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T
here is considerable interest in
synthesizing 1-, 2-, and 3-D nano
structures with novel physical and

chemical properties since such complex
materials present great potential for funda-
mental and practical research in the fields of
biology and regenerative medicine.1 New
advances in these areas are provided by the
use of nanostructured materials that, given
their unique electronic, optical, magnetic,
and structural properties, are ideal to study
and to explore biological systems at the
molecular and cellular levels.2

A variety of engineered nanostructures
have been produced by the specific attach-
ment between an inorganic compound and
an organic surfactant,3,4 polymer,5 or biolo-
gical molecule (DNA, peptides, or proteins).
Recently, hybrid inorganic/organic materi-
als have been synthesized by using DNA or
viruses as scaffolds.6,7 Some proteins and
peptides are excellent scaffolds8,9 for tissue
regeneration because of their chemical
structural diversity (aliphatic, acidic, basic,
or aromatic side chains) and their large
number of architectures (helices, β-sheets,
and tubules).10�12 A new emphasis in re-
generative medicine is to use multifunc-
tional and biologically active scaffolds to
study differentiation and proliferation of
stem cells on such surfaces. As a result, three
factors are seen as being essential for
a successful tissue-engineering platform:
(1) the differentiation and proliferation po-
tential of various types of stem cells; (2)
scaffolds that sustain the cells at high
proliferation and differentiation; and (3)

the use of specific growth and differentia-
tion factors.13

Stem cells are characterized by their self-
renewal ability and differentiation potential
and can be divided into embryonic and
adult stem cells. Mesenchymal stem cells
(MSCs) are minor populations of adult stem
cells found in adult organs with similar
phenotypic characteristics that have the
capacity to be expanded ex vivo and stimu-
lated to proliferate and differentiate when
they are exposed to growth factors in tissue
culture. Numerous reports demonstrate
the MSCs' ability to differentiate into several
lineages, including osteocytes, chondro-
cytes,myocytes, adipocytes, cardiomyocytes;
and even into cells of nonmesodermal
origin, including hepatocytes, insulin-pro-
ducing cells, and neurons.14�16 Placental-
derived MSC cells have several major
advantages: they are multipotent (they
can differentiate into all three germ
layers) and have low immunogenicity and
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ABSTRACT Gold-coated collagen nanofibers (GCNFs) were produced by a single-step reduction

process and used for the growth and differentiation of human adult stem cells. The nanomaterials

were characterized by a number of analytical techniques including electron microscopy and

spectroscopy. They were found to be biocompatible and to improve the myocardial and neuronal

differentiation process of the mesenchymal stem cells isolated from the placental chorionic

component. The expression of specific differentiation markers (atrium, natriuretic peptide, actin F

and actin monomer, glial fibrilary acidic protein, and neurofilaments) was investigated by

immunocytochemistry.
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anti-inflammatory functions.17 The immunosuppres-
sive properties of placental-derived MSCs are ex-
plained by the fact that they do not express HLA-DR
molecules.18 As a result, these stem cells have the
potential to play a major role in tissue regeneration,
replacing nonfunctional tissues lost during various
diseases or accidents. This is especially true after heart
failure due to myocardial infarction that results in the
loss of cardiomyocytes combined with the absence of
endogenous repair mechanisms.
Human mesenchymal stem cells (hMSCs) differenti-

ate into various cell lineages, but only a small percen-
tage of the cells used for transplantation will actually
differentiate into cardiomyocytes when they are im-
planted into a patient. As a result, the efficiency of
differentiation that will actually control the overall
success and efficacy of the treatment could be sig-
nificantly enhanced if the undifferentiated cells were
directed in vitro prior to development into cardiomyo-
genic or neuronal lineages.19 Some studies have de-
monstrated that exogenous cells can engraft in adult
myocardium and, in some cases, have a measurable
functional impact on the damaged myocardium.20

Regeneration of damaged cardiomyocytes and other
cell types, such as neurons, requires a mechanically
stable implant material to support cellular proliferation
and development.
Multifunctional and multicomponent biodegrad-

able and nonbiodegradable scaffolds present a pro-
mising solution for cellular support, given their flexible
properties such as mechanical strength, biocompat-
ibility, and chemical inertness. Thus, there is a need to
explore the possibility of employing various materials
for functional cellular regeneration, which can present
complex challenges.16,21 A variety of natural biomater-
ials such as laminin, fibronectin, and collagen are
typically employed to improve the efficacy of sub-
strates used in tissue reconstruction. However, these
materials induce undesirable immune responses when
implanted into living organisms, and they lack me-
chanical stability and strength. Biomaterials built at the
nanoscale could possess the desired surface bioactivity
and porosity required for a successful tissue-engineer-
ing platform that employs hMSC. However, concerns
still exist regarding the cytotoxicity of nanomaterials
when introduced into tissues or exposed to cells. The
biological effects of some nanoparticles have already
been assessed for uptake and distribution within stem
cells, their influence on stem cell viability, proliferation,
differentiation, and cytotoxicity.22 Among all of the
nanomaterials, some of the most intensively studied
are gold nanoparticles (GNPs) because of their high
biocompatibility and easy functionalization with bio-
molecules, that is, growth factors, DNA, peptides, etc.
GNPs have been successfully used as drug delivery
systems and therapeutic agents and as thermal agents
in cancer photothermal/photoacoustic therapy.23

One of the most commonly used biomaterials in
tissue engineering is collagen; it is biocompatible and
has excellent rates of biointegration and biodegrad-
ability. Additionally, its properties can be improved by
several cross-linking procedures;including reactions
with glutaraldehyde, isocyanates, epoxides, and bis-
imidates, as well as thermal treatment, UV or γ-ray
irradiation, and photo-oxidation. By using GNPs as a
cross-linking agent in collagen gels, different biomole-
cules such as growth factors, cell adhesion molecules,
and peptides are easily incorporated through their
biochemical immobilization at the gold surface with-
out additional alteration of the collagen structure.24 At
present, very little is known about the behavior of stem
cell proliferation capabilities on nanostructural bioma-
terials or on gold fibrous interfaces.25 Gold-coated
collagen fibers formed into film substrates (MC) are
promising building blocks for the construction of a new
generation of flexible substrates having a high capacity
to sustain cell differentiation and to allow accurate
drug and DNA plasmid delivery, which are often
required for the successful development of multifunc-
tional scaffolds for tissue engineering. Here, we report
for the first time, to the best of our knowledge, the
preparation of such multicomponent nanostructural
coatings and their induced effects on placental-de-
rived mesenchymal stem cell differentiation into myo-
cardial and neuronal cells. The major goal of this study
was to show that the gold-coated collagen fibers
(GCNFs) are excellent materials for the enhanced pro-
liferation and differentiation of the MSC. Such technol-
ogies could be the foundation for technological
platforms for the regeneration of nerves, bone, skin,
and other tissues in a controllable and practical
manner.

RESULTS AND DISCUSSION

Gold-Coated Collagen Substrates (MC) and Their Correspond-
ing Chemical and Physical Properties. Gold-coated collagen
substrates were prepared by using a layer-by-layer
method, where each layer is the foundation for the
subsequent layer, and were composed of homoge-
neous gold-coated collagen nanofibers, GCNFs. Such
nanofiber formation has not been intensively studied
so far. Most investigations have reported the cross-
linking between collagen molecules and gold
nanoparticles.26 Our work includes the assembly of
nanofibers of various lengths;both with and without
reducing agents;and under variable pH conditions.
Our original approach for the synthesis of variable
length gold metal-coated collagen fibers (from short
to medium and long nanofibers, within a pH range of
3.5�11 using sodium citrate/borohydrate as reducing
agents or without any reducing agent) was as follows:
in the first stage, collagen was mixed with tetrachlor-
oauric acid in amolar ratio 1:1. Gold ions interact either
electrostatically, forming weak hydrogen bonds, or
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chemically, forming weak covalent bonds with col-
lagen through amide functional groups.27 In the sec-
ond stage, citrate-reducing agent or NaBH4 was added
to the solution, and HAuX� ions (X = OH or Cl) were
transformed onto metallic film nanostructures. The
metallization process of collagen used and developed
during this study is presented in Figure 1. A change of
color occurred, and the solution turned from transpar-
ent to pink. When no reducing agent was added, Au(III)
was reduced to Au(0) by the functional groups that
have reduction capabilities and are present on the
collagen surface. This process occurred only in acidic
medium. The pH of the solution influences the nuclea-
tion and growth of Au crystals on the collagen sub-
strate. Recently, GNPs of various sizes have been
synthesized by the reduction of HAuCl� ions on the
substrate by different kinds of reducing agents at
various pH ranges.28

By using the above-mentioned method, we suc-
cessfully generated GCNFs with various lengths by the
simple manipulation of the assembly conditions. In-
creasing the pH from 3.5 to 11 and decreasing the
speed of mixing resulted in molecular aggregates that
have the ability to link end-to-end to create different
nanofiber lengths and diameters. Short nanofibers,
having a homogeneous sedimentation, were pro-
duced with HAuCl4/collagen/sodium citrate ratio of
1:1:1 (w/w) at pH = 3.5 by mixing the solution at high
speed to increase turbulence and exposure (Figure
2Aa). Under the same conditions but with increasing
pH (pH = 5.5�6.5), the collagen molecules form more
highly ordered structures, as presented in Figure 2Ab,c.
Under neutral and slightly alkaline conditions (pH
7.0�9.0), we obtained longer nanofibers but with a
nonhomogenous surface gold coating distribution
(Figure 2Ad,e). In more alkaline medium, slightly dis-
torted nanofibers were obtained (Figure 2f). Nanofi-
bers formed by using NaBH4 (Figure 2Ag,h) as the re-
ducing agent have almost the same length (1.2�1.8
μm) as in the case of sodium citrate (Figure 2Ab,c), but

they differ in diameter: width = 60�65 nm for citrate
and 20�27 nm for borohydride. In the absence of a
reducing agent and acidic pH = 5.5, long metallized
nanofibers (length = 1�2 μm, width = 30�35 nm)
formed (Figure 2Ai). The adsorption is higher in the
acidic region (pH 3.5�5.5), indicating that slightly
acidic conditions favor the reduction of Au(III) ions.
During the adsorption of gold nanoparticles onto the
collagen surface, several interactions;such as electro-
static attraction, covalent or hydrogen bonds;occur.
Limited data are available that describe the precise
location of the binding sites in the chemisorption
process of colloidal gold or ions onto the collagen
surface.29

Variable lengths of collagen nanofibers were pro-
duced by a single-step reduction process, and they
were assembled layer-by-layer in order to form a high
property gold metal-coated collagen substrate. UV�vis
and FTIR spectroscopy, transmission electron micro-
scopy (TEM), and conductivity measurements were
used to characterize the substrate.

UV�vis spectroscopy confirmed the formation and
adsorption of gold ions over the surface of the collagen
macromolecules; this process was monitored after 30
min and 24 h, respectively (Supporting Information
Figure 1). UV�vis spectroscopy is an excellent method
for studying GCNF formation and their agglomeration.
During aggregation, the shifting and broadening of
surface plasmonic bands were observed to occur.
Rarely, a second adsorption shoulder is observed due
to self-assembly of nanoparticles30 into linear nanos-
tructures. Here, the nanofiber solution shows broad
adsorption bands at around 300 nm and adsorption
peaks centering between 520 and 540 nm. This ad-
sorption peak is characteristic of gold metal nano-
structures,31 and its intensity increases with time, indicat-
ing the formation of nanostructures attached to col-
lagen. The broad absorption bands around 300 nm
suggest the existence of HAuCl4 in solution. Compar-
ing cases a and b (Supporting Information Figure 1), it
can be concluded that, when the reducing agent is
added, nucleation and growth occur more quickly; the
nanoparticles are more homogenously distributed,
and no agglomeration is observed. In the case pre-
sented in Figure 1B in the Supporting Information, with
no reduction agent used, the reduction occurs in time,
and the broad peak around 520�540 nm suggests that
the particles tend to agglomerate.

The interaction between gold nanoparticles and
collagen macromolecules indicated by TEM and
UV�vis spectroscopy was also confirmed by FTIR
analysis, as shown in Figure 2B. Some FTIR character-
istic peaks for pure collagen were found to have
changed their positions, while others disappeared
when GNPs were attached to the collagen structure.
The upper region at 3750�2750 cm�1 changed dra-
matically. The C�H stretching corresponding peaks

Figure 1. Schematic for the collagen gold coating process,
resulting in collagen nanofibers coated with thin layers of
gold (GCNF).
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from 2700 to 3000 cm�1 disappeared, and the single
band at 3375 cm�1 arose after metal absorption. This

band is given by the stretching vibrations of the NH3þ

groups that are involved in electrostatic bonds with

Figure 2. (A) Transmission electron microscopy (TEM) images along with the histogram of the size distribution of collagen-
based gold nanofibers. TEM images of collagen-based gold nanoparticles with and without reducing agent at different pH:
(a) sodium citrate short nanofibers at pH = 3.5; (b) medium nanofibers pH = 5.5; longer nanofibers at (c) pH = 6.5, (d) pH = 7,
(e) pH = 9, (f) pH = 11. No reducing agent: NaBH4 long nanowires at pH = 5.5 (g) and longer nanowires at pH = 7 (h);
(j) representative histogram of gold nanofibers obtained under different conditions. (B) FTIR spectra of collagen and
GCNF produced at pH = 5.5 (panel Ab).
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gold. Moreover, the absence of C�H stretching bands,
in contrast with their presence in pure collagen, is due
to the chain length of collagen and its molecules'
parallel orientation on the gold surface. The molecules
pack to densities sufficient to form high-quality bar-
riers for both electron- and ion-transfer processes.32

Furthermore, the amide I absorption, characteristic of
CdO stretching vibrations, appears with a position
changed from 1660 to 1640 cm�1; amide II absorption,
N�H bending vibrations, and C�N stretching vibra-
tions shifted from 1550 to 1560 cm�1; amide III, C�N
stretching, and N�H in plane bending shifted from
1240 to 1022 cm�1 because of their interactions with
the GCNF surfaces. Also, the characteristic vibrations of
the COO� groups or C�O vibrations of alcohols from
the hydroxyprolyne or glycosidic side chain shifted
from 1440 to 1408 cm�1. In this case, the peak in-
tensities dramatically decreased along with band
broadening.

To demonstrate their potential applications as an
electrically conductive substrate for placental-derived
mesenchymal stem cell differentiation, we investi-
gated their electrical properties by using I�Vmeasure-
ments. The continuous coverage of the collagen fibers
with gold metal particles shown by transmission elec-
tron microscopy suggests that they are electrically
conductive. The current�voltage (I�V) curves of the
gold metal-coated collagen substrate with its mea-
sured electrical resistance value of 2.36 MΩ are pre-
sented in Figure 2 in the Supporting Information. The
I�V sweeps (cycles 1 and 2) do not present a typical
ohmic character, but instead present symmetric cur-
rent plateaus centered upon zero voltage, indicative of
electron-tunneling barriers. Because the nanofibers
were generated by chemical reaction, there are many
grain boundaries that hinder the current flow. This
behavior is not surprising, and the electron conduction
takes place through hopping between the adjacent
domains.33 Repetitive cycling of the device could
reduce these effects until almost purely ohmic beha-
vior is obtained. In our case, after 15 cycles of I�V scans,
an ohmic behavior with a resistivity value estimated to
be 4 � 10�5 Ωm was measured. It is believed that this
cycling process anneals the metal grains and improves
the current transport through the substrate.

Regenerative medicine demands an ideal scaffold
for stem cell differentiation that should offer adhesive
moieties incorporated into biomaterials, expressed in a
spatial and temporal manner to control cellular beha-
viors and mediate specific receptor�ligand inter-
actions.34 Moreover, cell and nuclear targeting are
often necessary, and this could be affected by different
nanostructures.35 Gold nanoparticles are convenient
due to their nontoxic and antiseptic properties and
their rapid intracellular uptake via an endolysosomal
path dependent upon the size and shape of the
nanostructure.36 Our motivation for this study was to

examine the growth and differentiation of human
placental-derived mesenchymal stem cells exposed
to differentiation media and when grown on collagen
as control and gold metal-coated collagen with and
without electrical stimulation. As shown by the TEM
analysis, the gold-coated collagen fibers prepared at a
pH of 5.5 (Figure 2Ab) had the most uniform morphol-
ogies and significant gold coating (larger diameter); as
a result, we have subsequently used them for all
cellular proliferation and differentiation studies.

Gold-Coated Collagen Substrate (MC) Effects on the Growth
and Differentiation of Human Placental-Derived Mesenchymal
Stem Cells. The extracellular matrix and its most abun-
dant component, collagen, have the capacity to regulate
multiple functions of diverse cell types. Placental-
derived MSCs have a high response to matrix compo-
nents, such as collagen, laminin, or a combination of
collagen and laminin, most probably by a mechano-
transduction signal through integrin molecules. For
their differentiation into cardiac and neuronal cells, a
solid substrate with specific morphological, mechan-
ical, and electrical properties is needed as the extra-
cellular matrix to develop their characteristic functions.
The nanoscale spatial organization of collagen fibrils is
believed to be crucial for neurite guidance in neural
development and repair, as well as for cardiomyocyte
development.37

Rowlands et al. have shown that there is significant
interplay between the particular matrix structure, such
as collagen IV and laminin I, exposed to the MSCs and
the underlying substrate elasticity that affects myo-
genic or osteogenic differentiation.38 In another study,
Suzuki et al. cultured MSCs on Petri dishes coated with
three types of extracellular matrix components (ECM)
including laminin, collagen type IV, and fibronectin for
7 days and demonstrated an increased proliferation of
MSCs on collagen IV-coated dishes. They also found a
significant up-regulation of smooth muscle cell genes
and proteins on laminin-coated dishes.39

On the basis of these considerations, we examined
the ability of placental-derived MSCs to differentiate
into cardiomyocyte and neuronal lineages when culti-
vated in vitro on different substrates, for example, none
(ctrl), collagen only (coll), and metal-coated collagen
nanofibers (GCNF) substrates noted as MC. The metal-
absorbed collagen substrates proved to be the most
effective. Moreover, we demonstrated that the spatial
arrangement of collagen along with the potential of
GCNFs to deliver electrical stimulation induces a faster
neuronal and cardiac differentiation of the stem cells
when the metal-absorbed collagen substrate is ex-
posed to electrical stimulation.

When cells were cultured over the MC substrates,
few of the substrate fibers were observed to be inter-
nalized during the first few hours. Recent literature40

has shown that MSCs have the capacity to bind
and uptake collagen through their uPAR-associated
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proteins uPARAP/Endo180, with the FnII domain being
responsible for the binding and uptake. The endocy-
tosis uptake is followed by progressive intracellular
accumulation, especially in the perinuclear region, after
a few weeks, with no signs of cytotoxicity. Figure 3
demonstrates the desired biocompatibility of the
gold metal-coated collagen substrate with the stem
cells, showing the internalization of the substrate's
component GCNF inside the cells. The process of
endocytosis is particularly important for several med-
ical applications, such as drug and gene delivery,
particle tracking, and metabolic characterization or
achieving organ-specific localization.41We foresee that
the GCNF materials could act as excellent delivery
vehicles for the delivery of growth factors or drug
molecules inside the cells.

To assess the biocompatibility of adult stem cells
with various substrates, we used the MTT assay and
FDA fluorometric technique. Chorion-derived MSCs
(Ch-MSC) were cultivated on substrates under different
conditions: (1) with complete stem cell medium that
maintains the cells in the undifferentiated state; (2)
cells exposed to neuronal differentiation medium; and
(3) cells treated with one dose of 5AZA for 24 h. The
results of the MTT viability and proliferation test are
presented in Figure 4.

When no differentiation medium was used, one-
way ANOVA analysis (set at p < 0.05.) showed a
statistically significant increase in proliferation for cells
cultivated on collagen and gold-coated collagen (MC)
substrate, compared to the control without substrate
(Figure 4A). When cells were cultivated for neuronal
differentiation, a more sustained statistically signifi-
cant proliferation resulted in the case of collagen
(Figure 4B). We note that the progressive decrease
in cell number in the case of gold metal-coated collagen
(MC) suggests the initiation of the differentiation

process. No significant differences were observed in
the case of myocardial differentiation (Figure 4C).

We also performed a cell viability analysis using a
two-way ANOVA Bonferroni post-test comparison
of grouped data in relationship to the substrates and
differentiation media (statistical significance was set
at p < 0.05). We observed no significant difference
between samples (Figure 4D) in all three conditions of
cultivation (1, with complete stem cell medium that
maintains the cells in undifferentiated state; 2, cells
exposed to neuronal differentiation medium; and 3,
cells treated with one dose of 5AZA for 24 h).

Ch-MSCs' growth and proliferation were also tested
using the fluorescein diacetate (FDA) method. One-
way ANOVA analysis (set at p < 0.05) showed a
significant increase in cellular proliferation when culti-
vated on the MC substrate and with regular medium.
The differentiation conditions resulted in a decrease in
cell number when cultivated on the gold-coated col-
lagen coating (MC) (neuronal differentiation vs undif-
ferentiated cells, 36.43%; cardiac differentiation vs

undifferentiated cells, 36.13%; Figure 5A�C). This de-
crease can be explained by the apoptosis process
induced by the differentiation protocols. Differentia-
tion is a process that changes cell size, shape, and
metabolic activity due to the complex modifications in
gene expression. To begin differentiation, stem cells
need signals from the extracellular microenvironment
such as growth factors or physicochemical stimuli
provided by ECM molecules.

The two-way ANOVA analysis (statistical signifi-
cance was set at p < 0.05) of the FDA analysis for the
Ch-MSCs' proliferation in relation to the substrate and
differentiation protocols revealed a lower number of
cells in the control population or grown on collagen
only. One explanation for this behavior could be the
proteolytic activity of trypsin on cells at the culture
passage used; this seemed to affect strongly the Ch-
MSCs' viability and attachment. Interestingly, gold
metal-coated collagen increased the attachment of
cells to the substrate and sustained cell recovery much
better than collagen in all conditions of cultivation:
stem cell medium, neuronal differentiation medium,
and myocardial differentiation medium.

Differentiation processes such as senescence are
modulated by themitochondrial/oxidative stress path-
ways; for instance, the successful differentiation of
embryonic stem cells requires activation of mitochon-
drial aerobic metabolism.42,43 Recent studies have
demonstrated that undifferentiated, pluripotent stem
cells display lower levels of mitochondrial mass and
oxidative phosphorylation and instead preferentially
use non-oxidative glycolysis as a primary source of
energy.44 These studies suggest that mitochondrial
activity represents an important regulatory mechan-
ism that helps direct stem cell fate. This regulatory role
of mitochondria is achieved through the controlled

Figure 3. Chorion-derived MSC cultivated on gold-coated
collagen (GCNF) substrate (MC) showing intracellular intake
of themetallized fibers; 3 days of cultivation phase contrast
image (a) and dark field image (b) (magnification 200�); 13
days of cultivation in the presence of myocardial differen-
tiation medium and after (c) 1 month of cultivation with
neuronal differentiation medium; (d) phase contrast image
magnification 400�.
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release of multiple signaling molecules, including re-
active oxygen species (ROS) and calcium.44 GNPs have
been shown to be anti-inflammatory agents owing to
their ability to inhibit expression of NF-κB and sub-
sequent inflammatory reactions and resistance to oxi-
dation. As a consequence, GNPs have been used in the
treatment of diseases such as chronic inflammation,
pathological neo-vascularization, rheumatoid arthritis,
and neoplastic disorders.45 The recovery of Ch-MSCs
cultivated on gold metal-coated collagen can be ex-
plained by the antioxidant and anti-inflammatory ac-
tivity of the GCNF.

The source of interest in methods that induce
differentiation in vitro includes the safety advantages
of differentiating stem cells in a controlled environ-
ment before transplantation, as well as preselection of
partially differentiated cells with optimal potential for

integration.46 Therefore, placental-derived MSCs at
5�7 culture passage were used to assess neuronal
differentiation. The cells were cultivated on Petri dishes
coated with collagen and gold-coated collagen MC in
the presence of EGF, bFGF, B27, and N2 supplement
for 48 h, with a subsequent exposure for 4 weeks to
retinoic acid, IBMX, B27, and N2 supplements. Cells
cultivatedwithout substrate were used as controls. The
differentiation process was accelerated, and the cells
developed more characteristic morphologic features
for neuronal lineage in the presence of gold-coated
collagen substrates, MC (Figure 6). Placental MSCs
grown on MC substrates responded in 1�2 days to
neuronal induction medium by generating cells bear-
ing neuronal-like extensions (Figure 6C,D) and neuro-
nal-like morphologies when compared with cells
cultivated without substrate (control) (Figure 6A,B).

Figure 4. MTT proliferation assay for Ch-MSCs cultivated for 7 days in undifferentiated state (control) (A), in the presence of
neuronal differentiation medium (B) and in the presence of myocardial differentiation medium (C), without substrate as
control in comparison with substrates: collagen (Coll) and gold-coated collagen (MC). One-way ANOVA analysis showed
statistical significance between control vs collagen substrate and control vs MC (statistical significance was set at p < 0.05).
Comparing the behavior (viability and proliferation) of Ch-MSC tested with MTT assay, in relation with the substrate and
differentiation protocol applied with two-way ANOVA Bonferroni post-test, we observed that there are no statistically
significant differences between control vs collagen and MC substrates (D).
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Ch-MSCs cultivated on MC substrates formed of GCNF
had a characteristic morphology represented by intra-
cellular uptake of gold-adsorbed collagen with an
increased level at 2 and 4 weeks (Figure 6E,F).

To assess neuronal differentiation of placental-
derived MSCs, we performed immunohystochemical
staining of the samples (Figure 7). We observed the

expression of GFAP and neurofilament (NF) differentia-
tion markers: GFAP was expressed in cells cultiv-
ated without substrate (Figure 7C) and on all sub-
strates used (collagen, gold metal-coated collagen)
(Figure 7F,I). Expression of neurofilament (NF) was
also observed in differentiated cells on all substrates
(collagen and MC), with a greater staining for some
cells with a neural-like morphology (Figure 7B,E,H).
Additionally, GCNF substrates induced dramatic
changes in cell morphology with a strong expression
of NF (Figure 7H), with accumulation of GNPs in the
perinuclear spaces and in neural-like extensions. More-
over, characteristic alignment of cells was observed for
those cultivated on collagen and gold metal-absorbed
collagen, suggesting that the presence of collagen-
induced orientation of the cells in the same direction
(Figure 7A,D,G)

It seems that the combination of gold nanoparticles
with collagen is also the most favorable substrate for a
more advanced differentiated state of placental MSCs
in this experiment. There are some in vitro studies
regarding neuronal differentiation, neuronal migra-
tion, and expansion in the presence of components
of ECM such as collagen, fibronectin, laminin, or
matrigel.47�49 Laminin matrices enhanced neuronal
stem/progenitor cell migration, expansion, and differ-
entiation into neurons and astrocytes, as well as the
elongation of neurites from neuronal stem/progenitor
cell-derived neurons.47 The favorable influence of bio-
chemical and topographical extracellular components
on neuritogenesis, neuronal polarity formation, and
maturation of axons and dendrites was reported by
Gertz et al. in a study about the effects of polylactic acid
(PLLA) electrospun fiber topography on primary motor
neuron development.48 An advantage of the nanopar-
ticles' presence in combination with ECM proteins as a
substrate could be important for regenerative medi-
cine. Kotov et al. presented the ability of nanostruc-
tures to translocate across the brain�blood barrier;
once in the central nervous system, they can migrate
along axons and dendrites, suggesting the potential
use of nanoparticles as neuronal interfaces for neuro-
nal stimulation in a variety of common or severe
neurological diseases.49

Another aim of this study was to investigate the
cardiomyogenic potential of placental-derivedMSCs in
vitro using different substrates: collagen and GCNFs.
The controls were cultivated without substrate. To
induce cardiomyogenic differentiation, cells were cul-
tivated in standard stem cell medium for 4 weeks and
treated with the demethylating agent 5-azacytidine
(10 μM) for 24 hwith 1 cycle of exposure/week (in total,
4 cycles of 5AZA). The cardiac phenotype was assessed
by immunostaining (Figure 8A�F) with cardiac marker
expression after 4 weeks of myocardial differentiation
induction: early cardiac specific homeobox protein Nkx
2.5, atrial natriuretic peptide cardiac hormone (ANP),

Figure 5. FDA fluorometric test of Ch-MSC cultivated for 7
days in undifferentiated state (control group) (A), in the
presence of neuronal differentiation medium (B), and
myocardial differentiation medium (C). Each 96-well plate
was prepared as follows: control (without substrate), col-
lagen (Coll), and gold metal-coated collagen (MC). The one-
way ANOVA analysis of FDA results of proliferation of Ch-
MSCs in relation to the type of substrate and differentiation
protocols shows a significant increase in cell proliferation in
samples cultivated on MC with stem cell medium. Two-way
ANOVA comparison Bonferroni post-test of grouped FDA
data in relationship with the substrates and differentiation
protocol applied of Ch-MSC shows statistically significant
differences between substrates: control (without substrate),
collagen, and MC (D).

Figure 6. Phase contrast images of chorion-derived MSCs
cultivatedwith neuronal differentiationmedium after 2 and
7 days, 2 weeks and 4 weeks (phase contrast 100�). (A,B)
Top panel: control cells cultivated without substrate
(control). (C�F) Middle and bottom panels: MSC cells culti-
vated on GCNG substrates, MC. Bars are 100 μm.
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and with phalloidin for the rearrangement of filamen-
tous actin (actin F). Ch-MSC adopted a ball-like or

polygonal morphology;a morphology consistent with
myotube-formingcellsasreportedbyMartin-Rendonetal.50

Figure 7. Placental-derivedMSC cultivated in neuronal differentiationmedium. Toppanels: controlwithout substrate.Middle
panels: collagen substrate. Bottompanels: goldmetal-absorbed collagen substrate. (A) Control without substrate of chorion-
derived MSCs cultivated with neuronal differentiation medium for 18 days (phase contrast 100�). (B) Immunostaining for
NF-FITC of Ch-MSC without substrate (counterstaining with DAPI) after 4 weeks with neuronal differentiation medium
(immunofluorescence, 200�magnification). (C) Immunostaining for GFAP-FITC of chorion-derived MSCs cultivated without
substrate of Ch-MSC after 4 weeks of exposure to neuronal differentiation medium (immunofluorescence, 200�
magnification). (D) Phase contrast image of Ch-derived MSC cells cultivated on collagen substrate (phase contrast 100�). (E)
Immunofluorescence image of Ch-MSC cells cultivated on collagen substrate stained for NF-FITC (200� magnification). (F)
Immunostaining for GFAP-FITC of Ch-MSC cultivated on collagen substrate (counterstaining with DAPI, 200�magnification).
(G) Chorion-derived MSCs cultivated with neuronal differentiation on MC substrates (phase contrast 200�). (H) Immunos-
taining for NF-FITC of chorion-derived MSCs cultivated on MC substrates; perinuclear gold metal particles accumulation
(immunofluorescence 400�, counterstaining with DAPI). (I) GFAP-TR staining of Ch-MSC cells grown on MC substrate
(immunofluorescence 200�, counterstaining with DAPI).

Figure 8. Placental-derived MSCs cultivated in myocardial differentiation medium. (A) Immunostaining for cardiomyocyte
markers (ANP-FITCþactin C-TRþDAPI) of Ch-MSC control samples without substrate: cultivated without substrate, 31 days
(immunofluorescence, 200�magnification). (B) ANP-FITC and TRITC phalloidin staining of control Ch-MSC cultivatedwithout
substrate (immunofluorescence, 200� magnification). (C) Nkx 2.5 FITC expression of Ch-MSC without substrate
(immunofluorescence, 100�magnification). (D) ANP-FITC and TRITC phalloidin staining of Ch-MSC cultivated 31 days on MC
(immunofluorescence, 400� magnification). (E) ANP-FITC and TRITC phalloidin staining of chorion-derived MSCs cultivated
onMC for 31 days (immunofluorescence, 400�magnification). (F) Nkx 2.5 FITC expression of chorion-derivedMSCs cultivated
4 weeks on GCNF substrate MC (immunofluorescence, 100� magnification).
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This cellular morphology could be explained by the
remodeling and assembly of the myofibrils when
cells are exposed to an actin-induced stress resulting
in the change from a fiber-like to a polygonal shape,
morphological aspects more clearly observed in
Figure 8D,E.51

Immunohistochemical analysis revealed that in-
duced cells were positive for Nkx 2.5 even in the
absence of a substrate (Figure 8C). The characteristic
stick-like morphology of cells cultivated without sub-
strate was observed after actin-F phalloidin staining
(Figure 8B,C). The cardiogenic homeodomain factor
Nkx 2.5 cooperates with GATA-4, expressed in early
cardiac progenitor cells, to activate the R cardiac
actin.52 Cultivation of Ch-MSCs in the presence of gold
metal-absorbed collagen shows the intranuclear loca-
lization of Nkx 2.5 (Figure 8F).

Myocardial-induced cells cultivated on gold metal-
absorbed collagen were strongly positive for ANP
expression in comparison with control cells, despite a
shorter cultivation period of 3 weeks (Figure 9A,B).

The effect of 5-azacytidine may not be specific
because it induces uncontrolled myogenic speciation
and changes in phenotype by activating a large num-
ber of genes. Moreover, isolated treatment with 5-aza-
cytidine may not be sufficient to reprogram MSCs to

give rise to enough cardiomyocytes for cardiac
repair.51 Other strategies, such as the development of
constructs that show both mechanical stimulation in
addition to biochemical and electrical stimuli, may be
necessary to obtain a fully functional, differentiated
cardiac phenotype. GCNF substrates attain all three of
these characteristics.

Additionally, we exposed placental-derivedMSCs to
electrical stimulation, provided by a clinically used
pacemaker, with concomitant treatment of cells with
neuronal and cardiomyocyte differentiation induction
media. Electrical stimulation with the neuronal differ-
entiationprotocol accelerated the acquisition of neural-
like morphology (Figure 10) even after 24 h of electrical
stimulation, and the cells were largely oriented in the
same direction after 2 days (Figure 11A,B). Recently, it
has also been reported that a greater neuronal cellular
extension was induced after the exposure of PC12 cells
cultivated on biocompatible carbon nanotube collagen
composites to electrical stimulation, facilitating their
differentiation into neurons.53

Placental MSCs exposed to an electrical field dis-
played rapid morphological changes and expressed

Figure 9. ANP expression of placental-derived MSCs culti-
vated in myocardial differentiation medium. (A) Immuno-
chemical staining for ANP-FITC of chorion MSCs cultivated
without substrate, 31days. (B) Chorion MSCs cultivated on
gold metal-absorbed collagen substrate (MC) 18 days after
three exposures of 5-azacytidine.

Figure 10. Phase contrast images of neuronal differentiation after 24 h, chorion- derived MSC cells exposed to N1
differentiation medium, without electrostimulation. (Top panels) No electrical stimulation: (A) control without substrate, (B)
collagen substrate, (C) gold metal-absorbed collagen. (Bottom panels) With electrical stimulation (D) without substrate, (E)
collagen substrate, (F) gold-coated collagen, MC. Bar length represents 200 μm.

Figure 11. Phase contrast images of neuronal (top panel)
and myocardial (bottom panel) induced cells cultivated on
metal-absorbed collagen substrates (MC) and exposed to
electrical stimulation: (A,B) Ch-MSC after 2 days (A) and 4
days (B) of electrical stimulation (magnification 100�); (C,D)
Ch-MSC after 3 days (A, magnification 100�) and 7 days (B,
magnification 200�).
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cardiac specific genes (troponin I, Nkx 2.5, and GATA-4
analyzed by reverse transcription PCR; data not shown
here (Figure 11C,D). The development of a mixed
approach to cardiac differentiation;a substrate con-
struct and electrical stimulation;is somewhat com-
mon, and most reports show improved cardiac tissue
morphology, contractile function, and molecular mar-
ker expression when compared with nonstimulated
cultures. Hence, electrical stimulation seems to induce
at least a similar degree of cardiac myocyte differentia-
tion as mechanical stimulation.54�56 There are several
potential advantages to using collagen-based GNP
nanofibers: in vitro, predifferentiated mesenchymal
stem cells on metal-absorbed collagen substrates can
be used for delivery of biologically active molecules,
drugs, or genes for in vivo transplantation of stem cells
in regenerative medicine.

CONCLUSIONS

Collagen-based nanoparticles of various lengths
were prepared by reducing HAuCl4 with sodium ci-
trate/NaBH4 and with no reducing agent and by vary-
ing the pH conditions. We observed that the optimum
pH to obtain short fibers is 3.5. For medium to long
fibers having homogeneous sedimentation, the opti-
mumpHwas found to bebetween 5.5 and 6.5. Also, the
nanofibers formed with different reduction agents or

without any reduction have almost the same length,
but they differ in diameter, indicating a non-uniform
coverage with gold. Their morphological, optical, and
conductive properties weremeasured by TEM, UV�vis,
FTIR, and I�V. UV�vis spectroscopy showed that the
particles' reduction occurs over time and that they did
not agglomerate when a reducing agent was used.
FTIR confirmed the formation of the metal-absorbed
fibers, GCNF. During adsorption of gold nanoparticles
on the collagen surface, several interactions;such as
electrostatic attraction, covalent bonding, hydrogen
bonding;can occur. The adsorption rate is higher in
the acidic regions (pH 3.0�6.0) and lower in the alka-
line regions (pH 7.0�11), as can be seen from the TEM
images. For the chorion placental-derived MSCs,
GCNFs have been demonstrated to possess excellent
biocompatibility and to improve their neuronal and
cardiac differentiation. This combination of biocompa-
tible components of extracellular matrix with gold
nanoparticles as delivery systems for drugs, genes, or
biologically active molecules can offer solutions for
complex problems by in vivo transplantation of stem
cells for tissue repair and regeneration. The electrically
conductive gold metal-coated collagen nanofibers can
be further exploited for a more accelerated differentia-
tion process and stimulation of themesenchymal stem
cells.

MATERIALS AND METHODS
Purified bovine Achilles tendon type IV collagen and phos-

phate buffer solution (PBS pH 7.4) were purchased from Aldrich
(Sigma-Aldrich Inc.). Sodium citrate (C6H5O7Na3 3 2H2O), sodium
borohydride (NaBH4), and tetrachloroauric acid (HAuCl4 3 3H2O)
were purchased from Fluka (Sigma-Aldrich Inc.). Soluble col-
lagen was obtained as previously described.57 HAuCl4 and
sodium citrate solutions were prepared in concentrations of
0.1 M. All chemicals were of reagent grade or higher and were
used as received unless otherwise specified.

Method Used To Form Gold-Coated Collagen Nanofiber (GCNF) Films.
Collagen-based gold nanoparticles were assembled in a novel
manner. Wemodified and adapted themethod proposed by Jin
et al.58 for the preparation of gold nanoparticles. We used two
methods for obtaining metal-absorbed collagen nanofibers: in
the presence and absence of reducing agents. Collagen (0.25 g)
was dissolved in 0.1 M acetic acid (10mL) by continuous stirring
for 24 h. Reduction agent (sodium citrate or sodium boro-
hydrate) (0.1 M) and HAuCl4 (2.9 � 10�3 M) solutions were
prepared separately in 10 and 100 mL of deionized water,
respectively. Collagen (1.5 mL) and HAuCl4 (1 mL) solutions
were vigorouly mixed together for 10 min in 100 mL of
deionized water at different pH ranges (3.5�11) using NaOH
(1%). Afterward, 1 mL of reducing agent (0.1 M solution) was
added, and the mixture was agitated for 30 min. The product
was twice centrifuged at 15 000 rpm for 15 min and washed
with double-distilled water. The metal-absorbed nanofibers
were analyzed by spectroscopic, microscopic, and conductivity
methods. The GCNF-containing solution was deposited onto
various substrates and allowed to dry naturally. This step was
repeated several times until 20�30 μm thick films were ob-
tained. We have observed a good integration of the layers due
to the interactions between the fibrous nanomaterials and their

surface charges. One observation was related to the excellent
gold�collagen interactions. The GCNFs have been maintained
in solutions for over 2 years at room temperature; no Au was
observed to bleach, and no changes in the morphological
properties of the fibers occurred. This was found to be an
extremely stable attachment.

Analytical Characterization. The optical properties of col-
lagen�gold nanowires were monitored using a UV�vis spec-
trophotometer (JASCO V-570). The morphology of collagen
fibers was investigated by TEM in conventional electron beam
conditions. Droplets of a 30 μL suspension were pipetted on
copper grids (3 mm diameter, 300 meshes) previously covered
with parlodion and carbon films. After 2 min, the liquid was
absorbed with filter paper. The examination of grids was
performed on a JEOL JEM 1010 transmission electron micro-
scope (JEOL, Tokyo, Japan). The images were captured using a
Mega VIEW III camera (Olympus, Soft Imaging System, Münster,
Germany) and introduced into a database using Soft Imaging
System software (Soft Imaging System, Münster, Germany).
The diameter of the nanoparticles was analyzed using CellD
software (Olympus Soft Imaging Solutions GMBH, Münster,
Germany). FTIR measurements were performed with a JASCO
6100 spectrometer in the 4000 to 500 cm�1 spectral regionwith
a resolution of 4 cm�1 using the KBr pellet technique. Conduc-
tivity measurements were performed with a Janis VPF cryostat
working in 300�700 K, and resistivity measurements were
made using a Keithley instrument. Statistical analyses (mean
value, standard deviation, and Student test) were performed
using Microsoft Office Excel software (Microsoft Corporation,
Redmond, USA).

Cell Cultures. Adult stem cells were isolated from human
placenta according to the approved protocols of the Depart-
ment of Tumor Biology and Radiobiology “Ion Chiricut-�a”
Comprehensive Cancer Center, Cluj Napoca, Romania. Term
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placentas frompregnancieswith a normal evolution were taken
after obtaining the informed consent of the female patients.
Briefly, after the amniotic membrane was mechanically sepa-
rated from the subjacent chorion, the membrane fragment was
submitted to an enzymatic digestion treatment in two stages:
(1) 0.25% trypsin (Sigma) at 37 �C for 5 min in order to remove
epithelial amniotic cells; (2) treatment with 0.25% trypsin þ
0.1% collagenase IV (Gibco) for 5 min at 37 �C, followed by
inactivation with fetal serum. The chorionic component was
also processed mechanically and exposed for 30 min to enzy-
matic digestion with Dispase (250 μg/mL PBS) (Sigma) þ 0.1%
collagenase IV (Sigma). Then, the cell suspensions were filtered,
and the cells were seeded in culture medium and incubated
at 37 �C in 7% CO2 atmosphere. The MSC culture complete
mediumwas DMEMhigh glucose/F12-HAM (1:1 ratio), 15% fetal
calf serum, 1% antibiotics, 2 mM glutamine, 1% nonessential
amino acids, 55 μM β-mercaptoethanol, and 1 mM sodium
pyruvate. Isolated and propagated adherent cells had been
characterized in a previous study for antigen and gene expres-
sion for pluripotency: alkaline phosphatase, Oct-3/4, SOX-2,
Nanog, Rex-1, CD29, and CD105.59

Differentiation Protocols. Placental-derived mesenchymal
stem cells were used after 5�7 passages in standard condi-
tions of cultivation. A collagen-based gold nanofiber sub-
strate was designed by coating the surface of 60 mm culture
Petri dishes and 1-well chamber slides using a layer-by-layer
system: 1 mL of 15 μg/mL collagen and gold metal-absorbed
collagen (MC) solution in PBS was added to 60 mm Petri
dishes. After 2�5 min, the solution was discarded, and the
plates were allowed to dry in the hood to form an adhesive
layer. Another 1 mL of solution was added as previously
described, repeating the same procedure three times. For
coating 1-well chamber slides, we applied the same layer-by-
layer system, and we used 300 μL of collagen and collagen-
based gold nanofiber solutions per well. Finally, the plates
were allowed to dry and were sterilized by ethylene oxide.
After 1�2 h of incubation at 37 �C, the plates were washed
three times with PBS and used for cell culture. Control dishes
without substrate andwith collagen substrate were used. The
neuronal differentiation protocol consisted of two steps: (1)
cultivation for 48 h with differentiation medium 1, DMEM
high glucose/F12-HAM (1:1 ratio), 10% fetal calf serum, 1%
antibiotics, 2 mM glutamine, 1% nonessential amino acids,
supplemented with 10 ng/mL epidermal growth factor (EGF),
10 ng/mL basic fibroblast growth factor (bFGF), and 1� N2
supplement; (2) cells were exposed to differentiation med-
ium 2 for 3�4 weeks, DMEM high glucose/F12-HAM (1:1
ratio), 10% fetal calf serum, 1% antibiotics, 2 mM glutamine,
1% nonessential amino acids, supplemented 1� N2 supple-
ment, 1� B27 supplement, 3 μM all-trans retinoic acid, and
0.5 mM 3-isobutyl-1-methylxanthine (IBMX). (All reagents
were purchased from Sigma Aldrich.) For cardiomyocyte
differentiation, placental MSCs cultivated at confluence were
seeded in substrate-treated dishes in a stem cell complete
medium containing 10 μM 5-azacytidine (Sigma-Aldrich).
After incubating for 24 h, the cells were washed twice with
phosphate-buffered saline (PBS-Sigma-Aldrich), and the
medium was changed to complete medium without 5-aza-
cytidine. The medium was changed every 3�4 days, and one
exposure to 10 μM 5-azacytidine was conducted weekly. In
control samples, MSCs were cultivated without substrate. The
cells were cultivated for 4 weeks, with 4 exposures to 5AZA (1
therapy/week). An additional protocol that we used was
cultivation of MSC in cardiomyocyte differentiation medium
without substrate for 4 weeks with further cultivation on
metalized collagen substrate for another 3 weeks.

Immunohistochemistry. Cells were fixed with 4% paraformal-
dehyde and permeabilized with 0.1% Triton X-100 in PBS for
20 min at room temperature. Nonspecific antibodies were
blocked with 10% BSA (bovine serum albumin) in PBS for 20
min at room temperature. For expression of neuron specific
markers, primary antibodies diluted at 1:500 ratio were used for
identification of neurofilaments (NF), glial fibrillar acidic protein
(GFAP), and CD133 (rabbit antihuman IgG1 Sigma). For identifi-
cation of cardiomyocyte differentiation markers, the antibodies

used were diluted 1:50 in 0.1% BSA in PBS/atrial natriuretic
peptide (ANP), cardiac specific homeobox protein Nkx 2.5, and
actin (C-2) (all mouse antihuman IgG1, Santa Cruz Bio-
technologies). The secondary goat antimouse and goat anti-
rabbit antibodies IgG1 were marked with FITC and Texas Red
(Santa Cruz Biotechnologies). Incubation with the primary anti-
body was performed at 4 �C overnight, and, in the case of the
secondary antibody, for 45�60 min at 37 �C. TRITC phalloidin
from Sigma was used (1:500 in PBS) for staining of filamentous
actin. The samples were exposed to an antifade medium
containing 4,6-diamidino-2-phenylindole (DAPI) in order to
observe nuclei and were examined using an inverted phase
Zeiss Axiovert microscope, equipped with soft image analysis
Axiovision Rel 4.6, filters 488, 546, and 340/360 nm. Image
acquisition was performed with an AxioCam MRC camera.

Proliferation Assay. For assessing substrate biocompatibility,
2� 104 Ch-MSCswere seeded ina 96-well platepreparedwithout
substrate as control and with substrates;collagen and metal-
lized collagen as described above;and incubated for 7 days
with MSC culture complete media. A similar design was created
for neuronal and cardiac differentiation using the differentia-
tion protocol described. After incubation, the cells were treated
with 0.1% MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) and incubated for 1 h for dye incorporation.
Blue formazans were eluted in DMSO, and absorbance of the
MTT was quantified at 492 nm using a BioTek Synergy 2
fluorescence microplate reader (Winooski, VT, USA). All experi-
ments were performed in triplicate.

Fluorescein Diacetate (FDA) Fluorometric Technique. The 96-well
plates were prepared in the same way as described in the
proliferationMTT assay, seededwith Ch-MSC, and incubated for
7 days with MSC for control, cardiac, and neuronal differentia-
tion. For the growth and proliferation of cells, a commonly used
test with fluorescein diacetate (FDA) was used as an indicator of
cell viability. FDA freely diffuses into cells and is rapidly ester-
ified once it enters the cell. The viability of the cells is assessed
from the hydrolysis product, fluorescein, which cannot escape
from living cells. Fluorescent signals are correlated with the
number and the size of individual viable cells. Cell monolayers
were washed twice with PBS supplemented with Mg2þ and
Ca2þ and stained for 5 min with FDA in the dark, at 37 �C at a
final concentration of 2.4 μM. The wells were washed twice with
PBS supplemented with Mg2þ and Ca2þ. Fluorescence intensity
(FI) was measured at 488 nm using a BioTek Synergy 2 fluores-
cence microplate reader. All experiments were performed in
triplicate.

Electrostimulation of Placental-Derived MSC. The collagen-based
gold nanoparticle substrates were prepared by coating the
surface of 100mmculture Petri dishes for cardiac differentiation
protocol or 60 mm culture Petri dishes for neuronal differentia-
tion, allowed to dry, and equippedwith electrodes placed along
opposite sides of each dish. The Petri dishes were sterilized by
ethylene oxide. Chorion-derived MSCs were seeded in stem cell
complete medium, and after they reached near confluence,
cardiac and neuronal differentiation protocols were applied
with concomitant electrostimulation. For all of the studies, a
graphite electrode was used. The electrode lids were connected
to a human pacemaker for clinical use (obtained from Cardio-
vascular and Thoracic Surgery Clinics, Cluj-Napoca) that had
beenprogrammed togive 7.5Vpulses (corresponding to 4.5V/cm)
for 1.5 ms at 1 Hz;a range resembling the level required for
exciting a normal ventricular tissue. The plates were then
incubated at 37 �C in 7% CO2 atmosphere for 1 week. The setup
photo is provided in Figure 3 in the Supporting Information.

Statistical Analysis. Data were analyzed using GraphPad Prism
5 statistics program (La Jolla, CA, USA). We compared the
control groupwith each substrate group using one-way ANOVA
Dunnett's Multiple Comparison Test and two-way ANOVA
Bonferroni post-test (statistical significance was set at p < 0.05).
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