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ABSTRACT: Three-dimensional (3D) multicellular sphe-
roids (MCSs) mimic the structure and function of real tissue
much better than the conventional 2D cell monolayers,
however, their application was severely hindered by difficulties
in their generation. An ideal method for MCS fabrication
should produce spheroids with narrow size distribution and
allow for control over their size. The method should also be
simple, cheap, and scalable. Here, we use patterned non-
adhesive poly(2-hydroxyethyl methacrylate) hydrogel films to
guide the self-assembly of cells. The films were fabricated
directly in the wells of cell culture plates. They were patterned
spontaneously by swelling in water, without the use of any template or specialized facilities. When cell suspension is added, the
cells settle down by gravity to the bottom. Because of the presence of the wrinkling pattern composed of uniformed microcaves,
the cells accumulate to the center of the microcaves and gradually self-assemble into MCSs. Using this method, monodisperse
MCSs were generated. The size of the spheroids can be facilely controlled by the number of cells seeded. The method is
compatible with the conventional monolayer cell culture method. Thousands of spheroids can be generated in a single well. We
expect this method will pave the way for the application of MCSs in various biomedical areas.

■ INTRODUCTION

The majority of human cells live in a 3D environment
surrounded by other cells and ECM (extracellular matrix) and
the cell−cell and cell−ECM interactions play a significant role
in modulating their differentiation, proliferation, and migration.
When cultured in vitro as 2D cell monolayers, however, these
interactions are largely lost. Therefore, tissue-specific properties
are often lost.1 In contrast, complex in vivo cell phenotypes can
be preserved in 3D multicellular spheroids (MCSs) due to the
improved cell−cell and cell−matrix interactions in these
models.2,3 Because MCS can model the in vivo environment
more accurately, they found many important applications in
biomedical researches, including drug screening4−6 and tumor
studies.1,7,8 In addition, they hold great promise to be used as
building blocks in organ printing for the construction of hybrid
artificial organs.9,10 Unfortunately the application of MCSs was
severely hindered by difficulties in their generation.1,10−12

Up to now, a lot of techniques have been developed to
generate MCSs.1 For many of their applications, it is important
that the MCSs generated are uniform in shape and size.10,13,14

Previous studies show that spheroid size of embryonic stem cell
is an important parameter in their differentiation.15 Control of
spheroid size is also extremely important from the viewpoint of
their central necrosis.16 Some methods,11,17−21 for example, the
nonadhesive substratum method,11,17 or the method using an
intercellular linker,20,21 afford little control over the size and

homogeneity of the MCSs, despite that they show advantages
such as simple to perform and ease to scale up. In contrast,
control of spheroid size is easy for the hanging drop method;
however, it is cumbersome for massive production.1

To control the spheroid size, many authors used micro-
structures to guide the multicellular self-assembly.22 As an
example, Kotov et al.23,24 fabricated hydrogel scaffolds with
inverted colloidal crystal structure in which HepG2 spheroids
with a narrow size distribution were successfully generated. A
more widely exploited microstructure is microwell, which is
fabricated using microfabrication techniques, such as micro-
molding,25 soft lithography,26,27 and contact-lithographic
process.28 Using this method, MCSs with well-controlled size,
cell composition, and geometry were generated from various
types of cells, including hepatocyte,29,30 human embryonic stem
cells (hESCs),31 HepG2,25,27,32 embryonic stem (ES)
cells,15,26,33−35 human umbilical vein endothelial cells (HU-
VECs),36 pancreatic islet cells,28,37 human and murine
pluripotent stem cells,38 etc. Although this method is extremely
powerful,1 it still suffers from some limits. For example, the
microstructures were usually fabricated using a template (mask
or mold), and the fabrication of the template is complicated
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and often requires specialized facilities (inexpensive masks for
microwell construction emerged recently).25,26,33 Fitting the
microstructures with commercially available cell culture plates
also represents a problem.
Here, we propose a new method for the fabrication of

microstructures for MCS generation. Most of the micro-
structures used for MCS generation are patterned hydrogel
films of cell-nonadhesive inert materials such as agarose36,38 or
polyethylene glycol.26,28 Here, instead of using template and
microfabrication technique, patterned hydrogel films were
obtained by the swelling-induced wrinkling of the film. Pattern
formation has long been observed when a substrate-attached
hydrogel film swells in water.39 Because the film is mechanically
confined by the substrate, it can only expand along the
direction normal to the substrate. The anisotropic swelling
generates in-plane compressive stress within the gel. When the
stress is sufficiently large, the free surface of the gel will locally
buckle and fold against itself to form various wrinkling
patterns.40(Scheme 1A) Swelling-induced wrinkling patterns

have been observed from various hydrogels,39−47 including
polyacrylamide39,41 and poly(N-isopropylacrylamide).42−44 Par-
ticularly, M. Guvendiren et al.45,46 synthesized poly(2-
hydroxyethyl methacrylate) (PHEMA) hydrogels with gradient
cross-linking density. Swelling of the films in water produces a
wide range of surface patterns, including random, lamellar,
peanut, and hexagonal structures. Here, we demonstrate that
the in situ-formed wrinkling patterns can be used to guide the
aggregation of cells. MCSs with narrow size distribution were
generated. It is noteworthy the new method developed here
does not require any template or specialized facilities for the
patterning of the hydrogel films. In addition the microstructures
were developed in situ in the wells of commercial cell culture
plates. It is noteworthy that wrinkling patterns have previously
been used to control cell spreading,48 align myoblasts,49 and
control the differentiation of stem cells.50

■ EXPERIMENTAL SECTION
Materials. 2-Hydroxyethyl methacrylate (HEMA) was purchased

from Alfa Aesar. Ethylene glycol dimethacrylate (EGDMA), Darocur
1173 (2-hydroxy-2-methyl-1-phenyl-1-propanone), and 3-
(trimethoxysilyl)propyl methacrylate were purchased from Aldrich.
Linear poly(2-hydroxyethyl methacrylate) (PHEMA, average Mv ∼

300000) was purchased from Heowns. HEMA was distilled under
reduced pressure. Other reagents were used as received.

Hydrogel Film Fabrication. PHEMA hydrogel films with gradient
cross-linking density were fabricated according to M. Guvendiren et
al.45 When using glass slides as substrate, they were first cleaned by
soaking in boiling piranha solution (3:7 v/v H2O2−H2SO4 mixture)
(Caution: this solution is extremely corrosive!) for 4 h, rinsed thoroughly
with deionized (DI) water, and dried. Vinyl groups were introduced by
immersing the slides in a 1.0 wt % ethanolic solution of 3-
(trimethoxysilyl)propyl methacrylate for 12 h, followed by washing
with 95% ethanol and blow-drying.51 To prepare precursor solution
for the hydrogel film, 2.0 mL of HEMA and 60 μL of Darocur 1173
were added to a 10 mL beaker and mixed. The mixture was irradiated
with a 6W UV lamp for 190s to obtain a viscous, partially polymerized
solution. Then additional Darocur 1173 (40 μL) and cross-linker
EGDMA were added to form the photocurable precursor solution.
The precursor solution was coated onto the glass slides and irradiated
with a 500W UV lamp for 4 min to obtain the PHEMA films. To
modify 12-well cell culture plates, the precursor solution was added to
the wells. Then, the solution was cured in the same way.

Swelling-Induced Wrinkling Pattern. DI water was applied onto
the surface of the PHEMA films. Fully developed swelling-induced
wrinkling patterns were obtained in ∼1 h.

Cell Culture Plates Modified with Flat PHEMA Layer. To each
well of a 12-well cell culture plate, 1.0 mL of 0.5 wt %
PHEMA(average Mv ∼ 300 000) solution in 95% ethanol was
added. The solution was allowed to air-dry at 37 °C, leaving a flat layer
of hydrophilic, nonadhesive PHEMA on the bottom.11

Multicellular Spheroid Generation. The modified cell culture
plates were sterilized under UV light and washed with PBS twice. NIH
3T3 cells grown as a monolayer were detached with trypsin-EDTA to
generate single-cell suspension. The cell suspension was diluted to
various concentrations with culture media, which contains 90%
Dulbecco’s modified Eagle medium (DMEM, Gibco), 10% heat-
inactivated fetal calf serum, and 100 units/mL of penicillin/
streptomycin. To each well of the cell culture plate, 3.0 mL of cell
suspension was added. The cultures were maintained statically in an
incubator at 37 °C with a humidified atmosphere of 5% CO2.

Real-Time Monitoring of Spheroid Formation. Spheroid
formation was monitored using a Zeiss Observer Z1 live imaging
unit. During the imaging the cultures were maintained at 37 °C with a
humidified atmosphere of 5% CO2.

Cell Morphology. The cells (both 3D multicellular spheroids and
2D cell monolayers) were washed thoroughly with PBS. They were
fixed in 4% paraformaldehyde at 37 °C for 20 min and washed with
PBS. They were then permeabilized in 0.1% Triton X-100 for 5 min
and washed again with PBS. The samples were then treated with 1%
bovine serum albumin at 37 °C for 30 min. Finally, they were
incubated in PBS containing 5 μg/mL isothiocyanate (FITC)-
phalloidin and 0.2 mg/mL 4′,6-diamidino-2-phenylindole (DAPI)
for 20 min. The samples were washed with PBS and imaged using a
confocal microscope (Leica TSC SP8).

Cell Viability. To assess the viability of the cells, after cultured for a
predetermined time, 3 drops of solution containing 50 μg/mL acridine
orange (AO) and 50 μg/mL ethidium bromide (EB) were added.
After incubated for 1 h, the samples were observed in situ using an
inverted fluorescence microscope (Olympus LX70-140). The stained
spheroids were also separated from the media by centrifugation,
redispersed in PBS, and observed with a confocal microscope.

Statistical Analysis. Data was shown as the mean and standard
deviation (sd). Statistical analysis was performed with an unpaired
student’s t test and p < 0.05 was considered as significant.

■ RESULT AND DISCUSSION

Fabrication Patterned Hydrogel Films. In this work, we
used swelling-induced wrinkling patterns to guide the
generation of MCSs (Scheme 1). Unlike other patterning
methods, swelling-induced wrinkling patterns form sponta-
neously on the surface of hydrogel films. As shown in Scheme

Scheme 1. (A) Swelling-Induced Wrinkling of a Hydrogel
Film: (1) Anisotropic Swelling of a Substrate-Attached
Hydrogel Film Results in Equibiaxial Compressive Stress
within the Film; (2) The Film Surface Buckles When the
Stress Is above a Critical Threshold.39 (B) Generation of
Multicellular Spheroids Guided by the Wrinkling Patterns
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1A, because the hydrogel films are fixed on a rigid substrate,
when swelling in water, the films can only expand along the
direction normal to the substrate. The unidirectional swelling
generates a biaxial compressive stress within the gel. When the
stress is sufficiently large, the free gel surface locally buckles and
folds against itself to form various wrinkling patterns.41

PHEMA hydrogel films were chosen because PHEMA was
previously used as nonadhesive substratum to generate
MCSs.11,17 We adopted a method originally developed by
Guvendiren et al.45 to fabricate the patterned hydrogel film.
First, the precursor solution composed of partially polymerized
HEMA, photoinitiator (Darocur 1173), and cross-linker
(EGDMA) was coated onto vinyl-modified glass slides and
exposed to UV light to form a cross-linked film. As the
photopolymerization were carried out when the solution is
open to air, the resulting film have a lower cross-linking density
at the top surface, which gradually increases with film depth,
and levels off after reaching the critical depth for oxygen
diffusion.45 We synthesized a series of PHEMA films with
different thicknesses and cross-linker concentrations. When
swelling in water, various wrinkling patterns, including peanut-
like and hexagonal patterns, form spontaneously on the film
surfaces. (Figure 1) Peanut-shaped patterns were formed on

films with smaller thickness and lower cross-linker concen-
tration. With increasing thickness and/or cross-linker concen-
tration, the patterns become hexagonal. These observations are
generally in agreement with that of Guvendiren et al.,45 except
that Guvendiren et al. reported that films with cross-linker
concentration ≥4.0 wt % do not form wrinkling patterns, while
we observed wrinkling patterns from films with a cross-linker
concentration as high as 7.0 wt %. The divergence may
originate from the different experiment conditions. Despite of
the small divergence, our results confirm that the method
developed by Guvendiren et al. is rather robust.
Next, we fabricated the PHEMA films directly in the wells of

12-well cell culture plates. To enhance the interaction between
the substrate and the hydrogel film, the plate surface was first
treated with concentrated H2SO4 to make it hydrophilic. Again,
swelling of the PHEMA films results in wrinkling patterns on
the film surfaces (Figure 2). Similarly, depending on the
thickness and/or cross-linker concentration of the film, peanut-
shaped or hexagonal patterns will be obtained. However, in
order to obtain hexagonal pattern which is desirable for MCS
generation, the film should have a slightly higher cross-linker
concentration compared with the case in which vinyl-modified

glass was used as substrate, possibly because of the different
constraint of the hydrogel film from the substrates. As shown in
Figure 2, hexagonal patterns with almost the same size were
obtained on the films with a cross-linker concentration of 7.0
wt %. These films were chosen for the following studies.

Multicellular Spheroid Generation Guided by Wrin-
kling Pattern. To study if the wrinkling pattern can guide the
generation of MCSs, suspensions of NIH3T3 murine
embryonic fibroblasts were added to the wells whose bottom
were modified with the patterned PHEMA hydrogel films. The
behaviors of the cells were observed in situ. At the beginning,
the cells distributed homogeneously in the suspension. Shortly
after its addition to the well, the cells settle toward the bottom
under the influence of gravity. Because of the presence of
wrinkling pattern, they gradually aggregate in the center of the
microcaves. This process is relatively fast. As shown in Figure
3A, most of the cells aggregate in the center of the microcaves
in ∼10 min.
It is noteworthy that the cells still exist as single cells at this

stage; however, continued in situ observation reveals that
Figure 1. Wrinkling patterns developed on PHEMA films with various
thicknesses and EDGMA contents. The films were fabricated on glass
slides.

Figure 2. Wrinkling patterns developed on PHEMA films with various
thicknesses and EDGMA contents. The films were fabricated on the
bottom of the wells of 12-well cell culture plates.

Figure 3. In situ observation of the aggregation of the cells on the
patterned surface of PHEMA hydrogel film. The cells were maintained
at 37 °C with a humidified atmosphere of 5% CO2. (A) Over the initial
10 min period. (B) Over the initial 6 h period.
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connections were built up gradually among the cells during the
following culture (Figure 3B). The average projected area of
the aggregates becomes smaller with time. In addition, the
boundary between cells becomes blurred. These observations
suggest that the cell aggregates become more compact with
time. The formation of tight cell aggreagtes is attributed to the
relatively weak cell−substrate interaction. As many previous
studies pointed out, relatively weak cell−substrate interaction
facilitates the formation of multicellular aggregates.18,23,27,28 As
mentioned above, PHEMA hydrogel is nonadhesive for
cells.11,17 Indeed the cells remain to be round in shape during
the aggreagtion process, suggesting they did not attach to the
gel surface because of the weak interation between PHEMA gel
and the cells. According to previous studies, when the cells
contact with other, they secret autocrine factors to extracellular

matrix which facilitate their aggregation.1 This process requires
a sufficient long time.14

One advantage of the use of the wrinkling patterned hydrogel
surface is that this surface is capable to produce uniform MCSs.
Because PHEMA is nonadhesive, NIH 3T3 cells seeded on flat
PHEMA surface also aggregate into MCSs.11,17 Figure 4A
compares the MCSs produced on flat PHEMA surface and the
PHEMA surface with wrinkling patterns. MCSs generate on
both surfaces and a longer culture produces tighter MCSs. On a
flat surface, the cells aggregate randomly. In addition, the
spheroids may move on the flat surface and fuse with
neighboring spheroids to afford larger ones. Therefore, the
MCSs generated on flat surface exhibit a very wide size
distribution, ranging from 70 to 310 μm for those obtained
after 48 h culture (Figure 4B). In contrast, the size of MCSs

Figure 4. (A) Optial images of the multicellular spheroids generated on patterned or flat PHEMA surfaces after 24 h or 48 h culture. (B) Size
distribution of the spheroids generated on patterned or flat surfaces by 48 h culture.
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generated on the patterned surface under the same conditions
varies only from 80 to 120 μm, exhibiting a much narrower
distribution. The reason lies that the number of cells
accumulated in each microcave is almost the same. In addition,
under gravity the spheroids will remain at the bottom of the
caves and therefore will not fuse with other spheroids.
One can control the size of the MCSs facilely by changing

the number of cells seeded in the well.13 Figure 5A compares

the morphology of MCSs generated on the patterned surface at
different seeding densities. In all cases, the MCSs generated
after 48 h culture is smaller and tighter than the ones generated
after 24 h culture. For the MCSs obtained after 24 h culture,
the cell boundary is still detectable, but the boundary becomes
barely detectable after 48 h culture. More importantly the size
of the MCSs increases with increasing seeding density (Figure
5B). It is understandable that the average number of cells
accumulated in each microcaves will increase with increasing
seeding density, and more cells will fuse into a larger spheroids.
Although the size of the MCSs becomes larger with increasing
seeding density, the size distribution remains narrow, as shown
in Figure 5C.

Characterization of Multicellular Spheroids. To study
the cell morphology, the cell nuclei were stained blue with
DAPI, while F-actin in the cellular cytoskeleton was stained
green with FITC-phalloidin. The spheroids were then
visualized using confocal microscope. For comparison, the
cells cultured as 2D monolayer was also immunohistochemi-
cally stained and examined. As shown in Figure 6, the cells in

2D monolayer show a spread-out morphology with an
elongated cytoplasm. The cytoskeleton distribution is spread
throughout the cytoplasmas stress fibers, which is required for
the cells to adhere to the substrate. In contrast, cells in the 3D
spheroids display a rounded, clustered morphology. The actin
filaments were located around the edges of cells with a cortical
distribution, which is typical for 3D cell morphology.4,14,52

To assess the viability of the cells in the spheroids, the
spheroids were double stained with acridine orange (AO) and
ethidium bromide (EB). In this way, live cells were stained
green while dead ones red. The stained samples were first
observed using a fluorescence microscope. As shown in Figure
7A, almost all cells are green, indicating high viability of the

cells. The samples were also examined with a confocal
microscope. Again almost all cells are stained green, confirming
their viability. Figure 7B shows the image of a spheroid
obtained after 24 h culture. The individual cells are easy to be
identified. After 48 h culture, however, individual cells are no
longer recognizable (Figure 7C). Similar gradual formation of
tight spheroids was reported previously.23

The viability of the cells in the MCSs is also demonstrated by
their ability to attach and respread on the 2D surface of normal
cell culture plates.23,53 For this purpose, the MCSs were

Figure 5. (A) Optical images of the multicellular spheroids generated
on patterned PHEMA surfaces. The cell density in the seeded cell
suspensions and culture time were marked. (B) Size of the spheroids
as a function of the cell density in the seeded cell suspensions. Culture
time: 48 h. * indicates statistical significance at the 0.05 level. (C) Size
distribution of the multicellular spheroids.

Figure 6. Confocal images of immunohistochemically stained
NIH3T3 2D monolayers and 3D multicellular spheroids. Cell nuclei
and F-actin were stained blue and green, respectively.

Figure 7. Representative fluorescence microscope image (A) and
confocal microscopeimage (B and C) of the multicellular spheroids.
Live cells were stained green with acridine orange, while dead cells
were stained red with ethidium bromide.
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pipetted out. After centrifugation, the culture media was
changed with fresh ones. Then, the MCSs were transferred to a
normal cell culture plate. As shown in Figure 8, the structure of

the spheroids remained intact. After being cultured for 6 h,
however, the cells at the periphery gradually spread on the
substrate. The spheroids were fully disassembled after a 24 h
culture. Note the cells in the spheroids exhibit a round
morphology; however, they present an irregular shape with
protrusions when attached and spread on the substrate. These
results indicate that the cells in the spheroids, even those reside
in the inner part of the spheroids, are alive. In addition, they
retain the capability to migrate.23

■ CONCLUSIONS
In conclusion, we showed that the PHEMA hydrogel film with
swelling-induced wrinkling surface patterns can be used for
MCS generation. The resulting spheroids have a uniform size,
and the spheroid size can be facilely controlled by the number
of cells seeded in the well. The cells in the spheroids remain a
high viability.
Similar to other microwell approaches, this scaffold-free

method avoids unwanted interference from the synthetic or
natural components in the scaffold. It allows for simple harvest
of the generated spheroids. Unlike the previously reported
approaches, here, the patterns were generated spontaneously
without the use of any template or specialized facilities. The
patterned hydrogel films were fabricated in situ in the wells of
commercial cell culture plates. More importantly, the new
method allows for massive production of MCSs. For the 12
well plate used in the work, the diameter of the wells is 22.1
mm, while the diameter of the microcaves is ∼300 μm. The
number of the microcaves in each well is estimated to be
∼5000. Therefore, one operation will produce ∼5000 MCSs in
each well, or ∼60 000 MCSs in each plate. It is expected that
these MCSs will be used in cell biology and drug screening and
help reduce the use of animals in research.
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