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Abstract 

The in vitro generation of a three-dimensional (3D) myocardial tissue employing cells, biomaterials, and biomolecules is a promising 
strategy in cardiac tissue regeneration. Despite significant progresses in this field, cellular models are not yet able to provide a source of 
myocardial cells that will efficiently integrate and substitute damaged myocardial tissue. Stem cell-derived human cardiomyocytes (CMs) 
represent the most promising source for cardiac cell therapy. In order to sustain attachment, spreading, and orientation of human CMs on a 
scaffold we exploited an innovative negative replica patterning based on electrophoretic deposition to realize multi-scale micro-structured 
chitosan-collagen (C/C) scaffolds. Specific patterns were micro-structured on the cathode titanium disks using a laser machine. Cubic and 
hexagonal patterns were deeply characterized, and reproduced on the surface of the C/C scaffold. We initially challenged different blend with 
spontaneous contracting neonatal rat CMs to identificate the best substratum, finding that C/C 5:1 proportion can better sustain this type of 
culture. Finally, human CMs derived from induced pluripotent stem cells were seeded on these patterned scaffolds and colonization of the 
substrate was observed, thus confirming the validity of the chosen biomaterial. Moreover, preliminary experiments demonstrate the 
effectiveness of the pattern in controlling the orientation of human CMs. 

In conclusion, we designed and fabricated a scaffold that allows the attachment, spreading, and orientation of human CMs due to a correct 
C/C blend composition, to an innovative manufacturing process, and to an effective 3D architecture of the patterns. These data will surely help 
in solving the quest for a cardiac clinical patch. 

 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 

During embryonic development, cardiac cells 
undergo a complex series of structural changes 
that ultimately lead to their adult phenotype. This 
process is regulated in vivo by different factors, 
including environmental cues such as 
extracellular matrix, soluble factors, mechanical 
signals and electrical fields that may determine 
the emergence of spatial patterns that will lead to 
tissue morphogenesis. 

The comprehension of early growth and 
maturation processes of cardiac tissue in humans 
is difficult, due in part to limitations in obtaining a 

sufficient number of cells. Indeed, 
cardiomyocytes in the postnatal human heart are 
essentially post-mitotic, precluding their 
cultivation and expansion in vitro and, on the 
other hand, fetal human heart tissue is difficult to 
obtain. The capability to reprogram patient-
derived somatic cells to induced pluripotent stem 
cells (iPSC) and direct their differentiation toward 
cardiomyocytes  (iPSC-CMs) has provided large-
scale cultures of human cardiomyocytes to 
generate powerful platform for regenerative 
medicine, development, tissue engineering, 
disease modeling, and drug toxicity testing [1].  

IPSC-CMs beat spontaneously, express cardiac 
sarcomeric proteins and ion channels, exhibit 
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cardiac-type action potentials and calcium 
transients. Despite these promising results, many 
lines of evidence indicate that in the currently 
used conditions, iPSC-CMs do not exhibit the 
morphological and functional characteristics of 
adult CMs. Thus, to maximize the hypothetical 
therapeutic benefits of using these cells for 
regenerative medicine purposes, a critical 
challenge is to enhance their maturation status 
mimicking nature’s work. On this basis, the 
present research started to explore the possibility 
to provide a three-dimensional environment that 
improves cellular organization and crosstalk using 
tissue-engineering techniques [2].  
 The selection of biomaterial/scaffold with topo-
graphical features is a crucial step to achieve a 
favorable environment for cell growth and tissue 
development. The material utilized in building 
such cellular support must be biocompatible with 
cell attachment sites and an interconnected porous 
structure that allows nutrients and waste cellular 
products exchanges [3]. Moreover, in order to 
support cardiac cell contraction, peculiar 
mechanical strength, stiffness and elasticity are 
required [4]. In this study, we designed and tested 
a chitosan/collagen (C/C) blend matrix with large 
interconnected pores, that has already been shown 
to possess the required mechanical, structural, and 
compositional features to be used in different 
advanced tissue regeneration applications [5; 6]. 
Chitosan has a cationic nature allowing 
electrostatic interactions with anionic 
glycosaminoglycans (GAG) and proteoglycans of 
the extracellular matrix. Furthermore, in blend 
with collagen type I, can be resolved in different 
structures and micro-patterned to modulate 
adhesion and maturation of cells [7]. To enhance 
the alignment of cells, the C/C scaffold was 
design to incorporate an array of ridges and 
grooves. It has already been demonstrated that 
two-dimensional micro-pattern shape may play a 
role in controlling sarcomere morphology of 
human cardiomyocytes derived from embryonic 
stem cells. In particular it was determined that a 
range between 30 μm and 80 μm is the ideal ridge 
width to promote alignment of immature human 
embryonic stem cell-derived CMs thus resulting 
in improved sarcomere formation [8]. Similar 
features were investigated also in three-
dimensional scaffolds. Kolowe et al. [9] proposed 
a rectangular pore pattern (125 μm × 250 μm 
inner pore dimensions with 50μm structure width 
and 70 μm thick) deposed on a flat surface, 
demonstrating multiscale alignment of C2C12 
myoblasts [9]. The use of rectangular pores in the 
scaffold design was motivated by their bi-
dimensional mechanical anisotropy, similar in 
structure to native adult rat ventricular 
myocardium [10; 11]. On these bases, a regular 
patterned C/C matrix was designed, manufactured 

by electrophoretic deposition of the blend on 
titanium disk, previously patterned using laser 
micro-ablation and finally tested. 

2. Production and characterization of C/C 
scaffold 

2.1 Electrophoretic deposition: scaffold 
fabrication 

Chitosan-collagen scaffolds were produced by 
electrophoretic deposition as elsewhere described 
[12]. A flat titanium foil was used as cathode to 
obtain porous scaffold, while titanium laser-
machined foils described below were used to 
obtain micro-patterned scaffolds. A solution of 
medium molecular weight chitosan isolated from 
shrimp shell (Sigma-Aldrich 417963, 75-85% de-
acetylated) 0.1% (w/v) in acetic acid (ACS 
reagent, ≥99.7%, Sigma-Aldrich 320099) at two 
different pHs (3 and 3.5) was obtained; two 
different amount of collagen from rat-tail were 
dissolved in chitosan solution to obtain a 
chitosan/collagen ratio of 5:1 and 3:1.  

The electrophoretic deposition (EPD) was 
performed by using a power supply (100 W 
Source Meter, Keithley 2425) in the following 
optimized conditions: porous scaffolds were 
deposited in galvanostatic conditions at 10 
mA/cm2 for 20 minutes at pH 3.5, while patterned 
scaffolds were deposited in potentiostatic 
conditions by applying a square waveform of 90 
V for 25 seconds and 100 V for 5 seconds at pH 3 
for 20 minutes. This latter condition has been 
optimized in order to control the deposition inside 
the grooves of the pattern at the beginning of 
EPD avoiding in this phase the evolution of big 
hydrogen bubbles due to the reduction process at 
the cathode. 

After the deposition, the scaffolds were gently 
washed in distilled water and left overnight in 
NaOH 1M to allow an easily peeling off the 
cathode. The morphology of the porous scaffolds 
was evaluated by scanning electron microscope 
(SEM) StereoScan® 360 at 10 kV and their 
mechanical properties were evaluates as 
elsewhere reported [12]. Before cells seeding, the 
scaffolds were sterilized with 70% ethanol and 
UV light for 20 minutes, washed with phosphate 
buffered saline (PBS) (Invitrogen, Carlsbad, CA, 
USA). In order to improve the adhesion of CMs, 
scaffold were coated with fibronectin (10 μg/ml) 
by a 40 minutes dip at room temperature. 

2.2 Pattern definition and generation 

The two pattern configurations are constituted 
by an intersection of grooves: cubic rectangular 
(CR) and hexagonal rectangular (HR), indicating 
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( )

four and six first-neighbor pores respectively that 
are formed by the grooves, as shown in Fig. 1.  

The groove dimensions are: 50 μm width (w), 
100 μm deep, while each rectangular pore formed 
by the grooves is 125 μm x 250μm (l x L). The 
whole pattern has a 5x5 mm2 area. 

 
Fig. 1: Imposed pattern configurations: cubic (a) and hexagonal (b) and 
their geometrical parameters respectively 

 

 

A LEP Lee Laser (Nd:YVO4, 8 W q-switched, 
λ= 532 nm) was used during the experimental 
campaign for ablating these specific patterns on 
titanium disks (commercially pure grade II, clean 
in acetic acid), round shaped (Ø=10 mm), 0.5 mm 
thick. The high quality beam (M2=1) can work at 
pulse frequency of 200 kHz and pulse minimum 
duration of 12 ns.  

The laser machine is controlled by a software 
where it is possible to set the scan speed, the q-
switch frequency, the duty cycle, the laser path 
strategy, the beam diameter, the loop number of 
cycles of ablation and the laser power expressed 
as the percentage of the applied current to the 
pump system (diode lasers). Since the laser is 
controlled in current, preliminary calibration tests 
were conducted to optimize micro machining 
process [13]. 

In particular, a cycle of ablation on 25 mm2 
area was used and a power meter (Gentec-EO 
UP19-W) was executed to convert the percentage 
Ampere in average power. Table 1 reports the 
parameters and equations needed to test if the 
power density is able to ablate the titanium or not 
through the fluence per pulse [14; 15]. 

 
Table 1. Direct and indirect laser parameters. 
 

Parameter Description Value or Equation 
f [kHz] q-switch frequency 30,100 
Pavg [W] average power 2.64, 1.45, 0.35 
vs [mm/s] scan speed 381, 304.8, 228.6 
d [mm] spot diameter 0.6 
Abs [%] absorption coefficient  50 
dt [ns] pulse width  
dc [%] duty cycle 
Ppeak [W] peak power  

tloop [s] time per loop  
Epulse [J] energy per pulse 
F pulse 

[J/cm2] 
fluence per pulse 

 
The outgoing laser beam is collimated in a 

galvo system to impose a remote control. Each 
titanium disk was fixed on a frame at a distance 
equal to the focal distance (160 mm) from the 
galvo head. The experiments set designed to 
obtain the two selected configurations were 
conducted as reported in Table 2. 
   

Table 2. Designed laser-machining cycle. 
 

Process parameter Set value 
f [kHz] 30 
dt [ns] 104 
vs[mm/s] 2.64 
dc [%] 30 
Ppeak [W] 8.80 
Fpulse [J/cm2] 0.56 
# loop 30 

 
Each ablation cycle was repeated for several 

times to reach the desired configuration depth. As 
it can be observed, each cycle reaches a value of 
fluence per pulse value that is higher than 
ablation threshold for titanium alloy equal to 
0.109 J/cm2 [16]. Moreover, five test repetitions 
with the same parameters were carried out to 
study the laser cycle effects on channels 
configuration homogeneity in terms of width and 
depth distributions.  

2.3 Pattern characterization 

 The titanium samples surface was observed 
using Zeiss LEO EVO 40 scanning electron 
microscope (SEM) to analyze the laser 
modification performed on an area of 25 mm2. To 
reveal the cross-sections, Mitutoyo Quick Scope 
QS-200z optical microscope system equipped 
with a 7X objective was used. The observed 
samples demonstrated a surface morphology 
depending on the configuration imposed as shown 
in Fig. 2. 

 
Fig. 2. Optical microscope images 2x of configuration CR(a) and HR (b) 
(25 mm2 Area). 
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Moreover, the images from SEM at high 
magnification were analyzed with AxioVs40 V 
4.8.2.0 software to obtain data on the imposed 
configuration dimensions and channel 
homogeneity (Fig. 3). Measurements were taken 
considering the refund material that reconstitutes 
the channel cross-section, as it possible to detect 
in the crop detail (Fig. 3c). The channel wall 
exhibits a conical cross-section from the bottom 
(black) to the top (light grey) due to Gaussian 
distribution of the laser spot that leads to a great 
amount of refund material piled on the side of the 
marking line after each loop. Reaching a total 
depth of 100 µm causes plasma emission: a 
certain quantity of vaporized material remains 
within the channel due to the high shape ratio 
chosen between line width (50 µm) and desired 
depth (100 µm). For this reason the cross-section 
periodic morphology was analyzed in five tests 
resulted in high standard deviation (Fig. 3d). 

These results suggest that surfaces are 
characterized by different shapes of furrows that 
will be analyzed properly in future tests. Pure 
Argon will be chosen as assist gas to reduce piled 
material through an homogeneous flux oriented at 
45° with respect to the specimen.  

 

 
 
Fig.3. (a,b) SEM images 150X of CR and HR configurations with the 

relative real measurements (µm) referred to l, L and w values reported in 
Fig.3. (c) Crop detail of configuration CR showing channel cross-section 
detail. (d) Laser machining quality results. 

2.4 Scaffold Characterization 

In Fig. 4, patterned vs. porous EPD scaffolds 
are shown. The random porosity due to hydrogen 
formation during EPD is homogeneously and 
uniformly distributed between the two blends (5:1 
and 3:1). Analyzing the SEM images of porous 
scaffolds deposited on flat titanium with 

AxioVs40 V 4.8.2.0 software, a slightly pores 
size reduction has been noticed related to 
increasing collagen amount (mean size of 68,8 ± 
34,65 µm and 31,64 ± 19,01 µm for 5:1 C/C and 
3:1 C/C scaffolds respectively). Nevertheless, this 
difference doesn't change the mechanical property 
in terms of elastic modulus  between the two 
scaffolds (E=1,56 ±0,29 MPa and 1,42 ±0,62 
MPa, respectively). 

For patterned scaffold only the C/C 
concentration 5:1 was used for two different 
patterns, as previously described. Both patterns 
were well replicated and it is still visible the 
presence of pores due to hydrogen production, 
even though the application of the square wave 
allows a faster release of bubbles from the surface 
of titanium thus controlling the micro porosity of 
the growing ridges at the beginning of the EPD.  

 
Fig. 4. Different kind of scaffolds obtained by EPD analyzed by SEM. 

(a, b) Random porous scaffolds with different collagen amount. (c, d) 
Patterned scaffolds in which the CR (c) and HR (d) configuration are 
replicated. 

 

The thickness of the obtained scaffolds allows 
an easy handling of the final structure (205 ± 30 
µm and 180 ± 29 µm for 5:1 C/C and 3:1 C/C 
scaffolds respectively) in the following cell 
seeding, resulting in the suitable microstructural 
features for the exchange of cellular nutrients and 
wastes [17]. 

3. Cells and C/C scaffold interaction  

In order to analyze the biocompatibility of the 
C/C material, two different cell lines was tested. 
To determine the influence of the scaffold on cell 
viability, we use a cell line of human foreskin 
fibroblasts (HFF) with a high duplication rate. 
Then, we moved to mouse myoblasts C2C12, 
again an easy-handling cell line closer to our CM 
model, to test the adhesive capacity. 
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Cultures were trypsinized and resuspended as 
single cells at high cellular density (1000 
cells/μl). A small drop of cell suspension (50 μl) 
was deposited on top of the rehydrated scaffold 
inserted in a 35 mm Petri dish and incubated for 2 
hours before filling the plate with a proper 
volume of culture medium. In our experience this 
process strongly enhances cell attachment. After 
3 days the C/C scaffolds were fixed in 4% 
paraformaldehyde (PFA) for 5 minutes and 
stained with DAPI that marks the nuclei and DiI 
(Life Technologies) that marks the lipid 
membrane. Indeed, as shown by fluorescence 
microscopy images (Fig. 5) high cellular seed 
density using either HFF or C2C12 was obtained. 
In particular, as shown by DiI staining of cellular 
membranes, both cell lines are spread inside the 
scaffold, which implies active cellular interaction 
with the matrices, thus strengthening the evidence 
of C/C biocompatibility.  

 

Fig. 5. Fluorescent microscopy of HFF and mouse myoblasts C2C12 
seeded on C/C scaffold 5:1 and 3:1, nuclei staining with DAPI (blue) and 
cell membrane staining with DiI (red). 5X magnification. 

Further investigations were conducted on the 
cell-scaffold interaction using a primary culture 
of rat neonatal cardiomyocytes (rCM), which is 
closer to human iPSC-derived CMs that we 
intend to use to build the engineered tissues, 
showing a spontaneous contractility. 
Cardiomyocytes were isolated from 2-day-old 
neonatal rats as previously reported [18] Briefly, 
rat ventricles were quartered, washed, and 
incubated in Hank’s balanced salt solution 
(HBSS) with 3mM CaCl2 and subjected to a 
series of digestions (10 minutes, 37 °C in a warm 
bath) in HBSS using 100 U/ml collagenase type 
IV and 0,4 mg/ml pancreatin. Cell suspensions 
from the first 4–5 digestions were collected in 
cold FBS and centrifuged at 300 rpm for 10 
minutes. The supernatant was removed; cells 
were resuspended in culture medium and 
subjected to a pre-plating step for 1 h to get rid of 
quickly adherent cardiac fibroblasts.  

Fig. 6. Fluorescent microscopy of neonatal rat cardiomyocytes seeded 
on C/C scaffold 5:1 and 3:1, stained with Phalloidin-543 that marks the 
cytoskeletal actin filaments. 

Isolated CMs were seeded in air-dried 
fibronectin-coated scaffolds as previously 
described. Actin filament staining of the samples 
(Fig. 6) shows that also rCM are able to attach 
and spread on C/C scaffolds. Nevertheless, the 
scaffold with larger pores (5:1 blend) seems to 
better sustain the survival of rCM. Indeed, a 
synchronous spontaneous contraction of rCM was 
obtained that confirms the wide spreading and 
connection of the rCM in this condition. This 
result qualify the 5:1 scaffold as the best option 
for cardiac cell culture, probably due to its 
porosity, allowing valuable cell inter-connection, 
and sufficient nutrient and oxygen diffusion. 
Therefore, for the following experiments using 
human cardiomyocytes only this latter C/C 
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scaffold was investigated and patterned as 
reported previously.  

Human iPSC lines already produced in our 
laboratory are used to generate the large numbers 
of human cardiomyocytes required for cardiac 
tissue patch fabrication and testing. Specifically, 
iPSC were cultured in 12 well plates as 
pluripotent colony until they reach 60-70% of 
confluence, then induced to differentiate using the 
commercially available PSC Cardiomyocyte 
Differentiation Kit (Life Technologies). 
Spontaneously contracting syncytium of iPSC-
CMs can appear as early as 10 days later. Isolated 
iPSC-CMs after two weeks of culture exhibited a 
cross-striated phenotype known to support the 
contraction and expression of cardiac functional 
genes. 14-day old iPSC-CMs were trypsinized in 
small cluster and seeded in air-dried fibronectin-
coated scaffolds with and without CR pattern.  

Even if the distribution of cells is not 
homogeneous, as with rCM, adequate colonized 
scaffolds showing spontaneous beating in 
different areas were obtained. In particular, the 
presence of CR pattern orientates iPSC-CMs in 
areas with higher cellular density. This data was 
confirmed by analyzing the orientation of 
sarcomeric protein Troponin T (Fig. 7a,b). The 
measurement of cell orientation was analyzed in 
order to evaluate the effect of the pattern.  

 
Fig. 7. (a,b) Fluorescent microscopy of human cardiomyocytes stained for 
cardiac troponin T in red seeded onto the C/C scaffold with and without 
CR pattern respectively. (c) Histograms showing orientations of patterns 
(red dots line, measured along the long side of pattern) and orientations of 
cardiac troponin in different cells 

 
The results reported in Fig.7c show that 

without a guided groove cells tend to spread in all 
directions while when the pattern is adopted, 
iPSC-CMs regulate the cytoskeletal orientation 
according to the design (red dots line). Since the 
fitted Gaussian distribution (continuous red line) 
do not show a reliable data approximation, 
distribution identification tests were performed in 
order to identify which types of statistical 

distributions characterized the cell orientations. 
These tests transform the data in a Normal 
distribution N(0;σ=1) under the assumption that 
they follow a specific distribution and evaluate 
the goodness of fit (p-value) of the transformed 
data. 

The results (Table 3) confirms that the data are 
not Gaussian (low p-values for the normal 
transformation), while Johnson Transformation is 
the best for all the cases. In particular, different 
transformation functions were identified (Fig. 8): 
arcsinh function, in case of the results with the 
pattern and ln function in the ones without and it 
is very effective on pattern data. 

 
From the comparison of the results, it is 

possible to observe that: 
 No pattern. Cell orientations (Fig. 7c) do not 

show significant symmetry or trend. Moreover, 
no good results were obtained in the 
identification of their statistical distribution 
(Table 3 and Fig. 8). Finally, the logarithmic 
transformation, which has the effect of 
concentrating the data on their average value, 
show that they are more uniformly spread with 
respect to the Gaussian distribution. These 
aspects suggest that cells naturally tend to 
spread along any direction with the same 
probability. 
Since further equal probability tests did not 
confirm this conclusion, it is possible that 
inhomogeneities in the scaffolds (bubbles, 
roughness) locally influence the cell 
orientations thus modifying their distribution. 

 

Table 3. Goodness of Fit Test 
 

 p-values 

 Pattern No Pattern 

Transformation r1 r2 r1 r2 

Normal 0.04
2 

<0.0
05 

0.12
9 

<0.0
05 

Box-Cox Transform. 0.05
4 

<0.0
05 

0.12
9 

<0.0
05 

Lognormal 0.00
8 

<0.0
05 

<0.0
05 

<0.0
05 

Exponential <0.0
03 

<0.0
03 

<0.0
03 

<0.0
03 

2-Parameter 
Exponent. 

<0.0
10 

<0.0
10 

<0.0
10 

<0.0
10 

Weibull <0.0
10 

<0.0
10 

<0.0
10 

<0.0
10 

3-Parameter Weibull 0.01
9 

<0.0
05 

0.07
4 

<0.0
05 

Smallest Extreme 
Value 

<0.0
10 

<0.0
10 

0.01
2 

<0.0
10 

Largest Extreme 
Value 

<0.0
10 

<0.0
10 

<0.0
10 

<0.0
10 

Gamma 0.04 <0.0 <0.0 <0.0
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3 05 05 05 

Logistic >0.2
50 

0.01
9 

0.07
2 

<0.0
05 

Log logistic 0.10
4 

<0.0
05 

<0.0
05 

<0.0
05 

Johnson 
Transformation 

0.93
6 

0.84
1 

0.20
1 

0.10
3 

 

 
Fig. 8. Functions used for the Johnson transformation and distribution of 
the transformed data on cell orientations. 
 

 With pattern. Cell orientations (Fig. 7c) 
follow the pattern direction. Moreover, the 
arcsinh transformation spreads the data from 
their average to the tails of the distribution 
(Fig. 8), which means that they are more 
concentrated along the pattern direction with 
respect to a Gaussian. In particular, this 
confirms the strong influence of the pattern on 
cell orientations. 

4. Conclusion 

Here we proposed a technological process where 
different expertise are put together to solve the 
clinical need for cardiac patches, designed to 
embed therapeutic cells in suitable matrices that 
support cell adhesion and survival. The main cell 
types constituting human heart comprise 
fibroblasts, endothelial cells, and mainly 
cardiomyocytes (CMs), post-mitotic cells with 
poor culture plasticity. Indeed, while it’s 
relatively easy to separate and cultivate the first 
two cell types, isolated human adult CMs do not 
survive as much in culture. Thus,  we setup a 
protocol that allows CM differentiation from 
induced pluripotent stem cells and use these 
precious cells to verify a series of parameters 
already determined with fibroblasts, myoblasts, 
and primary neonatal rat CMs.  

The designed scaffold is based on a blend of 
chitosan and collagen that offers a variety of 
unexplored opportunities for supporting cardiac 

tissues: new processing technologies such as 
electrophoretic deposition, and the possibility to 
realize in situ hierarchical structures with tunable 
patterning and porosities. The scaffold supports 
fibroblasts as well as myoblasts adhesion and 
proliferation, thus being highly biocompatible. 
The following seeding of rat CMs, only after 
fibronectin coating, showed a favored spreading, 
survival, and intra-cellular connection of this type 
of cells on the 5:1 C/C combination, thus showing 
a preference for the substrate with larger porosity. 
Since the myocardium is composed by oriented 
fibers, it was tested whether 3D architectural cues 
could be used to align stem cell-derived human 
CMs. 

A preliminary application of a LEP Lee Laser 
for manufacturing periodic micro-topography 
with variable geometrical parameters on titanium 
disks that allowed us to obtain a scaffold mold, 
with precise and repeatable patterns was reported 
too. The micro-fabricated master, representing the 
cathode with a negative pattern replicated by the 
deposition process, can be used for several cycles 
thus making this process timesaving. Future 
studies on surfaces with controlled architecture 
will be considered for precise description of the 
relation between imposed laser configuration 
parameters on the final surface structure. 
Moreover, optimization campaigns will be carried 
out in order to evaluate the shape parameters of 
the grooves obtained on titanium samples.  

Although preliminary data are shown, in this 
study we demonstrate attachment, spreading, and 
orientation of human CMs due to a correct C/C 
blend composition, to an innovative 
manufacturing process that implies 
electrodeposition of the material in a mold, and to 
an effective 3D architecture. Moreover, data on 
cell orientations show the effectiveness of the 
pattern in controlling cell adhesion. These data 
will surely help in solving the quest for a cardiac 
clinical patch. 
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