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 Heart failure is a major international health issue. Myocardial mass loss 
and lack of contractility are precursors to heart failure. Surgical demand for 
effective myocardial repair is tempered by a paucity of appropriate biological 
materials. These materials should conveniently replicate natural human 
tissue components, convey persistent elasticity, promote cell attachment, 
growth and conformability to direct cell orientation and functional perfor-
mance. Here, microfabrication techniques are applied to recombinant human 
tropoelastin, the resilience-imparting protein found in all elastic human 
tissues, to generate photocrosslinked biological materials containing well-
defi ned micropatterns. These highly elastic substrates are then used to engi-
neer biomimetic cardiac tissue constructs. The micropatterned hydrogels, 
produced through photocrosslinking of methacrylated tropoelastin (MeTro), 
promote the attachment, spreading, alignment, function, and intercellular 
communication of cardiomyocytes by providing an elastic mechanical sup-
port that mimics their dynamic mechanical properties in vivo. The fabricated 
MeTro hydrogels also support the synchronous beating of cardiomyocytes 
in response to electrical fi eld stimulation. These novel engineered micropat-
terned elastic gels are designed to be amenable to 3D modular assembly and 
establish a versatile, adaptable foundation for the modeling and regenera-
tion of functional cardiac tissue with potential for application to other elastic 
tissues. 
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  1. Introduction 

 Treatment of cardiac injury is severely 
limited by the inability of myocardium 
to regenerate after injury, insuffi cient 
allograft tissue for transplantation, and 
the marked ineffectiveness of current 
therapies to induce adequate myocar-
dium regeneration. [  1  ]  Therefore, there is 
major interest in developing new strate-
gies to generate implantable functional 
cardiac tissue constructs. A promising 
approach for myocardial repair would 
be to combine biocompatible scaffolds 
with cells followed by implantation of 
engineered tissue constructs within the 
injured heart. [  2–4  ]  However, there is a pau-
city of materials that would be suitable for 
this task. To achieve this goal, it is neces-
sary for the engineered tissues to mimic 
the structural and functional properties 
of native myocardium. [  2  ,  5  ,  6  ]  An ideal scaf-
fold for cardiac tissue engineering needs 
to convey a blend of relevant mechanical 
and biological properties to facilitate car-
diomyocyte (CM) attachment and growth, 
im
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promote cellular alignment and elongation, and provide the 
fl exibility and capacity for sustained cycles of expansion and 
contraction. 

 Major problems with current cardiac tissue engineered scaf-
folds encompass the risks of toxicity, immunogenicity, lack of 
compatible degradation paths, and inappropriate mechanical 
performance. [  3–5  ]  Common tissue engineering polyesters such 
as polylactic acid (PLA), and polyglycolic acid (PGA) degrade 
to generate acidic byproducts, display irregular degradation 
kinetics that can lead to the sudden deterioration of the con-
struct's mechanical properties [  7  ]  and are more rigid than heart 
tissue. [  8  ]  Although elastomeric polymers such as polyurethane 
are more elastic, their diisocyanate degradation products are 
toxic. [  5  ]  Microfabricated elastomer poly(glycerol sebacate) (PGS) 
scaffolds with structural and mechanical properties similar to 
that of myocardium have been produced [  9  ]  but PGS-based scaf-
folds degrade rapidly by surface hydrolysis with a mass loss of 
70% and a linear decrease in mechanical strength of 8% per 
week over 35 days of implantation. [  10  ]  

 Matrigel and natural collagen-based hydrogels provide poten-
tially favorable microenvironments for cardiac tissue forma-
tion but they present a range of limitations that include poor 
mechanical stability and suboptimal durability. [  11  ,  12  ]  The clinical 
use of animal-derived extracellular matrix (ECM) proteins is 
often restricted due to immunogenic concerns [  13  ,  14  ]  and the risk 
of cross-species infection. On the other hand, stiffer scaffolds 
such as non-woven PGA tend to limit the beating amplitude of 
CMs. [  15  ,  16  ]  Elastic substrates promote myocyte growth and func-
tion as they better mimic the dynamic mechanical properties 
of myocytes in vivo compared to rigid substrates. [  17  ]  To address 
these multiple challenges, we coupled an advanced elastic bio-
material based on a recombinant human tropoelastin with 
microfabrication techniques to develop highly elastic, biologi-
cally compatible, micropatterned substrates for myocardium 
regeneration. 

 Tropoelastin is the dominant physiological component of 
elastin, where upon crosslinking it conveys elasticity, extraor-
dinary stability and persistence, and cell-interactive biological 
activity. It is logical to adapt this large biological polymer to 
bioengineering applications but the generation of microfab-
ricated tropoelastin-based hydrogels containing well-defi ned 
micrometer-sized patterns has been limited due to the tradi-
tional crosslinking routes, which result in the formation of 
amorphous unstructured hydrogels with low mechanical sta-
bility. [  18–20  ]  Recently, we have shown that photocrosslinked tro-
poelastin hydrogels are formed in less than a minute by UV 
crosslinking of methacrylated tropoelastin (MeTro). [  21  ]  The 
fabricated hydrogels exhibit remarkable mechanical charac-
teristics such as high resilience upon stretching with extensi-
bility up to 400% and reversible deformation with low energy 
loss. In addition, we found that the mechanical properties of 
fabricated MeTro gels can be fi nely tuned to select desirable 
stiffness for a specifi c application. For example, their elastic 
moduli are in the range of 2.8  ±  0.6 to 14.8  ±  1.9 kPa and ulti-
mate strengths range from 12.5  ±  2.2 kPa to 39.3  ±  2.5 kPa 
depending on the methacrylation degree and concentration 
of MeTro. [  21  ]  These properties make MeTro gel a promising 
hydrogel for engineering soft, elastic tissues such as cardiac 
and vascular tissues. 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4950–4959
 In this study, we combine MeTro hydrogels with microfabrica-
tion techniques with the aim of developing highly elastic micro-
engineered hydrogels for cardiac tissue engineering applications. 
MeTro gels are formed from human tropoelastin which is a 
water-soluble protein, containing 35 lysine residues per molecule, 
that confers integrin-based cell-binding sites. [  22  ]  We show that 
the use of this human protein in the formulation of MeTro gel 
promotes CM adhesion and growth. In addition, we integrated 
micropatterns on the surfaces of these hydrogels for CM align-
ment to engineer tissue constructs mimicking those of the native 
myocardium. Furthermore, we found that the system is compat-
ible with electrical stimulation, which we used to modulate the 
contractile properties of CMs seeded on these MeTro hydrogels.   

 2. Results and Discussion 

 In this study, we fabricated a new class of highly elastic 
micropatterned hydrogels from MeTro for cardiac tissue regen-
eration where elasticity plays an important role in tissue func-
tionality. [  23  ]  Microfabrication technologies were used to generate 
high-resolution microchannels on the surfaces of these hydro-
gels to guide cellular orientation and elongation and further 
improve the functionality of engineered constructs ( Scheme    1  ).   

 2.1. CM Attachment and Spreading on MeTro Hydrogels 

 We have previously demonstrated that MeTro gels can accom-
modate embedded and surface cells. [  21  ]  Here, we sought to 
demonstrate the formation, alignment, and maintenance of 
CM phenotype on the microfabricated MeTro gels. Cardiac 
tissue is known to rely on matrix elasticity to maintain cell 
viability, organization, and tissue function. [  23  ]  Neonatal rat 
CM growth was evaluated on MeTro hydrogels and compared 
to methacrylated gelatin (GelMA) gels. GelMA is an attractive 
hydrogel for creating micropatterned tissue constructs. [  24  ,  25  ]  
CM attachment, proliferation, and spreading on MeTro and 
GelMA hydrogels were assessed after 8, 24, 72 and 192 h of 
culture using nuclei and F-actin staining ( Figure    1  a–h). After 
8 h, 2.5 times more cells had adhered to the surface of MeTro 
(564  ±  133 cells mm  − 2 ) than on GelMA (225  ±  47 cells mm  − 2 ) 
gels (Figure  1 i). Although both hydrogels supported cell pro-
liferation, as demonstrated by an increasing number of nuclei 
over the 8-day culture period, proliferation rates were higher 
(p  <  0.001) on MeTro.  

 The spreading of CMs on MeTro gels began as early 
as 8 h after seeding (Figure  1 a) and reached a maximum by 
72 h (Figure 1e). In contrast, cells seeded onto GelMA hydro-
gels maintained a rounded morphology with little spreading 
after 8 h of seeding (Figure  1 b). By 24 h, the average cell 
area of 416  ±  86  μ m 2  on MeTro was 5 times that on GelMA 
(82  ±  30  μ m 2 ) (Figure  1 j). A similar trend was seen by the 
third day where a confl uent layer of elongated CMs formed 
on MeTro but there were only scattered clusters of cells on 
GelMA (Figure  1 e–f). Cell spreading areas reached saturation 
at 1065  ±  99  μ m 2  on MeTro by 72 h and 1166  ±  134  μ m 2  on 
GelMA by 192 h. CM attachment was likely facilitated by both 
the cell-binding motif in tropoelastin and the elasticity of the 
4951wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Scheme  1 .     Schematic diagram describing the fabrication of micropatterned gels using a micro-
molding process for cardiomyocyte alignment. a) Microchannels with varying channel sizes and 
spacings were formed on a silicon wafer, to produce a master, which was then covered with a layer 
of PDMS prepolymer. After curing for 1 h at 80  ° C, the PDMS mold was removed and cut into 
small molds (1 cm x 1 cm); b) a mold was then placed on a glass slide containing 10  μ l MeTro 
and photoinitiator solution. Exposure to UV light for 35 s crosslinked the hydrogel and generated 
a micropatterned MeTro gel, the PDMS mold was removed from the gel after soaking in PBS for 
5 min; c) the hydrogel containing microchannels was seeded with cardiomyocytes isolated from 
neonatal rats to align cells within the channels, an unpatterned MeTro gel was used as control.  
substratum. Cardiac tissues have been shown to rely on matrix 
elasticity to preserve cell viability, organization, and tissue 
function. [  23  ]  MeTro gels are highly elastic with extensibility up 
to 400%, which is signifi cantly higher than the extensibility 
of GelMA gels ( < 100%). [  21  ]  In addition, the tensile modulus 
of rat CMs of 30 kPa [  26  ]  is closer to the tensile modulus of the 
MeTro gel used here ( ≈ 15 kPa) but differs markedly from that 
of GelMA ( ≈ 3.8 kPa). [  21  ]    

 2.2. Micropatterning of MeTro Hydrogels and CMs Alignment 

 MeTro gels are amenable to micropatterning. The capacity for 
exquisite preservation of detailed topography in MeTro hydro-
gels is surprising, given the abundant literature that presents 
elastin as an amorphous unstructured mass. Thin fi lms of 
micropatterned MeTro gels with a typical thickness of 50  μ m 
were made by UV irradiation of MeTro that was sandwiched 
between a glass slide and a patterned polydimethylsiloxane 
(PDMS) mold separated by a 50  μ m spacer (Scheme  1 , details 
are presented in Methods). A UV exposure time of 35 s gave 
MeTro gels with high pattern fi delity. Patterns were not obtained 
with shorter exposure times while longer times resulted in the 
deformation of channels when the mold was peeled off from 
the gel surface, presumably due to over-crosslinking and adhe-
sion to the PDMS molds. No patterns were generated with 5% 
(w/v) MeTro prepolymer solution, while micropatterned gels 
with high pattern fi delities were obtained using 10% (w/v) and 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
15% (w/v) MeTro at 31% methacrylation. Pat-
terned GelMA gels were cast with 10% (w/v) 
prepolymer solution and 10 s UV exposure 
and served as controls in this study. 

 We made 10% (w/v) MeTro hydrogels 
with 50  ×  50  μ m and 20  ×  20  μ m regular 
alternating channel widths and spacings to 
study the effect of channel size on CM align-
ment. These molds achieved fi ne microscale 
resolution ( Figure    2  a). In addition to sur-
face micropatterning, MeTro gels of various 
geometries with well-defi ned structures 
were also generated on 3-(trimethoxysilyl)
propyl methacrylate (TMSPMA) glass slides 
by using photomasking (Figure  2 b). To the 
best of our knowledge, this is the fi rst report 
of high-resolution patterns on the surface 
of a highly elastic human protein-based gel. 
Micropatterns have been generated on the 
surfaces or within 3D structures of various 
ECM components including fi bronectin, 
collagen, gelatin, and laminin to guide cel-
lular orientation and elongation; [  25–27  ]  how-
ever, these materials are neither elastic nor 
are they comparably mechanically stable. 
We found that the micropatterns on MeTro 
surfaces remained stable and without altera-
tion to either their microchannel width size 
or spacings during 14 days of cell culture. 
Notably, micropatterned 10% (w/v) GelMA 
showed pattern deformation after just 7 days 
due to their gradual degradation.  
 We then used micropatterned MeTro and GelMA hydrogels 

to surface align CMs with the goal of mimicking the anisotropic 
cell organization of native myocardium. Unpatterned hydro-
gels served as controls. Cellular alignment and elongation on 
all substrates were assessed by phalloidin/DAPI staining and 
revealed that CMs seeded on patterned substrata had oriented 
with an elongated morphology typical of differentiated CMs 
along the direction of patterns. However, for cells cultivated on 
unpatterned surfaces, their actin cytoskeletons were randomly 
arranged and accompanied by the overlapping of fi laments in 
multiple directions. We saw differences in the shape and ori-
entation of actin fi laments as a function of channel size and 
culture time. Actin fi laments were more aligned and elongated 
on the patterned surfaces with 20  ×  20  μ m channel width and 
spacing compared to those with larger channel dimensions (50  ×  
50  μ m). In addition, culture duration affected the organization 
of actin cytoskeleton; actin fi lament alignment was obvious as 
early as 8 h post seeding and reached its highest level of ori-
entation by day 3 of culture (72 h post seeding). With longer 
culture times (192 h), the actin fi laments overlapped on the sur-
faces of the gels and their orientations decreased. 

 Quantitative assessment of cellular alignment as a function 
of channel size and culture time was performed using DAPI-
stained images [  25  ,  28  ,  29  ]  (details are presented in Methods). Cells 
were considered aligned when the nuclei were oriented within 
20 °  of the microchannel direction. Increasing the channel width 
from 20  μ m to 50  μ m signifi cantly decreased cellular alignment 
heim Adv. Funct. Mater. 2013, 23, 4950–4959
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     Figure  1 .     Cardiomyocyte attachment and proliferation on 10% (w/v) MeTro and GelMA hydrogels as a function of time. Rhodamine-labeled phalloidin/
DAPI staining for F-actin/cell nuclei of cardiomyocytes seeded on MeTro and GelMA gels after a,b) 8 h, c,d) 24 h, e,f) 72 h, and g,h) 192 h of culture, 
demonstrating higher cell attachment and spreading on MeTro gels compared to GelMA at different culture times (smaller panels show F-actin (top) 
and cell nuclei (bottom) stained samples) (scale bar  =  100  μ m). i) Cell densities, defi ned as the number of DAPI stained nuclei per given hydrogel 
area, on MeTro and GelMA gels at various culture times. j) Cell spreading, defi ned as the area of cell clusters divided by the number of the cells within 
those cluster, on MeTro and GelMA hydrogels; the reduction in cell area on MeTro compared to GelMA gels after 192 h is a consequence of the higher 
cell proliferation on MeTro gels. Error bars represent the SD of measurements performed on 5 samples ( ∗  ∗  ∗ p  <  0.001).  
from 56  ±  4.8% to 38  ±  2.9% (p < 0.001) (Figure  2 c). These fi nd-
ings confi rmed the recognized correlation between enhanced 
CMs alignment and narrow ( ≤ 30  μ m) channel widths. [  26  ,  27  ,  30  ,  31  ]  

 Our fi ndings agree with those reported for micropatterned 
laminin coated PDMS surfaces that displayed adhered and 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4950–4959
aligned CMs which formed cell-cell junctions preferentially on 
surfaces with a 20  μ m periodicity. [  27  ]  Highly oriented sarcom-
eres were also obtained with micropatterned fi bronectin PDMS 
at the same resolution. [  26  ]  In both of these studies micropat-
terning techniques were applied to control cellular orientation 
4953wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Cardiomyocyte elongation and alignment on the surface of micropatterned gels. 
Representative images of micropatterned MeTro, a) 20  ×  20  μ m and 50  ×  50  μ m channels 
(scale bar  =  200  μ m) produced by micromolding, b) gels of various geometry generated by 
photomasking (scale bar  =  50  μ m). c) Histogram of the relative alignment in 10 °  increments 
on day 3 of culture, demonstrating increased cellular alignment with decreasing microchannel 
width. d) Histogram of the relative alignment obtained at different culture time shows the 
highest cell alignment after 72 h of culture. Cell alignment on MeTro and GelMA hydrogels 
72 h post seeding, representative F-actin/DAPI stained images with corresponding histograms 
of e,f) patterned GelMA and g,h) unpatterned GelMA; i,j) patterned MeTro; k,l) unpatterned 
MeTro, demonstrating higher cell alignment in 20 °  increments on micropatterned MeTro gel 
compared to patterned GelMA hydrogel (channel size: 20  ×  20  μ m, scale bar  =  100  μ m). 
Effect of MeTro concentration on cardiomyocyte elongation and alignment, representative 
F-actin/DAPI stained images of cardiomyocytes seeded on m) patterned and n) unpatterned 
MeTro gels produced by using 15% (w/v) MeTro, o) mean percentage of aligned cell nuclei 
(within 20 °  of preferred nuclear orientation), demonstrating cell alignment for both MeTro 
concentrations.  
and resemble the microstructure of the 
native rat heart, where elongated CMs are 
tightly positioned between 7  μ m capillaries 
that are  ≈ 20  μ m apart. [  32  ]  Here, CMs aligned 
and elongated along the channels within the 
20  ×  20  μ m micropatterned MeTro to form 
tissue constructs that mimicked structural 
features of native heart tissue. 

 Culture time also affected alignment of 
the cells on MeTro surfaces. As shown in 
Figure  2 d, alignment was 39  ±  5% after 
8 h of seeding on 20  ×  20  μ m micropatterned 
MeTro and increased to 43  ±  6% and 57  ±  3% 
by 24 h and 72 h (p  <  0.001) then decreased 
by 192 h following the formation of confl uent 
cells on the gel surface. 

 On this basis, we used MeTro containing 
20  ×  20  μ m channels and 72 h of culture to 
compare orientation on patterned and unpat-
terned MeTro and GelMA gels (Figure  2 e–l). 
Patterned MeTro showed 56  ±  4.8% aligned 
cells, which was  ≈ 2.5-fold higher than unpat-
terned MeTro gels (23  ±  2.3% at p  <  0.001) 
(Figure  2i –l). Similar results were obtained 
for patterned and unpatterned GelMA sub-
strates (Figure  2 e–h). Micropatterned MeTro 
exhibited higher cellular orientation than 
on GelMA gels (56  ±  4.8% compared to 
42.5  ±  2.3%) (p  <  0.001). We also observed 
more attached and elongated cells on 15% 
(w/v) than on 10% (w/v) micropatterned 
MeTro surfaces (Figure  2 m–o). The substrate 
made from 15% (w/v) MeTro was covered 
with a thick layer of CMs that were aligned 
in the same direction as the microchannels 
(Figure  2 m). Increasing the protein concen-
tration from 10 to 15% (w/v) had no discern-
ible effect on cellular alignment on patterned 
surfaces; thus CMs can tolerate supramax-
imal MeTro concentrations.   

 2.3. Immunohistochemical Analysis 

 MeTro gels promoted a CM phenotype 
where cardiac differentiation markers tro-
ponin I, sarcomeric  α -actinin, and con-
nexin 43 were obvious by day 8. Expression 
of troponin I was higher on MeTro than 
GelMA; MeTro facilitated a consistently per-
vasive, well-developed, contractile apparatus 
( Figure    3  a,b) while CMs displayed smaller 
aggregates on GelMA (Figure  3 c,d). Sar-
comeric  α -actinin staining on MeTro veri-
fi ed that the cells had developed elongated 
well-defi ned, cross-striated sarcomeric struc-
tures (Figure  3 e,f) that resemble those of 
native adult rat ventricular myocardium. [  9  ]  In 
inheim Adv. Funct. Mater. 2013, 23, 4950–4959
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     Figure  3 .     Immunostaining of cardiomyocyte markers. Hydrogels stained for a–d) troponin (green)/nuclei (blue) and e–h) sarcomeric  α -actinin (green)/
connexin-43 (red)/nuclei (blue) on day 8 of culture, patterned MeTro gels are shown in (a) and (e) and unpatterned MeTro samples in (b) and (f), 
patterned GelMA in (c) and (g), and unpatterned GelMA in (d) and (h) (scale bar  =  50  μ m).  
contrast, cross-striations characteristic for mature CMs occa-
sionally appeared for GelMA but only as scattered and poorly 
organized sarcomeres (Figure  3 g,h). In addition, patches of 
connexin 43 staining were observed in different regions of 
MeTro gel, demonstrating the presence of well-developed inter-
calated disk and gap junctions between myocytes. In contrast, 
on GelMA connexin 43 was sparse and diffuse throughout 
with occasional cell clusters. We also investigated the effect of 
cellular patterning on protein expression and found that CM 
patterning elevated the levels of aligned and elongated cardiac 
troponin I on surfaces of both gels (Figure  3 a,c). In addition, 
well-aligned registers of sarcomeres developed if the hydrogels 
were patterned (Figure  3 e,g).  

 In native heart tissue, a large number of gap junctions are 
present on the lateral surfaces of the CMs for cellular linking 
and electrical coupling. [  33  ]  The well-developed networks of 
gap junctions and sarcomeres on MeTro evoke structures 
of native myocardium. CMs express a higher range of car-
diac markers on MeTro gels, which is in agreement with 
the expectation that ECM proteins are needed to promote 
CM spreading and maturation due to their ability to provide 
appropriate cellular cues. [  34  ,  35  ]  We tested the hypothesis that 
this combination of benefi ts, in particular the higher level of 
cell-junctions on cell-seeded MeTro gels, would improve cell-
cell coupling accompanied by enhanced overall contractile 
properties of the engineered tissue constructs, and facilitate 
synchronous beating.   
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4950–4959
 2.4. Beating Characteristics 

 The frequency of heartbeats can range from 0.05 to 20 Hz. 
For example, a whale's heart beats slowly, around 3 to 4 beats 
min  − 1  (0.05-0.07 Hz) during deep dives, humans around 
60–70 beats min  − 1  (1-1.1 Hz), the rat  ≈ 360 beats min  − 1  (6 Hz), 
and hummingbirds can achieve 1200 beats min  − 1  (20 Hz) 
during fl ight. [  36  ]  CMs seeded on patterned and unpatterned 
MeTro gels displayed synchronous contractions by as early as 
3 days, despite immobilization of hydrogel undersides on glass 
( Figure    4  a,c) (Supporting Information, Videos 1,2). In con-
trast, CMs on unpatterned GelMA did not beat synchronously 
(Figure  4 b) (Supporting Information, Video 3). On micropat-
terned GelMA, contractions were stronger and more synchro-
nized than on unpatterned GelMA (Figure  4 d) (Supporting 
Information, Video 4). The beat frequency, quantifi ed between 
days 4 and 14, varied between 18–60 beats min  − 1  for MeTro 
(0.3–1 Hz) depending on surface topography of the gel and cul-
ture duration (Figure  4 e). For unpatterned MeTro surfaces, the 
beat frequency decreased from 60  ±  9 beats min  − 1  on day 4 to 
18 beats min  − 1  on day 10 with no signifi cant changes after that 
up to day 14 (p  < 0.001). However, for patterned MeTro gels, the 
beat frequency was remarkably consistent across the culture 
time with synchronized beating. Thus surface patterning with 
MeTro can maintain the contractile activities of cells for at least 
2 weeks. However, GelMA patterning had no infl uence on CM 
beating over the culture time (Figure  4 f). This is likely due to 
4955wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Beating characterization of cardiomyocytes seeded on hydrogels. Beating behavior 
of cardiomyocyte-seeded a,c) MeTro and b,d) GelMA gels on day 7 of culture, unpatterned 
samples are shown in (a,b) and patterned ones in (c,d). Spontaneous beating frequency of 
cardiomyocytes seeded on e) MeTro and f) GelMA gels over 14 days of culture.  
the stability of micropatterns on MeTro gels during 14 days of 
culture, which promoted cell-cell interactions and consequently 
contractile behavior of the cells. In contrast, pattern deforma-
tion was observed after just 7 days on GelMA hydrogels due 
to their gradual degradation. Therefore, surface patterning on 
GelMA hydrogels was not as effi cient as MeTro substrata in 
promoting the beating characteristics of CMs. Additionally, 
the CM beat frequency was generally higher with MeTro than 
GelMA (e.g., 48  ±  6 beats min  − 1  compared to 27  ±  4 beats min  − 1  
on day 8), demonstrating that this elastic hydrogel can support 
expansion-contraction of cells during beating.  

 Neonatal rat CMs on hyaluronic acid patterned glass sur-
faces or Matrigel exhibit spontaneous beating but their contrac-
tion frequency decreases with increasing culture time within 
7 days of culture. [  37  ,  38  ]  The superior contractile performance 
of CMs on MeTro material points to its advantages over less 
elastic biomaterials. It may be that due to its high elasticity and 
resilience, seeded MeTro substrata could assist contraction in 
vivo during systole and return to original shape during diastole 
through this synchronous contraction of CMs.   

 2.5. Electrical Stimulation 

 In the native heart, electrical signals are generated by diverse 
pacing cells causing cell membrane depolarization and activa-
tion of the contractile apparatus in CMs [  39  ]  so electrical stim-
ulation would be expected to signifi cantly modulate the CM 
contractile behavior. [  4  ,  9  ,  38  ,  40–42  ]  Electrical stimulation was applied 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
to cell-seeded MeTro gels on day 8 in an elec-
trical stimulation chamber ( Figure    5  a,b). 
Upon applying electrical stimulation to a 
physiological medium, a redistribution of 
charge fi rst occurs, and then, if the stimulus 
is of suffi cient duration, the electrodes will 
begin to chemically react with the medium 
to sustain current; this can affect the func-
tion of the cardiac tissue construct placed 
between the electrodes. To minimize this 
problem, a square-wave pulse with relatively 
short duration at lower voltage (less than 
15 V) was applied according to the previous 
protocol. [  40  ]  Cells contracted in synchrony in 
response to electrical fi eld stimulation on 
patterned and unpatterned gels, and could 
be paced using 50 ms pulses of electrical 
stimulation up to 3 Hz. The CMs beating 
frequency was  ≈ 60 beats min  − 1  (1 Hz) before 
applying electrical stimulation. At each 
applied frequency, the minimum voltage 
required to induce synchronized contraction 
(excitation threshold) was determined by 
slowly increasing the applied voltage from 0 
V until the excitation threshold was reached 
(Figure  5 c, d). Cells pulsated in response to 
electrical stimuli with more synchronized 
beating at higher applied voltage. This trend 
mimics the performance of tissue-engi-
neered myocardial tubes which pulsate at 
higher voltage (20 V) but with no response to electrical stimuli 
at lower applied voltage (e.g., 5 V and 15 V). [  43  ]   

 We also investigated the effect of cellular alignment on the 
CM excitation threshold (Figure  5 e). The excitation threshold 
was lower on micropatterned constructs. For example, at an 
applied frequency of 2 Hz, the excitation threshold was approxi-
mately 1.6-fold higher for unpatterned than on patterned MeTro 
(P < 0.05). Similarly, Engelmayr et al., found that the scaffold 
microstructure infl uences the excitation threshold of neural rat 
heart cells seeded on PGS scaffolds with an excitation threshold 
of 12  ±  1% and 17  ±  2% for accordion-like and rectangular 
scaffolds, respectively. [  9  ]  We also recorded the synchronous 
beating signal of the engineered MeTro-based tissue constructs 
in response to an externally applied electrical fi eld at frequen-
cies ranging from 0.05 Hz to 3 Hz (Figure  5 f) and found that 
increasing the frequency reduced the beating intensity. A com-
bination of surface topography and electrical stimulation infl u-
ences cardiac cell function. In this study the combined effects 
of these two factors further improved the functionality of engi-
neered MeTro-based cardiac tissue constructs. 

 In our study, MeTro provides a model for systematic in vitro 
studies of CM behavior. As a fi rst step towards the fabrication 
of 3D cardiac tissue constructs, multi-layered elastic tissue con-
structs of greater thickness can be generated by assembling 
tandem layers of cell-seeded micropatterned MeTro gels. How-
ever, the thicker scaffolds would probably require vasculariza-
tion [  44  ,  45  ]  and/or a perfusion system [  38  ,  46  ]  to maintain CM via-
bility. This material lays the foundation for assembling elastic 
3D cardiac tissue constructs containing vascular networks 
heim Adv. Funct. Mater. 2013, 23, 4950–4959



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  5 .     Electrical stimulation of cell-seeded MeTro gels. a,b) Stimulation chamber for applying electrical stimuli to cardiomyocytes cultured on the 
surfaces of MeTro gels. Analyses of contractile response to electrical stimulation on day 8 of culture, voltage was gradually increased at c) 1 Hz and d) 
3 Hz frequencies to induce synchronized beating, the beating became more synchronized by increasing the voltage. e) Excitation threshold of cardiac 
tissues on both patterned and unpatterned MeTro gels at various frequencies, demonstrating that the excitation threshold was lower in patterned MeTro 
gels compared to unpatterned ones. f) Recording of synchronous beating signals of cardiomyocytes cultured on patterned MeTro gels in response to 
applied external electric fi eld at 0.5, 1, 2, and 3 Hz. Error bars represent the SD of measurements performed on 5 samples ( ∗ p  <  0.05).  
using MeTro and a spatially distributed co-culture of CM and 
vascular endothelial cells. Our study also reveals the broader 
utility of this range of MeTro materials in elastic tissue-mim-
icking systems.    

 3. Conclusions 

 In summary, we have demonstrated the engineering of a novel, 
highly elastic micropatterned human protein for myocardium 
regeneration. Our MeTro gels promoted attachment, spreading, 
and elongation of CMs, which can be due to the cell-interactive 
amino acid sequence of tropoelastin as well as the similarity of 
the material's mechanical properties to natural myocardium. 
In addition, the fabricated MeTro gels were amenable to the 
microfabrication of a variety of micrometer-sized well-defi ned 
geometries. In particular, we generated micropatterns on the 
surfaces of these hydrogels to align CMs and engineer tissue 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4950–4959
constructs mimicking those of the native myocardium. We 
demonstrated that MeTro gels maintained the phenotype and 
in vitro contractile properties of CMs. In addition, the function-
ality of engineered constructs was further improved by applying 
electrical stimulation to the hydrogels. These microengineered 
highly elastic constructs establish a versatile and robust founda-
tion for the modeling and regeneration of functional cardiovas-
cular tissues.   

 4. Experimental Section 
  MeTro Synthesis : Tropoelastin was methacrylated according to 

previously outlined procedures. [  21  ]  Briefl y, methacrylate anhydride (8% 
(v/v), MA, Sigma) was added to a tropoelastin solution (10% (w/v)) 
in phosphate buffered saline (PBS; Invitrogen) to prepare MeTro 
prepolymer with 31% methacrylation degree. The solution was allowed 
to react for 12 h at 4  ° C and then diluted and dialyzed (Slide-A-Lyzer 
MINI, 3.5K MWCO) against distilled water at 4  ° C for 48 h. The 
4957wileyonlinelibrary.combH & Co. KGaA, Weinheim
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prepolymer solution was then fi ltered and lyophilized to yield MeTro 
macromers. The methacrylation of tropoelastin was confi rmed by 
performing  1 H NMR analysis as previously described. [  21  ]  

  Hydrogel Fabrication:  MeTro macromers were used to fabricate thin 
fi lms of photocrosslinked MeTro hydrogels. MeTro gels were prepared by 
using various concentrations of MeTro solutions (e.g., 5, 10, 15% (w/v)) 
in PBS containing 2-hydroxy-1-(4-(hydroxyethoxy) phenyl)-2-methyl-1-
propanone (0.5% (w/v), Irgacure 2959, CIBA Chemicals). Then, the 
solution (10  μ L) was pipetted between two glass coverslips that were 
separated by a 150  μ m spacer and exposed to 6.9 mW cm  − 2  UV light 
(360–480 nm) for 35 s. In addition, GelMA hydrogels were prepared by 
using GelMA (10% (w/v)) with 80% methacrylation degree as described 
previously [  24  ]  and used as a control. 

  Surface Patterning:  A micromolding technique was used to generate 
patterns on hydrogel surfaces (Scheme  1 ). Micropatterned PDMS-based 
membranes 1 mm thick and with two different channel geometries 
(channel size  ×  spacing: 20  ×  20  μ m, and 50  ×  50  μ m) were formed 
with negative photoresist Epon SU8. The resultant PDMS molds were 
then used to pattern the MeTro and GelMA substrates (Supporting 
Information, Methods). The patterned hydrogels were generated on 
3-(trimethoxysilyl)propyl methacrylate (TMSPMA) coated glass slides 
to covalently bond the hydrogels to the glass slides and avoid hydrogel 
detachment from the slide during culture. To transfer the PDMS pattern 
to the surface of MeTro gel, the surface of the PDMS mold was fi rst 
treated with plasma to create a hydrophilic surface and to facilitate 
the penetration of prepolymer solution among the channels. Upon 
crosslinking with UV, the gels were soaked in PBS to facilitate PDMS 
mold detachment and preserve patterned architecture. The resulting 
microchannel-containing hydrogels were soaked in culture media at 
37  ° C for 16 h prior to seeding with neonatal rat CMs. Unpatterned 
gels were formed by using planar PDMS membranes instead of 
micropatterned PDMS molds and used as controls. 

  Surface Seeding (2D Culture) : CMs were isolated from 2-day-old 
neonatal Sprague Dawley rats according to a protocol approved by 
the Institute's Committee on Animal Care (Supporting Information, 
Methods). For cell adhesion and proliferation studies on 2D surfaces, 
MeTro fi lms with 150  μ m thickness were prepared on TMSPMA glass 
slides. The slides containing MeTro were seeded with cells (4  × 10 5  cells/
scaffold) and incubated for 192 h. Media were changed every second 
day. 

 The cell-seeded scaffolds were fi xed and stained with rhodamine-
phalloidin (Alexa-Fluor 594; Invitrogen) and 4’,6-diamidino-2-
phenylindole (DAPI; Sigma) to visualize F-actin fi laments and cell nuclei, 
respectively (Supporting Information, Methods). Cell proliferation on 
gel surfaces was assessed by quantifying cell densities, defi ned as the 
number of DAPI stained nuclei per given hydrogel area, over the culture 
time. Rhodamine-phalloidin staining was also used to characterize cell 
surface spreading over culture time. Cellular alignment on the patterned 
hydrogels was quantifi ed by measuring the nuclei orientation angles 
using ImageJ software [  25  ]  (Supporting Information, Methods). Alignment 
analysis was performed at different culture times for the gels with varying 
channel geometries. The expression of CM marker proteins on the gels 
was assessed by immunostaining (Supporting Information, Methods). 

  Assessment of Contractile Properties of CMs:  CM contractile properties 
on MeTro and GelMA hydrogels were assessed using movies taken with 
a video camera (Sony XCD-X710) attached to a microscope (Nikon, 
Eclipse TE 200U, Japan) at 10 ×  magnifi cation over 14 days of culture. 
The microscope was equipped with a temperature controller to maintain 
the samples at 37  ° C during video recording. The video sequences 
were digitized at a rate of 15 frames per second. To quantify the beat 
frequency (number of beat min  − 1 ), videos taken from 3 selected spots 
of at least 3 individual samples were analyzed with a custom-written 
Matlab code for each gel type (MeTro and GelMA). In addition, the effect 
of patterning on the spontaneous contractions of CMs was determined 
by using unpatterned MeTro and GelMA gels as controls. 

  CM Contractile Response Following Applied Electrical Stimulation:  The 
response of CMs to electrical stimulation was assessed by using a 
modifi ed carbon electrode system to apply a pulsatile electrical signal to 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
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CMs seeded on gels. The electrical stimulation chamber consisted of a 
petri dish and two carbon rod electrodes. [  40  ]  Two carbon rod electrodes 
spaced 2 cm apart were placed in a petri dish and fi xed in place with 
silicon adhesive. Two platinum wires were attached on opposite sides of 
the electrodes by threading through holes drilled into the electrodes and 
the connections were covered by silicon adhesive (Figure  5 a,b). Prior to 
use, the electrical stimulation chamber was washed with 70% ethanol. 
To deliver an electrical signal, the engineered construct containing 
cells was placed between the two parallel carbon rod electrodes. 
The chamber was then fi lled with culture media (30 mL) to cover the 
engineered construct and both electrodes. The electrical pulse generator 
applied biphasic square waveforms with 50 s pulses delivered at various 
frequencies including 0.5, 1, 2, 3 Hz. The excitation threshold, minimum 
voltage required to induce synchronous beating at different frequencies 
(e.g., 0.5, 1, 2, 3 Hz), was also determined by varying the stimulating 
voltage from 3 to 15 V at each frequency. 

  Statistical Analysis:  Data were compared using one-way analysis of 
variance followed by Bonferroni's post-hoc test (GraphPad Prism 5.02) 
software. Error bars represent the mean  ±  standard deviation (SD) of 
measurements ( ∗ p  <  0.05,  ∗  ∗ p  <  0.01, and  ∗  ∗  ∗ p  <  0.001).   
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