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a b s t r a c t

We have developed a polydimethylsiloxane (PDMS) pattern with arrays of microwells for the formation
of multicellular aggregates by C17.2 neural stem cells. Upon interfacing with the patterns, the neural
stem cells would firstly attach to the microwell sidewalls, forming cellular strips on day 1 after plating.
For channel connected microwells, cellular strips on the concave semi-cylindrical sidewall surfaces
continued among wells and through channels, followed by strip peeling due to prestress arising from
actin filaments and assembly of suspending cellular aggregates within the microwells in the following 1
e2 days. Our results also suggested that a small microwell diameter of 80 and 100 mm and a narrow
channel width of 20 mm would facilitate the aggregate formation among the structural dimensions
tested. Finite element method (FEM) simulation revealed that cellular strips on the semi-cylindrical
sidewall surfaces peeled under significantly smaller prestresses (critical peeling prestress, CPP), than
cells on flat substrates. However, the CPP by itself failed to fully account for the difference in aggregate
inducing capability among the patterns addressed, suggesting cell growth behaviors might play a role.
This study thus justified the current patterning method as a unique and practical approach for estab-
lishing 3D neural stem cell-based assay platforms.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Three-dimensional (3D) cell culture is superior to regular two-
dimensional (2D) culture for both basic biological researches and
cell-based drug discovery [1], due to the fact that 3D cultures can
provide a physiologically more relevant microenvironment and
cells therein can more closely recapitulate the in vivo functionality
and responses [2]. To establish a 3D culture microenvironment,
diversified methods are now available where efforts have been
focused on the creation of in vitro prototype tissues to achieve 3D
cellecell interactions. Multicellular aggregates are a representative
example of the in vitro prototype tissues underlying most 3D cul-
ture approaches and have found a broad range of applications in
stem cell biology [3,4], tissue engineering or regenerative medicine
[5], experimental oncology [6e8] and other fields. For neural cell-
based assays and drug discovery, multicellular neural spheroids
.

have been considered a useful bridge to and even in vivo surrogates
of animal models [9]. However, successful realization of the po-
tential advantages of cellular aggregates depends, to a large extent,
on the development of practical cultivation platforms that are cost
effective, compatible with current cell-based assay modalities and
easy to control the formation and growth of aggregates under
regular culture and medium handling conditions.

Although the culture of cellular aggregates have been well
developed for biological research and tissue engineering purposes,
translation of the aggregates and scaling down to meet the re-
quirements of cell-based assays are actually challenging. For
example, with the traditional hanging drops method [10] or the
rotating-wall vessel bioreactors [11], a large number of aggregates
can be achieved for most cell types within days of culture with
possibly core necrosis or apoptosis associated with oversized ag-
gregates, in addition to non-uniform population expansion and
joining among spheroids [6,11,12]. Translation of the aggregates is
usually time and reagent consuming, and results in inevitable cell
loss. As a result, changes in the number of aggregates available on
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the assay platform and non-uniform aggregate sizes and structures
may compromise the accuracy of the screening process and
complicate the results interpretation.

A possible solution for the cell or aggregate loss and spheroid
size non-uniformity in cell-based assays would be the culture of
aggregates on porous scaffolds or topographically patterned sub-
strates, where aggregate size distribution will be determined
mainly by the pore geometry of the scaffolds or substrates. Also, the
strong interaction between aggregates and the scaffolds or sub-
strates will provide mechanical support [13] for the spheroids to
withstand forces of medium handling and thus prevent cell loss
during the culture and assay processes. However, contrary to this
reasoning, the interaction of tumor cell aggregates or stem cell
spheroids with artificial substrates and scaffolds usually resulted in
phenotypic changes as exemplified by loss of tumor malignancy
[8,12] and uncontrolled stem cell differentiation [5]. For embryonic
stem cells, such undesired differentiation has been well contained
by a feeder layer or suspending culture [3,4,10,14]. For assays with
neural stem cell spheroids, a compromise between mechanical
support by substrates and undesired differentiation induced by
cell-substrate interaction, however, remains a challenge.

Microwell arrays are a prospective powerful cell-based assay
platform that is cost effective and compatible with the current
fluorescence based screening devices. Early studies in this subfield
have taken the advantages of this patterned substrate for trapping
and accommodating single isolated cells for high throughput
screening [15]. In recent years, microwell arrays have been adopted
for the culture of cellular aggregates, with the expectation of good
maneuverability and excellent control over the spheroid size and
structure with the microwell geometries [14,16,17]. However, in
most circumstances the formation of these aggregates relied
mainly on natural sedimentation or accumulation of cells onto the
well bottoms [14,16]. In case of cells with strong substrate attach-
ment, de-adhesion agents have been added to reduce substrate
adhesion and enable cell sedimentation and aggregate formation
[17,18]. The major problems pertaining to the sedimentation based
aggregate formation are the restriction on mass diffusion as
exemplified by inefficiency in nutrient access, waste removal and
fluorescence staining, due to failure in establishing aggregate sus-
pension. Li et al. [6] have recently developed a macrowell (in mil-
limeters) based tumor multicellular spheroid culture system,
where aggregates were prevented from settling down onto thewell
bottom by embedding into a hydrogel contained in the wells.
However, gel based culture approaches may even compound the
diffusion restriction or fluorescence staining inefficiency [19].

It has been reported in recent years that when cells were
cultured on a concave grooved surface, the cell bodies might peel
from the substrate and form a bridge-like suspension with the
proceeding of culture [20e22]. We suppose this was caused by cell
contraction in connection with the myosin-driven actin filaments
retrograde flow [23], and the redistribution of adhesion complexes
[24]. Inspired by this cell behavior and our previous works with
microwell patterns [25,26], we have tried to improve our microwell
culture platform to establish a 3D multicellular neural spheroid
culture approach with patterns of microwell arrays. We reasoned
that, by introduction of channel connection tomicrowell patterns, a
microwell would be divided into two semi-cylindrical concave
surfaces, geometrically resembling those concave grooved culture
substrates. When neural stem cells were cultured with these
channel connected microwells and attached on the sidewalls, the
adherent cells would eventually peel with the proceeding of culture
and then assemble into suspending aggregates supported by teth-
ering to the pattern. This is a complete self-assembly process
enabling cellular aggregate formation by substrate anchoring
neural stem cells, and is potentially a good way for formation of
“well” controlled suspending cellular aggregates with mechanical
support even by other cell types characterized by anchorage
dependent growth.

Based on the above hypothesis, we have fabricated a poly-
dimethylsiloxane (PDMS) microwell pattern either with or without
channel connection, using UV lithography, chemical wet etching
and replica molding based soft lithography. C17.2 neural stem cells
were interfaced with the microwell pattern for evaluating the
aggregate formation capability of the patterned substrates.
C17.2 cells were a typical anchorage dependent growth neural stem
cell line and have not been reported to form neural spheroids
spontaneously under regular 2D culture conditions [27]. We used
time-lapse phase contrast microscopy, laser scanning confocal
microscopy and scanning electron microscopy to monitor the
process of neural spheroids formation on our microwell patterns
and then analyzed the aggregate formation efficiency with respect
to geometric dimensions of the pattern. For an understanding of
the cell mechanics underlying aggregate formation on the micro-
well patterns, a finite element method (FEM) analysis was per-
formed, using the standard linear solid model [28,29] and the
cohesive zone model [30e33], to find out the prestress levels when
cell peeling initiated. These simulations were initially carried out
with the “best” values for the cell mechanical stiffness and then, the
effects of changes in cell instantaneous elastic modulus and adhe-
sion interface elastic modulus on cell peeling were further
discussed.

2. Materials and methods

2.1. Pattern design and fabrication

To achieve efficient cell interfacing, and for an understanding of the impact of
channel structure on aggregate formation efficacy, our patterns were basically
composed of arrayed microwells, either with or without channel connection (Fig. 1).
These patterns had a nominal microwell diameter of 80, 100 and 120 mm, with or
without channels of 20 and 40 mm inwidth, and the microwell depths were 100 mm.
For patterns with channel connection, the design of five well units made it easy to
stabilize the pattern structures as the microwells were fabricated all the way
through to the underlying glass substrates, as well as to locate cells in the subse-
quent studies. In the following sections of this paper, these patterns will be referred
to by “microwell diameter (D)”e“channel width (W)”, e.g., D100-W20 pattern,
which indicates that the pattern had a microwell diameter of 100 mm and a channel
width of 20 mm. Macroscopically, each pattern structure dimension was designed
with a square die in an area of 1 cm � 1 cm, and a total of 9 pattern dimensions or
dies were arranged on a quartzechrome mask, with help from Institute of Micro-
electronics, Chinese Academy of Sciences (Beijing, China). We used UV lithography,
chemical wet etching and replica molding to fabricate the microwell patterns with
PDMS (Fig. 1). The silicon master mold was made with a p-type <100> silicon wafer
with a resistivity of 7e13 U cm (GRINM Semiconductor Materials, Beijing, China).
Briefly, the master mold was produced by the following steps: thermal surface
oxidation, photoresist coating, UV lithography and development, wet etching in
hydrofluoric acid and BOSCH process based dry etching. The silicon master was then
silanized with 97% Trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane (SigmaeAldrich,
USA) for 30 min under vacuum to enable subsequent release of the PDMS mold. The
PDMS (Sylgard 184, Dow Corning, USA) prepolymer and the curing agent were
extensively mixed in a mass ratio of 10:1, vacuum degassed and poured over the
silicon master mold. Samples were vacuum degassed again before cured at 50 �C for
3 h. After cooling, the PDMS patterns were released. We also fabricated flat PDMS
substrates following identical steps, except a flat silicon wafer was used instead of
the microwell silicon mold.

2.2. Cell culture and scanning electron microscopy

C17.2 neural stem cells were routinely maintained in flaks in growth medium at
37 �C in a 5% CO2 humidified incubators. The growth medium was made with
Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, 1:1, Gibco,
USA) supplemented with 10% fetal bovine serum (Gibco, USA), 100 U/mL penicillin
and 100 mg/mL streptomycin (SigmaeAldrich, USA). PDMSmicrowell patterns or flat
PDMS substrates were plasma etched for 1 min, sterilized with 70% alcohol under
UV light overnight and then placed in a 35 mm Petri dish followed by coating with
0.05 mg/mL polylysine for 2 h. Patterns or flat substrates in dishes were seeded with
C17.2 cells at a density of 1 �105 cells/mL in the growth medium, 5 mL for each dish,
before culture in the incubator. To ensure that we were observing the continuous
process of cellular strip formation, strip peeling and aggregate assembly, a series of



Fig. 1. Schematic illustration of the protocols for fabricating the PDMS microwell patterns. Each patternwas designed as a square die of 1 cm in side length. The numbers on the dies
or patterns mean “microwell diameter (D)”-“channel width (W)” (mm) and “W0” refers to patterns without channel connection. The right 3D schematic shows the D100-W20
pattern, where five microwells were connected with a channel to form a unit of the array.
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time-lapse micrographs for cells on the D100-W20 pattern were taken on days 1, 2
and 4 after plating by a phase contrast microscope (CKX41, Olympus, Japan).

For scanning electronmicroscopy, cells cultured for 1, 2 and 4 days on microwell
patterns were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH
7.2) for 1 h before rinsing in cacodylate buffer (without glutaraldehyde, pH 7.2) three
times, 15 min each. This was followed by 0.9% sodium chloride rinsing twice, 6 min
each. The samples were dehydrated sequentially in 30%, 50%, 70%, 80%, 95% and
100% ethanol twice for 5 min each time. Then 50%, 70%, 90%, 95% and 100% of t-butyl
alcohol were used to rinse the samples twice, 5 min each. The samples were sputter-
coated with gold for 3e5 times, 20 s each. SEM images were then captured with a
scanning electron microscope (S-3400N, HITACHI, Japan) at an acceleration voltage
of 15 kV.

2.3. Characterization of cell population expansion

Cells were seeded at a density of 1 � 105 cells/mL in 35 mm Petri dishes con-
taining a flat PDMS substrate or a microwell patterned substrate, 5 mL for each dish.
After 1, 2 and 4 days of culture with growth medium, cells were washed with
phosphate buffered saline (PBS) three times and then fixed with PBS containing
40 g/L polyformaldehyde at room temperature for 30 min. Samples were per-
meabilized with 0.5% Triton-X100 in PBS at room temperature for 10 min and
washed in PBS for 3 times. This was followed by nucleus staining with 1 mg/mL 40 , 6-
diamidino-2-phenylindole (DAPI, Invitrogen, USA) in PBS for 15 min. Patterns were
scanned with a confocal laser scanning microscopic system (LSM 510 META, Zeiss,
Germany) along themicrowell depth from the bottom to the top in a step of 4.14 mm.
Imaris softwarewas used to construct the cell nuclei images (volume rendering) and
to analyze the number and distribution of cells inside microwells. For statistical
comparison, themiddle threemicrowells of the fivewell units were chosen and cells
therein counted. A total of 9 microwells were analyzed for each sample. Cells on flat
substrates were counted in a circular area with a diameter of 100 mm. Three inde-
pendent experiments were done for each substrate. Cell numbers on flat substrates
and in microwells on days 1, 2 and 4 were analyzed to evaluate the effects of sub-
strate structure on cell proliferation. In doing this, we analyzed two factors, the
structural configuration and culture time, with two-way ANOVA using SPSS 19.0
(IBM, USA). Matlab (MathWorks, USA) was used to fit cell numbers with an expo-
nential equation: FðtÞ ¼ Aekt , where k is the growth rate, A is the number of cells at
the start of the counting (in this case, on day 1 after plating), F(t) is the cell number
when the cells were cultured for additional time t after initial counting. The cell
doubling time (DT) was then calculated according to the definition of DT:
Fðt þ DTÞ ¼ 2FðtÞ.

2.4. Characterization of cellular aggregate formation

C17.2 cells in the exponentially growing phase were made into suspension with
growth medium. After centrifugation and removal of supernatant, cells were
suspended in 2 mL carboxyfluorescein diacetate succinimidyl ester (CFSE, Molecular
Probes, USA) solution in a concentration of 2 mmol/L. Samples were stained at 37 �C
for 30 min, then centrifuged again to remove the unused CFSE. Cells were resus-
pended in growth medium at a density of 1 �105 cells/mL. The suspensionwas then
plated onto patterns of different structural dimensions (either with or without
channel connection) contained in Petri dishes, 5 mL for each. On days 1, 2 and 4 after
cell plating, cells on the pattern were multi-slice imaged with the confocal laser
scanning microscopy system, as outlined in Section 2.3. Three independent repeats
were done for each timed sampling.

To quantitatively describe the aggregate formation behavior, we analyzed the
middle threemicrowells of the channel connected fivewell units, which were found
to possibly form cellular aggregates in contrast to the wells at the two ends of the
units. If fluorescence of cells was observed along the sidewall of a microwell and for
patterns with channel connection, the fluorescence on the two opposing semi-cy-
lindrical sidewall surfaces joined at the position of channel connection and
continued through the channel with cellular fluorescence in neighboring wells, this
microwell would be referred to as a microwell with cellular strips (MWCS). An
MWCS suggested that C17.2 cells in thewell had connected to each other and formed
cellular strips attaching on the sidewalls and, for channel connected microwells,
passing through the connecting channels. If cellular strips in a microwell had de-
tached from the sidewall, and strips from the opposing semi-cylindrical surfaces
even assembled to become small cellular clumps, within the well, this microwell
would be referred to as a microwell with a cellular aggregate (MWCA). An MWCA
suggested initiation or even accomplishment of the assembly of a suspending
cellular aggregate in the microwell. Because the presence or absence of an aggregate
(or a peeling strip per definition) could be coded as the binary variable: 1¼ presence
and 0 ¼ absence, logistic regression analysis was used to analyze the data with SPSS
[34]. In doing this, whether a microwell was an MWCA or not was entered as the
dependent variable, and the cell culture time, microwell diameter and channel
width were entered as covariates.

Furthermore, in order to obtain the height distribution of the cellular aggregates
in microwells, we delineated the CFSE fluorescence profile of the cellular aggregate
for each MWCA. The Z-axis position related fluorescence intensities of these profiles
were analyzed with Gaussian fitting by Origin 8.0 (Origin Lab Corporation, USA). The
aggregate heights were then obtained accordingly based on the peak fluorescence
intensities. The datawith different culture days and patterns were all processed, and
then analyzed with ANOVA and Student's t-test.

2.5. Immunofluorescence

On day 2 after plating, C17.2 cells on the PDMS flat substrates and D100-W20
microwell patterns were used for F-actin and vinculin immunofluorescence stain-
ing. Cells were washed with PBS twice, fixed with 4% paraformaldehyde in PBS for
10 min and permeabilized with 0.1% Triton-X100 (SigmaeAldrich, USA) in PBS at



Table 1
Parameters for FEM simulations with C17.2 neural stem cells.

Parameter description “Best” value
for C17.2

Reported
range

References

Cell instantaneous
elastic modulus (Pa)

200 25e5000a [28,29,35e38]

Cell long-term elastic
modulus (Pa)

50 5e500a [28,29,35e37]
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room temperature for 10 min. This was followed by blocking with 10% goat serum in
PBS for 15 min. Samples were then incubated overnight at 4 �C in PBS containing
FITCeconjugated Phalloidin (1:200, SigmaeAldrich, USA) and mouse anti-vinculin
monoclonal antibody (1:200, Santa, USA). The samples were washed twice in PBS
again and then incubated for 1 h at 37 �C with TRITC-conjugated goat anti-mouse
IgG (1:100, Santa, USA). The nuclei were stained with 1 mg/mL DAPI (Invitrogen,
USA) for 10 min. Fluorescence images of F-actin, vinculin and nuclei were obtained
using a confocal microscopic system (Leica SP5, Germany) and an inverted fluo-
rescence microscope (Leica DMI 6000, Germany).
Cell viscosity (kPa$s) 5 0.005e10a [28,29,35e37]
Poisson's ratio of the cell 0.49 0.3e0.5 [36,39]
Cell prestress (Pa) 1000 300e25,000 [40e43]
Adhesion interface

thicknessb (nm)
15 10e100 [33,44e46]

Adhesion interface
elastic modulus (Pa)

50 1e10,000 [33,41,42,44,47e50]

a Most of the data were obtained from experiments based on the standard linear
solid model.

b Namely, the unstressed bond length.
2.6. Simulation of the peeling of cellular strips

We used FEM to simulate the process of detachment or peeling of cellular
strips with ABAQUS 6.9 software (Dassault Syst�emes Simulia Corp., USA). By
observing the growth of C17.2 cells in the microwells, we found that cells would
first adhere to each other and become cellular strips along the sidewall surfaces of
the microwell array. For patterns with channel connection, these strips continued
among microwells through the connecting channels followed by detachment or
peeling of the strips from the sidewall and assembling to form aggregates, along
with population expansion (see the Results and Discussion section). To analyze the
strip peeling processes in the channel connected microwells, we simplified and
modeled this multicellular strip as a single strip composed of the model cellular
material (orange), which adhered on a PDMS microwell model (light blue) as
shown in Fig. 2a. The two poles of the model cellular strip within the microwell
were assumed to be fixed with respect to the XZ plane in the channel, due to the
connection or continuation of strips from neighboring microwells therein. Because
of the symmetry of the cellular strip and sidewall with respect to the middle of the
microwell, it will be reasonable to assume that the cellular strip in the microwell
bear the same tractions from the poles in the opposite connecting channels. For an
understanding of the effects of pattern geometric dimension on strip peeling and
thus aggregate formation, all the six patterns with channel connection involved in
this study were modeled, among which the modeling of the D100-W20 pattern
was shown in Fig. 2a. As a comparison, we also established a 2D model composed
of a round cell spreading on the PDMS flat substrate (Fig. 2b). The model cellular
strip for the microwell patterns had a width of 31.0 mm, a thickness of 7.4 mm, and
the position or height of the strip on the sidewall was 66.5 mm above the well
bottom. The model cell on the flat substrates had a diameter of 36.9 mm and a
thickness of 5.5 mm. These parameters were derived from the fluorescence volume
rendering results (see Subsection 3.3).

The cells and the pattern substrates in the models were meshed with 4-node
tetrahedral elements and 8-node hexahedral elements, respectively. Smaller ele-
ments, 1 mm for the microwell model and 0.5 mm for the flat substrate model, were
used in the regions of peeling initiation to increase the accuracy of the simulation.
The use of even smaller elements had no significant influence on the results of the
simulations. The standard linear solid model was used to represent the viscoelastic
behavior of the cellular strip in the microwell and the attaching cell on the flat
substrate (Supplementary Note 1). The receptor-ligand bonds at the cell-substrate
interface were simulated using the bilinear cohesive zone model (Supplementary
Note 2). PDMS substrates were modeled as an elastic material with a Young's
modulus of 750 kPa and a Poisson's ratio of 0.49. Detailed attributes of cells were
shown in Table 1.
Fig. 2. Finite element models with meshing. The light blue denotes the PDMS microwells o
modeling of the D100-W20 microwell pattern and the flat substrates, respectively. (For inte
web version of this article.)
For the simulation, we initially loaded an isotropic prestress of 1000 Pa on cells
at the start of simulation to simulate the preexisting tension of the actin filaments.
Then the prestress was linearly ramped over time throughout the simulation pro-
cess, and thus the loading prestress value could be ascertained at any time after
initial loading. With the ramping of prestress, we reached the prestress value where
peeling of the cell or cellular strip initiated. This prestress value was defined as
critical peeling prestress (CPP). CPPs provide a quantitative measure of the level of
easiness with which detachment or peeling would occur. The larger the CPP, the
more difficultly the cellular strip would peel from the substrate, and vice versa. After
obtaining the CPPs, we also established a percent peeled elements vs. prestress
relation in the simulation, which helped understanding the peeling behavior of
cellular strips on the patterns with specific structural dimension or the flat sub-
strates. The “best” values of the attributes that were estimated to be most suitable
for simulation with C17.2 cells were listed in Table 1.
3. Results and discussion

3.1. Pattern fabrication and cell interfacing

With a lithography-based replica molding method, we have
successfully fabricated PDMS microwell patterns and achieved
interfacing of C17.2 neural stem cells for the development of
multicellular aggregates-based assay platforms. Similar approaches
were also well tailored for stem cell biology researches [14,16e18]
and tissue engineering practices [51], where microwells served to
provide space for localized cell expansion and assembly into tissues
r flat substrates while the orange the attaching cell or cellular strip. (a) and (b) show
rpretation of the references to color in this figure legend, the reader is referred to the
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when implanted. In order to evaluate the effects of introduction of
channel connection and, for neuronal extension guidance in future
studies, our microwell patterns were designed both with and
without channels. Also, to ensure that we would find the most
favorable patterns for 3D aggregate formation, graded geometric
dimensions with well diameters of 80, 100, and 120 mm, and
channel widths of 0 (no channel connection), 20 and 40 mm were
designed, and thus nine patterns were obtained. The design of
these dimensions was based on previous studies with SU-8
microwell patterns [25] in which smaller microwells of 50 mm
were found ineffective for cell interfacing. Also, it was reported that
cells could span across the groove with a width of up to 2e3 times
the diameter of the cell body [20,21], which was comparable to the
present semi-cylindrical concave “groove” of the microwells. Our
ongoing investigations indicate that this protocol also works well
for the fabrication of patterns with biodegradable polymers, like
poly (L-lactic acid) [26] and poly (DL-lactide-co-glycolide) [52],
where patterns were further replica molded from the PDMS mold
with excellent control over geometric dimensions.

Fig. 3a shows C17.2 cells cultured on a flat PDMS substrate on
day 1 after plating. The cells were polygonous, fully spreading, with
few neuronal extensions but numerous lamellipodia, similar to
those growing in regular Petri dishes. Fig. 3b shows cells cultured
on the D100-W0 pattern for 4 days. From the figure, we found that
cells were almost fully attaching on the sidewalls, without aggre-
gate formation. We observed the process of aggregate formation by
C17.2 cells within channel connected microwells through time-
lapse phase contrast imaging with the D100-W20 pattern when
cells were cultured for 1, 2 and 4 days (Fig. 3c). Typically, most of the
cells had attached to the sidewall surfaces on day 1 after plating,
extending along the circumferential direction and adhering to each
other to become multicellular strips in the microwells (Fig. 3c). On
day 2 after cell plating, the cellular strip detached from the sidewall
gradually, and the cellular strips peeled from the two opposite
semi-cylindrical surfaces then came towards the middle of the
microwells and assembled to form aggregates until day 4 after
plating (Fig. 3c, for a view of cell growth and aggregate formation
on themicrowell array as awhole, images with lowermagnification
were shown in Supplementary Fig. 1). These steps typically
occurred with the middle 3 wells of the five well units, leading to
the aggregate formation, but rarely occurred with the end wells of
the unit. This formed the basis for further study on the aggregate
formation efficiency where aggregates were observed and counted
Fig. 3. C17.2 neural stem cells cultured on PDMS flat substrates and microwell patterns. Imag
day 1 after plating. (b) Cells interfaced with the D100-W0 pattern on day 4 after plating. (c) T
4 after plating. (d) Sequence of SEM images showing the process of multicellular aggregate
Patterns were referred to by well diameter (D)echannel width (W) in micrometers. Scale b
with the middle 3 microwells. The process of aggregate formation
by C17.2 cells was further demonstrated with SEM images, as
shown in Fig. 3d, where the typical stages of strip formation,
peeling from the sidewalls and aggregate assembly could be clearly
distinguished, in more details, for cultures on days 1, 2 and 4 after
plating. Fig. 3 c and d also showed that cellular aggregates formed
by C17.2 cells were suspending in the microwells by tethering,
without attaching to the bottom surface.

In interfacing cells with fabricated substrates, the biological
behavior of cells can be significantly affected by the addition of
micro and nano features on the substrates, such as microwells,
microchannels, ridges and nano roughness [53,54]. For a patterned
substrate, these features can be well represented by the structural
configuration. Upon cell interfacing, we found that the cells on the
concave cylindrical sidewall surface would spread along the surface
curvature, thereby facilitating the formation of cellular strips. We
speculate that it was due to the cylindrical concave surface which
affects the arrangement of the cytoskeleton and the direction of cell
pseudopodia extension [55,56]. While the underlying mechanisms
remain to be elucidated, the opposite has been found in the case of
contact guidance by the cylindrical convex surface of similar cur-
vature where the cells spread along the longitudinal direction
rather than along the surface curvature or the circumferential di-
rection [57]. In this regard, more detailed studies are needed.

Our results with microwell patterns also showed that the
introduction of channel connection had a profound impact on the
formation of cellular aggregates in the microwells. At an initial
plating density of 1 � 105 cells/mL, we found no significant aggre-
gate formation in microwells without channel connection until day
4 after plating while, under the same plating and culture condition,
multicellular aggregates were readily observed in channel con-
nected microwells. Considering the alignment of the cellular strips
in the microwells and channels, it will be reasonable to speculate
that the continuation of the strip and thus the cytoskeletal
prestress among microwells and through the connecting channel
might be the critical factor in enabling strip peeling and thus
aggregate formation. This continuation of cellular strip and cyto-
skeletal prestress provided an effective mechanical support for cell
peeling, because cellular strips within the middle wells of the
channel connected microwell units were thus connected to and
pulled by the cellular strips in the neighboring microwells. This
continuation of strip structure and cytoskeletal prestress was also
well evidenced by the mechanical tethering of aggregates after
es (aec) are phase contrast micrographs. (a) Cells cultured on a PDMS flat substrate on
ime-lapse micrographs for cells interfaced with the D100-W20 pattern on days 1, 2 and
formation on the indicated days after plating in a microwell of the D100-W20 pattern.
ars: 50 mm.



Fig. 4. Population expansion of C17.2 cells on PDMS flat substrates and in microwells. (a) Counts of C17.2 cells on flat substrates and in microwells on days 1, 2 and 4 after plating
(n ¼ 3 experiments; error bars are s.d.). Cells on flat substrates were counted within a circular area of 100 mm in diameter. Cells in microwells were counted with the middle three
wells of channel-connected five well units after multi-slice scanning with confocal microscopy and volume rendering with the Imaris software. A total of 9 microwells were
analyzed for each pattern, and the counting was expressed as cell number/per microwell. The insets show an example of the volume rendered nuclei distribution on the W80-D20
pattern. Scale bar: 100 mm. (b) Cell number doubling times for the flat substrates and microwell patterns. By Student's t-test, the doubling times for the D80-W20 and D100-W20
patterns were compared with those for other substrates (*p < 0.05; n ¼ 3 experiments; error bars are s.d.). Patterns were referred to by well diameter (D)echannel width (W) in
micrometers.
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strip peeling, which supported the suspending growth of aggre-
gates (Fig. 3 c and d). And for end microwells of the five well units
or wells without a channel connection, such mechanical support
was actually lacking. It should be noted that reports also appeared
that aggregates could form in microwells with no channel
connection at a comparably high cell plating density (more than
1 �106 cells/mL) [14]. This is understandable in that the structural
effects might be greatly obscured or compromised at such high
plating densities and the aggregates were actually simple sedi-
mentation and accumulation of cells from the bottom up. In this
case, depth or core necrosis and apoptosis were usually expected
with long culture times.

C17.2 neural stem cells are an immortalized cell line [27], which
was generated by transferring retrovirus-mediated v-myc gene into
murine cerebellar progenitor cells. This cell line has been recognized
as an excellent model cell for studies of neural stem cell biology,
tissue engineering and cell based assays [58,59]. However, as for
most anchorage dependent cells, cellular aggregates are not readily
achievable for C17.2 neural stem cells under regular culture condi-
tions. In this paper, we have tried a unique approach for inducing
aggregate formation by C17.2 neural stem cells bymeans of concave
cylindrical surface induced detachment or peeling with a specific
microwell pattern. The immediate advantage of this approach is the
ease with which to control aggregate size scale. Uniformity in
aggregate size scale will prevent the adverse effects of oversized
aggregates like core necrosis and apoptosis. Also, suspending 3D
cellular aggregates will be achievable with tethering, thus having
efficient mechanical support by the substrates [13]. We believe the
current approach will be easily extended to other anchoring cell
types, if culture of aggregates is expected, in applications such as 3D
co-culture [14] and in vitro niche establishment [60].

3.2. Characterization of cell population expansion

We quantitatively characterized the population expansion of
the interfaced C17.2 cells in our microwell patterns to further
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understand the effects of the pattern structure on cell growth
behavior. To obtain accurate cell numbers in microwells, we
stained the nuclei with DAPI, multi-slice scanned the cells by
laser scanning confocal microscopy and then analyzed the im-
ages to obtain the cell counts and distribution in microwells with
the Imaris software. This avoids the problem of overlapping in
the z-axis and obscuring of the nuclei images under regular
fluorescent microscopy.

Fig. 4a shows the number of cells on the flat substrates
within a circular area of 100 mm in diameter and in the micro-
wells of the nine patterns on days 1, 2 and 4 after plating. We
find that there was a tendency towards an increase in cell
numbers with increasing microwell diameter, and larger di-
ameters usually associated with higher numbers of cells in the
microwells, on day 1 after cell plating. With the proceeding of
culture, cell numbers either on the flat substrates or in the
microwells of the 9 patterns increased on days 2 and 4 after
plating. To evaluate the relevance of substrate structure to cell
population expansion, we first performed a two-way ANOVA
analysis to ascertain whether substrate structural characteristics,
i.e., flat substrates vs. microwell patterns, well diameter, channel
connection presence and channel width, have an effect on the
cell counts for the substrates. The structural configuration and
the culture time were defined as two factors for two-way ANOVA.
Results showed that the factors of structural configuration
(F ¼ 29.3, p < 0.001) and culture time (F ¼ 679.3, p < 0.001) both
have significant effects on the cell counts when the analysis
included all the ten substrates. As shown in the previous sub-
section, there was no observable aggregate formation with flat
substrates and patterns without channel connection. We thus
performed additional ANOVA analysis with the six remaining
microwell patterns which had channel connection and were
capable of inducing aggregate formation. Again, we found that
factors of both structural configuration (F ¼ 22.8, p < 0.001) and
culture time (F ¼ 478.3, p < 0.001) had significant impact on the
cell counts.

To clarify that the difference in cell counts among the patterns
was an effect on cell growth or population expansion, which may
otherwise be explained by merely plating efficiency, we also ob-
tained the cell population doubling times by assuming an expo-
nential population expansion process. From Fig. 4b, we found that
doubling times for cells on flat substrates and in microwells ranged
from less than 1.5 days to nearly 3 days. Doubling times for cells on
flat substrates were not different from those for the D80-W0, D100-
W0, D100-W40, D120-W0 and D120-W40 patterns (p > 0.05), but
were higher than those for the D80-W20, D80-W40 and D100-W20
patterns (p < 0.05) and lower than that for D120-W20 pattern
(p < 0.05). Among all the patterns and flat substrates, the D80-
W20 mm and 100-20 mm patterns were the most favorable pat-
terns for promoting population expansion (within the wells), with
the lowest doubling times than any other pattern or the flat sub-
strate (p < 0.05). These results confirmed that substrate structure
and structural dimensions had significant effects on cell population
expansion, and this in turn might impact the formation of multi-
cellular aggregates within microwells of the patterns (see the
following Subsection).

One may be concerned that cells would migrate across the
boundary of the counting area on flat substrates or across
the opening of the microwells, and might thus affect the results
of the current experiments. However, due to the fact that
the migration was mutual and involved only small number of
cells in comparison with the bulk population, we believe that this
systematic error will not compromise our conclusion on the
impact of substrate or pattern structures on cell population
expansion.
3.3. Characterization of the aggregate formation by C17.2 cells with
respect to pattern structure and geometric dimensions

We next characterized the multicellular aggregate formation
with respect to the pattern structure and structural dimensions,
because the whole process of strip arrangement, strip peeling and
aggregate assembly was readily and only observed for microwell
patterns (with channel connection) but not flat PDMS substrates.
Such analysis will not only enable the design of practical pattern
structures for efficient cultivation of aggregates for drugs and
toxicity screening, but also reveal the aggregate formation details
for, and thus justify the FEM simulation for understanding the
underlying mechanisms in terms of cell mechanics. We first char-
acterized the distribution of cellular strips and aggregates within
the structures of the patterns. Our previous study suggested that
such spatial location or distribution within the pattern structures
had critical effects on cellular functionality when neural cells were
interfaced with microwell patterns [26].

To enable a 3D localization and to prevent the impact of sample
processing, like fixation, on our observation, we stained the cells
with the fluorescent dye CFSE, interfaced the stained cells with
microwell patterns before multi-slice scanned with confocal mi-
croscopy on days 1, 2 and 4 after cell plating. Fig. 5a shows an
overlay of the volume rendered confocal fluorescence image with
the phase contrast micrograph for C17.2 cells cultured on the D100-
W0 pattern on day 4 after plating. Again, in almost all the micro-
wells, cells were found to grow adhering on the circular sidewall
with rarely observable aggregate formation, although cell detach-
ment or peeling could occasionally be noted in somewells. This was
true even when the experiment was extended until day 7 after
plating (data not shown). Fig. 5b shows the images for CFSE stained
cells cultured on the D100-W20 pattern on days 1, 2 and 4 after
plating, recapitulating the strip formation, strip peeling and
aggregate assembly described earlier based on phase contrast mi-
croscopy and scanning electron microscopy. It is worth noting that
the two wells at the ends of the five-well units rarely accommo-
dated aggregates under current culture condition, confirming the
necessity of two semi-cylindrical concave surfaces for enabling
aggregate formation in a microwell. With the optically cross
sectional views of the stained cells, the fluorescence distribution
and thus roughly the strip dimension can be estimated bymanually
delineating the fluorescence profile. With volume rendering and
fluorescence profiling, we found cellular strips in the D100-W20
pattern on day 1 after plating had a width of 31.3 ± 6.3 mm (n ¼ 20)
and a thickness of 7.4 ± 1.6 mm (n ¼ 27) based on the width across
the half maximum fluorescence intensities, and the positions or
heights of cellular strips on the sidewall were 66.7 ± 8.6 mm above
the well bottom (n ¼ 16, see also the evaluation of aggregate
heights next). Meanwhile, cells on the flat substrates were found to
have an equivalent diameter of 36.9 ± 4.0 mm (n ¼ 20, converted
from projection areas) and a thickness of 5.5 ± 0.7 mm (n ¼ 20).
Because distinct aggregates usually followed after strip peeling in
our observation and thus the peeling marked the initiation of
aggregate assembly, we will include the peeling strips into the
category of “aggregates” in our next characterization of the
aggregate height distribution and aggregate formation efficiency
(see the definition of MWCAs in the Materials and methods
section).

With optically cross sectional views of aggregates, we evaluated
the positions of the aggregates or peeling strips with respect to the
microwell depth. This position will determine the capability of the
aggregates to sustain a suspending growth state, which charac-
terize the traditional 3D cell culture approaches, such as those with
rotating-wall vessel bioreactors [11], and enable nutrients access
and waste drainage through the whole surface of aggregates. The



Fig. 5. Characterization of the location of the aggregates or peeling strips in microwells. C17.2 cells were stained with CFSE in growth medium and then interfaced with the D100-
W0 pattern and cultured until day 4 after plating (a) or with the D100-W20 pattern and cultured until days 1, 2 and 4 after plating (b). Images were obtained by multi-slice scanning
with confocal microscopy, volume rendering of the image sequence and overlaying of the confocal fluorescence images with phase contrast micrographs of the patterns. Optically
cross sectional views of cells cultured on the patterns were obtained through the indicated colored lines. Scale bars: 100 mm. (c) The positions of the cellular aggregates or peeling
strips with respect to the structural depths for all patterns with aggregate formation (with MWCAs). Patterns were represented by microwell diameter (D)echannel width (W) in
micrometers. (*p < 0.05, **p < 0.01, ***p < 0.001, NS ¼ non significant; Student's t-test, n ¼ 3 experiments; error bars are s.d.).
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positions of aggregates were analyzed by fitting the fluorescence
intensities along the depth of the microwells containing aggregates
(MWCAs) with Gaussian distribution, and expressed in terms of
locations of the peak fluorescence intensity along the microwell
depth. From Fig. 5c, we found that the cellular aggregates formed
on our microwell patterns were 60e100 mm above the well bottom.
The structure depths of the microwells were around 100 mm. The
thickness of the aggregates along the microwell depth was esti-
mated to be 27.7 ± 4.0 mm (n ¼ 100), based on the width across the
half maximum fluorescence intensities. This suggests that the ag-
gregates were well approaching the microwell opening and our
microwell patterns had achieved efficient suspending culture of
multicellular aggregates with C17.2 cells, without entailing specific
instrumentation like rotating-wall vessel bioreactors.

We hypothesized that the structural dimensions might impact
the efficiency of the pattern to support the suspending 3D
growth. With ANOVA analysis, we found that these structural
dimensions were critical factors in affecting the positions or
heights of cellular aggregates within the microwells (p < 0.001).
Among the aggregates or peeling strips formed, those on the
D120-W40 pattern were found to locate at the lowest positions
along the microwell depth on day 4 after plating in comparison
to those on other patterns (p < 0.05). This suggests that the
structural dimensions had significant effects on the positions and
thus the capability of the pattern to sustain a suspending 3D
growth of aggregates within microwells. Aggregates locating at
lower positions within the wells might further approach and
even attach to the bottom surface for long period of culture due
to gravity induced sinking. Our previous study with SH-SY5Y
human neuroblastoma cells revealed that locations of neuronal
cells within a microwell were related to cell's voltage-gated
calcium channel responsiveness and thus the three-
dimensionality [26]. These results thus suggest that the design
of the structural dimensions offers a practical approach for
maintaining three-dimensionality or optimizing cell functionality
for cells cultured on a microwell based screening platform.

To characterize the efficiency of the patterns in inducing
aggregate formation by C17.2 cells with respect to structural di-
mensions and thus provide insights for the design of practical assay
platforms, we performed a statistical analysis on the rates of
aggregate forming wells (MWCAs) for the six patterns having
channel connections upon culture of the CFSE stained cells. Within
the structural dimensions tested, we found, by student's t-test, that
a small microwell diameter and a narrow channel width would
facilitate the aggregate induction by the pattern, and the D80-W20
and D100-W20 patterns were considered to be the most favorable
patterns for aggregate formation by C17.2 cells (Fig. 6 a and b,
detailed comparisons among patterns are given in Supplementary
Note 3).

To further understand the efficiency of the patterns in inducing
aggregate formation by C17.2 cells with respect to structural di-
mensions, we used binary logistic regression [34] to analyze the
data shown in Fig. 6b and obtained the following linear regression
equation:



Fig. 6. Efficiency of the microwell patterns with channel connection for inducing multicellular aggregate formation by C17.2 neural stem cells. (a, b) Percentages of MWCSs and
MWCAs among all pattern wells counted with respect to structural dimensions (well diameters and channel widths) and culture duration (days into culture). Cellular strips or
aggregates were identified by volume rendering following multi-slice scanning of the CFSE stained C17.2 cells. (*p < 0.05, **p < 0.01, ***p < 0.001, NS ¼ non significant; Student's t-
test, n ¼ 3 experiments; error bars are s.d.). Patterns were represented by microwell diameter (D)echannel width (W) in micrometers. (c) Three-dimensional plots of percentages of
MWCAs among all pattern wells counted with respect to structural dimensions (well diameters and channel widths) and culture duration (days into culture).
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where PA is the probability of MWCAs, xCT, xMD and xCW denote
culture time (d), microwell diameter (mm) and channel width (mm),
respectively. The average prediction accuracy of the regression
equationwas 86.9% and the p-value of the HosmereLemeshow test
was 0.359. This suggests that the regression equation thus obtained
can well predict the aggregate formation efficiency with respect to
pattern structural dimensions under current experimental condi-
tions. Fig. 6c shows 3D plots of percentages of MWCAs with respect
to cell culture time and channel width for patterns with amicrowell
diameter of 80 mm, 100 mm and 120 mm. From Fig. 6c and the co-
efficients of xCT, xMD and xCW, it is clear that within the structural
dimensions addressed, a small well diameter and a narrow channel
width would favor the assembly of 3D cellular aggregates, echoing
the conclusion reached with the analysis in Supplementary Note 3.
Also, it is understandable that aggregate formation requires a
period of culture time for the proceeding of steps of strip formation,
strip peeling and aggregate assembly as well as population
expansion, and the lengthening of culture time within certain limit
will also facilitate this process. However, as has been presented
earlier or reported, a microwell diameter below a certain limit will
compromise plating efficiency [25] and patterns with channel
connection of width zero (without channel connection) will
completely prevent aggregate formation. For patterns with a large
well diameter (120 mm) or wide connecting channel (40 mm), the
low aggregate formation efficiency might be due to failure in either
the formation of a fully connected cellular strip or the continuation
of cellular prestress through the channels. In this regard, more
detailed studies are needed to know the structural limits for the
design of practical patterns for efficient culture of neural
aggregates.

3.4. Immunofluorescence staining for F-actin and vinculin

Under the in vitro culture conditions, cell attachment or
detachment is largely determined by the adhesive interaction be-
tween cell surface receptors and ligand molecules secreted on the
substrates, which in turn is strengthened by the focal adhesion
plaque assembly and actin filament organization. If the prestress
produced by actin-myosin complexes lies within the limit to be
balanced by the adhesive interaction, cell attachment would sus-
tain while if this prestress preponderate over the attachment
strength, detachment or cell peeling would follow. To further un-
derstand the process of strip formation and aggregate initiation at a
subcellular or molecular level, we stained the microfilament
component F-actin and the focal adhesion marker vinculin for
C17.2 cells cultured on either the flat PDMS substrates or the D100-
W20 microwell pattern on day 2 after cell plating, as shown in
Fig. 7. From the figure, we found that actin filaments could be
readily observed in cells cultured on the flat substrates, with a low
extent of bundling and lacking a dominant extension direction
among cells. For cellular strips withinmicrowells, actin filaments or
filament bundles were even more significant than cells on the flat
substrates, extending along the curved surface or the circumfer-
ential direction and through the channels, similar to the arrange-
ment of cellular strips themselves. These results echoed the
observation on the effects of substrate topography on actin filament
organization [54], and thus confirmed the continuation of the
extension of actin filaments and thus the prestress produced along
the curved microwell surface and through the channels of the



Fig. 7. Immunofluorescence staining of C17.2 cells for F-actin and vinculin. Cells were cultured for 2 days on the flat substrates and the D100-W20 pattern. Photos show the F-actin,
vinculin, nuclei (DAPI) fluorescences and the merged fluorescence images, as well as the phase contrast micrographs. Scale bars: 50 mm.
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pattern. For the vinculin expression, both cells on the flat substrates
or within the microwells showed a faint or weak staining without
clustering into spots along cell-substrate contacts, suggesting no
distinct focal adhesion formation. For cells on the flat substrates,
the low extent of microfilament bundling and lack of focal adhesion
assembly might be one of the reasons that such neural cells have a
small Young's modulus [61].

3.5. FEM simulation of the peeling of cells on the semi-cylindrical
concave surfaces vs. flat substrates

We used FEM to study the process of the multicellular aggre-
gate formation by focusing on the peeling of cellular strips on the
semi-cylindrical sidewall surfaces of the microwell patterns vs.
cells on the flat 2D substrates. In doing this, the standard linear
solid model [29,35] was used to describe the viscoelastic behavior
of the cells (Supplementary Note 1). The receptor-ligand bonds at
the cell-substrate interface were simulated with the bilinear
cohesive zone model [30,31](see Supplementary Note 2). We first
used the “best” values, which were estimated to be most suitable
for simulation with C17.2 cells (Table 1), to simulate with a uni-
form peeling prestress and cell-substrate interfacial adhesion
strength (adhesion interface elastic modulus) by referring to the
immunofluorescence staining of actin and vinculin (see the
following for explanation). By first modeling with the D100-W20
pattern and the flat substrate (Fig. 2), the percentages of the
peeled elements of the adhesion layer with respect to cell
prestress levels were obtained (Fig. 8 a and b). Animated videos of
the peeling processes are provided as Supplementary Videos 1 and
2. In this case, the CPP for cells on flat substrates was 855.2 Pa
(Fig. 8a). For cellular strips on the semi-cylindrical surfaces of the
D100-W20 pattern, this value was 389.7 Pa (Fig. 8b), far less than
that for cells on flat substrates. This suggests that the C17.2 cellular
strips can peel from microwell sidewalls more easily than cells
from flat substrates. Two images for the modeling of peeling on
flat substrates (insets in Fig. 8a) and four images for modeling with
the semi-cylindrical surfaces of the D100-W20 pattern (Fig. 8c)
were captured during the simulation. From these images, we
found that the strip peeling for modeling with the D100-W20
pattern recapitulated successfully the cellular strip peeling
described in Sections 3.1 and 3.3 for C17.2 cells on the same
pattern, suggesting our simulations had practical relevance.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2014.07.046.
We obtained CPPs for strip peeling on the semi-cylindrical
sidewalls of all the 6 microwell patterns having channel connec-
tions (Fig. 8d). From Fig. 8d, we can find that the CPP values for all
the 6 patterns were far less than the corresponding values for cells
on flat substrates. However, differences among the CPP values for
these 6 patterns were subtle. For patterns with a well diameter of
100 and 120 mm,microwells with a smaller channel width of 20 mm
were related to lower CPP values than those with a larger channel
width of 40 mmwhile, on the other hand, the CPP value for the D80-
W20 pattern was not less than that for the D80-W40 pattern. For
patterns with a channel width of 20 mm, microwells with a larger
diameter seem to have lower CPP values, contradicting the expec-
tation with the aggregate formation capabilities observed for these
patterns (see Subsection 3.3). These results suggest that the CPP
values were relatively insensitive to changes in the pattern struc-
tural dimensions addressed in the current research, and differences
in CPPs could not fully account for changes in the aggregate
inducing capabilities observed among the patterns. For under-
standing the aggregate inducing capability with respect to pattern
structural dimensions, one should be aware that CPPs mark the
peeling initiationwhile other factors like population expansion and
aggregates or cellular clumps assembly may also be critical for
aggregate formation on the pattern. In this regard, it will be
reasonably understandable that the D80-W20 and D100-W20
patterns were the most favorable patterns for both promoting cell
population expansion and inducing aggregate formation. Also,
small well diameters and channel widths of the pattern will
probably favor the formation of cellular strips (Fig. 6a) and the
interaction of these strips with the well and channel sidewalls. And
this in turn will enable the continuation of cytoskeletal filaments
and the resulting prestresses among the wells and through the
channels, early in the culture. These factors will all affect the
aggregate formation processes, preponderating over or obscuring
the effects of CPPs.

In doing the FEM simulation, the smallest mesh size was 0.5 mm,
which is orders of magnitude larger than the characteristic length
of cell organelles or the minimum spacing (20 nm) of adhesive
bonds in the adhesion interface [62], thus justifying the continuum
based simulation approach. Our immunofluorescence results
showed that the vinculin expression for C17.2 cells either on flat
substrates or inmicrowells was faint and diffuse, suggesting that no
mature focal adhesions formed (Fig. 7). In view of this, the possible
heterogeneity of the adhesion complex distribution and thus the
adhesion interface elastic modulus [33] were ignored in the FEM

http://dx.doi.org/10.1016/j.biomaterials.2014.07.046


Fig. 8. FEM simulation of cell peeling on the flat substrates and microwell patterns that had channel connections. (a) Cell peeling curve showing percent elements of the adhesive interface peeled in relation to cell prestress levels for
the flat substrates. The insets show the peeling morphology and the von Mises stress distribution during cell peeling at indicated points on the curve. (b) Cell peeling curve showing percent elements peeled in relation to cell prestress
for the D100-W20 microwell pattern. (c) Peeling morphology and the von Mises stress distribution during cell peeling for the D100-W20 microwell pattern at points “1 e 4” shown in (b). The upper panel shows the top plan view while
the lower panel the oblique view. Red points in (a) and (b) mark CPP values where peeling initiates. (d) CPPs for the flat substrates and microwell patterns with channel connections. CPP, critical peeling prestress. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Effects of EC and EA on cell peeling. (aec) show the 3D histograms of peeling stresses with respect to EC and EA. (a) CPPs for cellular strips on the concave sidewalls of the D100-W20 pattern. (b) CPPs for cells on the flat substrates.
(c) PM/F, which was defined as the ratio of the CPP for the D100-W20 pattern to that for the flat substrates under the same EC and EA values. (d) PM/F in plan view with respect to EC and EA on logarithmic coordinates. The background
image is a contour plot based on PM/F shown in (c) with linear interpolation. The dotted lines indicative of different slopes or kC/A values were added to show PM/F with respect to kC/A. Data points in the red box were used for a linear
least-square fit to find out the relationship between PM/F and kC/A. CPP, critical peeling prestress. EC, cell instantaneous elastic modulus. EA, adhesion interface elastic modulus. kC/A, the ratio of EC to EA. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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simulations. Also, cell or cellular strip peeling was considered
similar to the tape peeling described by Ward et al. [63], otherwise
fracture of the adhesion complexes should be considered in the
simulations in case of significant focal contact formation [33].
Furthermore, as the density of receptor-ligand bonds at the adhe-
sion interface would be in equilibrium within 1 h after cell-
substrate contacting [64], the use of a uniform adhesion interface
property before and during the cell peeling is reasonable, due to the
long time duration of these processes (days) in comparison with
that for bond redistribution. The contraction of actin-myosin
complexes are the main source of the cell prestress [65]. Immu-
nofluorescence results showed that the actin filaments spread
along the circumferential direction of microwell sidewalls (Fig. 7),
which indicates that the tension in the circumferential direction
may differ from those in other directions. However, actin filaments
distributed within C17.2 cells with no predominant direction when
cells were cultured on flat substrates. Technically, our simulation
had adopted a uniform prestress without counting the ratio of cell
tension in different directions, to study the effects of substrate
structural configuration on cell peeling behavior. Given the
morphology of the cells and the large length to width ratio of the
cellular strip on the microwell sidewalls, we believe this simplifi-
cation will not compromise our conclusion on the peeling of cells
on flat substrates and patterns within the structural dimensions
addressed.

3.6. Effects of mechanical properties on cell peeling

So far our simulations have been based on the “best” values for
cellular attributes, we now test the effects of changes in these pa-
rameters on cell peeling behaviors. Among these attributes, we
focused on the cell instantaneous elastic modulus (EC) and adhe-
sion interface elastic modulus (EA), which are the most volatile
parameters and may change among cell types and under different
culture conditions. EC values were ramped from 20 to 10,000 Pa
while EA values from 10 to 5000 Pa and the resulting CPPs for
cellular strips on the sidewalls of the D100-W20 pattern and cells
on the flat substrates were shown in Fig. 9 a and b, respectively. For
all the combinations of EC and EA values tested, CPPs for flat sub-
strates were higher than those for the D100-W20 pattern, which
confirmed the efficacy of the concave sidewall surfaces of the
pattern in facilitating cell peeling within a wide range of cell me-
chanical stiffness. As many anchorage dependent cells (like
C17.2 cells) may not peel on flat substrates and CPPs for flat sub-
strates represent the maximum achievable prestresses for adherent
cells, a simple CPP ratio (PM/F), which was defined as the ratio of the
CPP value for the concave sidewall surfaces to that for the flat
substrates, was then introduced and calculated (Fig. 9c). This
parameter provided a measure for evaluating the level of easiness
with which cell peeling or detachment would occur for the
microwell pattern. From Fig. 9c, it is evident that PM/F has a negative
correlationwith EA but a positive correlationwith EC for most of the
ranges tested. This suggests that a small EC and a large EA will favor
a cellular strip's peeling from the concave sidewall surfaces of the
pattern. For adherent cells, there is a positive relationship between
EC and EA [42]. It will thus be interesting to know the relation of PM/F

with respect to EC and EA.
In dealing this issue, we showed the PM/F data in Fig 9c as a

contour plot with linear interpolation (Fig. 9d). Dotted lines with
different slopes or kC/A values, which were the ratio of EC to EA (kC/
A ¼ EC/EA), were added to show PM/F with respect to kC/A. During our
simulations, we found when kC/A is less than 0.4, the peeling be-
haviors of cells or cellular strips would be far different from those
observed under actual experimental conditions. This is under-
standable since it will be hard for a cell or cellular strip to sustain a
peeling process similar to the tape peeling described byWard et al.
[63] and fracture of the adhesion complexes [33] may have taken
places for a low kC/A or a high EA. In viewof this, we selected the PM/F
data points in the red box (Fig. 9d, with kC/A larger than 0.4) for a
linear least-square fit (3D plot shown in Supplementary Fig. 2), to
obtain the following equation:

PM=F ¼ 0:3266þ 0:1477 log kC=A þ 0:0279 log EC; (2)

where R2 ¼ 0.9800. From this equation, one could find that PM/F has
a positive correlation with EC and kC/A. When kC/A remains un-
changed, PM/F will increase with the increasing of either EC or EA.
Conversely, when EC or EA remains unchanged, PM/F will increase
with the increasing of kC/A.

It will be tempting to extend the current research to other assay
platforms by evaluating the peeling capabilities of cells on a curved
topographic substrate. The challenge for such assays lies first in the
establishment of the physiologically or pathophysiologically rele-
vant substrate topography or curvature with respect to the in vivo
microenvironments. Also, due to contact inhibition or low cadherin
expression bymany cell types [26], cellular strips will not be readily
achievable and the calculation may thus need to be fine-tuned. In
spite of this, due to the relative insensitivity of the CPPs to pattern
structural dimensions (see Subsection 3.5), we obtained the PM/F
values for a number of cells with Eq. (2) and the EC and EA values
reported (Supplementary Note 4). We found that the calculated PM/

F values were in good agreement with these cells' peeling abilities
on the concave substrates. Interestingly, we also found PM/F values
may be related to the metastatic potentials of cancer cells
(Supplementary Note 4). These results verified the efficiency of our
FEM simulations and raised the possibility for the current study to
be extended to researches in experimental oncology.
4. Conclusion

We have developed a PDMS pattern with arrays of microwells
for the formation of multicellular aggregates by C17.2 neural stem
cells. The induction of aggregate formation by the pattern takes
advantage of cell peeling on concave microwell sidewall surfaces
after cellular strip formation. The resulting aggregates were sus-
pending in microwells with tethering to the pattern and thus have
effective mechanical support for withstanding regular culture
handling. Within the structural dimensions tested, we found that a
small microwell diameter and a narrow channel width would
facilitate the aggregate induction by the pattern and thus the D80-
W20 and D100-W20 patterns were considered to be the most
favorable patterns for aggregate formation by C17.2 cells. With the
FEM simulation of the peeling process, we found that cellular strips
on the semi-cylindrical sidewall surfaces peeled with significantly
smaller CPPs than cells on flat substrates. However, the CPP by itself
failed to fully account for the difference in aggregate inducing
capability among the patterns addressed, suggesting cell growth
behaviorsmight play a role. Insights for the design of practical assay
platforms were discussed in terms of pattern structural dimensions
and cell mechanical stiffness, especially the cell instantaneous
elastic modulus and adhesion interface elastic modulus. This study
thus justified the current pattern as a practical approach for
establishing 3D neural stem cell-based assay platforms.
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