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Abstract
Toward developing biologically sound models for the study of heart regeneration and disease, we
cultured heart cells on a biodegradable, microfabricated poly(glycerol sebacate)(PGS) scaffold
designed with micro-structural features and anisotropic mechanical properties to promote cardiac-
like tissue architecture. Using this biomimetic system, we studied individual and combined effects
of supplemental insulin-like growth factor-1 (IGF-1) and electrical stimulation (ES). On culture
day 8, all tissue constructs could be paced and expressed the cardiac protein troponin-T. IGF-1
reduced apoptosis, promoted cell-to-cell connectivity, and lowered excitation threshold, an index
of electrophysiological activity. ES promoted formation of tissue-like bundles oriented in parallel
to the electrical field and a more than tenfold increase in matrix metalloprotease-2 (MMP-2) gene
expression. The combination of IGF-1 and ES increased 2D projection length, an index of overall
contraction strength, and enhanced expression of the gap junction protein connexin-43 and
sarcomere development. This culture environment, designed to combine cardiac-like scaffold
architecture and biomechanics with molecular and biophysical signals, enabled functional
assembly of engineered heart muscle from dissociated cells and could serve as a template for
future studies on the hierarchy of various signaling domains relative to cardiac tissue
development.
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Introduction
Cardiovascular disease is the leading cause of death in the United States and other
developed countries. Cardiac tissue engineering aims to create a graft of viable, contractile
tissue that can integrate with damaged heart tissue and enhance its contractile function [1].
Native heart muscle is a highly cellular, vascularized, compliant tissue made of aligned,
differentiated, synchronously contractile cells [2, 3]. To recapitulate some of these
properties, a mixed population of neonatal rat heart cells was seeded on a microfabricated
elastomeric scaffold, supplemented with IGF-1 to enable cell viability and spreading, and
stimulated with a pulsatile electric field to guide the assembly of a contractile tissue. As the
scaffold material, we selected PGS developed by Wang et al. [4] and recently reviewed [5,
6]. We previously showed that PGS is amenable to fabrication into scaffolds with precisely
controllable micro-structural features by laser drilling [7–9], laser microablation [10, 11],
and silicon wafer micromolding [12–15]. Moreover, PGS mechanical properties can be
tuned to mimic those of native myocardium [10, 16]. As a result, PGS scaffolds have been
shown to support the in vitro formation of synchronously contractile cardiac constructs [7,
9–11, 13, 14, 17] with demonstrated cardiac repair potential in vivo [17–20]. However,
progress in the field remains limited by the insufficient survival, differentiation and
contractile function of engineered cardiac tissue. The aim of the present work was to test an
in vitro environment designed to mimic specific aspects of the in vivo cardiac milieu with
respect to an appropriate cell culture substrate combined with biological and biophysical
signaling.

The design of our PGS scaffold was based on the ultimate goals of using a biodegradable
biomaterial to both provide mechanical support and deliver cells to help repair a damaged
heart [21]. Previous studies showed that cardiomimetic mechanical properties of
microfabricated PGS scaffolds could be achieved by optimizing polymer curing conditions
and exploiting intentionally designed pore patterns to impart directionally dependent
resistance to strain (anisotropy) [10, 13]. In the present study, the scaffold pores (~241 μm
long, ~113 μm wide, ~142 μm deep), struts (~61 μm wide) and pore pattern (cubic
rectangular) were selected because we previously showed this scaffold design enabled cell-
to-cell interconnectivity and contractile response to electrical stimulation; an underlying
PGS membrane (~6 μm thick) was included to improve heart cell seeding efficiency [13].

Supplemental IGF-1 (100 ng/mL) was added because it is known to have beneficial effects
on cardiac cells and tissue [22–25] and the viability, differentiation, contractile amplitude,
and excitation threshold of engineered cardiac constructs in vitro [26, 27]. Biophysical
signals intrinsic to native heart muscle function were provided by electrical stimulation (ES)
(monophasic square pulses, 2 ms duration, 5 V/cm amplitude, 1 Hz frequency), which are
known to enhance the assembly of contractile cardiac constructs in vitro [9, 28–32]. As the
combination of these two important cues and their potential synergies has not been
evaluated, we hypothesized that supplemental IGF-1 could enable cell viability and
spreading while applied pulsatile ES could guide cell alignment, together yielding a more
functional cardiac tissue construct. We systematically interrogated the effects of IGF-1 and
ES on constructs made by culturing neonatal rat heart cells on microfabricated PGS
scaffolds in four experimental groups: (i) without ES/without IGF-1 (−ES−IGF), (ii) without
ES/with IGF-1 (−ES+IGF), (iii) with ES/without IGF-1 (+ES−IGF), and (iv) with ES/with
IGF-1 (+ES+IGF).
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Materials and Methods
Materials

Glycerol, sebacic acid, phalloidin-fluorescein isothiocyanate (FITC), trypsin, lipase and
maltose were from Sigma (St. Louis, MO). DRAQ5 was from Axxora LLC (San Diego,
CA). Type II collagenase was from Worthington Biochemical (Lakewood, NJ). Antibodies
to troponin-T (Tn-T) and connexin-43 (Cx-43) were from Abcam (Cambridge, MA).
Taqman® Universal PCR Master Mix and Taqman expression systems were from Applied
Biosystems (Foster City, CA). Recombinant human IGF-1 was from BD Biosciences (San
Jose, CA). Terminal deoxynucleotidyl transferase biotin 2'-deoxyuridine 5'-triphosphate nick
end labeling assay (TUNEL) was from R&D systems (Minneapolis, MN). Dulbecco's
Modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin (pen/
strep), Trypsin-EDTA, Trizol, and RNA-to-Ct 1 Step Kit were from Invitrogen (Carlsbad,
CA). Carbon rod electrodes and platinum wire were from Ladd Research (Williston, VT).

PGS scaffold biofabrication
Silicon wafer molds were made as previously described [13–15]. Briefly, Mylar mask
transparencies generated by CAD/ART Service (Brandon, OR) were used to micropattern 4-
inch diameter silicon wafers by standard photolithography and reactive ion etching. The
etched wafers were prepared for use by oxygen plasma treatment (100 W for 30 s) using a
Plasma Asher (PX-250, March Plasma Systems, Concord, CA) and spin-coating of a
sacrificial layer of maltose, 70% (w/v), using an EE100 spinner (Brewer Science, Rolla,
MO). PGS pre-polymer was synthesized by poly-condensation of glycerol and sebacic acid
[4, 33], dissolved in ethanol, 25% (v/v), cast in silicon wafer molds, and vacuum cured at
165°C for 8 h at 15 mTorr [13]. Cured PGS scaffolds were delaminated from the molds by
soaking in deionized water at 60°C for 2 to 3 days. Scaffolds were cut to final dimensions (7
mm long × 4 mm wide × 100 μm high), autoclave-sterilized at 121°C for 20 min, and
incubated in culture medium (DMEM supplemented with 10% FBS and 1x pen/strep) at
37°C for 5 days with one medium exchange prior to cell seeding.

Cardiac construct preparation
Heart cells were obtained from 1 to 2 day old neonatal Sprague Dawley rats (n=70) as
previously described [11, 13]. All animals were handled following a protocol approved by
an Institutional Animal Care and Use Committee. The ventricles were serially digested in
trypsin (0.6 mg/mL at 4°C for 16 h) and then Type II collagenase (1 mg/mL at 37°C). PGS
scaffolds were blotted dry and placed individually in 12 well plates within
poly(dimethylsiloxane) (PDMS) gaskets (10 mm long × 6 mm wide × 0.5 mm high). Freshly
harvested heart cells were seeded (5 million cells in 30 μL of culture medium per scaffold),
incubated for 30 minutes in a 37°C incubator, and then 3 mL of culture medium were added
to each well; PDMS gaskets were gently removed after 24 h. Four experimental groups were
defined as follows: (i) −ES−IGF; (ii) −ES+IGF; (iii) +ES−IGF; and (iv) +ES+IGF. One day
after cell seeding, constructs were subdivided such that in groups (i) and (iii) the medium
was unsupplemented, whereas in groups (ii) and (iv) the medium was supplemented with
100 ng/mL of IGF-1. Three days after cell seeding, constructs were transferred into ES
dishes (four constructs and 35 mL of the appropriate culture medium per dish), and ES was
initiated in groups (iii) and (iv). The ES protocol was based on previous studies [28, 30] in
which we showed that applied ES promoted myocardial tissue development and that
monophasic square pulses, 2 ms in duration, 5 V/cm amplitude, 1 Hz frequency started on
culture day three resulted in the best histological and contractile properties of constructs
based on neonatal rat heart cells and collagen sponge scaffolds. In the present study, the ES
dishes were 100 mm diameter glass Petri dishes fitted with two parallel carbon rod
electrodes separated by a 1 cm gap that was further subdivided by PDMS partitions into four
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rectangular compartments (12 mm long × 10 mm wide). Constructs were positioned with
respect to the electrodes such that the scaffold long pore direction was aligned in parallel to
the electrodes. In groups (iii) and (iv), the electrodes were connected via platinum wires to
an electrical pulse stimulator (S88x Dual Output Square Pulse Stimulator, Grass
Technologies, West Warwick, RI). Culture medium was completely replaced every 3 days,
and constructs were harvested for evaluation on day 8.

Mechanical testing
Scaffolds were mechanically tested as previously described [10, 13]. In brief, dry scaffolds
were cut using a dog-bone punch (gauge length 5 mm, width 2 mm), thickness was
measured using a dial gauge (L.S. Starrett Co., Athol, MA), and the samples were mounted
on a mechanical tester (Electroforce ELF 3200, Bose, Framingham, MA) and strained to
failure. Independent samples (at least four per group and time point) were tested in the long
pore direction (PD) and short pore direction (XD), to assess anisotropy. Effective stiffness
(E), ultimate tensile strength (UTS) and strain to failure (ε) data were calculated from the
stress-strain data.

Microscopy
For scanning electron microscopy (SEM), dry PGS scaffolds were sputter-coated with Au-
Pd alloy using a 108 Auto/SE Sputter Coater (Cressington Scientific Instruments, Watford,
UK) and examined using a Hitachi S3500 SEM (Hitachi High Technologies America,
Pleasanton, CA). For transmission electron microscopy (TEM), cardiac constructs were
fixed in 2.5% glutaraldehyde and 3% paraformaldehyde with 5% sucrose in 0.1 M sodium
cacodylate buffer (pH 7.4) and postfixed in 1% OsO4 in veronal acetate buffer. The samples
were stained, dehydrated and embedded in Spurr's resin. Sections were cut at 50 nm using a
microtome (Reichert Ultracut E) with diamond knife (Diatome) and the sections were
examined using an EM410 TEM instrument (Philips, Eindhoven, The Netherlands) at 80
kV. For confocal microscopy, constructs were fixed in 10% neutral buffered formalin for 24
h at 4°C, permeabilized using 0.1% Triton X-100, blocked with 0.1% bovine serum
albumin, stained with either phalloidin-FITC or Tn-T, counterstained with DRAQ5 nuclear
stain, and examined using a Nikon A1R-A1 confocal laser microscope (Melville, NY). For
histological analyses, formalin-fixed constructs were paraffin-embedded and sectioned to 5
μm thickness, stained, and examined using a Zeiss Axiovert 200M microscope (Carl Zeiss
Inc., Germany). Apoptosis was assessed by the TUNEL assay and quantified as a percentage
of total cells as previously described [26], and Cx-43 was assessed after immunostaining.
Collagen was assessed after staining with Masson's trichrome.

Electrophysiological testing
Excitation threshold (ET) was assessed as previously described [14,26]. In brief, constructs
were transferred to a temperature-controlled ES dish, monophasic 2 ms square pulses were
applied at 1 Hz, and the voltage was increased incrementally while observing contractions at
10x magnification using a Zeiss Axiovert 200M microscope. The ET was measured as the
voltage at which synchronously contractile cells were observed. A 2D projection length was
defined by using a modification of the procedure described by Shim et al [34]. In the same
temperature-controlled ES dish, constructs were recorded at 2.5x magnification using a
digital videocamera (Fire-I Unibrain Inc. San Ramon, CA). Individual frames from the
videos corresponding to relaxed and maximally contracted states were processed by using a
custom MATLAB program, in which a Harris corner detection algorithm was used to
automatically detect corners of the scaffold. The difference in corner position between the
two frames was used as the 2D projection length.
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Quantitative real time polymerase chain reaction (qPCR)
Gene expression levels were quantified as previously described [11] using Taqman®
Universal PCR Master Mix. Total RNA was isolated by homogenization in Trizol followed
by extraction in chloroform and precipitation using a RNeasy Mini kit (Qiagen, Valencia,
CA). qPCR was performed with RNA-to-Ct 1 Step Kit using two gene-specific primers: Tn-
T and matrix metalloprotease-2 (MMP-2). Gene expression was normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and then relative expression was
calculated.

Statistical analysis
Data were analyzed by analysis of variance using Statistica version 7 (StatSoft, Tulsa, OK).
Individual differences between groups were determined by Turkey's post hoc analysis.
Statistical significance was established at p < 0.05.

3. Results
PGS scaffold structure, mechanical properties, and biodegradation

PGS scaffolds with rectangular wells (241 ± 2 μm long, 113 ± 0.4 μm wide, and 142 ± 5 μm
deep), separated by intervening struts (61 ± 5 μm wide) and with a thin underlying PGS
membrane (6 ± 2 μm thick) were consistently produced by silicon wafer replica molding
(Fig. 1). Mechanical testing in two orthogonal directions confirmed anisotropy, with higher
stiffness in the direction of the long pore axis than the short pore axis (EPD: 589 ± 39 kPa
versus EXD: 361 ± 22 kPa, p=0.001). Likewise, ultimate tensile strength was higher in the
direction of the long pore axis (UTSPD: 319 ± 36 kPa versus UTSXD; 195 ± 33 kPa,
p=0.039); strain to failure was high and similar in both directions (εPD: 0.87 ± 0.1 ~ εXD:
0.80 ± 0.1). Rapid scaffold biodegradation in vitro was confirmed by incubation with lipase.
Upon incubation, PGS scaffolds with dimensions of 7 mm × 4 mm biodegraded completely
within 3 h in 2,000 U/mL lipase and within 5 h in 500 U/mL lipase. The structural,
mechanical, and degradation data described herein are consistent with the previous studies
showing that biodegradable PGS scaffolds can be fabricated at relatively high throughput
with precisely controllable microstructures and anisotropic, elastomeric mechanical
properties [6, 13, 14, 35].

Effects of supplemental IGF-1
Supplemental IGF-1 significantly reduced apoptosis by ANOVA (p<0.005) (Figs. 2B, 2D,
2I). In addition, collagenous extracellular matrix (ECM) deposition appeared more prevalent
with supplemental IGF-1 (Figs. 2 F and 2H). While expression of the cardiac-specific
protein Tn-T and the cytoskeletal protein F-Actin were observed in all groups (Fig. 3),
supplemental IGF-1 without ES enhanced spatially uniform cell-to-cell interconnectivity
throughout the PGS scaffold in group (ii) (Figs. 3D and 3E). Supplemental IGF-1 reduced
ET in group (ii) as compared to group (i) (p=0.001) with an interactive effect of IGF-1 and
ES in group (iv) (p=0.013) (Fig. 4). Immunohistochemical and electrophysiological data
described herein suggest that supplemental IGF-1 reduced apoptosis, promoted heart cell
spreading and reduced ET, thereby enabling the formation of a functionally contractile
syncytium.

Effects of ES
The presence of ES, with or without IGF-1, was associated with the formation of tissue-like
bundles oriented in parallel to the direction of the electric field in group (iii) (Fig. 3G) and
group (iv) (Fig. 3J). ES increased MMP-2 gene expression by more than ten-fold with an
individual effect of ES (p=0.0002) and an interactive effect of ES and IGF-1 (p=0.0003)
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(Fig. 5B). Morphological and gene expression data presented herein suggest that ES
promoted ECM remodeling in cardiac constructs, directing tissue-like bundle formation and
increasing MMP-2 gene expression.

Combined effects of supplemental IGF-1 and ES
Immunostaining showed Cx-43 protein was clearly abundant when IGF-1 and ES were both
present (Fig. 6D), less prevalent if either one or the other factor was absent (Figs. 6B and
6C), and minimal if both factors were absent (Fig. 6A). Likewise, sarcomeres were best
developed when IGF-1 and ES were both present (Fig. 7D), somewhat developed when one
or the other factor was absent (Figs. 7B and 7C), and disorganized if both factors were
absent (Fig. 7A). Moreover, IGF-1 and ES individually and interactively affected 2D
projection length, an index of cardiac contractility (IGF-1, p=0.0002; ES, p=0.0002; IGF-1
and ES, p=0.0002) (Fig. 8). Immunohistochemical, ultrastructural, and videoimaging data
described herein suggest interactive effects of supplemental IGF-1 and ES on gap junction
formation, sarcomere development, and an index of contractile activity.

4. Discussion
The novelty of the current work is in its integrated approach, wherein architectural,
molecular and electrophysiological elements are combined to guide the assembly of
engineered heart tissue. Native development of the heart – the first functional organ in the
human body, which starts to beat and pump blood three weeks into gestation – involves
sequences of molecular and biophysical factors. After cell commitment and specification
during early stages of development, further steps include factors involved in physiological
hypertrophy (such as IGF-1) and electromechanical coupling (electrical stimulation) [36–
39]. At all stages, the combination of factors and the timing of their application determine
functional cell and tissue outcomes. Here, we probed for interactive effects by culturing
heart cells in a microenvironment combining (i) a poly(glycerol sebacate)(PGS) scaffold
with structural and mechanical properties matching some aspects of native cardiac tissue, (ii)
a molecular factor, IGF-1, and (iii) a physical factor, ES. We showed the assembly of
engineered heart tissue was enabled by these three factors, acting individually and in
concert, and presumably recapitulating some aspects of the in vivo developmental milieu.
We believe that such an integrated approach can help advance our limited understanding of
the complex roles of scaffold design features [13], insulin-related factors [40], and electrical
signals [41] on cardiac development and function, with implications to tissue engineering
and regenerative medicine.

The structure and mechanical properties of our PGS scaffold were based on the ultimate
goals of using a biodegradable biomaterial to both deliver cells and provide mechanical
support to help repair a damaged heart [21]. To enable high cell density, we selected
scaffolds with deep (~142 μm) rectangular (~241 μm long, 113 μm wide) pores separated
from each other by thin (~61 μm wide) struts and bounded below by a very thin, underlying
PGS membrane (~6 μm thick). This design enabled scaffold seeding with high cell density
while maintaining anisotropy and high strain to failure. Scaffold stiffness was increased by
two-fold as compared to similar scaffolds without underlying membranes [13], and was
approximately five times higher than that previously measured for left ventricular
myocardium [11]. With respect to biological function, the selected scaffold design enabled
cell-to-cell interconnectivity and the in vitro development of a functional syncytium, as
assessed by two structural measures (immunohistochemistry and TEM) and two measures of
contractility (ET and 2D projection length).

We focused on exploring additional effects of a molecular cue (IGF-1) and a biophysical cue
(ES) in the context of heart cells cultured on our cardiomimetic PGS scaffold. IGF-1 is
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known to be important for cell growth and viability, and the mechanisms underlying these
effects are known to involve the IGF-1 receptor (IGF-1R), the MEK-ERK signaling pathway
for cell growth and proliferation, and the PI3K-Akt signaling pathways for muscle
hypertrophy and preventing cardiomyocyte apoptosis [42–45]. Moreover, ES is known to
stabilize action potential [46], increase peak calcium current [39] and enhance calcium
transient [47]

The present study showed that, when used individually, either IGF-1 or ES could improve
heart cell viability, promote formation of muscle tissue-like bundles, increase MMP-2 gene
expression, and lower excitation threshold. These findings were consistent with previous
studies that involved either IGF-1 [26, 27] or ES [28, 30] individually. However, in contrast
to previously used collagen sponge scaffolds, we selected PGS, a mechanically robust
synthetic elastomer [4, 5] that can be reproducibly microengineered into scaffolds with
precise, cardiomimetic microarchitectures [10, 13, 14].

Moreover, the present study was the first demonstration of interactive effects of ES and
IGF-1, factors that were not previously tested in combination, on heart muscle development
in the context of engineered cardiac tissue. The interactive effects of ES and IGF-1 included
higher expression of Cx-43 protein, well developed sarcomeres, and increased 2D projection
length, an index of contractility. As compared to the excitation threshold, used as an
indicator of electrophysiological function, the 2D projection length is intended to be a
measure of overall contraction strength [48]. To successfully generate heart muscle
contractions, the cells must be healthy at both the molecular and functional levels. Based on
collected data, the interactive effects of IGF-I and ES may be explained by (i) IGF-1
enabling heart cell physiology by promoting anti-apoptotic activity, cardiac myocyte
differentiation and cardiac fibroblast proliferation, and (ii) ES enabling heart cell
functionality by inducing assembly of contractile proteins and gap junctions.

As a further extension of the present study, incorporation of electroactive polymers that can
sense, conduct and/or deliver electrical stimuli would be an interesting approach. Several
electroactive polymers have been explored with cultured cells, including myoblasts, such as
conductive polyaniline [49], polypyrrole-co-polycaprolactone [50], nanostructured
conductive platforms comprised of aligned multi-walled carbon nanotubes and polypyrrole
[51], and free-standing nanowire nanoelectronic scaffolds [52]. In addition, controlled local
release of small bioactive molecules like IGF-1 via scaffold modification may improve their
efficacy [53].

Conclusions
The in vitro development of heart cells into contractile tissue was enabled in a
microenvironment that combined (i) a microfabricated scaffold with structural and
mechanical properties matching some aspects of native heart muscle, (ii) a molecular factor,
IGF-1, and (iii) a biophysical factor, ES, to recapitulate some aspects of the in vivo cardiac
developmental milieu. In this context, IGF-1 and ES individually and interactively enabled
cell viability, cell spreading, extracellular matrix deposition, expression of the gap junction
protein connexin 43, contractility, and sarcomere development. The integrated approach
presented here can help advance our limited understanding of the complex and
interconnected roles of structural support, electrical signaling, and molecular cues on cardiac
development and function, with implications to the creation of functional tissue for
regenerative medicine.
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Highlights

• Systematic studies of heart cell viability and function on a biomimetic scaffold

• IGF-1 and electrical stimulation (ES) enable gap junction and sarcomere
development

• IGF-1 and ES interactively reduce excitation threshold and improve contractility
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Figure 1.
Scaffold design. Scanning electron micrographs are shown in (A) top view and (B) tilt view.
Arrow points to the underlying PGS membrane. Scale bars: 200 μm.
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Figure 2.
Apoptosis and collagenous ECM deposition in 8-day constructs from (A,E) group (i), (B,F)
group (ii), (C,G) group (iii), and (D,H) group (iv). (A–D) TUNEL stain (red arrows (A)
point to apoptotic nuclei; the PGS scaffold appears translucent due to processing artifact);
(E–H) Masson's trichrome stain (collagen indicated by blue color); (I) Quantification of
apoptotic cells. Scale bars: 50 μm. Data are the mean ± SE of 3 to 5 specimens. (a)
Significant effect of IGF (p<0.005).
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Figure 3.
Protein expression and tissue morphologies for (A–C) group (i), (D–F) group (ii), (G–I)
group (iii), and (J–L) group (iv). Confocal images of 8-day constructs showed expression of
the cardiac-specific marker Tn-T (A, B, D, E, G, H, J, K) and the cytoskeletal marker F-
Actin (C, F, I, L) in all four groups. ES was associated with the formation of tissue-like
bundles oriented in parallel to the direction of the electric field in groups (iii and iv) (G,J).
Yellow arrows point in the direction of the electrical field. Tn-T: red; F-actin: green; PGS
scaffold: blue. Regions of interest (dashed boxes) within full-stack confocal renderings (A,
D, G, J) are also shown at higher magnification as partial stack (10-layer) confocal
renderings (B, E, H, K). Scale bars: (A, D, G, J) 100 μm; (B, C, E, F, H, I, K, L) 50 μm.
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Figure 4.
Excitation threshold of 8-day constructs. Data are the mean ± SE of at least four samples. (a)
Individual effect of IGF (p=0.001). (b) Interactive effect of ES and IGF (p=0.013).
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Figure 5.
Gene expression by quantitative PCR of 8 day constructs. (A) Cardiac Tn-T, (B) MMP-2.
Data are the mean ± SE of six samples. (a) Individual effect of ES (p=0.0002); (b)
Interactive effect of ES and IGF (p=0.0002).
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Figure 6.
Connexin-43 immunohistochemistry for 8-day constructs from (A) group (i), (B) group (ii),
(C) group (iii), and (D) group (iv). The gap junction protein Cx-43 was readily observed in
the presence of both IGF-1 and ES (D), less prevalent with either ES or IGF-1 alone (B,C),
and minimally present without either factor (A). Cx-43: green; nuclei and PGS scaffold:
blue. Scale bars: 50 μm.
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Figure 7.
Transmission electron micrographs for 8-day constructs from (A,E) group (i), (B,F) group
(ii), (C,G) group (iii), and (D,H) group (iv). Sarcomeres were most developed in the
presence of both IGF-1 and ES (D), less developed with either factor alone, (B,C) and
relatively disorganized without either factor (A). The high magnification views shown in
(A–D) are the regions of interest indicated by black squares in the low magnification insets
(E–H). Arrows point to sarcomeres; M indicates mitochondrion. Scale bars: (A–D) 500 nm;
(E–H) 2 μm.
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Figure 8.
2D projection length. Representative images of relaxed and contracted constructs used to
calculate 2D projection lengths for (A0,A1) group (i), (B0,B1) group (ii), (C0,C1) group (iii),
and (D0,D1) group (iv). Corresponding regions of interest for relaxed (X0) and contracted
(X1) constructs (e.g., A0 and A1, respectively) are outlined in a dashed pattern, where each
grid square shown has dimensions of 120 m × 120 μm. Calculations were made from these
images using an automated image processing algorithm, but qualitative differences can be
noted by eye using grid squares as a reference. (E) Summary of 2D projection lengths for 8-
day constructs, where data are the mean ± SE of at least 6 samples, and (a) indicates
individual effect of IGF (p=0.0002), (b) indicates interactive effect of ES and IGF
(p=0.0002), and (c) indicates individual effect of ES (p=0.0002).
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