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Abstract

The function of the mammalian heart depends on the functional alignment of cardiomyocytes, and
controlling cell alignment is an important consideration in biomaterial design for cardiac tissue
engineering and research. The physical cues that guide functional cell alignment in vitro and the
impact of substrate-imposed alignment on cell phenotype, however, are only partially understood.
In this report, primary cardiac ventricular cells were grown on electrospun, biodegradable
polyurethane (ES-PU) with either aligned or unaligned microfibers. ES-PU scaffolds supported high-
density cultures, and cell subpopulations remained intact over two weeks in culture. ES-PU cultures
contained electrically-coupled cardiomyocytes with connexin-43 localized to points of cell:cell
contact. Multi-cellular organization correlated with microfiber orientation, and aligned materials
yielded highly oriented cardiomyocyte groupings. Atrial natriuretic peptide, a molecular marker that
has decreasing expression during ventricular cell maturation, was significantly lower in cultures
grown on ES-PU scaffolds than in those grown on tissue culture polystyrene. Cells grown on aligned
ES-PU had significantly lower steady state levels of ANP and constitutively released less ANP over
time indicating that scaffold-imposed cell organization resulted in a shift in cell phenotype to a more
mature state. We conclude that the physical organization of microfibers in ES-PU scaffolds impacts
both multi-cellular architecture and cardiac cell phenotype in vitro.
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Introduction

Cells in the mammalian heart communicate and contract in a highly directional manner, and
cardiac ventricles contain ordered, multi-cellular structures comprising nearly parallel
cardiomyocytes, which act in unison to provide efficient force production [1-3]. Controlling
multicellular alignment is, therefore, a central goal in the design of biomaterials for cardiac
tissue engineering, and understanding the effects of imposed alignment on cell phenotype is a
critical area for research. In previous studies of tissue-level, multicellular organization in
vitro, cardiac cell alignment has been induced using oriented scaffolds [4], patterned substrates
[5,6], or mechanical conditioning of established cultures [7-10]. In seminal work on patterning,
Simpson et al. demonstrated that cultured cardiomyocytes grown on aligned gel matrices adopt
a morphologic phenotype typified by lateral cell alignment, elongated cell shape, and parallel
myofibrillar organization, which are hallmarks of tissue-level organization [11]. In more recent
work, McDevitt et al. demonstrated that cardiomyocytes could also be patterned using narrow
strips of laminin, which caused cells to align in series and form intercalated disk-like structures
located at end-to-end contact points similar those seen in native tissue [5,6]. The transmission
of mechanical strain through the substratum to which cardiac cells are attached can also induce
cellular alignment and subsequent morphologic adaptation consistent with tissue-level
organization [7,9,10]. Significantly, although cells can be induced to align using matrix
patterning or mechanical strategies, the organization of multi-cellular cardiac tissue structures
seems to be principally driven by molecular responses to culture conditions [12]; unfortunately,
the effects of induced cell alignment on cardiac cell molecular phenotype have been only
partially described.

Atrial natriuretic peptide (ANP) is a critical marker for the molecular phenotype of cardiac
muscle cells. During structural development of the heart, maturational changes in cardiac gene
expression occur [13], including decreasing expression of ANP in the ventricle [14,15]. In the
mature heart, ANP expression is largely restricted to atrial cells, which release the peptide from
accumulated stores through a regulated mechanisms triggered by increased intermittent stretch
during atrial filling. ANP is also produced in immature ventricular cells via a constitutive
pathway, but production is down-regulated during normal maturation, and mature ventricular
mycoytes only produce ANP under pathologic conditions associated with ventricular
hypertrophy [14,15]. Since its production decreases with the structural maturation of the
cardiac ventricle, ANP represents a useful marker for studying cardiac ventricular cell
molecular phenotype.

To investigate the relationship between structural organization and ANP expression in cardiac
ventricular cells in vitro, we prepared aligned and unaligned biodegradable polyurethane (PU)
culture substrates by electrospinning. Electrospinning offers several advantages as a processing
method for tissue engineered scaffolds including high surface area to volume ratios, formation
of interconnected porous networks, and small diameter fibers that mimic the fibrous
architecture of the extracellular matrix of soft tissue. In combination, these characteristics
promote cell adhesion and migration and enable the transport of nutrients and waste throughout
the scaffold [16-18]. Additionally, the electrospinning process can be tailored to create highly
aligned scaffolds that can be used as templates for cell organization. In the present work,
electrospun-PU (ES-PU) scaffolds were made from biodegradable, elastomeric material with
tunable degradation properties [19] and used to culture primary neonatal rat heart cells. Cultures
were prepared using both aligned and unaligned scaffolds and assayed for cell survival,
maintenance of cell populations, and differences in markers of molecular phenotype, including
ANP.
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Polyurethane Synthesis

PU was synthesized using polycaprolactone diol with a molecular weight of 1250 (Aldrich,
Milwaukee, WI), 2,6-diisocyanate methylcaproate (LDI; Kyowa Hakko Kogyo, Tokyo, Japan)
and a L-phenylalanine-based diester chain extender (Toronto Research Chemicals, Toronto,
ON, Canada) following the methods of Skarja and Woodhouse [20].

Electrospinning and Alignment

FE-SEM

The PU was dissolved in dichloromethane (Sigma, St. Loluis, MO) at a concentration of 18%
(w/v) as previously reported [19]. The electrospinning apparatus consisted of a variable speed
syringe pump (Orion Sage, Thermo Scientific; Waltham, MA) and a high voltage power supply
(Glassman Series ED, High Bridge, NJ). A glass syringe (Popper & Sons, New Hyde Park,
NY) was equipped with a blunt-tipped needle (23 gauge, Hamilton, Reno, NV) and filled with
the polymer solution. The syringe pump was set to a flow rate of 2.0 to 2.7 ml/hr to provide a
continuous flow of solution to the tip, and +10 kV of voltage was applied to the needle. Isotropic
fibrous mats were collected using a stationary collector whereas a rotating mandrel assembly
was constructed to align the fibers for the anisotropic mats. A speed of 2000 RPM (10.6 m/
sec) was used to align the fibers.

Field emission-scanning electron microscope (FE-SEM) measurements were carried out on a
JEOL JSM 7400F (Tokyo, Japan). Samples were coated with 10 A of gold/palladium (Denton,
Moorestown, NJ) prior to imaging. Images were obtained at a working distance of 8 millimeters
at 1 kV. Fiber diameters for both aligned and isotropic mats were measured onboard JEOL
software. Fiber orientation was determined from digital images using Image Pro® Plus
software (Media Cybernetics, Silver Spring, MD). Briefly, on each image, a reference line was
drawn, and the acute angle formed between the reference and the principal axis of individual
fibers was recorded.

Mechanical Testing

Uniaxial tensile testing was performed using an Instron 4301 (Instron, Norwood, MA) with a
crosshead speed of 13 mm/min and a 10 N load cell running at 50% capacity. Samples of ES-
PU for tensile testing were prepared at 60-70 um in thickness and cut into strips 3 cm long and
1 cm wide. Samples were stretched under ambient conditions until break in the preferred
direction of fiber orientation. Force-elongation data were used to generate stress-strain curves;
stress and strain at break and initial moduli were determined from the curves.

Cell Isolation and Culture

Neonatal rats (2-3 day old; Charles River Laboratories, Wilmington, MA) were anesthetized
and euthanized under an IACUC-approved protocol. The ventricular portion of the heart was
dissected, minced, and digested using a limited digestion with purified trypsin followed by
complete digestion with collagenase using reagents from Worthington Biochemical
Corporation (Freehold, NJ) as previously described [21]. Cell harvests were collected by
centrifugation and filtered through 0.070 mm nylon mesh Nitex (Becton Dickinson, Franklin
Lakes, NJ), and statically inoculated at 2 x 106 viable cells per 10 cm? of surface area using
6-well plates. Prior to inoculation, electrospun polyurethane (ES-PU) scaffolds and tissue
culture polystyrene (TCPS) control wells were precoated with 100 pg/ml human fibronectin
(FN, Becton Dickinson) for 18 hours followed by rinsing with Hank’s Balanced Salt Solution
(HBSS, Invitrogen, Carlsbad, CA). Cells were allowed to adhere for 24 hours prior to the first
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feeding. Cultures were maintained in a serum-free medium (SFM) as previously reported
[21].

Staining and Microscopy

To quantify the proportion of dead cells present in cultures, samples were rinsed with HBSS
and stained for 20 minutes with a 1:500 dilution of ethidium homodimer-2 (1.29 mg/ml,
EthH-2; Invitrogen) prior to fixation in 2% (w/v) paraformaldehyde (PFA, Electron
Microscopy Sciences, Hatfield, PA) in Dulbecco's phosphate-buffered saline (PBS; pH 7.4;
Mediatech, Inc., Manassas, VA) for 45 minutes. Cells were then permeabilized by the addition
of Triton X-100 (Sigma) to 0.1% (v/v), rinsed in PBS, blocked with 3% (w/v) bovine serum
albumin (BSA, Sigma, St. Louis, MO). Subsequent evaluations were carried out to determine
live/dead cell ratio, the arrangement of sarcomeres, or the organization of gap junctions. For
live/dead cell determination, cultures were counterstained with Hoechst 33258 (1 ug/ml,
Sigma) and enumerated such that Eth-H2 positive nuclei indicated nuclei from dead cells out
of total Hoechst 33258-positive nuclei. For sarcomeres, cells were stained with a primary
antibody that recognizes myosin heavy chain (MyHC; clone A4.1025, Developmental Studies
Hybridoma Bank, lowa City, IA) by incubating for 2 hours in hybridoma medium diluted 1:1
with PBS followed by staining for 1 h with Texas Red conjugated anti-mouse 1gG (Jackson
ImmunoResearch, Media, PA), Hoechst 33258 (1 ug/ml, Sigma) to stain nuclei and Alexa
Fluor 488-conjugated phalloidin (Invitrogen) to stain filamentous actin. For gap junctions,
samples were incubated overnight in a 1:500 dilution of a monoclonal antibody against
connexin43 (mouse anti-connexin-43 monoclonal, Chemicon, Temecula, CA) in PBS.
Samples were then counter stained with Alexa Fluor 488-conjugated to anti-mouse 1gG
(Invitrogen), Hoechst 33258, and Alexa Fluor 546-conjugated phalloidin (Invitrogen). Images
of fluorescently stained samples were acquired using an Evolution QEi, 12-bit, cooled CCD
camera (Media Cybernetics) mounted to an Olympus model BX-60 epi-fluorescence
microscope and operated using Image Pro® Plus software (Media Cybernetics). Alignment
calculations and live/dead counts were accomplished using Image Pro® Plus.

Flow Cytometry

Cells for flow cytometry were collected via trypsinization (0.05% trypsin-EDTA, Invitrogen)
of cultures. The collected cells were fixed in 2% PFA for 45 minutes, permeabilized with 0.1%
(v/v) Triton X-100, and blocked with 3% BSA. Samples were stained with a primary antibody
recognizing MyHC (A4.1025) and then labeled with a secondary antibody of Alexa Fluor 488-
conjugated to anti-mouse 1gG (Invitrogen). Samples were run through cell strainers (35um,
Becton Dickinson) and analyzed on a FACSCalibur flow cytometry instrument (Becton
Dickinson). MyHC-positive cells were considered myocytes.

Gene Expression Analysis

Cells and tissue for real time, quantitative polymerase chain reaction (QPCR) were collected
via trypsinization, rinsed with PBS, and stored in RNA-Later® at 4 °C for one week and then
—20 °C, as per the manufacturer's recommendations (Ambion, Foster City, CA). RNA was
prepared using QlAshredder and RNeasy® kits (Qiagen, Valencia, CA) following the protocols
from the manufacturer. Potential DNA contamination of samples was eliminated by DNAse
treatment (Turbo DNAse™, Ambion). The RNA was reverse transcribed using a RT2 PCR
Avrray First Strand Kit (SuperArray, Frederick, MD). QPCR was run on a MyiQ iCycler
(BioRad, Hercules, CA) instrument using custom assays from SuperArray based on primers
with proprietary sequences to detect glyceraldehyde-3-phosphate dehydrogenase (Gapdh),
which is expressed by all cells, cardiac troponin I (Tnni3), which is specific to cardiomyocytes,
myosin light polypeptide 3 (Myl3), which is specific to ventricular cardiomyocytes, and
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natriuretic peptide precursor type A (Nppa), which encodes the ANP precursor that
accumulates in atrial and immature ventricular cardiomyocytes.

Protein Quantification

To determine atrial natriuretic peptide (ANP) levels, an enzyme immunoassay (EIA, ANF
(1-28) rat, host rabbit, high sensitivity, Bachem, San Carlos, CA) were performed on cellular
extracts following the manufacturer's recommendations. The results indicated the total level
of ANP, pro-ANP, and pre-pro-ANP in the sample. A bicinchoninic acid protein assay (Pierce
Biotechnology, Rockford, IL) was performed to determine overall protein concentration in
samples. The level of ANP as a function of total protein was compared between samples.

Statistical Analysis

Statistical analysis was carried out with SPSS Graduate Pack 15 (Chicago, IL) and Primer of
Biostatistics (McGraw-Hill, Columbus, OH) software. Tests applied to individual datasets are
indicated in the text.

Results

Cell Viability and Population Characteristics

To establish whether ES-PU scaffolds could support cardiac cell culture and to verify the
stability of the primary cell populations over time, cell viability and flow cytometry assays
were carried out. Viability was assessed using a fluorescent live/dead staining protocol in which
the number of live and dead cells in random microscope fields was tabulated manually. The
average percentage of live cells on isotropic ES-PU versus TCPS is shown over time in Figure
1. Overall, the percentage of live cells was somewhat lower on the ES-PU mats than on TCPS,
but the percentage of viable cells on the PU was relatively stable over the first week of culture
(85.5% on day 1; 83.7% on day 2; and 85.2% on day 7, respectively) but increased somewhat
by day 14 (92.6%). In contrast, the percentage of live cells on the TCPS started at 93.6% after
24 hours, then decreased slightly to 89.5% and 88.3% on days 2 and 7, increasing to 95.3% at
the final time point. Despite these changes, overall the data indicate that ES-PU supported
viable cells to a level similar to that seen for TCPS without dramatic losses over the timeframe
of the study.

Since primary cardiac cells comprise a mixed cell population predominated by non-
proliferative cardiomyocytes and highly proliferative fibroblasts, we also determined whether
the proportion of myocytes persisted over time in culture on ES-PU. Flow cytometry was used
to determine the ratio of myocytes to non-myocytes. This ratio was measured for the initial
cell isolate and at intervals throughout the length of the experiment. Cells staining positive for
MyHC, which is only present in the cardiomyocyte component of these cultures, were
categorized as myocytes while all remaining cells were considered non-myocytes. Figure 2
shows the average proportion of myocytes (n = 3) for each material at four time points. The
initial cell isolate used in this experiment contained 36.3% myocytes indicating a relatively
high proportion of potentially proliferative cells were present. The percentage of myocytes
remained relatively unchanged after the cells had attached to the substrates such that by day
14, the percentage of myocytes was 31.8%, 28.5%, and 38.4% on aligned ES-PU, TCPS, and
isotropic ES-PU, respectively. These numbers were not significantly different between time
points or across different materials by Two Way ANOVA (p>0.1), anddespite the relatively
low percentage of myocytes, all of these cultures beat throughout the duration of culture.
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Alignment of polyurethane substrates and cultured cells

The first step in evaluating cellular alignment in our study was to create a template to guide
the cells during seeding. This was done by fabricating isotropic (unaligned) and anisotropic
(aligned) fibrous PU mats by electrospinning. Isotropic mats were prepared using a stationary,
flat collector; whereas, aligned mats were collected on a rotating mandrel. The average fiber
diameter was 1.8 £ 1.26 um and 2.0 £ 1.92 um for aligned and isotropic mats, respectively. As
observed previously, [19] there was evidence of polymer bead formation and a large range in
fiber diameters, from a few hundred nanometers to several microns that may have been caused
by fiber splaying during the electrospinning process. Figure 3a-c shows FE-SEM images of
both types of material and the relative fiber orientation in each. There was a clear difference
in orientation of fibers within the isotropic and aligned mats that was quantified by assessing
the variance of the fiber angle distributions (Figure 3c) using Levene's test for Homogeneity
of Variance (p <0.01).

Mechanical analysis of the different ES-PU mats indicated that the aligned scaffolds were
considerably stiffer than the isotropic mats. The isotropic fibers had an elastic modulus of 13.5
MPa + 1.2, ultimate tensile strain of 129% + 26, and ultimate tensile stress of 1.53 MPa £ 0.06.
In contrast, the aligned fibers showed an elastic modulus of 22.5 MPa + 1.7, ultimate tensile
strain of 70% + 5, and an ultimate tensile stress of 2.84 MPa + 0.08. Therefore, as expected,
the aligned materials were stiffer and less extensible than the unaligned substrates.

Cells seeded onto aligned and isotropic mats appeared to adopt the underlying orientation of
the materials by orienting to the long-axes of the ES-PU microfibers. As a result, multicellular
groupings on the isotropic scaffolds appeared to be less organized than those on the aligned
substrates, which appeared highly oriented relative to the material's axis. As expected (Figure
3d), the degree of alignment was significantly higher for the cells cultured on the aligned ES-
PU. Significant differences were not seen between the alignment scores of isotropic fibers and
that of cells grown on isotropic mats or between aligned fibers and cells grown on aligned
mats.

Cell Morphology and Organization

The morphology and phenotype of the cultured cardiac cells were evaluated to determine
whether cells on aligned versus unaligned substrates were able to establish oriented electrical
communication and whether substrate patterning affected cell maturation status evinced by
ANP production. In Figure 4a-c, cytoskeletal MyHC (red), which is specific to myocytes, and
filamentous actin (f-actin, green), which is present in all cell types but accumulate to a
considerably higher level in cardiomyocytes due to the contractile apparatus [22], are shown
in conjunction with the position of cell nuclei (blue). Cells on all of the substrates studied
showed striated sarcomeres with organized f-actin and MyHC. In the TCPS and isotropic ES-
PU cultures, the cells appeared relatively unaligned, and the contractile activity of
cardiomyocytes on these substrates was not directionally organized. In contrast, cells seeded
on aligned ES-PU microfibers were oriented and contractile in one principal direction with a
more linear appearance, which is comparable to the organization of myocytes in ventricular
tissue [22]. These observations were noted three days post-seeding and then throughout the
duration of the experiments.

In vivo, the lateral alignment of cardiomyocyte contractile elements in ventricular tissue is
accompanied by the organization of gap-junctional components in the intercalated discs found
where myocytes join end-to-end [22]. Thus Cx43, which is the most prominent gap junction
protein in ventricular tissue [23], demarks functional cell alignment; accordingly, we
investigated the localization of Cx43 in our cultures. Figure 4d-f illustrates Cx43 distribution
(red) relative to cell nuclei (blue), and f-actin (green). For all three substrata, Cx43 was found
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around the cell periphery and did not specifically localize to end-to-end cardiomyocyte contacts
although such structures were occasionally found (see black arrowhead in Figure 4f). These
data indicate that cells were electrically coupled in all culture types but that gap junctions were
not localized to intercalated disc-like structures at the ends of adjacent cells.

Molecular Phenotype

The molecular phenotype of the cells in our cultures was investigated by measuring the relative
levels of mMRNA for four genes via gPCR: Gapdh, Tnni3, Myl3, and Nppa. Gapdh levels, which
are commonly employed for normalizing gene expression data [24], were used as an indicator
of total cell transcription activity. Tnni3, which is the troponin | isoform expressed in atrial
and ventricular cardiomyocytes, and Myl3, which is the ventricular myocyte specific isoform
of essential myosin light chain [25,26], were used to indicate total cardiomyocyte and
ventricular cardiomyocyte subpopulations, respectively. Nppa, which is preferentially
expressed in atrial, immature ventricular, and hypertrophic ventricular tissue but not in mature,
healthy ventricular tissue [27-29], was used as an indicator of cardiomyocyte phenotype.

As shown in Figure 5, mRNA levels for Gapdh, Tnni3, and Myl3 were not significantly
different across treatment groups indicating that the total cell transcriptional activity,
cardiomyocyte-specific transcriptional activity, and ventricle-specific transcription were
similar in TCPS and ES-PU cultures. Nppa, on the other hand, was relatively up-regulated in
cells cultured on TCPS such that steady state Nppa-mRNA levels were elevated from day one
onward. These data suggest that microfibrous ES-PU substrates supported cardiac cell
populations that were similar to those grown on TCPS in terms of molecular phenotype but
that culture on ES-PU resulted in an alteration of cardiomyocyte maturational status.

To further investigate Nppa expression, levels of immunoreactive atrial natriuretic peptide
(ANP), which is encoded by the Nppa gene and comprises pre-pro-ANP, pro-ANP and ANP
itself, were determined in the cells and medium of 7 day old cultures by EIA. As shown in
Figure 6, cells grown on TCPS contained the highest level of ANP (1.584 + 0.116 ng per mg
of extracted cellular protein). Cells on isotropic ES-PU had slightly lower but similar levels of
ANP (1.481 + 0.174 ng/mg); however, cells grown on aligned ES-PU had significantly lower
ANP content (0.407 £ 0.114 ng/mg). For reference, the ANP content of adult (0.68 ng/mg) and
neonatal (3.39 ng/mg) ventricular tissue were also determined. Levels of ANP released into
the medium during the 48 hours leading up to culture termination (i.e. between days 5 and 7)
were also quantified. Cells grown on TCPS, isotropic ES-PU, and aligned ES-PU all released
significantly different amounts of ANP (229.94 + 16.80, 79.36 + 28.87, and 22.35 + 2.30 ng
in 48 hours, respectively). These data suggest that compared to TCPS, culturing primary cardiac
cells on aligned ES-PU induced cardiomyocytes to produce, store, and release less ANP, which
is indicative of a more mature phenotype, with cells cultured on isotropic ES-PU adopting an
intermediate phenotype between TCPS and aligned ES-PU.

Discussion

We have found that primary cardiomyocytes can be induced to align when cultured on
microfibrous ES-PU substrates and that culture on ES-PU results in an alteration of cell
phenotype such that aligned cultures produce less ANP than non-aligned cultures. Previous
studies have shown that cells can be aligned by patterning cues from the underlying substrate
[4-6] or by imposed mechanical loads subsequent to attachment [7-10]; however, the effects
of alignment strategies on the molecular phenotype of component cells are not well understood.
Our observations are consistent with a more mature phenotype being adopted by cells grown
on aligned microfibrous ES-PU thus linking biomaterial patterning with cell phenotype.
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A shift in the maturational phenotype of cultured cardiac cells is supported by assays of steady
state mMRNA levels. Gapdh mRNA levels indicated that samples contained similar amounts of
overall cellular material. The Tnni3 and Myl3 data indicated that contributions from ventricular
cardiomyocytes were essentially the same across samples, and in combination with the Gapdh
data, that there were no significant differences in the hypertrophic status of cells cultured on
the different substrates. This latter interpretation is further supported by the flow cytometric
data, which indicated that the proportion of cardiomyocytes in the cell population of each
culture type was essentially the same. Thus, the decreased levels of Nppa seen in cultures grown
on aligned ES-PU are not likely to be accounted for by broad differences in cellular content or
transcriptional activity or by more specific differences in cardiomyocyte hypertrophic status.

The isotropic and aligned ES-PU mats used in this study provided substrata that could be
tailored to provide two different cellular environments. The difference between these two
substrates was quantified, as shown in Figure 3, and the aligned fibers were found to be
significantly more oriented than the isotropic mat. When cells were seeded on these materials,
they aligned along the axes of the local fibers, and the organization of cells in culture mimicked
the underlying organization of the fibrous mats. This result suggests the ES-PU microfibers
can be used to pattern multi-cellular organization.

In addition, we observed through viability assays that ES-PU scaffolds supported primary
cardiomyocyte cultures over time. In comparison to TCPS, there was a higher proportion of
dead to live cells on the ES-PU even at early time points, suggesting that the dead cells present
in the initial isolate may have been trapped in the fibrous ES-PU matrix during cell inoculation.
Dead cells are typically washed away from culture dishes by medium exchanges, and it seems
likely that it would be easier to wash TCPS surfaces than ES-PU fibers, which would be
expected to entrap material seeded on it. As shown in Figure 1, there was a general trend of
this type in our cultures. Critically, though, the number of dead cells did not increase over time
in either TCPS or ES-PU cultures indicating that ES-PU supports cardiomyocyte cultures to a
degree similar to that seen on TCPS. Additionally, the morphology of the cells, as shown by
immunofluorescence, demonstrates the survival of cardiac cells on ES-PU membranes.
Myocytes with striated myosin heavy chain interlaced with filamentous actin were found on
both types of ES-PU mats and on TCPS (Figure 4). This staining pattern is indicative of healthy,
contractile myocytes, and spontaneous contractility was evident on TCPS and ES-PU mats.

It is important to note that solid organs like the heart comprise of mixtures of cells and that the
present experiments were carried out using a mixed cell population representative of what is
found in native heart tissue [30-32]. Although cardiomyocytes are generally nonproliferative
[23], proliferation of other subpopulations of heart cells can result in dramatic changes in
relative cell contributions. Differential proliferation is, therefore, a critical concern in the
interpretation of primary culture experiments. Accordingly, we prepared our cultures to limit
overall proliferation: cells were inoculated at high density to elicit contact inhibition of cell
division and a serum-free medium was used to reduce serum-induced proliferation. To verify
that cell populations were uniform, we used flow cytometry to assess potential changes in the
cardiomyocyte versus non-cardiomyocyte subpopulations through fourteen days in culture and
found that the overall ratio of myocytes to non-myocytes remained relatively unchanged over
the course of our experiments (see Figure 2). In combination with the live/dead assay results
and immunostaining observations, these data indicate that cardiomyocytes survived two weeks
in culture and that cell proliferation was severely restricted with no significant differences
found between TCPS and ES-PU substrates. These data are further corroborated by the
molecular analyses, especially Gapdh, Tnni3, which showed no differences across samples,
and immunostaining observations.
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Immunostaining results showed that multi-cellular organization differed among cultures on
different substrata. In particular, neighboring cells cultured on TCPS and isotropic ES-PU
extended in different directions; whereas, cells grown on aligned ES-PU ran in parallel
following the template of the fibrous matrix, an organization that is similar to what is seen in
native ventricular tissue [1]. To beat synchronously, cardiomyocytes must be electrically
coupled through gap junctions. As seen in Figure 4, the gap junctional protein Cx43 in our
cultures was distributed throughout the cells and not restricted to intercalated disks at end-to-
end contacts. Interestingly, McDevitt et al. [5,6] found a similar Cx43 distribution when cells
were seeded on unpatterned substrates but found that Cx43 localized to intercalated disks in
cells restricted to 15-30 um patterned lanes of laminin (spaced 20 um apart), a geometry that
limited side-to-side contact between cells and emphasized end-to-end contact of cells in series.
In our experiments, cells were laterally aligned but formed side-to-side contacts, and Cx43 was
seen at contacts between cells organized in series and in parallel. Thus, it appears that the
presence of cell-to-cell contacts may influence the distribution of gap junctions on patterned
materials, and to drive Cx43 organization to intercalated disks, it may be necessary to
emphasize longitudinal contacts early in the culture but allow lateral contacts to form as cells
grow later in culture. It should also be noted that mechanical load plays a key role in the
determination of multi-cellular organization. In particular, mechanical load placed on
cardiomyocytes in vitro results in morphological changes similar to those during heart
development in vivo [7,9,33,34]. The application of controlled substrate patterning in
conjunction with cyclic stretch may, therefore, allow engineers to drive cells to desirable
architectures and cell phenotypes.

The molecular phenotype of cells was assessed by measuring the steady-state levels of mMRNA
expressed for Gapdh, Tnni3, Myl3, and Nppa. Gapdh was used as a ubiquitous marker for
expression, Tnni3 as a marker for cardiac muscle cells generally, Myl3 as a marker for
ventricular cardiomyocytes specifically, and Nppa as a marker for ventricular cardiomyocyte
maturation. The amount of Gapdh, Tnni3, and Myl3 in the total mMRNA isolates was not
significantly different between samples, supporting the conclusion that the cell populations did
not differ across substrata. Interestingly, given the cell and molecular data we obtained,
differences in Nppa expression could not easily be accounted for by differences in RNA yield/
integrity (Gapdh), the proportion of cardiomyocytes present (Tnni3), or the phenotypic
conversion of the neonatal ventricular myocytes to an atrial phenotype (Myl3). Thus, the shift
in ANP expression in cultures grown on ES-PU appears to be most likely accounted for by a
shift in cardiomyocyte maturational status.

To further characterize the regulation of Nppa, ANP was measured at the protein level. Nppa
is the mRNA precursor to ANP, which is an endocrine factor that modulates blood volume
[14,15]. In adults, ANP is primarily synthesized in the cardiac atria, which release ANP in
response to increased filling volume [15,22,35]. ANP also appears to play a role in cardiac
development [29], where it may act as an inhibitor of hypertrophic growth [36] or a modulator
of apoptosis [37]. Perhaps associated with this latter function, ventricular myocytes produce
ANP during development, but as ventricular tissue matures perinatally, ANP production falls
to levels <1% that seen in atria [15]. Elevated ANP production, therefore, is suggestive of either
an atrial or immature ventricular cardiomyocyte phenotype. Since the cells used in our study
were of ventricular origin and uniformly expressed MylI3, ANP levels are best interpreted as
indicating maturational status.

The processing of Nppa into ANP has been well studied [14,15], and although detailed
mechanisms remain unelucidated, the general mechanisms by which ANP is released from
ventricular and atrial tissues are known to differ. In both cell types, Nppa mRNA is initially
translated into a 152-amino acid pre-pro-ANP which is subsequently cleaved to form the 126-
amino acid pro-ANP. Atrial myocytes subsequently release ANP through a regulated pathway
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wherein the prohormone is stored in granules for rapid release after increased stretch. In
contrast, ventricular cardiomyocytes secrete ANP via a constitutive pathway in which ANP is
released shortly after synthesis and proANP is generally not stored in granules [28,38].
Importantly, immature cardiac ventricular tissue actively produces ANP and, therefore, has
higher steady state levels of Nppa mRNA and immunoreactive ANP and also constitutively
releases more ANP over time than mature ventricular tissue.

Detailed mechanisms to explain the observed shift in ANP metabolism are somewhat difficult
to ascertain as details of ANP regulation remain unclear, especially how the expression of the
Nppa gene, which encodes the ANP precursor, is controlled and how intracellular ANP levels
are modulated [14,15]. Possible explanations for the observed effect include (i) biomechanical
influences and (ii) alteration of cell:cell interactions. Biomechanical influences play a
significant role in modulating ANP production in vivo. Specifically, ANP release is elevated
by increased atrial or ventricular stretch during diastole (i.e. pre-load) and under hypertrophic
conditions [15,36], which are associated with increased resistance during systole (i.e.,
afterload). In our experiments, however, there is no stretching/preloading of cells, and our data
indicate that there were no significant differences in the hypertrophic status of cells cultured
on the different substrata. In addition, the aligned scaffolds were stiffer than isotropic scaffolds
suggesting that cardiomyocytes grown on aligned ES-PU should actually have higher ANP
production than cells grown on the isotropic material if resistance to contraction were the major
determinant of ANP production.Thus, although a role for biomechanical influences in
regulating ANP cannot be ruled out, the biomechanical conditions associated with the
modulation of ANP in vivo (stretch/preload or hypertrophy/afterload) are apparently not
responsible for the alteration of ANP levels we observe. Cellular interactions offer an
alternative explanation. Variations in substrate topography and texture are known to affect
cell:cell interactions, and the Notch signaling pathway, which is triggered by particular cell:cell
contacts, is known to modulate ANP expression [39,40]. Thus, differences in the quantity and
quality of cell:cell interactions on different substrates may account for differences in ANP
production.

In our study, cultures grown on TCPS or on isotropic ES-PU had significantly higher steady-
state ANP levels than those found in cells grown on aligned ES-PU (Figure 6). In addition,
cells grown on the different substrata showed a decreasing progression of ANP release with
TCPS cultures exhibiting the highest constitutive production of ANP, followed by isotropic
ES-PU, and finally aligned ES-PU. Viewed in conjunction with the mRNA data, these results
indicate that culture on ES-PU influenced cells to adopt a more mature phenotype and that the
aligned ES-PU provided the most mature cells. Interestingly, the isotropic ES-PU showed
lower Nppa mRNA and reduced ANP release compared to the TCPS samples despite the
observation of similar steady-state peptide levels. Thus, cells on isotropic ES-PU adopted a
somewhat intermediate phenotype where the rate of ANP expression and the rate of pro-ANP
to ANP conversion by corin-like proteases may both be attenuated relative to cells on TCPS
but potentiated relative to cells on aligned ES-PU. Taken together, these results indicate that
aligning cultured, primary, cardiac cells using physical cues from a biomaterial scaffold cannot
only induce organizational changes relative to unaligned materials, but can also induce
phenotypic changes in the component myocytes.

Conclusions

We demonstrate that biodegradable polyurethane can be electrospun into isotropic and aligned
microfibrous templates capable of supporting primary cardiac cell culture in serum-free
medium. Since PU-based materials are non-toxic and erode slowly over time, aligned ES-PU
may provide useful scaffolds for engineering anisotropic cell sheets that are organized like
native cardiac tissue. We also found that primary cardiac cells attain aspects of a mature
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phenotype when grown on aligned and isotropic ES-PU. Specifically, immunoreactive ANP
levels were significantly reduced in cultures grown on aligned ES-PU compared to otherwise
identical cells grown on unaligned ES-PU or on TCPS controls. These results indicate that the
physical patterning of ES-PU scaffolds affected both cell organization and cell phenotype.
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Figure 1. Cell survival during culture

Live and dead cells were enumerated in cultures grown on ES-PU fibers and on TCPS.
Although the proportion of live cells was similar in all samples, statistically significant
differences were found between ES-PU and TCPS samples taken on days 1, 2, and 14 by Chi
square test (p<0.05). Data shown are mean £ S.D., n = 3.
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Figure 2. Flow cytometry

Analysis of cell populations from the initial isolate and samples collected after 24 hours, 48
hours, 7 days, and 14 days in culture on TCPS, isotropic, and aligned PU. Data are mean + SD,
n=3. No significant differences were found by 2 Way ANOVA.
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Figure 3. Determination of fiber and cell alignment in ES-PU cultures
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Isotropic (a) and aligned fibrous mats (b) were used as templates for cellular organization. The
alignment of the (c) fibers and (d) cells was quantified with respect to a reference line and is
represented as the angle from the reference line = 90°. (e) Statistical analysis of fiber and cell
alignment was done via a Levene's tests for homogeneity of variance and subsequent tests.

Here the p-values are shown and significant differences (p<0.01) are indicated by an asterisk.
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Isotropic PU

Figure 4. Cellular organization

Samples were stained for f-actin (green), nuclei (blue), and either muscle-specific myosin
heavy chain (red in panels a, b, and c) or gap-junction-specific connexin-43 (red in d, e, and
f) to visualize cellular structures. The top image in each pair shows a merged, three-color
fluorescence micrograph obtained at low magnification to show typical staining patterns of
cells cultured on TCPS (a, d), isotropic ES-PU microfibers, and aligned ES-PU microfibers.
The bottom image in each pair shows a 4x zoomed view of the region indicated by the rectangle
in each upper image to allow visualization of sub-cellular structures. Cells seeded on TCPS (a,
d) and isotropic ES-PU fibers (b, ) were substantially less oriented than those grown on aligned
ES-PU microfibers (c, f). Inall cases, muscle cells (black asterisks) and non-muscle cells (white
asterisks) were present. Striations from organized sarcomeric proteins in cardiomyocytes
(white arrow heads) were prevalent in all samples; however, these were generally more difficult
to resolve in ES-PU samples due to apparent lensing effects from the underlying biomaterial.
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Cx-43 staining of gap junctions was also prevalent (black arrowheads). Scale bars represent
20 pum.
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Figure 5. Real time gPCR analysis of gene expression

Steady state mMRNA levels for primary cardiac cells cultured for 1, 2, 7, and 14 days are shown.
Note that Ct values on the y-axis are in reverse order because a lower Ct indicates higher
expression. Asterisks indicate statistically significant differences (p<0.05) at the given day
based on 2-Way ANOVA with a Tukey-HSD post-hoc test. Nppa expression was found to be
significantly elevated in TCPS based cultures over ES-PU cultures. Gapdh, Tnni3, and Myl3
levels were each similar across the different culture types.
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Figure 6. Assessment of immunoreactive ANP

Analysis of ANP levels detected by immunoassay at day 7 of culture shows that cells on aligned
ES-PU had lower steady state ANP levels than cells plated on either TCPS or isotropic ES-PU
mats (p < 0.05 by ANOVA with post-hoc Tukey-HSD) and that cells plated on aligned ES-PU
released significantly less ANP in the 48 hours preceding collection than cells on isotropic ES-
PU, which released significantly less than cells on TCPS (p < 0.05). Data are mean = SD, n=3.
Asterisks denote that a significant difference was found relative to both remaining samples.
Note that the data indicate the combined levels of ANP, pro-ANP, and pre-pro-ANP.
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