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Abstract

Traditional cell culture substrates consist of static, flat surfaces although in vivo, cells exist on various
dynamic topographies. We report development of a reconfigurable microtopographical system
compatible with cell culture that is comprised of reversible wavy microfeatures on poly
(dimethylsiloxane). Robust reversibility of the wavy micropattern is induced on the cell culture
customized substrate by first plasma oxidizing the substrate to create a thin, brittle film on the surface
and then applying and releasing compressive strain, to introduce and remove the microfeatures,
respectively. The reversible topography was able to align, unalign, and realign C2C12 myogenic cell
line cells repeatedly on the same substrate within 24 h intervals, and did not inhibit cell differentiation.
The flexibility and simplicity of the materials and methods presented here provide a broadly
applicable capability by which to investigate and compare dynamic cellular processes not yet easily
studied using conventional in vitro culture substrates.

1. Introduction

Surface topographies are useful in the study and control of cell adhesion, orientation, motility,
and proliferation and differentiation [1-3]. A materials constraint of most conventional man-
made micromachined topographical substrates is that the features are not dynamic [4] as
microenvironments in vivo often are [1,5-8]. Reconfigurable surfaces have been developed to
a much lesser degree and even then mostly for regulating surface chemistry not surface
topography [9-12]. Here, we describe a reconfigurable microtopographical system customized
for cell culture and imaging that consists of reversible wavy microfeatures on poly
(dimethylsiloxane) (PDMS). The wavy features are created by compression-induced buckling
of a brittle thin film on the surface of a PDMS substrate [13]. We observed that by
uncompressing such a substrate, the microfeatures would also reversibly disperse, so that by
applying or releasing compressive strain, waves could be obtained or removed, respectively.
Using these reversibly reconfigurable topographical features, we demonstrate the ability of
C2C12 myoblast cells to align and realign on wavy features that are created and recreated on
a substrate. Myoblasts were studied because alignment is a critical step in musculoskeletal
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myogenesis that is required prior to fusion into multinucleated myotubes, eventually leading
to the development of the discernable muscular structure [14]. Abnormalities in the muscle
structure alignment are involved in some musculoskeletal disorders [15,16]. Although
microtopographical features are known to be present in vivo [17] and to be effective for aligning
myoblasts in vitro [2,18], much of the mechanisms by which various types of myoblasts align
and muscle tissues organize is still unclear [19]. What is needed for studying the adaptive
properties of such dynamic living cells is the development of correspondingly adaptive
materials with dynamically reconfigurable topographical features.

2. Materials and methods

2.1 Cell source and media

Mouse myogenic cell line C2C12 cells were obtained from American Tissue Type Culture
Collection (ATCC, Manassas, VA). Growth medium (GM) consisted of Dulbecco's Modified
Eagle Medium (DMEM, Invitrogen, Carlsbad, CA 11965) with 20% fetal bovine serum (FBS,
Invitrogen 26140) and 1% antibiotic-antimycotic (Invitrogen 15240). Differentiation medium
(DM) consisted of DMEM with 7.5% horse serum (HS, Invitrogen 16050) and 1% antibiotic-
antimycotic.

2.2 Substrate fabrication

Wells of poly(dimethylsiloxane) (PDMS, type 184 silicone elastomer, Dow Chemical
Corporation, Midland, MI) were made for reversible patterning. Molds were made for
fabricating wells. A pre-mold was made by pouring 10:1 (prepolymer to curing agent) PDMS
into square Petri dishes and cured overnight at room temperature to remove air bubbles
followed by a 2 h oven cure at 60°C. 1.5 cm? pieces were cut out of the cured PDMS and the
holes filled with Epo-Tek polymer (Epoxy Technology, Boston, MA). The Epo-Tek was cured
under UV light for 2 h. The PDMS pre-mold was then removed leaving the final Epo-Tek mold
consisting of blocks of epoxy sized 1.5 cm x 1.5 ¢cm x 0.3 cm. 15:1 prepolymer to curing agent
PDMS was poured into the Epo-Tek molds and substrate wells were cut out once the PDMS
was room temperature cured overnight then oven cured at 60°C for 2—3 h.

Wavy micropatterns were generated on elastomeric polymer surfaces by oxidizing the substrate
to create a brittle thin film, then compressing it [13]. Upon release of the compressive strain
the microfeatures dissipated, thus creating a reversible surface topography. The general method
for creating reversible wavy micropatterns into a surface begins with oxidizing a PDMS
substrate at 200 mTorr in O, for an appropriate amount of time to obtain desired wavy feature
sizes (5 min was required for the work described in this paper) at 100 W in a Plasma Prep Il
Plasma Etcher (model 11005, SPI, West Chester, PA) to create a thin brittle oxidized surface
layer. Compressive strain was applied with a straining device equipped with a micrometer
(Micro Vice, S.T. Japan, Tokyo, Japan) causing the surface to buckle, creating a smooth,
sinusoidal-like wave pattern (Fig. 1). These patterns formed on the substrate surface
perpendicular to the direction of compression. The micropattern could then be removed from
the surface by uncompressing the substrate via removal of the straining device.

2.3 Cell culture on reconfigurable microtopography

PDMS wells were incubated in 4 pg natural mouse laminin (Invitrogen 23017) diluted in
Dulbecco's Phosphate-Buffered Saline (DPBS, Invitrogen 14190) per cm? of substrate surface.
Wells were placed in a biological hood with the blower on overnight to evaporate the DPBS
and deposit laminin onto the surface. Salt crystals left over from the deposition were washed
off with additional DPBS. Substrate wells were then oxidized to create a brittle thin film on
the well surface, and then UV sterilized for 30 min. UV sterilization did not affect cell
attachment, and hence presumably neither affected functionality of the laminin. Strain devices
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were sterilized with 70% ethanol immediately prior to substrate compression and allowed to
air dry in a biological hood. Compressed substrates were incubated in an airtight chamber
(Hypoxia Modular Incubator Chamber, Billups-Rothenburg Inc., Del Mar, CA MIC-101) with
open petri dishes of sterile distilled water to prevent media evaporation in the small volume
wells; adequate gas exchange with the 5% CO» and 21% O, incubator conditions was provided
by removing clamps on chamber tubing open to the incubator environment.

2.4 Measures

2.4.1 Compressive strain—Strain was calculated by measuring square substrate width
before (lp) and after (If) compression, finding the change in length (A | =1, - lf) and inputting
the values into the standard strain equation: e = A I/ |,

2.4.2 Wave size—Rough measurements of each substrate were made to ensure that the wave
size acquired was around 6 um, the size previously found optimal for cell alignment [20].
Estimated wave sizes were determined by taking 10x light microscope images of the substrate
surface while under compression and after plating cells. The number of waves (N) was counted
per a 1 mm distance as seen under 10x magnification. Wavelength (1), or peak-to-peak wave
distance, was then calculated by dividing 1 mm by the number of waves (A =1 mm/ N).

The distance from the top to the bottom of a wave was defined as the amplitude. Wave
amplitude was measured using scanning electron microscopy (SEM) of compressed substrate
replicas (Fig. 1). To prepare for SEM, compressed substrates were replicated (compressed
substrates were filled with Epo-Tek, UV cured, and PDMS replicas cast against the Epo-Tek
patterned piece). PDMS replicas were sputter-coated with a 20 nm layer of Au/Pd at 10 mA,
8V and 70mTorr in Argon gas, and loaded into a Philips XL30 SEM for imaging.

2.4.3 Orientation angle—Orientation angle (OA) reveals the degree of cell alignment along
a feature or on a flat surface, and is found by ascertaining the major axis of the cell and finding
the angle between this axis and the feature (in this case, the wave). Low OAs denote alignment
along the features, with perfect cell alignment resulting in an OA of 0°; randomly oriented cells
have an angle of 45° [21].

2.4.4 Statistical analysis—Auverage orientation angle was calculated as a mean value, that
is the sum of the angles divided by the number of values for any given timepoint. Statistical
analysis was performed on cell data during compressed and uncompressed states to test if the
change in cell orientation angle was statistically significant at these time points. ANVOA with
Tukey post-hoc criterion was used to assess statistical significance of orientation angle of cells
on flat then compressed then flat substrates. Student's t-test was performed on orientation angle
of cells on compressed then flat substrates and also for the repeated compression and
uncompression studies at each point the substrate was reversed back to flat from wavy; o level
was set at 0.05 in both cases.

3. Results and discussion

Wavelength, A, can be approximated from the oxidized layer thickness,t, and Young's modulus
of the oxidized surface, Eg, and the bulk polymer, E, [13,22]:

1/3
Es
A=440 —

p (1)

As noted by Bowden et al., this equation may not describe the waves exactly because the

oxidized PDMS surface layer is not fully characterized and the boundaries between the
oxidized surface and bulk polymer may not be discrete, but it does convey the general relation
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of wavelength to oxidation time [13]. Amplitude, A, can be described by the following

approximation,
1/2
A
A= (—) A

w (2)
where A/W is the compressive strain (A = imposed compressive transverse displacement, W
= original width of the substrate) [23]. Hence, wavelength was not dependent on compressive
strain, but rather amplitude was. Empirically, substrates exhibited a range of strains within
which visible wavy features would form (~11-15% strain); strains below this range did not
produce waves evenly across the entire surface, and strains above it caused the substrate to
fold and collapse. The specific resultant wavelength for a given strain within this range varied
slightly (A = 5-7 um), and depended largely on the oxidation conditions, which are generally
reproducible but difficult to control exactly.

For a given strain, the ability to generate waves is determined primarily by oxidation time
(hence modulus and SiO» film thickness on the substrate surface) and the bulk polymer
modulus [13,20,22]. Wave feature size was analyzed for dry and cell culture media-wetted
plasma oxidized PDMS substrates subjected to 9 intervals of compression (~11% strain) and
uncompression over a period of 9 d (24 h between each compression and uncompression).
Wave size did not vary significantly between intervals. Average wavelength during
compression (Aayg = 7.3 £ 0.8 um; n = 17) was found to be similar for both dry and wet
substrates. Wavelength returned to zero at each point of uncompression. Average amplitude
was measured to be 670 + 120 nm, which coincides with previous findings of similar sized
static waves [20].

Practical considerations such as well dimensions, base material thickness, and deformability
were also important for successful cell experimentation. For instance, entire substrates would
fold under compression if wells were too deep and/or wide. To adapt the reversible waves to
cell culture, custom epoxy molds were prepared (see supplementary data for a process diagram)
and PDMS substrates cast against it to embody 1.5 x 1.5 cm wells at a depth of 3 mm and an
overall substrate thickness of 8 mm. A 15:1 prepolymer to curing agent ratio provided PDMS
substrates that were easily and reliably compressed to create wavy microfeatures.

For cell reorientation studies (Fig. 2), PDMS wells were coated with the attachment protein
laminin, filled with GM, and UV sterilized for 30 min. C2C12 skeletal muscle cell line cells
were plated into the 1.5 cm? wells at a density of 1.0 x 104 cells/cmy, and cultured in GM. UV
sterilized 1 mm thick 15:1 PDMS membranes were cut to size to cover the wells in order to
maintain cell culture sterility.

Cells attached and spread out on the reversible surfaces within 4 h after plating. Cell
proliferation was seen on the reversible topography, and was not inhibited noticeably by the
surface changes. ~13% compressive strain was applied with strain devices to PDMS wells in
all the following studies to obtain wavy microfeatures with sufficient amplitudes to align cells.
Forall cell studies, data was collected from cells cultured on 2 PDMS substrates per experiment.

Orientation angles of cells cultured on flat (pre-compression) to wavy (compressed) to flat

(uncompressed) surfaces over the course of 4 d verified the reversibility of the system (Figures
3a). The OA data reveal initial random orientation (average OA = 47° £ 20°), followed by

alignment (average OA over all compressed time points = 13° + 12°), and lastly returning to
random (average OA = 44° £ 25°). These results show that C2C12 cells that are already spread
onto a substrate in an unaligned manner can be aligned by creating wavy topographical features
on the surface, and once again unaligned by dissipating the features. Statistical analysis using
ANOVA showed a statistically significant difference in orientation angle between groups of
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cells before substrate compression (cells at4 h, on the flat surface, group 1), during compression
(combined data for cells at 20, 48, and 72 h, on the wavy surface, group 2), and after
uncompression (cells at 88h, on flat surface, group 3) (p<0.001). Tukey post-hoc analysis
indicated a statistically significant difference between groups 1 and 2, and 2 and 3 (¢=0.05).
The Tukey post-hoc test («¢=0.05) also showed that the difference between groups 1 and 3 (both
discontinuous flat conditions) was not statistically significant, though this is to be expected
because cells were randomly oriented on a flat surface in both instances.

Similar reversibility in cell alignment was observed even when cells were initially plated onto
wavy features and allowed to spread first in an aligned manner, and then unaligned by removing
the wavy features (Fig. 3b). There are no apparent lasting effects from cell adaptive events,
such as extracellular matrix (ECM) remodeling or cytoskeleton organization that may arise
from the initial cell spreading process that cannot be overridden by topographical
reconfiguration of the substrate over the 3—6 d investigated. A t-test was performed on
combined data of cells during compression (first group; data from 24 and 47 h) and after
uncompression (second group; data from 76, 105, and 145 h). Results indicate the change in
orientation angle on the wavy surface compared to the flat surface was statistically significant
(p<0.001).

To test robustness of the reconfigurable topographical system as well as the plasticity of cells,
substrates with cells were compressed and uncompressed repeatedly at faster rates (24 h
intervals) than in previous experiments (2—3 d intervals). Cells were able to switch from random
orientation to a highly aligned arrangement with each compression interval (representative
micrographs in Fig. 4a). Cells were observed periodically up to 24 h after substrate compression
or uncompression. Noticeable cell reorientation occurred between 19-24 h post-topography
switching. OA for cells on wavy surfaces across all time points averaged at 8° + 7° and is
represented by the purple dashed line (Fig. 4b). Average OAs on flat, uncompressed surfaces
were close to that of random (i.e. 45°, indicated by the dashed red line). Results in OAs of cells
on waves in the aforementioned experiments (Fig. 3) were slightly higher than during repeated
compression and uncompression, suggesting that oxidation times alter materials properties to
produce some variability in actual waves formed by compression. However, for a given
material, wave size is consistent across repeated compressions. The graph in Fig. 4b reveals a
robust reversibility of cell behavior in response to dynamically altered surface microfeatures
(corresponding cell images in Fig. 4c). A minute statistically insignificant decline in cell
reversion back to random during uncompression is noticed. This may suggest decreasing
reversibility over longer durations and over repeated cell realignment due to phenomena such
as increased extracellular matrix deposition (thus limiting cell movement on the substrate) or
unseen material deformations remaining after uncompression, or a combination of factors.
After ~9 compression-uncompression intervals, the substrate started to show visible signs of
plastic deformation, with slight wavy features remaining in the surface even after
uncompression and cells not returning to random orientation. In addition, at this point cells
began to die due to repeated handling outside the biological safety cabinet and incubator during
unavoidable unsterile optical microscope imaging conditions.

Cells were also able to differentiate, even through repeated substrate compression and
uncompression, using the loading regime illustrated in Figure 4a. Despite use of a growth-
promoting media, some differentiated muscle cells, or myotubes, were seen as early as 20 h
following cell plating (which is not unusual for C2C12 cell line cells); more myotubes appeared
by 88 h in culture, demonstrating that the actively changing topography of the culture surface
did not preclude cellular differentiation. Once a myotube formed, it did not reorient and
remained in its last assumed position, perhaps due to increased ECM deposited and reduced
cell motility over time as the cell matured.
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Cells have been known to reorient in vitro in response to stimuli such as fluid shear stress,
multi-directional cyclical stretch, and electrical fields [24-26]. Cell reorientation due to rapid
topographical changes, to our knowledge, has not been previously shown. We observed that
cells are able to reorient repeatedly when given appropriate topographical cues, and that
realignment of initially randomly spread cells produce equally well aligned myoblasts as cells
allowed to align during initial spreading. Cells and their intracellular components are anchored
to substrates indirectly through their ECM [27-30]. The reversibility of cell alignment we
observed in our system suggests that cell alignment does not, within the time frame
investigated, create irreversible changes to the intracellular structures or ECM environment.
In fact, topographical cues appear capable of triggering relatively rapid reorganization of the
intracellular machinery and any small variations in adhesive cues that may be generated by
cellular matrix remodeling. Although the system described in this paper is synthetic, there are
wavy topographical features that arise due to buckling in nature, such as embryonic buckling
resulting in congenital disease [31], bucking of extracellular matrix components during
contraction [32], and buckling during growth of anisotropic tissues [33]. Thus, material-
induced cellular reorientation may be a physiologically relevant mechanism of cellular
organization.

Advantages of this adaptable materials system include: (i) convenient creation, dissipation,
and recreation of the wavy microfeatures using an inexpensive cell culture compatible device;
(ii) readily usable fabrication protocols for biological labs without access to clean rooms or
other expensive microfabrication equipment; (iii) use of a non-toxic material that is optically
transparent to allow convenient analysis of cells using inverted microscopes common to
biological labs, and (iv) the ability to align, unalign, and realign the same cells repeatedly on
the same substrate. Some weaknesses of the system are: (i) the use of a relatively thick (~8
mm) bottom substrate to provide mechanical support reduces the quality of optical micrographs
and excludes use of short working distance, high numerical aperture objectives with inverted
microscopes, (ii) difficulty in precisely reproducing the oxidation conditions leads to some
variability in the wave sizes obtained from batch to batch (although the ability to create and
recreate very similar features on the same substrate is excellent); and (iii) the use of a material,
PDMS, that may adsorb lipophilic chemicals and alter the effective concentration of reagents
for cell biological studies [34] (though the relatively large volumes of liquid to surface area in
this device, compared to microfluidics systems, should mitigate this effect). Even though this
paper focused exclusively on alignment of C2C12 myoblasts, many other cell types respond
to topographical features, including other muscle cells [35,36], osteoblasts [37], endothelial
cells [38], HeLa cells, hepatocytes and fibroblasts [39,40].

4. Conclusions

In summary, we present a reconfigurable microtopography system for reversible on-demand
cell alignment. Using the simple material manipulations of oxidation and compression, wavy
microfeatures can be introduced into and removed from silicone substrate surfaces. Myoblasts
were shown to rapidly reorient within 24 h on the reversible waves. Our described system
provides an easily applicable means by which to examine, for a wide range of cell types,
dynamic cellular processes that traditional in vitro culture substrates are not capable of
studying.
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Fig. 1.

169

192 216

Micrographs of the compressed substrate with a comparison image. Larger images are of
replicas of a compressed substrate from a top view (top left, optical), angled view (top right,
SEM), and cross-sectional view (bottom, SEM). Smaller image is of oxidized, not compressed

PDMS for comparison (optical).
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Fig. 2.

Schematic of the process of reversibly introducing microfeatures into the substrate surface (left
side); after being prepared for cell culture, substrates are compressed to obtain wavy features
and uncompressed to remove the features. Micrographs on the right show cell behavior on the
reconfigurable surface before, during and after compression- cells orient from random to
aligned and back to random. Scale bars = 100 um.
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Fig. 3.

(a) Average orientation angle of cells on reconfigurable surfaces; cells were plated onto flat
substrates that were compressed 4 h after initial cell plating and uncompressed at 76 h. 4 h n
=129 (M =47°£20°),20hn =304 (M=11°+10°),48hn=184 (M=15°+14°),72hn=
167 (M = 14° + 13°), 88 h n = 160 (M = 44° + 25°). (b) Average orientation angle of cells on
substrates first compressed (wavy) then released (flat) at 47 h; cells aligned on the wavy surface
and unaligned to a random orientation on the flat surface. 24 h n =266 (M = 16° £ 18°), 47 h
n=413 (M =15°+16°), 76 hn =278 (M =42° £ 27°), 105 hn =290 (M = 45° £ 26°), 145 h
n =449 (M = 40° + 25°). Bars represent standard deviation; * denotes statistical significance.
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Fig. 4.

(a) Optical microscopy images of muscle cells on the reversible wavy surfaces; cell aligned
along the waves and returned to random orientation on the uncompressed, flat surface within
24 h. Scale bars = 50 um. (b) Average orientation angles for cells during repeated compression
(wavy) and uncompression (flat), and (c) corresponding cell images (scale bars = 100 um);
some images are slightly blurred due to imaging during compression through a curved surface.
In (b), upper, red dashed line indicates the angle for random orientation (45°); cells on flat
surfaces exhibited angles close to random; lower, purple dashed line indicates average angle
for cells over all compressed time points (8° + 7°). 21 hn=153,48 hn =283, 73 h n =188,
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97 hn=208, 128 hn =125, 150 h n =149, 169 h n = 109, 192 h n = 150, 216 h n = 83. Bars
represent standard deviation; * denotes statistical significance.
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