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Abstract
Influencing cell shape using micropatterned substrates affects cell behaviors, such as proliferation
and apoptosis. Cell shape may also affect these behaviors in human neuroblastoma (NBL) cancer,
but to date, no substrate design has effectively patterned multiple clinically important human NBL
lines. In this study, we investigated whether Pluronic F108 was an effective anti-adhesive coating
for human NBL cells and whether it would localize three NBL lines to adhesive regions of tissue
culture plastic or collagen I on substrate patterns. The adhesion and patterning of an S-type line,
SH-EP, and two N-type lines, SH-SY5Y and IMR-32, were tested. In adhesion assays, F108
deterred NBL adhesion equally as well as two anti-adhesive organofunctional silanes and far
better than bovine serum albumin. Patterned stripes of F108 restricted all three human NBL lines
to adhesive stripes of tissue culture plastic. We then investigated four schemes of applying
collagen and F108 to different regions of a substrate. Contact with collagen obliterates the ability
of F108 to deter NBL adhesion, limiting how both materials can be applied to substrates to
produce high fidelity NBL patterning. This patterned substrate design should facilitate
investigations of the role of cell shape in NBL cell behavior.

Introduction
Cell shape and cytoskeletal tension exert powerful effects on cell behavior and fate 1-3.
Using micropatterned substrates, investigators have shown that controlling cell shape can
cause a cell to switch from proliferation to apoptosis 4 or from proliferation to
differentiation 2, change the speed of cell migration 5,6, and encourage differentiation of
cells to form tissues 2. The regulation of these behaviors is not only vital to tissue and organ
formation during development, but is also important for the development of successful
tissue-engineering applications. Moreover, abnormalities in cell adhesion, proliferation,
apoptosis, differentiation, and migration are central to the pathophysiology of many
diseases. All of these processes are dysfunctional in cancer 7-10, therefore studying the
influence of cell shape and cytoskeletal tension in cancer cells may lead to a new
understanding of cancer pathophysiology.

Neuroblastoma (NBL) cancer, a lethal disease accounting for 8% to 10% of all childhood
cancers, is the most common malignant disease of infancy 11. We have studied how the
biochemical components of the tumor microenvironment affect NBL adhesion 12,13,
proliferation 14,15, migration 13,16, differentiation 17, and apoptosis 18,19. However, using
micropatterned substrates to simultaneously study the influence of extracellular matrix
(ECM) biochemistry and cell shape on human NBL behavior could improve our
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understanding of how biochemical constituents and geometric architecture of the
microenvironment combine to affect human NBL tumorigenesis and metastasis.

Human NBL cells occur in three different subtypes, S-type, N-type, and I-type, each with
distinct morphologies and behaviors. S-type cells resemble glial precursor cells, are highly
substrate adherent, and are non-invasive. N-type cells have a neuronal morphology, are less
substrate adherent, and are highly invasive 20. I-type cells have an intermediate morphology
and mixed properties of N- and S-type cells. They frequently grow as mixtures of both of
these cell types in culture. Some I-type lines behave as stem cells in that they can develop
into either S- or N-type cells 21. A thorough investigation into the effects of cell
morphology on NBL behavior would require experiments with all three subtypes. The
differences in substrate adherence and invasiveness between S- and N-type cells lead us to
speculate that they would behave differently as their cell shape is controlled by substrate
micropatterns. But to perform comparative experiments on cells from these types, there must
be a patterned substrate design that effectively localizes all three types of human NBL cell
lines.

Many patterned substrates have been developed that could serve as a basis for experiments
to alter NBL cell morphology 22-31. These various patterned substrate designs were
produced using different adhesive and anti-adhesive materials. While NBL cells have been
grown on these substrates, inferring which materials would successfully localize both N- and
S-type cell lines is not straightforward for several reasons. First, none of the studies tested
more than one NBL line. Among the six lines tested, only 2 human cell lines were used, the
I-type line SK-N-SH (3 studies) and N-type line SH-SY5Y (2 studies). None of these studies
were tested with S-type cells, the most adhesive of all the types. Second, because of the wide
variation of adhesiveness among different human NBL cell types, there is no way to clearly
discern which combinations of adhesive and anti-adhesive materials will effectively pattern
all of them. For example, alkylsilane and aminosilane patterns have been shown to
effectively localize I-type SK-N-SH cells 26,27,30 and primary neurons 27,32,33. However,
when we applied these patterns to human NBL cells in our laboratory, the localization of
both SH-SY5Y cells (N-type) and SH-EP cells (S-type) was poor. Since effective cell
localization occurs only when cells migrate to the adhesive pattern from the less adhesive
background areas, we concluded that we needed to create a more highly anti-adhesive
background that could effectively deter all three cell types.

Among the many anti-adhesive surface coatings demonstrated to repel cells are the
Pluronics. Pluronics are diblock poly(propylene oxide)-poly(ethylene oxide) (PPO-PEO) or
triblock (PEO-PPO-PEO) copolymers that adsorb to hydrophobic surfaces, such as tissue
culture plastic, and extend hydrophilic tails that prevent protein adsorption and therefore cell
adhesion 34-36. They are anti-adhesive to primary hepatocytes 36, endothelial cells 6,37,
and sensory neurons38, as well as fibroblast (NIH-3T3)36, pre-adipocyte (3T3-L1)37,
pheochromocytoma (PC-12) 35,39 and Schwann (MSC80) cell lines 35,39. However,
Pluronics have never been tested with human NBL cells. In culture, Pluronics last longer
than other hydrophilic anti-adhesives 37, and they can be patterned alone or in combination
with proteins using microfluidic methods 6,36, photolithography 36, microcontact printing
of proteins 6,40, or by competitive simultaneous adsorption with a protein on heterogenous
plastic surfaces 35,39. They can also be modified with fibronectin to promote desired cell
adhesion and resist adsorption of undesired serum proteins 38. Their ease of use and
commercial availability makes them more attractive than coatings that require special
syntheses 4,22,23,41,42 or surface modification prior to their attachment 4,41,42.

The present study examines the suitability of Pluronic F108 as an anti-adhesive coating for
both S-type and N-type cells on patterns with tissue culture plastic and ECM protein-coated
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adhesive regions. We found that SH-EP (S-type) and SH-SY5Y (N-type) cells adhere not
only to ECM proteins and polylysine, but also to uncoated tissue culture plastic and bovine
serum albumin. Using both of these cell lines along with another N-type cell line (IMR-32),
we found that F108 is an effective anti-adhesive for all tested NBL cell lines on uniformly
coated surfaces, and is effective in promoting NBL localization to tissue culture plastic on
microfluidic-patterned substrates.

The main stromal components associated with NBL tumors and their chief site of metastasis,
bone, are the extracellular matrix proteins fibronectin and collagen 43. Therefore, relevant
substrate patterns to study NBL pathophysiology should include at least one of these
proteins. To produce patterns of ECM proteins with a Pluronic background, we tested four
alternative schemes inherent in using microfluidics to pattern two materials and we
measured their differential adhesion. Patterning the adherent protein followed by flooding
(completely covering) with Pluronic produces the best cellular localization. Using this
scheme, all three NBL cell lines pattern well. Lastly, we show that the patterns can localize
cells and restrict cell shape of most cells for over one week. This study is the first to use
Pluronics for patterning NBL, as well as the first to pattern both N and S-type NBL cell lines
using a single patterning technique. We show that F108 and ECM proteins can be patterned
to allow the study of how ECM geometry and biochemistry affect human NBL growth and
metastasis.

Materials and Methods
All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
stated.

Preparation of Uniform Substrates
Protein-coated Surfaces—Uniform protein-coated surfaces were prepared on 24-well
plates (Corning, Corning, NY). Proteins were prepared according to the company datasheet
instructions and applied at the following concentrations: laminin from Engelbreth-Holm-
Swarm sarcoma at 25 μg/mL, collagen I at approximately 100 μg/mL, BSA at 2.5 wt. %,
poly-L-Lysine (mol. wt. > 300,000) at 10 μg/mL. Pluronic F108 prill was generously
donated by BASF Corporation (Florham Park, NJ), diluted to 1% in distilled, deionized
water, and used within 1 week.

Silane Deposition—Silanes were coated on VWR glass cover slips (22 × 22 mm, No
1½). All cover slips were cleaned in 20% methanol solution for 20 min in a bath sonicator,
rinsed liberally in distilled water, immersed overnight in piranha etch [7:3 sulfuric acid
(70%):hydrogen peroxide (30%)], rinsed liberally, and baked in an oven to dry. Cover slips
coated with trichloro(1H,1H,2H,2H-perfluorooctyl) silane (13F) were immersed in a 0.5 %
solution in anhydrous toluene (both from Sigma-Aldrich) for approximately 30 min, and
rinsed in 2 changes of toluene 32. Cover slips coated with phenyltrichlorosilane (PTCS)
were immersed in 5% for 15 min, and rinsed in 2 changes of toluene 33.
Dimethyldichlorosilane (DCDMS) was applied in the vapor phase by placing clean cover
slips together with a small drop of the silane on a separate glass slide and then applying a
vacuum for 7 min. All silane reactions were completed by baking the cover slips at 130°C
for 1 h.

Cell Culture
SH-EP, SH-SY5Y, and IMR-32 cells were maintained in Falcon tissue culture plates (BD
Biosciences, Bedford, MD) using Dulbecco’s modified Eagle’s Medium (DMEM)
(Invitrogen Corporation, Carlsbad, CA) supplemented with 10% calf serum (Hyclone,
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Logan, UT). Cells were plated on all substrates at 50 cells/mm2 and in this media unless
otherwise stated.

Adhesion Assays
SH-EP cells were used for most adhesion assays because they are more highly adhesive and
would better test the ability of anti-adhesive candidates to deter cell adhesion. Cells were
plated and grown overnight, fixed in 4% paraformadehyde, and stained with Coomassie blue
to allow each cell border and nucleus to be seen easily. For experiments on well plates, 3
wells with each coating were used and 3 adjacent fields in each well counted. Near the edges
of the well plates, there was a margin where cells adhered in greater numbers. The first field
was positioned to the right of this margin nearest the left edge of the well. For experiments
using glass cover slips, 3 substrates of each coating variation were used. Ten adjacent fields
were counted, with the first field selected away from the edge of the cover slip. The cells
counted lay in a field delineated by a square reticle with an area of 2.25 mm2. Data were
analyzed using ANOVA and Tukey’s multiple comparison tests with Prism software
(www.graphpad.com).

Cell Area Measurements
SH-EP, SH-SY5Y, and IMR-32 cells were cultured at 50 cells/mm2 on 60 mm diameter
tissue culture dishes that were either uncoated or coated with collagen. The next day cells
were fixed with 4% paraformaldehyde and stained with phalloidin (Invitrogen, Carlsbad,
CA) (1:200) to visualize actin fibers and bisbenzamide (1 μg/mL) to visualize cell nuclei.
The areas of the cell and nucleus were measured using the area tool in Metamorph software
(Molecular Devices, Sunnyvale, CA). The area encompassing the phalloidin staining was
defined as the cell area and the area encompassing the bisbenzamide staining defined as the
nucleus area. Only cells not in contact with other cells were measured. The number of cells
measured per condition was 47 ± 13 (avg ± st. dev.) Data were analyzed using ANOVA and
Tukey’s multiple comparison tests with Prism software.

PDMS Stamps
To create stamps, Autocad software was used to draft a pattern mask as arrays of parallel
lines of varying width. CAD/Art Services, Inc. (Bandon, OR) printed the Autocad files on
transparency masks. To make molds used in stamp formation, mask patterns were first
transferred to silicon wafers coated with SU-8 photoresist (MicroChem Corp, Newton, MA).
The resist was exposed to UV light and developed to leave a 30 to 80 μm profile of the
pattern on the wafer. Dr. Nobuyuki Futai from the University of Michigan Department of
Biomedical Engineering generously performed photolithography with reagents and
equipment provided by Dr. Shuichi Takayama. 13F silane was reacted in the vapor phase to
render molds non-adhesive to the PDMS during polymerization. Stamps were made by
polymerizing Sylgard 184 (Dow Corning, Midland, MI) on the molds and soft-curing
according to package directions. Stamps used in early stages of this work were made by
Xiaoyue Zhu and generously donated by Dr. Shuichi Takayama.

Patterning of Pluronic F108
Rectangular holes were cut in the stamps as inlets and outlets for solutions of protein or
Pluronic F108. The stamp was pressed to contact the surface of a 60 mm diameter tissue
culture dish or DCDMS-coated cover slip. A small drop of solution was placed in one of the
holes; the liquid proceeded down the channels through capillary action or was aided by
suction with a pipette bulb. Solutions were left to dry in a tissue culture hood before the
stamp was removed.
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Patterning of Collagen I and F108
Collagen I and F108 were patterned according to 1 of 4 schemes (Fig 4). From these
schemes, there are a total of 4 surfaces that NBL cells would encounter when plated:
collagen alone, F108 alone, F108-on-collagen, or collagen-on-F108. NBL cell adhesion to
these candidate surfaces was measured on unpatterned tissue culture plastic as detailed
above. F108 was applied for 3 h, collagen for 1 h, and the top layer of F108 (on collagen)
for 10-60 min. We then normalized the adhesion data from these 4 surfaces to that of
collagen alone. These normalized data were used to calculate the reduction in adhesion
provided by the candidate anti-adhesive surface for each scheme as follows:

To construct patterns of both materials, collagen was patterned using the PDMS stamps as
described above in 60 mm tissue culture dishes or on DCDMS-coated glass cover slips.
FITC-conjugated collagen was used in select experiments to allow visualization of the
pattern. After drying for a minimum of 3 d, 1% F108 solution was flooded to cover the
entire surface for varying durations. Alternatively, F108 was flooded, the solution aspirated
from the surface, then collagen I patterned.

Cell Patterning
Cells were plated on patterned substrates at 50 cells/mm2. To assess patterning quality, cells
were grown overnight, fixed in 4% paraformaldehyde, and stained with either red or green
phalloidin (1:200) to visualize actin fibers and bisbenzamide (1 μg/mL) to visualize cell
nuclei. To assess duration of cell patterning, cells were plated on patterned substrates at 50
cells/mm2 and repeatedly photographed every 3-4 d until cells died or patterning quality
diminished significantly. SH-EP cells were grown in DMEM with 0.3% calf serum to reduce
proliferation 44 and SH-SY5Y cells were grown in Neurobasal medium with B27
supplement (both from Invitrogen) to enhance neurite outgrowth and reduce proliferation.
The experiment was terminated when the cells overgrew the pattern or died.

Results
Adhesion of Neuroblastoma Cells on Candidate Surface Coatings

Cells pattern due to an adhesive difference between the pattern and the background. We
therefore surveyed adhesive and anti-adhesive candidate materials for their effects on NBL
cell adhesion. In the first experiment, collagen I, laminin, poly-L-lysine, and uncoated tissue
culture plastic (TCP) were adhesive candidates while bovine serum albumin (BSA) was the
anti-adhesive candidate. On these substrates, SH-EP cells were plated, grown overnight,
fixed, stained, and counted. Collagen and laminin produced significantly greater adhesion
than polylysine, tissue culture plastic, and BSA (Fig 1A; p < 0.01). However, BSA did not
significantly reduce cell adhesion when compared to polylysine and TCP, suggesting that it
would not serve effectively as an anti-adhesive surface. SH-SY5Y cell adhesion to these
substrates mirrors that of SH-EP cells (data not shown). We next tested Pluronic F108 as an
anti-adhesive surface. F108 significantly reduced SH-EP cell adhesion by 95% compared to
collagen I and 94% compared to tissue culture plastic (Fig 1B; p < 0.001).

We then compared F108 to two additional anti-adhesive coatings, PTCS and 13F. PTCS and
13F are silanes that react to form covalent bonds with glass, but do not react with plastic.
Conversely, F108 adsorbs only on hydrophobic surfaces, making it ineffective when applied
to unmodified glass. Therefore, a contrast in the effects of these three anti-adhesive coatings
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on cell adhesion might be attributable to the substrate underlying the coating material. To
make the comparison impartial, all coatings were applied to glass cover slips; glass
coverslips were made hydrophobic by reaction with DCDMS to allow F108 coating. For
these experiments, we measured the adhesion of two NBL lines, SH-EP (Fig 2A) and SH-
SY5Y (Fig 2B). No difference in cell adhesion was observed among the anti-adhesive
coatings PTCS, 13F, and F108 for either NBL line (Fig 2). Furthermore, for F108, the
underlying substrate is irrelevant: F108 adsorbed to DCDMS-glass repels NBL cells equally
as well as F108 adsorbed to tissue culture plastic (Fig. 2). DCDMS-glass alone does not
repel NBL cells as well as F108 on DCDMS-glass (Fig 2; p < 0.001 for SH-EP and p < 0.01
for SH-SY5Y), further confirming the anti-adhesive effect of F108.

F108 Confines NBL Cells to Patterned Stripes
Given the significantly increased NBL cell adhesion to tissue culture plastic compared to
F108, we hypothesized that NBL cells cultured on alternating stripes of these two materials
would localize on the tissue culture plastic. Alternating stripes of F108 and tissue culture
plastic were made using a microfluidic technique (Fig 3A). Three NBL cell lines with
varying cell-surface adhesiveness, SH-EP (Fig 3B, C), SH-SY5Y (Fig 3D), and IMR-32
(Fig 3E) effectively pattern onto the tissue culture plastic stripes within 24 h. The quality of
patterning is equal for all 3 NBL lines tested. In addition, neurites extending from serum-
starved, differentiated SH-SY5Y cells are primarily confined to the adhesive stripes as seen
in the live phase-contrast image (Fig 3D). N-type cells, SH-SY5Y (Fig 3D) and IMR-32
(Fig 3E), adhere to each other when localized on stripes of tissue culture plastic, but appear
completely within the F108 borders. Pluronic F108 not only restricts cell location, but also
cell shape. Patterned SH-EP cells are narrower on the narrower stripes of tissue culture
plastic (Fig 3B).

Producing Collagen and F108 Double Patterns
In creating patterns of both extracellular matrix proteins (ECM) and F108 with a
microfluidic stamp, it is necessary to pattern one of the materials and flood the other,
resulting in either the pattern or background coated with both materials. Surfaces coated
with both materials may produce cell adhesion different from that produced by either
material alone. To evaluate the interaction between collagen I and F108, four schemes were
designed for application of the two materials (Fig 4A). SH-EP cell adhesion was then
measured on the 4 possible candidate surfaces resulting from the 4 schemes: collagen I
alone, F108 alone, collagen-on-F108, and F108-on-collagen (Fig 4A). While F108 alone
resisted cell adhesion, F108 apparently did little to resist collagen (collagen-on-F108), since
the number of cells adhering to that surface is statistically equal to those adhering to
collagen alone (Fig 4B). Furthermore, applying F108 after collagen actually increased SH-
EP cell adhesion compared to applying F108 before collagen (collagen-on-F108) (Fig 4B; p
< 0.05). Most published work in creating patterns of an ECM protein and Pluronic F108 has
used fibronectin as the ECM protein. Therefore, we also tested these surface coating
schemes with fibronectin. Compared to the analogous surfaces tested with collagen in Figure
4, each candidate surface coated with fibronectin and/or F108 produced an essentially
identical adhesion of SH-EP cells (data not shown).

We sought to identify which patterning application scheme would produce the highest
difference in cell adhesion between the candidate adhesive and anti-adhesive regions. To do
this, we calculated the net reduction in SH-EP adhesion (Fig 4C) produced by the candidate
anti-adhesive surface compared to the candidate adhesive surface for the four schemes
illustrated in Fig 4A. We found that the application schemes producing a substantial
difference in cell adhesion between the two candidate surfaces must contain F108 alone,
requiring that collagen is patterned and F108 is flooded, in either order (schemes 1 and 2;
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Fig 4C). Note that in both of these schemes F108 is not contacted by collagen either before
or after its application step.

We then asked if it were possible to limit the pro-adhesive effect of collagen I (Fig 4B) by
shortening the time that collagen I was applied. In schemes 2 and 3, collagen is applied to
regions already coated by F108. We asked whether F108 would resist collagen deposition
even for short periods of collagen application. SH-EP adhesion results indicate that even at 5
min of application time, collagen substantially increases adhesiveness compared to F108
alone (Fig 5A; p < 0.001). F108 is unable to resist collagen I application even after 5
minutes of collagen exposure. This situation favors a high adhesive difference between the
pattern and background, important in making scheme 2 successful, but limiting the chances
of success for scheme 3.

For steps where F108 is flooded to cover the background areas either before (scheme 2) or
after (scheme 1) patterning collagen I, the ability of F108 to reduce cell adhesion was tested
as a function of its application time (Fig 5B). At only 1 min of application time, F108
decreases the adhesion of SH-EP cells compared to unmodified tissue culture plastic by
80%, increasing to 85% at 6 min, 89% at 10 min, and 96% at 60 and 180 min (Fig 5B; p <
0.001). These results suggest the effectiveness of cell patterning by scheme 1 or 2.

NBL Cells on Double Patterns Adhere to Collagen and Avoid F108
Using scheme 1, patterning FITC-labeled collagen and then flooding F108, the ability of
collagen I/F108 double patterns to control NBL cell adhesiveness was tested. All three cell
types localized to collagen stripes and avoided F108 stripes, although S-type SH-EP cells
appear to localize more poorly to the patterned collagen (Fig 6B) when compared to N-type
SH-SY5Y and IMR-32 cells (Fig 6C, D respectively). However, on collagen patterns
without F108 (Fig 6A) many more SH-EP cells localized on the background regions of TCP
compared to when F108 was applied (Fig 6B). This demonstrates the necessity of using an
anti-adhesive material to localize cells to the collagen stripes. On patterns produced using
schemes 3 and 4, SH-EP cells comply to both adhesive and background regions (data not
shown).

Cell Size Differs among NBL Lines and Is Affected by Surface Composition
On both patterned and uniform surfaces, we noticed a variation in size among the three NBL
lines, therefore we measured the size of each cell line on both uniform TCP and collagen I
(Table I). We found that each cell line exhibited significantly greater cell spreading on
collagen than on TCP (SH-EP p<0.001, SH-SY5Y and IMR-32 p<0.05). Similarly, the area
of the nucleus was significantly greater on collagen than TCP for both SH-EP (p<0.001) and
IMR-32 cells (p<0.05) but not SH-SY5Y cells. The N-type cells, SH-SY5Y and IMR-32,
had equal cell and nuclear size on both surfaces while SH-EP cell area was almost twice as
large as the area of the other two lines, whether on collagen (p<0.001) or TCP (p<0.001).
The average area of the SH-EP nucleus was also significantly greater than the N-type cell
lines on both collagen (p<0.001) and TCP (SH-SY5Y p<0.05, IMR-32 p<0.001).

F108 Pattern Duration
A robust patterning system should work for long-term culture applications. SH-EP cells
were cultured on stripes of F108 on tissue culture plastic in 0.3% serum to reduce their
growth rate. SH-EP cells remain well-patterned on the stripes of tissue culture plastic for up
to approximately 1 week, with initial pattern breakdown occurring at 9-10 d and becoming
more pronounced at 12 d (Fig 7A-C). SH-EP cells start to die by 14 d in most cases, but
some remain alive and pattern past 21 d (data not shown). SH-SY5Y cells, grown in
Neurobasal with B27 supplement, are reliably confined by F108 for much shorter periods of
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time (Fig 7D-F). By day 4, some of the cells have encroached on the F108 stripes (Fig 7D).
This becomes more pronounced by day 7 (Fig 7E), although the majority of cells remained
on the stripes of tissue culture plastic. By 12 d many of the cells had died, leaving an
appearance of high patterning fidelity (Fig 7F).

Discussion
The content and architecture of the tumor microenvironment play prominent roles in tumor
cell behavior, affecting cell migration, invasion, and survival 45-47. However, mimicking
this microenvironment in vitro for detailed cellular analyses has been difficult 48. The
objective of this study was to develop a micropatterning technology that effectively localizes
both N- and S-type NBL cells to allow a subsequent investigation of the effects of ECM
geometry and biochemistry on tumor cell behavior. The question of whether restricted cell
shape affects NBL behavior and how it may differ among various human NBL cell types
cannot be answered without a reliable technique for effectively patterning multiple NBL cell
lines. In this study, we found that Pluronic F108 confines NBL cells to more adhesive
regions on substrate patterns. NBL cell patterning by F108 works for three human NBL cell
lines that vary in cell-to-substrate adhesiveness. Also, by assessing NBL cell adhesion on
candidate surfaces, we used Pluronic F108 along with patterned collagen to confine NBL
cells to collagen-coated regions. While several studies demonstrate the ability of patterns to
localize NBL cells and their neurites 22-26,28,29,31, ours is the first technique
demonstrated to pattern different NBL lines of varying adhesiveness.

The adhesion of human NBL cells is easily deterred by F108, but not by BSA. In our
experiments, F108 reduced adhesion of SH-EP cells, the most adhesive NBL line tested, by
94% compared to tissue culture plastic and 95% compared to collagen I (Fig 1). Similar
results were seen with SH-SY5Y cells (data not shown). Not only do these results
corroborate those of others who have shown that F108 deters adhesion of several primary
cell types and cell lines 6,35-39, but it also shows that the adhesion of multiple lines of one
tumor type are modulated by F108.

In contrast, BSA does not reduce NBL cell adhesion. BSA is frequently used as a non-
adhesive control surface when measuring cell-substratum adhesion and is anti-adhesive for
primary neurons 49. When used on substrate patterns, BSA deters cell adhesion enough to
produce cell patterning in serum free media 50. However, the ability of BSA to deter cells
from adhering is limited. Endothelial cells and 3T3-L1 pre-adipocytes grown on patterns
with BSA backgrounds are effectively confined to adhesive fibronectin islands for only 2 d
in serum-free media and for only 18 h in media with serum 37. We did not measure the
adhesion of NBL cells on BSA in serum-free media because most NBL lines, including SH-
EP cells, need at least a small amount of serum to survive. Regardless, the high adhesiveness
of NBL cells to BSA precludes it as an anti-adhesive coating for NBL cells.

We compared NBL cell adhesion to Pluronic F108 with cell adhesion to phenyl- and
fluoroalkyl-silanes, compounds that covalently bind to glass and render surfaces
hydrophobic 51. We found that Pluronic F108 is as equally anti-adhesive as PTCS and 13F
for SH-EP and SH-SY5Y cells after 1 d in culture (Fig 2). Silanes are effective anti-adhesive
coatings that pattern many cell types, including primary hippocampal neurons27,32,33,52
and the SN-K-SH human NBL I-type cell line 26,27,30, the parent line of SH-EP and SH-
SY5Y. These results contrasted with our early attempts to pattern NBL cells with silanes:
whereas diethylenetriamine silane (DETA) grids on a PTCS background localize primary
neurons 33, SH-EP cells do not comply to these patterns and SH-SY5Y cells do so
inconsistently and only when differentiated in serum-free media (data not shown). This
could be explained by the hydrophobicity of the PTCS background which may increase the
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adsorption of serum proteins including BSA that these NBL lines find adhesive (Fig 1). The
strong anti-adhesive effect of PTCS observed with primary neurons may be facilitated by the
lack of serum proteins in serum-free media 27,32,33,51, though others have successfully
localized primary neurons on silane patterns in serum-containing media 52. Another
potential explanation for the poor compliance of SH-EP and SH-SY5Y cells to DETA/PTCS
patterns may be an insufficient adhesiveness of DETA for these cells. It is possible that the
adhesive or anti-adhesive silane monolayers on these patterns may have been contaminated
by polymerization of the silane caused by minute amounts of water in their solvents or in the
atmosphere. Silanes react so readily with water that organic solvents for silane reactions
may need to be distilled in the laboratory 53 before use, and the reactions run in chambers
with controlled atmosphere 32. These requirements make silanes much less robust for cell
patterning compared to Pluronics, which have a long shelf life and which are typically used
in aqueous solution.

Patterned Pluronic F108 effectively confines both N- and S-type NBL cells to stripes of
tissue culture plastic. F108 produced better patterning of these NBL lines than did PTCS
against a DETA pattern, despite their equal strength at deterring cell adhesion. Neurites of
differentiating SH-SY5Y cells are mostly confined to adhesive stripes of tissue culture
plastic (Fig 3D). F108 not only restricts cell location, but also cell shape. Patterned SH-EP
cells assume a width consistent with the width of the stripe of tissue culture plastic (Fig 3B,
C). This geometric influence on the shape of individual SH-EP cells was also observed on
the N-type cells cultured in our study, SH-SY5Y and IMR-32. On uniform substrates, it is
well-known that N-type cells adhere more weakly to the substrate and more strongly to each
other compared to SH-EP cells. This was also observed on line patterns, on which cells of
both N-type lines clustered together in groups when confined to narrow lines (Fig 3D).

We examined the four possible schemes for the microfluidic patterning of F108 and ECM
proteins on the same substrate (Fig 4). Of these 4 schemes used to combine collagen and
F108, schemes 1 and 2 yielded greater differences in adhesion between the candidate pattern
and background surfaces than did schemes 3 and 4. This is because candidate surfaces
occupied by both collagen and F108 did not deter NBL cell adhesion. Collagen overpowered
the ability of F108 to deter cell adhesion. The order of collagen application appears to
matter, since SH-EP adhesion to F108-on-collagen was increased compared to adhesion to
collagen-on-F108 (Fig 4B). However, neither surface was more adhesive compared to
collagen alone.

The higher cell adhesion seen on F108-on-collagen surfaces may result from collagen
changing the orientation of F108 such that its hydrophilic tails are not oriented to deter
protein, and therefore cell adhesion. Even if collagen does not occupy the entire available
surface, it may prevent F108 from adsorbing to the substrate, thereby preventing its
deterrence of cell adhesion. Since cell adhesion to collagen is mediated by integrins, the
presence of even a minimal amount of collagen could be enough to allow focal contact
formation and cell adhesion. Future studies will look to see if this observation is the result of
an integrin-mediated, biochemical event or if it is simply an artifact of the technique. The
high cell adhesion seen on collagen-on-F108 surfaces is consistent with the previous finding
that hepatocytes adhere to surfaces where collagen is applied after F108 36. Even when
applied for only 5 min (Fig 5A), collagen negates the anti-adhesive effects of F108. This
finding renders scheme 3 unusable. However, had F108 impaired the ability of collagen to
promote NBL cell adhesion, the differences between adhesive and anti-adhesive candidate
surfaces in schemes 1 and 2 would not have been as favorable.

The interference of F108-mediated cell deterrence by collagen when the two materials are
exposed to the same substrate regions is similar to that observed with adhesive amino silanes
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and anti-adhesive alkyl- and phenylsilanes. In a study comparing methods of silane
patterning, DETA negated the anti-adhesive effects of PTCS applied previously to the same
regions of the substrate 33. Our finding of a similar relationship between collagen and F108
emphasizes the importance of precisely defining the surfaces of patterned substrates to
provide cells with clear adhesive and anti-adhesive signals.

The three NBL cell lines adhered preferentially to patterned collagen surrounded by F108
(Fig 6). While these patterns are the same as those used by Li and colleagues to control the
shape of vascular endothelial cells 6, this is the first demonstration of successful use of these
patterns to localize cancer cells. The effective patterning of highly adhesive SH-EP cells and
the less adhesive SH-SY5Y and IMR-32 cells is contingent upon producing patterns where
the anti-adhesive effects of F108 are not contaminated by the presence of collagen. This
technique provides a reliable method for patterning NBL cells.

We found that all three cell lines were greater in size when cultured on collagen compared to
TCP. This is probably due to increased integrin binding on the collagen-coated surfaces,
resulting in increased cell spreading. The cell and nuclear areas of the two N-type NBL
lines, SH-SY5Y and IMR-32, were equal to each other on each surface, while S-type SH-EP
cells had significantly larger areas than the N-type cells on both surfaces (Table I). These
size differences likely do not affect compliance of cells to the pattern, but the extensive
spreading by SH-EP cells on collagen patterns may cause them to extend on to the F108
background stripe (Fig 6B). These differences in cell size also have implications for future
work which includes examining proliferation, migration, and apoptosis of different NBL
lines as a function of cell shape. Our data suggest that on TCP/F108 patterns, the smaller N-
type cells would need narrower TCP stripes to produce a proportional change in shape
compared to SH-EP cells. Additionally, the larger cell areas on collagen suggest that
adhesive stripes on collagen/F108 patterns would need to be larger than TCP/F108 patterns
to produce an equivalent restriction in cell shape.

Maintenance of patterns for several days to weeks may facilitate investigations of the effects
of cell-shape on cancer cell invasion and metastasis. Our results show that S-type SH-EP
cells remain patterned for 9-10 days before growing on to the F108 stripes, while the N-type
SH-SY5Y cells invade F108 stripes at about 4 days (Fig 7). Consistent with results from our
SH-EP experiments, patterns made with Pluronic F108 break down after 1 week in a cell-
independent process 37, and F108 pattern breakdown by fibroblasts occurs initially at 6
days, peaking at 14 days 36. One potential cause of F108 pattern breakdown is desorption of
F108 by serum proteins 37. However, the breakdown of our patterns by SH-EP cells is
roughly the same as that seen with fibroblasts, despite a significantly lower serum
concentration (0.3% compared to 5%) 36,37. Furthermore, pattern breakdown by SH-SY5Y
cells appears faster than SH-EP cells, despite the absence of serum. The more rapid invasion
of F108 stripes by SH-SY5Y cells may be a cell-dependent process related to their
inherently greater invasive capacity compared to SH-EP cells 13,20.

The ability to pattern multiple NBL cell lines using a single technique should help elucidate
the role of cell shape in cancer cell behavior in vitro54 and in vivo55. In conjunction with
other technologies, such as controlling co-culture of two cell types to evaluate how cell-cell
contact affects cell behavior 56,57, presenting cells with ECM proteins in three-dimensional
matrices 58,59, and culturing cells on surfaces with mechanical properties of the ECM 60,
this patterning technique should allow better prediction of cell behavior in situ. Additionally,
the effects of cell shape on signaling are emerging as an increasingly important area of study
61-63. The application of this Pluronic/ECM patterning method may be used to further the
understanding of NBL cell behavior and pathophysiology, leading to the development of
new and better therapeutics.
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Figure 1. Adhesion of SH-EP cells to adhesive and anti-adhesive surface coatings
Cells were plated on surface coatings applied to 24-well plates for 24 h, cultured overnight,
fixed, stained with Coomassie blue, and counted in a 2.25 mm2 area. Data were analyzed
using ANOVA and Tukey’s multiple comparison tests. A. Collagen I and laminin promoted
greater adhesion compared to tissue culture plastic, while adhesion to polylysine and bovine
serum albumin was equal to that on tissue culture plastic. B. Pluronic F108 decreased SH-
EP cell adhesion compared to both tissue culture plastic and collagen I. **p < 0.01, ***p <
0.001.
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Figure 2. F108 is as anti-adhesive for NBL cells as PTCS and 13F
A. SH-EP cells. B. SH-SY5Y cells. Cells were cultured overnight on PTCS- or 13F-coated
glass cover slips or on F108 adsorbed for 1 h on well plates or DCDMS-coated glass.
DCDMS-coated glass without F108 was used as a control for the F108-coated glass
substrate. Cells were then fixed, stained with Coomassie blue, and counted in a 2.25 mm2

area. Data were analyzed using ANOVA and Tukey’s multiple comparison tests. F108
absorbed on to tissue culture plastic and DCDMS-coated glass was as anti-adhesive as 13F
and PTCS. The adhesion produced by F108 adsorbed to DCDMS-coated glass was
significantly less than that on DCDMS-coated glass alone. **p < 0.01, ***p < 0.001.
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Figure 3. Patterning NBL cells with F108
A. PDMS stamp is placed in contact with a 60 mm tissue culture dish and F108 (red) is
flowed through the channels. Cells (blue) land at random, detect F108 stripes and migrate to
stripes of more adhesive tissue culture plastic. SH-EP cells complied to narrow (B) and wide
(C) stripes of tissue culture plastic separated by stripes of F108. Both N-type cell lines, SH-
SY5Y (D) and IMR-32 (E), are also patterned effectively by F108. Cells were stained with
phalloidin (green) and bisbenzimide (blue). Scale bar = 50μm.
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Figure 4. Schemes for making F108-collagen I double patterns
A. There are 4 possible schemes of application, each involving a patterning step of one
material and a flooding step of the other. Each application scheme produces a region coated
with a single material (either collagen or F108) and another region coated with both
materials (collagen on F108 or F108 on collagen). These four candidate surfaces represent
potential adhesive and anti-adhesive regions to cause cell patterning. B. The adhesion of SH-
EP cells was evaluated on the four unpatterned candidate surfaces produced from the
application schemes. Any candidate surface coated with collagen was highly adhesive; only
F108 alone reduced cell adhesion. C. The adhesion produced by each candidate surface was
calculated as a fraction of the cell adhesion on collagen, and then percent reduction in
adhesion between the surfaces in each scheme was calculated. Schemes 1 and 2, in which
collagen does not contact F108 in the application process, produced significant reductions in
adhesion between the more and less adhesive candidate surfaces. *p<0.05, ***p < 0.001.
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Figure 5. Collagen I applied to F108-coated surfaces negates the anti-adhesive effects of F108 on
NBL cells
A. F108 was applied to tissue culture wells for 3 h, then collagen I was applied to the same
wells for 5-60 min. SH-EP cells were cultured on these surfaces, fixed, stained, and counted
in a 2.25 mm2 area. SH-EP cells adhered well to all surfaces exposed to collagen, even for
as little as 5 min. B. F108 was applied to tissue culture wells from 1 – 180 min. SH-EP cells
were cultured on these surfaces, fixed, stained, and counted in a 2.25 mm2 area. F108
significantly reduced cell adhesion even after being applied for only 1 min. ***p < 0.001.
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Figure 6. NBL cells comply to collagen stripes and avoid stripes of F108
Substrates were constructed by patterning FITC-labeled collagen (green stripes) in 60 mm
tissue culture plates, followed by flooding with F108 (B-D). SH-EP cells fail to pattern,
adhering to both collagen and tissue culture plastic when no F108 was applied (A), but
localized on the patterned collagen when F108 was flooded (B). SH-SY5Y (C) and IMR-32
(D) cells also localized on the collagen/F108 stripes and avoided F108 regions. Cells were
stained with phalloidin (red) and bisbenzimide (blue). T = tissue culture plastic, C =
Collagen I, F = F108. Scale bar = 50μm.
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Figure 7. Long-term confinement of cells by Pluronic F108
F108 stripes were patterned in 60 mm tissue culture plates. SH-EP cells were grown in
DMEM with 0.3% calf serum (A, B, C) and SH-SY5Y cells were grown in Neurobasal with
B27 supplement (D, E, F). Both cell lines were plated at 50 cells/mm2 and images were
taken every 3-4 d. Images were taken from representative but not identical regions of cell
patterns on the same substrates. SH-EP cells patterned well initially and remained well
patterned at 3 d (A). Patterns began to break down after 10 d (B) becoming much worse by
day 12 (C). SH-SY5Y cells patterned well at the onset, with some of the neurites spanning
the F108 stripes. By day 4 (D), some of the cells have encroached on the F108 stripe. This
becomes more pronounced by day 7 (E), although the majority of the cells remain on the
stripe of tissue culture plastic. By day 12 (F), many of the cells on this substrate had died.
Scale bar = 50μm.
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Table I

Difference in cell size between S-type and N-type NBL. The area of phalloidin staining (cell area) and
bismenzaimde staining (nucleus area) were measured for SH-EP, SH-SY5Y, and IMR-32 cells cultured on
both uncoated and collagen-coated (Col I) tissue culture plastic (TCP). All cell types cultured on Col I have
larger cell and nuclear areas compared to when cultured on uncoated TCP. SH-EP cells have significantly
larger areas compared to the N-type cell lines on both surfaces. Statistics depicted are for comparisons among
cell types cultured on the same surface. Data are presented as mean ± standard deviation.

Cell Area (μm2) Nucleus Area (μm2)

SH-EP TCP 983.7 ± 360.4*** 194.3 ± 59.6*

Coll 1706.2 ± 630.6*** 256.9 ± 66.46***

SH-SY5Y TCP 505.2 ± 150.4 158.6 ± 40.2

Coll 842.8 ± 343.1 179.5 ± 49.3

IMR-32 TCP 554.3 ± 206.5 142 ± 27.9

Coll 878.7 ± 444.7 182.6 ± 46.4

*
p<0.05

***
p<0.001
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