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Abstract

Cardiac tissue engineering typically utilizes protein-rich scaffolding materials and growth factors to
improve cardiac tissue function in vitro and in vivo. The objectives of this preliminary study were
() to investigate the potential of porcine small intestinal submucosa gel (SIS gel) in cardiac tissue
engineering and (I1) to compare the function of tissue based on either SIS gel or Matrigel, a tumor-
derived benchmark material. Neonatal rat cardiac cells were combined with either SIS gel or Matrigel
and cultured on porous elastomeric scaffolds composed of poly(glycerol sebacate) for 13 days. Tissue
function was assessed by measuring contraction rates twice daily. Tissue morphology was compared
qualitatively by H&E staining. Normalized troponin T expression (troponin T:DNA) was compared
using image analysis. SIS gel constructs contracted at significantly higher rates than Matrigel
constructs on days 8-11. Normalized troponin T expression was significantly higher in SIS gel
constructs compared to Matrigel constructs. In summary, this research demonstrates that: (I) SIS gel
can be used to create contractile engineered cardiac tissue; and (I1) SIS gel produced engineered
cardiac tissues with a more physiologic contraction rate and higher phenotypic protein expression
based on basic in vitro examinations performed in this study.
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INTRODUCTION

Myocardial infarction affects millions throughout the world, increasing mortality and
morbidity rates and consuming medical and financial resources.! Patients suffering acute
myocardial infarction have increased mortality rates and a greater risk of additional infarcts,
stroke, and heart failure compared to the general population.l:2 The limited regenerative
capacity of the myocardium3:4 and heart transplant shortages! have spurred the investigation
of potential therapies® which focus on improving myocardial function by administering
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biomolecules,8 acellular materials, %19 cells,11=14 or engineered tissuel4~17 to native cardiac
tissue. Various challenges accompany each of these approaches, including biomolecule
degradation and depletion from the infarct site,18 the viability and integration of injected cells,
19-21 and the development of scar tissue between engineered and native myocardium.22
Investigative therapies commonly employ naturally derived materials as one element of a
treatment in combination with cells or synthetic materials, though natural materials alone may
constitute a treatment.2:10,17

Naturally derived materials used in experimental or clinical treatment of infarcts include tumor-
derived basement membrane matrix gel (Matrigel),3:15:23 alginate,9:24 collagen,14:2°
laminin,26 fibrin,10:27:28 and decellularized extracellular matrix (ECM),17:29 all of which
can enhance cell and tissue function in the myocardial infarct area. Only two of these materials,
Matrigel and decellularized ECM, mimic the extracellular environment with an array of
proteins and other biomolecules such as growth factors.30:31 However, there are concerns
about Matrigel’s safety in potential clinical applications because its components are derived
from basement membrane-producing Engelbreth-Holm-Swarm sarcomas®? and because
Matrigel and basement membrane matrix are known to enhance tumorigenesis and tumor
growth in vivo.33736 These concerns have been substantiated by evidence that the phenotype
of cancer cell lines becomes more invasive and malignant in the presence of Matrigel and
growth factor-reduced Matrigel as compared to a gel form of decellularized ECM derived from
porcine small intestinal submucosa (SIS gel).3” The purpose of this preliminary study was to
compare simple metrics in engineered myocardium containing Matrigel or SIS gel, thereby
determining the potential of SIS gel as an alternative to Matrigel in developing myocardial
therapies. Selected metrics included contraction rate as an indicator of tissue function, tissue
morphology to qualitatively assess cell distribution, and normalized troponin T expression
(troponin T:DNA\) as an indicator of cellular function since troponin T is one of the essential
proteins for contractile function and an indicator of differentiation in cardiomyocytes.38:39

Porous foams composed of elastomeric and biodegradable poly(glycerol sebacate) (PGS) have
previously shown promise in cardiac tissue engineering and were selected as a compliant
substrate in this study.40:41 Scaffolds composed of PGS are elastic and reversibly deformable,
and are thereby conducive to contracting cardiomyocytes and engineered myocardium.42
Other desirable properties of PGS include control of its mechanical properties, which can match
those of native myocardium,43 the capacity to form a variety of geometries at the macro-44
and micro-scale,* support of adhesion and phenotypic protein expression for a variety of
primary cell types in vitro*6:47 and low inflammatory response and fibrotic encapsulation
coupled with retention of mechanical strength during degradation in vivo.47:48

MATERIALS AND METHODS

Cardiac Cell Isolation

A mixed population of cardiac cells, including cardiomyocytes, was obtained from the hearts
of 3-day-old neonatal rats (Sprague-Dawley) using a protocol similar to methods previously
described,*® which conformed to the Guide for the Care and Use of Laboratory Animals. A
single litter of neonates were anesthetized with 5% isoflurane gas, decapitated, and
thoracotomized. Hearts were excised, minced into 1-2 mms3 pieces, rinsed in Hank’s Balanced
Salt Solution (HBSS; Mediatech, Herndon, VA), placed in 0.06% trypsin (Mediatech) in
HBSS, and dissociated overnight (24 h) on an orbital shaker at 4°C and 60 rpm. Trypsin was
deactivated with 10% fetal bovine serum (FBS; Cambrex, Walkersville, MD) in Dulbecco’s
modified Eagle’s medium (DMEM). The tissue and cell suspension was warmed to 37°C with
mild agitation every 60 sec for 240 sec, centrifuged at 100xg for 60 sec, and the initial
supernatant was discarded. Ten repetitions of adding 0.1% collagenase A (Roche, Indianapolis,
IN), agitating at 60 rpm for 480 sec (240 sec for first repetition), and retaining the supernatant
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were completed. Supernatant was passed through a 100-pm cell strainer to remove tissue pieces
and large cell aggregates before cell quantification using a hemacytometer and trypan blue.
Cells were centrifuged at 1000xg for 240 sec and resuspended in culture medium, which
contained DMEM, 10% FBS, 0.25% taurine (Alfa Aesar, Pelham, NH), and 50 ug/ml
gentamicin (Mediatech).

Cell Seeding and Culture

Porous poly(glycerol sebacate) (PGS) foams with a thickness of 2.0 mm and porosity of ~90%
were fabricated as previously described.?? Six disk-like scaffolds with a diameter of 7.94 mm
and an approximate pore volume of 89 mm3 were punched from the foams. Scaffolds were
soaked in a series of agitated baths (60 rpm): 75%, 50%, and 25% ethanol (45 min each),
phosphate-buffered saline without calcium or magnesium (PBS; twice for 45 min each), and
10% FBS in DMEM (24 h). One scaffold was placed in each well of a non-tissue culture-treated
polystyrene six-well plate. Excess medium was removed from scaffolds using low-pressure
vacuum immediately prior to cell seeding.

The mixed cardiac cell population was resuspended in 1005 pl of culture medium and divided
into volumes of 500, 500, and 5 pl. The 5 pl volume was used to assess cell viability and seeding
density. The 500 ul volumes were mixed with 125 pl of either Matrigel (BD Biosciences,
Bedford, MA) or SIS gel (Cook Biotech, West Lafayette, IN) by repeated slow aspirations with
apipette similar to cell pellet resuspension. Each scaffold received 89 pl of unset gel suspension
(71 pl of cell suspension mixed with 18 pl of either Matrigel or SIS gel). Seeded scaffolds were
placed in an incubator at 37°C for 60 min to allow for gel crosslinking before submersion in
10 ml culture medium. Cell seeding was the same for all constructs regardless of gel type. The
relative protein content of Matrigel and SIS gel were assessed by measuring the wet and dry
mass of small gel samples (hominal wet mass of 79 + 22 mg) prior to and following
lyophilization for 24 h. SIS gel and Matrigel were used as supplied. Five ml of medium was
exchanged for fresh culture medium every fourth day.

Engineered Tissue Evaluation

Engineered cardiac tissue function was assessed by quantifying contraction rates of constructs
during a 13-day culture period followed by end-point histological analysis. Contraction rates
were observed using a dissection microscope and manually recorded twice daily (separation
>3 h, observation window <15 min). If a construct was contracting asynchronously then the
contraction rate of the largest synchronous area was recorded.

At the conclusion of the culture period constructs were rinsed twice with PBS, fixed in 10%
neutral buffered formalin, and snap-frozen in optimal cutting temperature compound (Sakura
Finetek USA, Torrance, CA). Constructs were cryosectioned perpendicular to the scaffold’s
flat surfaces at a thickness of 10 um. Cell and protein distribution within constructs was
investigated by staining with hematoxylin and eosin.

Cardiomyocyte function and differentiation and myocardium formation were investigated by
immunostaining with fluorophore-labeled antibodies against troponin T followed by DNA
staining. Cryosections were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis,
MO) for 5 min at 20°C, rinsed twice with PBS, incubated with 5% normal donkey serum (NDS;
Sigma-Aldrich) for 60 min at 37°C, incubated with primary mouse monoclonal anti-cardiac
troponin T antibodies (Lab Vision Corporation, Fremont, CA) diluted at 1:50 in 1% NDS for
40 minat 37°C, rinsed twice with PBS, incubated with secondary donkey anti-mouse antibodies
conjugated with Alexa Fluor 488 (Invitrogen Corporation, Carlsbad, CA) diluted at 1:50 in 1%
NDS for 40 min at 37°C, and rinsed twice with PBS. Tissue sections were then incubated with
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Hoechst 33258 (Invitrogen) diluted at 1:1000 in PBS for 10 min at 37°C, rinsed twice with
PBS, rinsed once with deionized water, and covered with mounting medium and coverslips.

Slides were stored at 4°C and imaged using a Nikon TE-2000U inverted microscope equipped
with a 4-megapixel Diagnostics Spot Flex digital camera. One or two non-overlapping images
representative of each tissue section were used to quantify fluorescence. Images were taken at
100X or 150X and magnification did not vary significantly between groups. Fluorescence
intensity was analyzed using ImageJ version 1.38x by splitting RGB channels and quantifying
pixels with >50% intensity on the green channel for troponin T (Alexa Fluor 488) or the blue
channel for DNA (Hoechst 33258). To remove bias error in sampling, pixel counts were
normalized by gain and exposure, which were not significantly different between groups.

All groups were compared using one-way analysis of variance with Tukey post-hoc tests for
equal sample sizes or Tukey-Kramer post-hoc tests where sample sizes varied. All graphical
representations of data show mean + standard deviation.

Cell Viability, Cell Seeding Density, and Gel Protein Content

As determined using a hemacytometer, a total of 5.2x10° cells per engineered cardiac tissue
construct were seeded. Cell viability was approximately 69%, translating to a live cell seeding
density of 3.6x106 cells per construct. No extraneous cells were observed on six-well plate
surfaces during the course of cell culture. Initial cell densities within the scaffolds were
therefore 5.3x10% total cells per mm3 or 3.6x10* live cells per mm3. Construct diameter was
qualitatively observed to decrease during culture, and mean diameter at the conclusion of
culture did not differ significantly between SIS gel and Matrigel constructs (6.4 + 0.4 mm and
6.1 £ 0.3 mm respectively; original diameter 7.94 mm). The dry mass of SIS gel and Matrigel
as a percentage of initial wet mass were respectively 7.5 + 0.4% and 2.7 £ 0.1% (n = 3 for each

gel type).

Duration of Contractions and Contraction Rates

Engineered tissue constructs began contracting on days 3 or 4, and one construct from each
group was still contracting at the time of snap-freezing on day 13 (Fig. 1). There were no
significant differences in the time between cell seeding and initial contractions, the duration
of contractions, or the time between cell seeding and final contractions for constructs containing
Matrigel or SIS gel. The mean contraction rate of SIS gel constructs was significantly higher
than the mean contraction rate of Matrigel constructs on days 8, 9, 10, and 11 and generally
higher throughout the culture period (Fig. 2).

Histology and Immunohistochemistry

Cells in engineered cardiac tissue were concentrated near the upper surface of the scaffolds
and distributed throughout the remainder of the scaffold as indicated by staining of the cross-
sections with hematoxylin and eosin or with Hoechst to locate cell nuclei and antibodies against
troponin T to highlight cells likely to be contractile (Fig. 3). Contractile proteins and nuclei
appeared to collocate well. Microscopy images indicated that cells appeared to be more evenly
distributed in the SIS gel constructs. Matrigel constructs appeared to display increased cell
clustering and tissue discontinuities (Fig. 3A-C) in contrast to SIS gel constructs, which
showed more continuous tissue with more diffuse cells (Fig. 3D-F).

Semi-quantitative analysis of staining intensity revealed a significantly higher ratio of troponin
T protein expression to DNA content in SIS gel constructs compared to Matrigel constructs
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(Fig. 4). The fluorescence intensity cut-off could be varied from 12.5% to full intensity without
altering statistical significance.

DISCUSSION

In this study, a single pool of rat neonatal cardiac cells was divided and used to populate
identical PGS scaffolds in combination with either Matrigel or SIS gel. The engineered cardiac
tissue samples, or constructs, were seeded with 3.6x10% live cells per mm3, a density that is
within an order of magnitude of typical healthy rat myocardium (~1x10° cells per mms3).51
The density of live cells likely increased during the culture period due to tissue compaction
evident from decreased construct diameters, though apoptosis resulting from diffusion
limitations in static culture may have mitigated increasing cell densities. The escalation and
magnitudes of contractile rates observed for engineered cardiac tissues in this study were
similar to other engineered myocardium (~2.0 Hz after ~7 days).>2754 It is also noteworthy
that the contraction rate of SIS gel constructs more closely approached native neonatal rat
myocardium.55

In this study, cardiac cells functioned differently depending on the composition of the matrix
to which they were exposed in culture (Fig. 2 and 3), though the ability of the cells to organize
into contractile tissue appeared to be unaffected by gel type (Fig. 1). Some of the morphological
and functional differences observed between Matrigel and SIS gel constructs may be attributed
to gel protein composition. The principal structural protein of adult myocardium is collagen,
and of the total collagen in the myocardium ~85% is type | and ~11% is type 111.56 The roles
of collagens I and 111 contrast greatly: collagen | is thicker and provides stiffness and structural
support during loading, while collagen 111 is thinner and provides flexibility and elastic
recovery.*8 The composition of Matrigel has been studied widely, and its key contents include
laminin, collagen IV, heparan sulfate proteoglycans (HSPGs), proteases such as matrix
metalloproteinases (MMPs), transforming growth factor-B, (TGF- ), basic fibroblast growth
factor (bFGF), epidermal growth factor (EGF), insulin-like growth factor 1, and platelet-
derived growth factor.3%:57 Components of Matrigel are similar to those of basement
membrane.32 In contrast, a recent study showed that SIS has little similarity to basement
membrane in its composition.58 Known contents of SIS include collagens I, 11, 1V, and VI,
HSPGs, bFGF, vascular endothelial growth factor, and low levels of TGF-$,.31,58 Based on
high concentrations of collagens | and Il in myocardium and SIS but not in Matrigel, it is
likely that SIS provides a more ideal in vitro extracellular environment for cardiac cells than
Matrigel.

Greater tissue compaction and adhesion to PGS scaffolds qualitatively observed in Matrigel
relative to SIS gel constructs was likely attributable to the high laminin content of Matrigel,
which would aid in cell adhesion and the ability of cells to apply tensile forces to the
surrounding matrix.28 The high laminin content of Matrigel and the considerable anchorage-
dependence of cardiomyocytes may explain the excellent performance of Matrigel in cardiac
tissue engineering. Matrigel and other basement membrane extracts from Engelbreth-Holm-
Swarm sarcomas have most notably been used to enhance cardiomyocyte function in vitro and
develop methodologies for myocardial tissue engineering by Zimmermann et al.,>#:55,59
Kofidis et al.,13:25:60 and others.>2

In comparison, SIS contains collagens I and 111 as well as the basement membrane-associated
collagens IV and V11.31 More uniform cell distribution and greater expression of the contractile
protein troponin T per cell (normalized by Hoechst nuclear staining intensity) in SIS gel
constructs (Fig. 3 and 4) were likely a result of ECM that promoted sufficient cell adhesion
while more closely resembling the in vivo cardiac extracellular environment. Cardiac ECM
may be the ideal biomaterial for cardiac tissue engineering,%! although this idea is diametrically

Acta Biomater. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

CRAPO and WANG

Page 6

opposed by the limited regenerative capacity of mammalian myocardium3+4 and promising in
vivo myocardial regeneration demonstrated by non-cardiac ECM.2%:62 |n fact, the ability of
acellular SIS sheets to improve left ventricular function and revascularization after infarct has
recently been demonstrated.39

Differences in the concentration and activity level of TGF-f, offer a partial explanation for
differences between contraction rates and compaction of Matrigel and SIS gel constructs, with
other growth factors and divergent cell densities and functionality likely to also contribute.
Higher levels of TGF-B; may have caused the significantly lower contraction rates observed
in Matrigel constructs compared to their SIS gel counterparts.®3 Faster contraction in SIS gel
constructs could accelerate the release of TGF-B4 from the gel and its consumption by cardiac
cells, amplifying differences in contraction rates at later time points during culture (Fig. 2).
Decreasing contraction rates after day 10 were likely caused by cardiomyocyte
dedifferentiation as previously observed in in vitro co-culture.54 Apparently stronger adhesion
of Matrigel constructs to the PGS scaffolds as well as differences in cell distribution and
clustering (Fig. 3) may be at least partially explained by the combined effect of varying
concentrations of TGF-B4, platelet-derived growth factor, and other growth factors within the
different gels.5°

The results of this study suggest that further investigation of SIS gel as a scaffolding material
for cardiac tissue engineering is warranted. Future studies seeking to compare engineered
myocardium containing decellularized ECM such as Matrigel, SIS gel, or others may achieve
more physiologic culture conditions through electrical stimulation?3 and tissue perfusion86:
67 during in vitro culture, possibly using channeled or vascularized scaffolds and increased
oxygenation.*! More biomimetic culture conditions would reduce apoptosis, enabling higher
cell densities and thicker constructs. Due to different growth factor content in the two gels, in
vivo testing would include comparative evaluation of angiogenesis, vasculogenesis, and
oncogenesis (tumorigenesis). Serum-free culture and non-controversial cell sources are also
necessary for translation to clinical applications.

CONCLUSION

We have demonstrated that SIS gel-based cardiac tissue can be engineered in vitro with
contractile rates and durations and contractile protein expression comparable to tissue
containing Matrigel. Advantages of engineered myocardium based on SIS gel include: (1) the
absence of tumor-derived biomaterials; (2) in vitro contraction rate closer to that of
myocardium in vivo; and (3) increased expression of troponin T, a key intracellular protein in
the contractile machinery of cardiomyocytes. The duration of contractions in SIS gel or
Matrigel constructs appeared to be similar in both groups. These data demonstrate the potential
of SIS gel as a scaffolding material for creating functional engineered cardiac tissue.
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Figure 1.

Timeline showing contractile period of engineered cardiac tissue containing Matrigel
(outlined) or porcine SIS gel (filled). Engineered tissue constructs began contracting on day 3
or day 4 and continued for up to 10 days. One construct from each group was still contracting
at the time of snap-freezing on day 13. No significant differences were observed between
constructs containing Matrigel (M1_3) or SIS gel (S;_3) for the following parameters: the time
between cell seeding and initial contractions; the duration of contractions; and the time between
cell seeding and final contractions.
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Figure 2.

Contraction rates of engineered tissue constructs containing SIS gel (S; n = 3) were
approximately twice those of constructs containing Matrigel (M; n = 3) between day 6 and day
11. *SIS gel constructs contracted at rates that were significantly closer to native rat
myocardium®> compared to Matrigel constructs on days 8-11 (p < 0.01 on days 9 and 10, p <
0.05 on days 8 and 11, one-way analysis of variance with Tukey post-hoc test). Statistical
comparison of groups was completed separately for each discrete time point. Time points for
the two groups are staggered slightly for clearer presentation. Contraction rates are expressed
in beats per minute (bpm).
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Figure 3.

Representative cell and protein distributions in engineered cardiac tissue sectioned
perpendicular to the disk-shaped scaffold. (A—C) Matrigel constructs appeared to display
increased cell clustering and tissue discontinuities. (D—F) SIS gel constructs showed more
continuous tissue with more diffuse cells and less cell clustering. Cell and protein distributions
were indicated by staining with hematoxylin and eosin (A and D). Cells containing DNA (B
and E) and troponin T (C and F) showed greater concentrations at the tissue-medium interface.
Constructs containing SIS gel appeared to have higher cell densities in the core of the tissue.
Separation of tissue and scaffold commonly occurred during snap-freezing (D-F). Scale bars
are 1.0 mm (A and D) or 250 um (B-C and E-F).
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Figure 4.

The normalized troponin T protein expression in engineered cardiac tissue was determined by
comparing the fluorescence intensities of immunolabeled troponin T and DNA; only pixels
with at least 50% maximum intensity were included, although an intensity cut-off of 12.5% to
full intensity could be used without altering statistical significance. *The normalized troponin
T expression was significantly higher in SIS gel constructs (S; n = 7) compared to Matrigel
constructs (M; n = 5) (p < 0.05, one-way analysis of variance with Tukey-Kramer post-hoc
tests). Non-specific Hoechst (DNA) fluorescence intensities in controls containing only
Matrigel or SIS gel in PGS scaffolds were <10% for Matrigel and <1% for SIS gel compared
to experimental groups, and non-specific troponin T fluorescence intensities in controls were
<20% for Matrigel and <1% for SIS gel compared to experimental groups.
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