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Abstract
Polymer scaffolds that direct elongation and orientation of cultured cells can enable tissue
engineered muscle to act as a mechanically functional unit. We combined micromolding and
microablation technologies to create muscle tissue engineering scaffolds from the biodegradable
elastomer poly(glycerol sebacate). These scaffolds exhibited well defined surface patterns and
pores and robust elastomeric tensile mechanical properties. Cultured C2C12 muscle cells
penetrated the pores to form spatially controlled engineered tissues. Scanning electron and
confocal microscopy revealed muscle cell orientation in a preferential direction, parallel to
micromolded gratings and long axes of microablated anisotropic pores, with significant individual
and interactive effects of gratings and pore design.
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Introduction
Tissue engineering seeks to restore the function of diseased or damaged tissue with limited
capacity for self-repair, such as the heart, typically through the use of cells and polymeric
scaffolds.[1] In many tissues, including heart,[2,3] smooth,[4] and skeletal muscle,[5] a highly
organized structure of oriented lamellae plays a critical role in determining mechanical
function. Toward functional regeneration of damaged heart muscle, feasibility of implanting
cell sheets[6] and cells embedded in hydrogels[7] were demonstrated in vivo, and restoration
of pumping by repopulation of decellularized hearts was demonstrated in vitro.[8] These
studies have inspired new approaches to creating scaffolds resembling normal heart tissue
by exploiting state-of-the art polymer and microfabrication technologies.[9]

Polymeric two-dimensional (2D) cell culture substrates providing topographical cues that
guide the alignment of cultured cells have been produced by a variety of methods,[10]

including photolithography,[11,12] embossing,[13] and microcontact printing.[14-17]

Topographically micropatterned surfaces induced cultured cells,[12] including muscle
cells,[18] to form an oriented layer that in turn induced self-assembly of additional,
consistently organized layers of cells and extracellular matrix (ECM). However, formation
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of a mechanically functional tissue requires long in vitro culture durations of at least 6
weeks.[12]

Porous three-dimensional (3D) tissue engineering scaffolds providing space for cell
penetration and nascent tissue development,[19] mass transport in vitro[20] and/or
vascularization in vivo[21] have been produced by a variety of methods including freeze-
drying,[22,23] knitting,[24] electrospinning,[25] selective laser sintering,[26] particulate
leaching without or with superimposed flow channels,[20,27-29] stereolithography,[30] cell-
hydrogel molding,[31] and laser microablation.[32] However, previous 3D tissue engineering
scaffolds did not guide cell alignment to the degree present in heart muscle.[32] Moreover,
previous scaffolds often failed to match the mechanical properties of normal heart
muscle.[24,32,33] In the present study, we sought to enhance muscle cell guidance in the
context of a micropatterned, porous elastomeric scaffold by a novel combination of
micromolding and microablation technologies. Since many naturally occurring and
thermoplastic polymers fail under long-term cyclic loading, we selected poly (glycerol
sebacate) (PGS), a robust biodegradable elastomer,[34] as the scaffold material. We and
others recently showed the mechanical properties of PGS can be tailored to match heart
muscle,[32,33] and that PGS is slowly biodegradable by surface hydrolysis.[35,36]

While recognizing the challenges of cell sourcing for cardiac tissue engineering,[37] we
tested the scaffolds with cultured C2C12 muscle cells which are well characterized,[38]

electrically excitable[39] and can provide proof-of-concept for new cardiac tissue
engineering technologies.[20,26] Based on previous demonstrations of enhanced muscle cell
alignment, we used replica molding to produce surface features with dimensions on the
order of 5-10 μm,[13] and laser microablation to produce top-to-bottom pores on the order of
200 μm.[32] Specifically, we sought to demonstrate preferential alignment of cultured
muscle cells in parallel to linear gratings and long axes of anisotropic pores on
microfabricated PGS scaffolds.

Experimental Part
Silicon molding

Mylar mask transparencies were generated by CAD/Art Services (Bandon, OR) using an
Orbotech 7008 laser photo-plotter (Billerica, MA) at 20,000 dpi. Starting substrates were
100 mm diameter, 525 μm thick silicon wafers (Montco Silicon Technology, Spring City,
PA). A photoresist adhesion promoter, hexamethyldisilazane, was spun at 4000 rpm for 30 s
and hotplate baked at 95°C for 60 s, followed by Shipley 1822 positive photoresist (Dow,
Indianapolis, IN), spun at 4000 rpm for 30 s, targeting 2.4 μm thickness, and oven baked at
92°C for 30 min. Both materials were spun on an EVG101 spray coater/spinner (EVG,
Tempe, AZ). UV exposure was applied using a MA-6 Photo Aligner (Suss Microtech,
Waterbury Center, VT) in hard contact mode for 9 s. The wafers were then developed in
Microposit MF319 (Microchem, Newton, MA) for 55 s, rinsed in deionized water for 5 min,
and spun-dry. An oxygen plasma step was performed in a PX-250 plasma asher (March
Plasma Systems, Concord, CA) at 55 W for 5 min. The wafers were then hard-baked at
110°C for 30 min in an oven. The exposed silicon was etched in an STS ICP (Surface
Technology Systems, Newport, UK), targeting a depth of 10 μm. Photoresist was stripped
by oxygen plasma (March, 100 W, 5 min) followed with 20 min in SVC-14 photoresist
stripper (Dow). A final cleaning was done using a piranha bath (1:1, H2SO4 : H2O2) for 20
min. Targeted groove depth was verified using a Wyko NT-1100 optical interferometer
(Veeco, Fremont, CA).
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Preparation of scaffolds
PGS pre-polymer was synthesized by polycondensation of 0.1 mole each of glycerol
(Aldrich, Milwaukee, WI) and sebacic acid (Aldrich) as previously described.[34] Resulting
product was stored as is for later use. For production of PGS membranes ~250 μm thick, 1.5
g of pre-polymer was melted on sucrose-coated silicon wafers at 160°C and then cured at 40
mtorr and 160°C for 8 h [32]. Membranes were delaminated in distilled water (dH2O) at
60°C for 12 h and rinsed in 70% ethanol (VWR, West Chester, PA) for 12 h. Membranes
were then placed on sucrose-coated glass slides and top-to-bottom pores were drilled using a
microablation system (LSX-213, CETAC, Omaha, NE). Specifically, a frequency
quintupled (213 nm) Nd:YAG pulsed laser was used with a 150 μm × 150 μm aperture, at a
total energy of 4.3 mJ (100%), a frequency of 20 Hz, and 160 shots per pore. Gratings, if
present, were positioned face-down on the glass slide for their protection during laser
drilling. Scaffolds were delaminated in dH2O at 60°C for 3 h and rinsed in 70% ethanol for
12 h. Two distinct groups of PGS membranes (LINE and Control (CTL), respectively) were
produced by using silicon wafers with and without gratings, and two distinct pore designs
(square (SQ) and rectangular (RECT), respectively) were produced by using either one
square aperture or two square apertures superimposed with 20 μm overlap.

Preparation of tissue engineered constructs
The murine myoblast cell line C2C12 was obtained from ATCC (Manassas, VA) and the
culture medium was Dulbecco's Modified Eagle Medium (DMEM, Invitrogen, Grand Island,
NY) supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin–
streptomycin (Invitrogen) as previously described.[39] The PGS scaffolds were cut into 5
mm × 5 mm pieces, placed in custom-made Teflon wells (5 mm × 5 mm × 4.7 mm deep),
autoclave-sterilized, and pre-coated with a fibronectin-collagen solution to enhance cell
attachment (FNC Coating Mix®; AthenaES, Baltimore, MD). Five million C2C12 muscle
cells were resuspended in 100 μL of culture medium and pipetted onto each PGS scaffold.
After a 3 h period of cell seeding in a 37°C, 5% CO2 humidified incubator, constructs were
transferred into poly(ethylene terephthalate)(PET) cell culture inserts in 12-well plates (BD
Falcon, Bedford, MA) and 5 mL of medium were added per well. The cell-seeded scaffolds
were cultured for 12 days, with complete medium replacement every 2 or 3 days. For each
condition, 3 samples were tested in 2 different experiments.

Mechanical testing
Mechanical testing methods were adapted from our previous study.[32] Rectangular strips of
bulk PGS membrane (5 × 2 mm) and microfabricated PGS scaffolds (5 × 2 mm) were
prepared and their thicknesses measured using a dial gauge (L.S. Starrett, Athol, MA). Dry
specimens were mounted on an Electroforce ELF 3200 mechanical tester (Bose-Enduratec,
Framingham, MA) fitted with custom fabricated stainless steel tissue grips and a 250 g load
cell (model 31-1435-03; Sensotech, Columbus, OH). Specimens were uniaxially strained to
failure at 0.1 V per second. Independent specimens were tested in two directions: a preferred
direction (PD) wherein tensile stretch was applied in parallel to the grating and in some
cases the long axes of rectangular pores, and an orthogonal cross-preferred direction (XD).
Elastic moduli (E-PD; E-XD) were determined by linear regression within the linear region
of the stress-strain curves up to a strain of 10%, since this was within the average
physiological strain range for muscle tissue.[40,41] Ultimate tensile strengths (UTS-PD,
UTS-XD) were determined as the maximum stresses measured prior to the onset of failure.
For each condition, 3 samples were tested in 2 different experiments.
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Scanning electron microscopy (SEM)
SEM was performed on dehydrated scaffolds using a Hitachi S3500 (Hitachi High
Technologies America, Pleasanton, CA) and a Zeiss Supra VP35 (Carl Zeiss SMT, Peabody,
MA). Samples were subjected to a series of increasing ethanol concentrations and critical
point drying. Dehydrated samples were sputter-coated with Au-Pd alloy using a 108auto
Sputter Coater (Cressington Scientific Instruments, Watford, UK).

Confocal microscopy
Actin-phalloidin staining was done as described previously.[32] In brief, full-thickness
specimens were rinsed, fixed in 10% neutral buffered formalin (Sigma, St. Louis, MO) for 2
h, rinsed, extracted in 0.2% (v/v) Triton X-100 (Sigma) in phosphate buffered saline (PBS)
for 2 h, rinsed, pre-incubated in 1% (w/v) bovine serum albumin (Sigma) in PBS for 2 h,
incubated in Alexa Fluor 488-phalloidin (2:150 (v/v) dilution; Molecular Probes) for 3 h,
rinsed, and incubated in DRAQ5 (25 μM in PBS; Biostatus Limited, Leicestershire, UK) for
30 min, all at room temperature. Specimens were bulk mounted on glass slides in
Fluoromount (Southern Biotech, Birmingham, AL) and coverslipped. Specimens were
imaged on a Zeiss LSM 510 laser scanning confocal microscope and F-actin, and nuclei
were pseudo-colored green and blue, respectively.

Cell orientation measurement
Cell alignment was assessed using a method adapted from a previous study.[12] In brief,
SEM images were used to identify orientations for all cells located inside the pores and
around the pores at the scaffold surfaces. The orientation of the cellular long axis was
calculated as the angle deviation (AD) with respect to the gratings for scaffolds with
micropatterning, and with respect to the long axis of rectangular pores or a randomly
selected edge of the square pore for scaffolds without gratings, using Image J software from
NIH (Bethesda, MD). For each condition, at least 3 different images of 6 pores were
evaluated.

Statistical analysis
Data were calculated as mean ± standard deviation. Tissue culture data were analyzed using
a standard analysis of variance (ANOVA) in conjunction with Tukey's post hoc test using
general linear model and pair-wise comparison. Mechanical test data were analyzed by
standard Student-t test. Statistical significance was established as p < 0.05.

Results & Discussion
Toward enhancing orientation of cultured muscle cells on porous tissue engineering
scaffolds by contact guidance phenomena, the intervening structural elements (i.e., struts)
were micropatterned with linear gratings. The first step to achieving the design concept was
to produce a silicon master mold with the desired topographical features and to render this
design in PGS by replica molding. Standard photolithography was used to create a double-
ridged pattern (10 μm wide × 10 μm spaced × 10 μm deep features) at 170 μm intervals in
the silicon master (Figure 1a), and targeted feature depth was verified by interferometer
imaging (Figure 1b). Fabrication of the intended design in ~250 μm thick PGS membranes
was readily achieved (Figures 1c and 1d). Very few defects were observed and de-molding
was simplified by sucrose-coating the silicon master.[11] The second step to achieving the
design concept was to produce pores in the PGS such that the intervening struts retained the
micromolded gratings. Laser microablation was used to produce top-to-bottom pores with
linear dimensions ranging from 150 – 280 μm. To protect the micropattern, membranes were
positioned on sucrose-coated glass slides with the gratings facing downwards and then laser
drilled (Figure 2a).
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Using membranes with gratings, two different pore designs were produced with good
precision: square pores of 150 μm × 150 μm (SQ LINE, Figures 2 b and c) and rectangular
pores of 280 μm × 150 μm (RECT LINE, Figures 2d and e). Using non-patterned
membranes, the same two pore designs were produced by laser drilling to provide otherwise
identical control scaffolds (SQ CTL and RECT CTL, data not shown). Whereas
topographical micropatterning of cell culture substrates was demonstrated at cell- and tissue-
relevant length scales more than a decade ago,[42] and 3D scaffolds with anisotropic pores
for muscle tissue engineering were more recently reported,[28,31,32,43] the present work
focused on combining microfabrication technologies in the context of a slowly
biodegradable elastomer in order to create a scaffold capable of enabling organized cell
alignment and providing mechanical function of the resulting engineered tissue a priori.

Mechanical properties were measured for three types of specimens with gratings: PGS
membranes and PGS scaffolds from the SQ LINE and RECT LINE groups (Figures 1c, 2b,
and 2d, respectively), with application of tensile stretch in two directions: in parallel or
orthogonal to the grating (preferred direction, PD, and cross-preferred direction, XD,
respectively). Measured values of elastic modulus (E) and ultimate tensile strength (UTS) in
each direction are shown in Figure 3. For the PGS membranes, grating orientation with
respect to direction of tensile stretch did not affect E or UTS, presumably due to the minimal
contribution of the gratings (<10%) to the overall membrane cross-sectional area (Figure 3).
Also for PGS scaffolds from the SQ LINE group, grating orientation with respect to stretch
direction did not affect E or UTS, presumably due to in-plane isotropy of these scaffolds.
However, for PGS scaffolds from the RECT LINE group, co-orientation of gratings and
long rectangular pore axes in the direction of tensile stretch significantly increased E (E-PD,
889 ± 116 kPa vs. E-XD, 521±52 kPa, p<0.05) and tended to increase UTS (UTS-PD,
507±136 kPa vs. UTS-XD, 401±41 kPa, p>0.05), presumably due to in-plane anisotropy of
these scaffolds and consistent with our previous report.[32] Values of E and UTS for PGS
scaffolds in this study (Figure 3), obtained over a linear strain range of 0 to 0.1, were
somewhat higher than corresponding values previously reported for adult human heart
muscle (E, 20-500 kPa and UTS, 3-15 kPa, where these ranges reflect progressive, non-
linear increases with strain (reviewed in [33]). Efforts to further optimize the design and
fabrication scaffolds that more closely match the mechanical properties of native
myocardium are underway.[26,33]

While recognizing the challenge of developing optimal cell sources for cardiac tissue
engineering,[37] C2C12 cells were used in this study as a model to evaluate muscle cell
alignment capability of microfabricated PGS scaffolds. Cells were cultured for 12 days and
imaged using SEM and confocal microscopy. SEM images from each group of scaffolds
(SQ CTL, SQ LINE, RECT CTL, and RECT LINE) shown in Figure 4. Confocal
micrographs of actin-phalloidin stained specimens from each group are shown at low and
high magnification in Figure 5. Cell orientation, defined as an angle deviation of the cellular
long axis with respect to the gratings and/or pore edge (Figure 6a), was quantified based on
SEM images, since gratings were not visible by confocal microscopy due to PGS
autofluorescence. Cellular alignment within a 10 degree variation from the grating axis is
presented for all four scaffold groups (Figure 6b) and for each individual group (Figures 6 c-
f). There were statistically significant differences between each group, except between the
SQ LINE and RECT CTL groups (Figure 6b). A progressive increase in cell orientation was
observed as follows: SQ CTL < SQ LINE and RECT CTL < RECT LINE. These findings
suggest that scaffolds enabled cultured muscle cells to preferentially align in parallel to
linear gratings and pore edges, with significant individual and interactive effects of surface
topography and anisotropic pore design. Thus, combined physical cues for cell elongation
and orientation, i.e., topographical features and pores, produced more organized engineered
muscle tissue. Previously, it was reported that cells cultured on 2D micropatterned substrates
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exhibited a range of responses that depend on cell type, feature size, and geometry.[44-46]

With regard to the cell types present in muscle tissue, topographical features with
dimensions on the order of 2-10 μm were associated with alignment of cultured C2C12
muscle cells,[13,18] fibroblasts,[47] endothelial cells,[48] and neonatal rat heart cells.[17] In the
present study, C2C12 muscle cells aligned in response both to linear surface features on the
order of 10 μm and to the long axes of micro-scale anisotropic pores. The novelty of the
present work is in the combination of precisely controllable surface topographies and pore
designs to achieve interactive effects on cell alignment at the surfaces and within the pores
of a biodegradable elastomeric scaffold, which possess suitable mechanical properties,
resulting in a functional engineered-tissue a priori, as would be needed for repair of
damaged muscle. Importantly, these same techniques can be applied to cell types other than
C2C12 muscle cells, and ongoing extension of the present studies to neonatal rat heart cells
suggest that heart cell elongation, alignment, and contractility may also be improved by a
combined microtechnologies approach.

Conclusion
Micropatterning and microablation technologies were combined in the context of an
elastomeric scaffold for muscle tissue engineering. Patterns of gratings and pores were
created that could be varied in a highly controlled manner. The resulting scaffolds exhibited
anisotropic, elastomeric mechanical properties, an important characteristic of normal
muscle. Cellular orientation, demonstrated and quantified using C2C12 muscle cells on the
different PGS scaffolds, suggested significant individual effects of each individual
technology and further improvement when the two microtechnologies were used in
combination.
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Figure 1. Micropatterning of poly(glycerol sebacate)(PGS)
(a) schematic depicting UV light projection through a mask onto a silicon wafer, (b)
interferometry of resulting master showing double grooves, (c,d) SEMs at low-and high-
magnification of membranes with micropatterning. Scale bars: (c) 500 μm, (d) 50 μm.
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Figure 2. Laser microablation of PGS
(a) schematic of method (laser directed through back side of patterned membrane), (b,c,d,e)
SEMs at low- and high magnification of membranes with micropatterning and (b,c) square
pores or (d,e) anisotropic rectangular pores. Scale bars: (b-d) 500 μm, (c-e) 200 μm.
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Figure 3. Mechanical properties of PGS membranes and porous scaffolds, as determined by
uniaxial tensile testing
(a) Elastic modulus (E) and (b) Ultimate tensile strength (UTS) measured for three types of
specimens with gratings: PGS membranes (BULK LINE) and PGS scaffolds from the SQ
LINE and RECT LINE groups. Tensile stretch was applied in two directions: parallel or
orthogonal to the gratings (preferred direction, PD, and cross-preferred direction, XD). Data
represent average ± standard deviation. * = p < 0.05, ** = p < 0.01.
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Figure 4. Scanning electron micrographs of C2C12 muscle cells cultured on PGS scaffolds
(a, b) Square and rectangular pores without micropatterning, respectively; (c, d) square and
rectangular pores with gratings, respectively. Scale bars: (a-d) 100 μm. Arrows (c,d)
indicate grating direction.
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Figure 5. Confocal laser micrographs of C2C12 muscle cells cultured on PGS scaffolds after
actin-phalloidin actin staining
(a,b) Square pores without micropatterning; (c,d) square pores with gratings; (e,f)
rectangular pores without micropatterning; (g,h) rectangular pores with gratings. Scale bars:
(a,c,e,g) 100 μm; (b,d,f,h) 50 μm. Arrows (c,d,g,h) indicate grating direction.
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Figure 6. Orientation of C2C12 muscle cells cultured on PGS scaffolds
(a) Schematic of cell long axis angle deviation relative to grating direction. Cell alignment
(within a 10 degree angle deviation threshold) based SEM images (b) for all four groups of
scaffolds, (c) square pores without micropatterning, (d) square pores with gratings, (e)
rectangular pores without micropatterning; (f) rectangular pores with gratings. Data
represent average ± standard deviation. * = p < 0.05, ** = p < 0.01.
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