obtained from two
reverse transcriptase-polymerase chain reaction (RT-PCR)
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experiments from independent EB cultures. The primers
used for evaluating gene expression profile of ESC differ-
entiation are detailed in Supplemental Table S1 (available
online at www.liebertonline.com).

Immunostaining of cultured EBs

Mouse ESC differentiation (i.e., three germ layer formation)
was confirmed by immunocytochemical staining. For anti-
body staining, EBs were washed twice with 1x PBS and fixed
with 4% paraformaldehyde (Sigma) in 1x PBS at room tem-
perature for 30 min. After incubation, the samples were wa-
shed three times with 1x PBS. Then 0.1% Triton X-100 (Sigma)
in PBS was added to permeabilize cells for intracellular
staining. Finally, 10% (w/v) normal goat serum (Invitrogen) in
PBS was added to block nonspecific antibody binding. The
primary antibodies, anti-brachyury (goat polyclonal) (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-nestin (goat poly-
clonal) (Santa Cruz Biotechnology), and anti-a-fetoprotein
(AFP-specific mouse monoclonal) (R&D Systems, Minneapo-
lis, MN), were added to each sample and then incubated at 4°C
overnight. After washing three times with PBS, the secondary
antibodies were added and incubated in blocking solution at
room temperature for 1 h. The types of secondary antibodies
used were mouse anti-goat IgG-R (for brachyury and nestin)
and goat anti-mouse IgM-R-phycoerythrin conjugates (for
AFP). After washing three times with 1x PBS, the cells were
counter-stained with 4/,6-diamidino-2-phenylindole (DAPI)
(Vecta Shield—Fisher Scientific, Burlingame, CA) for nuclei
staining at room temperature for 1 h.

Fluorescence imaging and data analysis

Phase-contrast and fluorescence images of EBs were taken
every other day under a standard inverted fluorescent mi-
croscope (Nikon, TE2000, Melville, NY) with a 10 x objective.
Others have reported that the central cores of EBs can show
nonspecific stainjng.15 For the purpose of imaging, the HD
dishes were inverted to bring the HDs sufficiently close to
the objective. In the PDMS device, images could be taken
directly, without inversion of the plate. The diameters of EBs
were then measured using Image | software developed at the
National Institute of Health.

Statistical analysis

The Student paired t-test was performed for different EB
samples cultured in conventional HDs and HSs. p-values
<0.05 were considered statistically significant. Values are
reported as the mean =+ standard deviation.

Results and Discussion

The current study has two aims: (i) to develop a new method
for generating 3D HS culture chambers and (ii) to demonstrate
their feasibility for long-term HD cultures (Fig. 1A).

HS soft lithography: Design, fabrication,
and characterization

The HS geometry was characterized, and the resulting HD
methods were analyzed both experimentally and theoreti-
cally and compared with conventional HD methods. To
fabricate a HS, water was injected below the surface of the
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noncured PDMS mixture. When injected into the PDMS
solution, water forms a spherical or elliptical drop within
the solution. In our experiments, water was immiscible in the
PDMS solution and remains stable during the PDMS curing.
However, we found that after the PDMS was cured it could
absorb a small quantity of water and swell. Following in-
jection into the PDMS solution, the liquid sphere floats par-
tially submerged since the density of water is less than that of
PDMS. Initially, a thin viscous lubricating layer of PDMS
solution coats the top of the sphere and slowly drains. De-
pending on the relative speeds of drainage and solidification,
the thin layer may remain intact or develop a hole at the
pinnacle. For HS volumes larger than 600 uL, entrance holes
with diameters larger than 8-9 mm formed due to drainage
(data not shown). The HSs could therefore not support stable
pendant drops when inverted. The HS geometry may be mod-
ified by using a range of liquid volumes to fabricate the
spheres (between 0.5 and 600 pL). In this study, we selected
500 pL to perform long-term HD experiments. The HS ge-
ometry was visualized by filling the HSs with DW contain-
ing food-coloring dye (Fig. 1B) and was quantified by using
either direct visualization (Supplemental Fig. S1A) or, for
volumes less than 2.5 uL, by microscopy (Supplemental Fig.
S1B). For each HS with volume less than 2.5 ul., we observed
an opening (white round area) at the pinnacle of the thin
layer and a thin “white-ring” shape between the center and
the rim (Supplemental Fig. S1B) caused by light diffraction in
the HS under an inverted microscope. Further, stable pen-
dant drops were successfully produced within HSs of vari-
ous volumes.

Our fabrication method enables liquid spheres in PDMS
solution to be arranged in specific patterns, such as the
“MIT” logo (Fig. 1C). In some cases, slow motion of the HSs
was observed during the fabrication. This may be due to
interfacial forces, convection, or the density difference of the
HSs during PDMS solidification. For ESC experiments, we
used 500 pL HSs since they offer reproducible results for HD
methods and large media volumes for nutrient storage (Fig.
1D). The HSs in our device were filled with medium and
then loaded with ESCs at a concentration of 600 cells mL .
The medium volume was approximately 20 times greater
than that of the droplets used in conventional HD methods,
providing enough nutrients for at least 10 days of culture.

A key requirement of HD methods is to be able to generate
a large number of drops per unit area. In our case we used
standard 24-well plates as array containers for the cured
PDMS (10:1 ratio) prepolymer solution. The fabricated HSs
were characterized based on their sphericity and formation
efficiency. The formation efficiency is defined as the ratio of
the number of created HSs to the total number of stable
liquid drops. The sphericities of the fabricated HSs were
0.9965 £+ 0.037 (mean =+ standard deviation) (Supplemental
Fig. S2). For HS volumes greater than 5.0 pL, the HS forma-
tion efficiency was 100%, and all measured sphericities were
at least 0.988 (Supplemental Fig. S2). For HS volumes less
than 5.0 pL, microscopic images were taken and then quan-
tified (Supplemental Fig. S1). Our fabrication method pro-
duced uniformly round HSs with a wide range of volumes.
A summary of the characterization of the HS geometry is
given for various liquid volumes (Supplemental Fig. S2).

The toxicity of PDMS residue may affect long-term (greater
than 1 week) cell culturing in PDMS microstructures.®
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Specifically, the toxicity of PDMS (e.g., Sylgard 184) may be
caused by the base monomer, tetra (trimethylsiloxy) silane,
and the curing agent, tetramethyl tetravinyl cyclotetrasilox-
ane. In our experiments, the toxic effects of the PDMS
monomer residue on cell culture were decreased because the
device was allowed to incubate overnight in an aqueous
solution, washed with 70% ethanol, and then oven dried at
80°C for 1h. After washing twice with DW and removing all
liquids from the HS structures, the device was again thor-
oughly oven dried at 80°C for 6h. Interestingly, we also
found that the volume of the HS structure decreased slightly
after this detoxification process. For instance, the 500 pL
liquid capacity decreased to ~480 to 490 pL (data not shown).
In addition, since the HS is a mesoscale structure, the toxicity
of the surface of the PDMS structure is expected to be mild
and may be mitigated by exposing the HS surface to a liquid
and washing before an experiment.

To demonstrate the application of HSs for HD methods,
we measured the height iy of HDs versus the liquid volumes
added to the HSs. We obtained different shapes and sizes of
stable pendant drops for an HS volume of 500 uL (Fig. 2A).
The listed HS volumes indicate the fluid volumes used to
create the HS. For HSs larger than 100 pL, filling a cured HS
with its listed volume overfilled it, thereby creating a pen-
dant drop on inversion. The size of the HD may be increased
by adding fluid beyond the listed volume to the HS, denoted
by “added volume” (Fig. 2B). For the purposes of our HD
experiments, the drop volume V4 was measured by initially
filling an HS to a level flush with the entrance, and then
measuring the volume V4 added beyond that for the pendant
drop (Fig. 3). Our experiments show that HSs offer great
potential for generating large pendant drops.

Comparison to pendant drop theory

To generalize our observations, we compare our HD
measurements to the established theory of pendant drops,
reviewed above. Numerical simulations of drop height ver-
sus volume for various HS entrance radii are given in Figure
3A for a wider range of parameters than those given previ-
ously.?*® The calculation follows the formulation given by
Rio and Neumann.*® Measurements of the height and vol-
ume of pendant drops hanging from HSs filled with DW and
cell media are included in Figure 3A, and are in general
agreement with the theory. The discrepancy between theory
and experimental results may stem from minor deformation
of the PDMS slab containing the HSs, unsupported for the
purposes of measurements, which slightly increased the HS
volumes and reduced the HD volumes. Various factors limit
the size of pendant drops. Pendant drops are stable only if
the orifices under which they hang have radii less than 3.219
1.%%%% A horizontal circular planar interface separating water
over air is stable if its radius is less than 2.405 1..2°°° These
theoretical findings rationalize our experimental observation
that inverted HSs with entrance radii larger than approxi-
mately 8-9 mm could not support pendant drops. Next, the
drop’s weight must be supported vertically by surface tension
and pressure forces. The maximum pendant drop volume and
height have been tabulated for various parameter ranges.?**’
For drops whose radius is small relative to the capillary
length, an asymptotic formula for the maximum volume has
been given.?' In Figure 3B, pendant drop volumes, including

LEE ET AL.

1.

1.0

B
6.0
unstable
stable
40t . 1
. o
I dﬂ: see ]

0.0 e = i i L
0.0 0.4 0.8 1.2

FIG. 3. Characterization of HD shape from pendant drop
theory. (A) Dependence of pendant drop height h4 on vol-
ume Vy, scaled by the capillary length I, for fixed base ra-
dius rq. Numbers adjacent to solid lines indicate r4/l; for
DW, these correspond to rq=14, 2.5, 3.5, 4.5, and 5.5mm,
increasing left to right, since I.=2.7mm. (- —) Theoretical
maximum drop height of Ref. 29 and (—-) spherical cap
height from Equation (3). Experimental measurements and
error bars shown for (A) DW with rq4=1.4mm, (0) DW, and
(D) cell media for r4=2.5mm. (B) Dependence of pendant
drop shape on volume V4 and base radius rq. (—) Theoretical
maximum drop volume of Ref. 29 below which drops are
stable. (— —) Phase boundary between bulbous (above) and
cap-shaped (below) drops. (——) Hemisphere volume plotted
for comparison. Insets show typical bulbous and cap-shaped
pendant drops hanging below HSs. Experimental measure-
ments for pendant drops below HSs filled with DW shown
for (e) bulbous drops, (0) cap-shaped drops, and (*) drops
with maximum volume for a given base radius. Color images
available online at www .liebertonline.com/ten.
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the maximum realizable, are plotted versus the orifice radius
7q. The theoretical prediction of maximum volume is included
for comparison and agrees well with our measurements.”
The parameter domain is divided into three regions: stable
bulbous drops, stable cap-shaped drops, and a region that
does not result in stable drops. The phase boundary separat-
ing the two drop types is calculated using the formulation for
cap-shaped drops whose meniscus is vertical at the orifice
(i.e., the entrance to the HS).2® The volume of a hemispherical
drop, ang /3, is plotted for comparison.

Long-term HD formation

To demonstrate the advantages of the HS approach as a
culturing method, EBs were cultured in a HS system and
directly compared with the conventional HD method. The
HS device consisted of 500 uL HSs with 25pL drops sus-
pended below (Supplemental Fig. S3). In both the conven-
tional HD and the new HS methods, EBs were formed by the
gravity-induced settling of cells to the meniscus. After ap-
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proximately 4 days of incubator culturing, the EBs in the
HDs that were not renourished daily began to lose their in-
tegrity by decreasing in diameter and disintegrating (data
not shown), and broke into several small satellite aggregates
after 5 days of culture. This loss of integrity was probably
due to the depletion of the medium ingredients and the ac-
cumulation of metabolic substances. Even with periodic
medium replenishment, the size of EBs was limited in con-
ventional HD methods. In contrast, the EBs in the HS
method continued to grow, indicating that the large reservoir
of media contained in the HSs provided more nutrients
during EB formation (Fig. 4A). When the initial number of
ESCs seeded was increased, the initial diameter of the EBs
increased as well as the frequency of multiple EBs forming in
one drop (data not shown). The proposed HS device
achieved substantially higher EB sizes compared with the
conventional HDs with daily renourishment. The EBs grown
in the HS reached approximately 1000 pm in diameter within
10 days of culture (Fig. 4A). The HS method does not require
the addition of PBS if the relative humidity of the culture
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TABLE 1. CHARACTERISTICS OF VARIOUS EMBRYOID BODY-FORMATION TECHNIQUES IN A HANGING DrROP FORM
HD  HD Single EB
capacity period Gravity Throughput formation Potential pros/cons
Contents (uL)  (days)  (g) (N) (%)° for long-term HD method References
Liquid/gas phase®
Traditional HDs 20-50 2 1 24-96 60-71 Pros: user-friendly, media-refillable; 39, 40, 12
(mouse) cons: limited liquid volume
Multiwell chip 10 2-3 1 96 98+3 Pros: rapid, uniform EB formation; 40
(mouse) cons: limited liquid volume
PDMS hollow ~500 10 1 24-96 98.9+1.7 Pros: long-term HD (gas interface); =~ Present work
sphere (HS) (mouse) cons: imaging difficulties
(3D geometry)
Liquid/solid
phase
Polypropylene 1000 5 1 24 993£17 Pros: large media volume; cons: 39
conical tube (CT) (mouse) limited use of CT
Centrifugal 100 10-12 478 96  95.8+1.6 Pros: long-term HD (solid interface); 41
precipitation wells (human)  cons: unknown effect by centrifuge
Polyvinyl carbonate 200 4 1 96 94 (mouse) Pros: simple EB formation; cons: 42

PCR plate

limited use of PCR plate

“The liquid/gas phase indicates the state of the interface near the ESC aggregates.
*Single EB formation denotes frequency of drops with one EB formation (Figure 4B).
HD, hanging drop; EB, embryoid body; PDMS, poly(dimethylsiloxane); PCR, polymerase chain reaction.

environment is adequate. If the relative humidity is not
sufficient, PBS may be added to mitigate the effects of
unwanted evaporation. In our experiments, a small amount
of PBS was added to the HSs once to maintain HDs for more
than 10 days. For comparison, in the same culture environ-
ment, our conventional HDs required 20 pL. of media to be
added every other day to endure a 15-day EB culture (Sup-
plemental Figs. S3 and S4). The HS method avoids cumber-
some replenishment and still yields a higher harvesting
efficiency for EB cultures, defined as the ratio of the number
of harvested EBs to the number of initially formed single EBs
in each drop (Fig. 4B). The EB harvesting efficiency was
measured as 68.13% (HD-EB) and 99.58% (HS-EB) for 5 days
of culture and as 63.13% (HD-EB) and 98.75% (HS-EB) for 10
days of culture (Fig. 4C).

To analyze the multilineage differentiation of EBs in both
HS and conventional HD cultures, we used RT-PCR and
immunocytochemical staining. The RT-PCR data indicated
that HS cultures expressed the markers associated with all
three germ layers (Fig. 5A). This was also confirmed by
immunocytochemical staining images (Fig. 5B). Note that
since Gsc-EBs were used for the experiments, the images of
green fluorescent protein indicate EB differentiation into
mesendoderm tissue. The RT-PCR results show that EBs
expressed markers for all three germ layers: AFP (endo-
derm), brachyury (mesoderm), and hes1 (ectoderm). To ob-
serve endoderm differentiation at the molecular level, we

measured the presence of AFP, an endoderm marker that can
be useful for late endodermal differentiation and early he-
patic expression. During EB formation, yolk sac-like struc-
tures increase the gene expression level for AFP, causing it
to be strongly expressed.36 In addition, we measured the
presence of brachyury that is related to the transcription of
genes for mesoderm differentiation. A higher expression of
brachyury was observed for the EBs cultured in the HSs than
for those in the conventional HDs. This supports the hy-
pothesis that mesodermal phenotypes can be varied as the
size of the EBs increases. Also, we measured the level of
expression of hes1, which is related to early neural differen-
tiation. A slightly higher expression of hes1 was observed for
the EBs cultured in the HSs compared with EBs in the con-
ventional HDs.

Table 1 outlines the EB formation technique in a HD form.
Typical HD methods often require media replenishment after
2-3 days of culture. To avoid frequent media replenishment,
the EBs may be grown in suspension cultures. Although
suspension cultures are highly scalable, nonoptimal condi-
tions may expose EBs to shear stresses and may result in EB
fusing.'® One alternative not involving HDs is the microwell
system, which provides good control of EB formation in a
scalable manner. The EBs can be maintained in microwells
for at least 2 weeks. However, this method suffers from
unwanted cell attachment to the surface of the microwell
platform,' especially in longer experiments.*” Culturing EBs

FIG. 5. RT-PCR analysis and immunocytochemical staining images of germ layer markers for 10-day EBs. (A) RT-PCR
results for Brachyury (mesoderm), AFP (endoderm), and HesI (ectoderm) for 10-day EB. (B) Quantification of the relative
expression levels of each gene was made based on measurements of area and intensity, followed by normalization with
subtracted background (min-max). RT-PCR experiments were repeated three times. p-values (**) are <0.02, and p-value (*) is
0.0260. All p-values were statistically significant. (C) Immunocytochemical staining results for DAPI (blue), green fluorescent
protein (green), and rhodamine (red). DAPI imaging: exposure time 50ms, gain 1; green fluorescent protein imaging:
exposure time 1000 ms, gain 8; PE and rhodamine imaging: exposure time 1000 ms, gain 8. RT-PCR, Reverse transcriptase—
polymerase chain reaction. Color images available online at www.liebertonline.com/ten.
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on liquid-gas interfaces eliminates the attachment problems
and allows for free exchange with the gas phase in which the
composition may be adjusted to control the EB environment.
The EB formation efficiency in the HS platform is comparable
to those of HD methods. It is also possible, though not tested
experimentally in this study, to fill individual HSs with dif-
ferent substances to test their influence on EB differentiation
and development on a single platform. Depending on the
number of cells in each HS, the frequency of drops contain-
ing one EB is greater than 90%. As the initial cell density
increases, so does the tendency to form more than one EB
(Fig. 4B). This indicates that the formation efficiency is de-
pendent on the number of cells in each HS. The HS device
enables the medium to be replenished for long-duration (e.g.,
more than 10 days) methods in a HD format. To maintain
long-term cultures, renourishment may be required if evap-
oration occurs, though this may be mitigated using an en-
vironmental chamber.*®

In summary, we have introduced a new approach for cre-
ating 3D spherical structures by using HS soft lithography and
have outlined a particular biological application, the long-
term HD method for basic stem cell research. A large volume
HS device enables long-term culture of EBs under persistent
conditions and is ideally suited for studies requiring sustained
and efficient EB formation and maintenance. The HD method
is one of the many applications of the HS fabrication method,
which readily allows various sizes and configurations of 3D
spherical culture geometries to be generated in a controlled
manner. The method is potentially beneficial for producing
3D spherical geometries for cell culture environments and
may be applied, for example, to fabricate tissue culture scaf-
folds requiring 3D spherical geometries.

Conclusions

In this study, we present a method to generate HSs of
different sizes and configurations and use these to suspend
large volumes of medium against gravity, thereby enabling
long-term HD methods. The HS geometries are analyzed and
in agreement with existing theory. The abundant nutrient
supply contained in the medium enables sustained, high
radial expansion of EBs for 10 days or more. The HS ap-
proach is simple to fabricate, cost effective, and scalable.
Therefore, this approach is potentially beneficial for studying
stem cell differentiation and developmental processes by
overcoming several limitations of conventional HD methods.
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