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T
he ultimate goal of cardiac tissue en-
gineering is the development of a
bioartificial heart, an ambitious target

that is unfortunately still far from being
reached.1 Nonetheless, this goal has fed a
growing interest in the development of
in vitro engineered cardiac tissues for use
as model system(s). These systems are key
in the investigation of cardiac development
and identification of promising strategies
for cardiac repair.1 More recently, these appli-
cations have increasingly included nano-
technology-based scaffolds to promote tis-
sue regeneration.2,3 Of particular interest in

this context is the development of scaffolds
that incorporate conducting nanostructures
to obtain smart biomaterials for the engi-
neering of electrically propagating tissues.2,4

Our approach to address myocardial re-
pair has been to incorporate cultures of
cardiomyocytes into artificial conductivenano-
structures, specifically carbon nanotubes.
Recently, carbon nanotubes have attracted
tremendous attention in the development
of nano-bio hybrid systems able to govern
cell-specific behaviors in cultured neuronal
networks and explants.5�13 Carbon nano-
tubes are cylindrically shaped nanostructures
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ABSTRACT Myocardial tissue engineering currently represents one of the most realistic

strategies for cardiac repair. We have recently discovered the ability of carbon nanotube

scaffolds to promote cell division and maturation in cardiomyocytes. Here, we test the

hypothesis that carbon nanotube scaffolds promote cardiomyocyte growth and maturation

by altering the gene expression program, implementing the cell electrophysiological

properties and improving networking and maturation of functional syncytia. In our study,

we combine microscopy, biological and electrophysiological methodologies, and calcium

imaging, to verify whether neonatal rat ventricular myocytes cultured on substrates of

multiwall carbon nanotubes acquire a physiologically more mature phenotype compared to

control (gelatin). We show that the carbon nanotube substrate stimulates the induction of a gene expression profile characteristic of terminal

differentiation and physiological growth, with a 2-fold increase of R-myosin heavy chain (P < 0.001) and upregulation of sarcoplasmic reticulum Ca2þ

ATPase 2a. In contrast, markers of pathological hypertrophy remain unchanged (β-myosin heavy chain, skeletal R-actin, atrial natriuretic peptide). These

modifications are paralleled by an increase of connexin-43 gene expression, gap junctions and functional syncytia. Moreover, carbon nanotubes appear to

exert a protective effect against the pathologic stimulus of phenylephrine. Finally, cardiomyocytes on carbon nanotubes demonstrate a more mature

electrophysiological phenotype of syncytia and intracellular calcium signaling. Thus, carbon nanotubes interacting with cardiomyocytes have the ability to

promote physiological growth and functional maturation. These properties are unique in the current vexing field of tissue engineering, and offer

unprecedented perspectives in the development of innovative therapies for cardiac repair.

KEYWORDS: carbon nanotubes . nanoscaffolds . tissue engineering . cardiomyocytes . gene expression . cellular electrophysiology .
calcium signaling
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made of one or more concentric rolled-up graphene
sheets, with a diameter ranging from 1 to 100 nm.
Since their discovery in 1991 by Ijima, carbon nano-
tubes have shown peculiar properties, such as high
surface area, high mechanical strength, ultra-light
weight, rich electronic properties, and excellent chem-
ical and thermal stability.14,15 They can be function-
alized by attaching chemical compounds and used as
vectors for drug delivery.16 Once assembled into scaf-
folds of small fibers, they may be used as structural
supports in tissue engineering.17 The application of
carbon nanotubes to biosystems has been oriented
toward the use of single-walled carbon nanotubes
(SWCNTs), composed of a rolled-up single graphene
sheet, and multiwalled carbon nanotubes (MWCNTs),
composed of numerous concentric graphene cylinders.
In our recent work, we have discovered that MWCNTs

used as growth supports for neonatal rat ventricular
myocytes (NRVM) increase myocyte proliferation, in-
duce a more negative resting potential, and promote
cardiomyocyte maturation.18 Notably, fibroblast viabi-
lity and proliferation were unchanged when cultured
onMWCNTs.18 These observations strengthen the con-
clusion by us and other investigators that carbon
nanotube substrates can induce unique and diverse
stimulating effects within biological systems in a cell-
specificmanner.5�9,13,19 Although themechanisms are
largely unknown, the conductive properties of the
carbon nanotubes indicate a potential role for electri-
cal charges in stimulating proliferation of specific cell
types.20

In this report, we provide evidence for the fist time
for a previously unknown and unique effect of carbon
nanotubes on cardiac gene expression, syncytia devel-
opment, electrophysiological coupling and sponta-
neous calcium signaling. Based on our findings, we
propose that these unique effects of carbon nanotubes
on myocardial cells have remarkable potential for
clinical applications in the challenging field of regen-
erative medicine as applied to striated muscle, from
tissue engineering to innovative pacing devices for
heart disease, the leading cause of morbidity and
mortality in humans.

RESULTS AND DISCUSSION

MWCNT scaffolds were prepared and characterized
as previously described.7 In brief, MWCNTs of 20�30 nm
(Nanostructured & Amorphous Materials, Inc.) were
dispersed in N,N0-dimethylformamide (DMF) at a con-
centration of 0.01 mg/mL, and this solution was de-
posited onto the glass substrates achieving a density of
theMWCNTfilmover theglassof about7� 10�5mg/mm2.
Then, we treated the substrates for 20 min in oven
under N2 atmosphere to remove the functionalization
(Supporting Information Figure 1). Even though the
eventual result is the deposition of non functionalized

MWCNTs on glass, this protocol has the following
advantages over a direct deposition of pristine, com-
mercial MWCNTs: (1) it allows a better dispersion of
functionalizedMWCNTs in a solvent and, consequently, a
more homogeneous distribution on glass; (2) it allows a
better adhesion of MWCNTs on the glass substrate; (3)
MWCNTs are purified through the functionalization/
defunctionalization procedure.21

Since our previous work suggested that NRVM
grown on MWCNTs exhibit a more mature electrophy-
siological phenotype,18 we were interested in asses-
sing whether this might extend to the expression of
genes that are established markers of physiological
growth. At the same time, we also wanted to verify
whether culture on MWCNTs might prevent the ex-
pression of genes associated with pathologic hyper-
trophy upon treatment with phenylephrine.22�25 To
this purpose, cardiomyocytes were isolated and cul-
tured as previously described.18 At days 1, 2, and 3 after
plating, the level of expression of five key genes
involved in the growth/fetal gene expression program
(rat beta-myosin heavy chain (βMHC), alpha-myosin
heavy chain (RMHC), A-type Natriuretic Peptide (ANP),
Sarcoplasmic ReticulumCa2þATPase 2a (SERCA2a) and
Skeletal-Actin (Sk-Actin)) was quantified by transcript
specific real-time PCR amplification (RT-PCR) (Figure 1A,B)
both on MWCNT and gelatin scaffolds. The house-
keeping gene GAPDH was used to normalize the results.
As a general observation, the gene profile of cells

cultured on MWCNTs from days 1 to 3 was character-
ized by a progressive increase in the expression of all
selected genes when compared with cells on gelatin,
likely reflecting, at least in part, the overall increase in
cell size (Figure 1A, Supporting Information Figure 2).
This was particularly noteworthy for those genes asso-
ciated with a more mature phenotype such as the
RMHC gene, where NRVMs exhibited a progressive
increase in expression from day 1 to day 3. As shown in
Figure 1A, these changes resulted in a nearly 2-fold
increase at day 3 on MWCNT compared to gelatin (P =
0.0013). This data was complemented by an increase in
SERCA2a (P = 0.0059) and a lower level of ANP expres-
sion (P = 0.0065) on MWCNT compared to gelatin.24,25

At the same time, the levels of βMHC and Sk-Actin
(markers of pathologic cardiac hypertrophy) were un-
changed in MWCNT compared to gelatin. When we
looked at the protein expression, Western blot analysis
confirmed that the levels of βMHC protein were un-
changed, whereas there was an increase in SERCA2a
protein in NRVM cultured on MWCNT (Figure 1C).
Collectively, these results support the conclusion that
MWCNT scaffolds promote a “mature gene expression
profile” over time in cardiomyocytes following an initial
pro-proliferative profile.18

Since our prior investigations suggested mainte-
nance of the differentiated gene program favoring a
more mature phenotype, we next asked whether the
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presence of MWCNTs could alter the response to a
pathologic growth stimulus. For these investigations,
NRVMs were cultured for 24 to 72 h either under
control serum-free conditions (Supporting Information
Figure 3A) or exposed to 20 μM phenylephrine
(Supporting Information Figure 3B), to induce a hyper-
trophic response according to previous work in our
laboratory.26,27 The first set of cells, called “Control
Cells” were processed for mRNA expression, while a
second set, called “Treated Cells” were exposed to
phenylephrine for 24 and 48 h to induce a hypertrophic
response. The histogram shown in Supporting Infor-
mation Figure 3A reports the enrichment ratio of gene
expression between MWCNT and gelatin conditions
observed in serum-free condition in control cells.

The gene expression profile was similar to what has
been previously observed in normal growth condition
medium for both the substrates.
In contrast, although the classic pathologic “hyper-

trophic” phenotype was induced in phenylephrine-
treated cells grown on gelatin,28�32 those on MWCNTs
did not express this alteration in gene program. As
shown in Figure 1B, at 72 h, MWCNTs (black bars)
exerted an important protective role on the cardio-
myocytes. In particular, RMHC gene expression was
upregulated (P= 0.034), while βMHC and Sk-Actinwere
both repressed (P = 0.027 and P = 0.0034, respectively),
a pattern associated with a more “adult phenotype”
and typical of a mature physiological growth. Similarly,
SERCA2a gene transcripts were upregulated onMWCNTs
(P = 0.0062). Changes in ANP were not statistically
significant.
Since intercellular communication is one of the

important organizational features of the heart and
gap junction channels form the basis of direct inter-
cellular communication, we examined the level and
localization of connexin (Cx)-43 as a marker of func-
tionality and differentiation for cardiac myocytes
grown on gelatin and MWCNT scaffolds. In human
heart, Cx-43 is predominantly expressed in the ven-
tricles and is normally located at intercalated discs.33,34

Currently, several lines of evidence indicate that Cx-43
is not only crucial for normal ventricular function and
normal impulse propagation, but its dysregulation is
also implicated in various cardiac diseases with patho-
logical left ventricular wall tension, where Cx-43 altera-
tion may be one of the mechanisms leading to life-
threatening arrhythmias.35,36

We investigated the organization of the cellular
communication with regard to the localization of the
gap-junctions through Cx-43 immunostaining 24, 48,
and 72 h after plating NRVM on MWCNTs or gelatin. To
distinguish between cardiac myocytes and cardiac
stromal cells, we obtained cultures highly enriched in
R-actinin-positive cardiomyocytes by two subsequent
subplating steps (>90% purity) along with cultures of
sarcomeric R-actinin-negative stromal cells (<1%
R-actinin positivity). Both cultures were maintained
for 1�3 days. Figure 2A shows representative images
of purified neonatal cardiomyocytes stained for Cx-43
(red dots) and R-actinin�positive cells (green) at dif-
ferent time points in culture on MWCNTs (left panel)
and gelatin (right panel) substrates. As indicated, most
of the Cx-43 (red) was found associated with the
plasma membrane, showing the typical gap-junction
plaque structures. When syncytia with the same num-
ber of nuclei were analyzed, gap-junction Cx-43 in-
creased with time in culture with a selective increase
on MWCNT when compared to gelatin substrates.
Quantitative analysis of the Cx-43-positive area indicated
that the amount of Cx-43 and relative gap-junctionswere
significantly higher on MWCNT substrate for each of the

Figure 1. Physiological vs fetal gene expression profile of
NRVM grown on MWCNTs. (A) Changes in gene expression
between MWCNT and gelatin substrates in serum-growth
conditions at 72 h. Thehistogramsdemonstrate up-regulation
of physiological growth genes (RMHC, SERCA) vs pathological
hypertrophy (“fetal”) genes (βMHC, ANP, Sk Actin) after three
days in culture of NRVMs. Bars indicate mean ( SE from 3
separate experiments. *P < 0.05, **<0.01. (B) Gene expres-
sion ratios for phenylephrine-treated NRVMs vs control
NRVMs on MWCNT and gelatin substrates, respectively, at
72 h. The histogram shows that MWCNTs exert a protective
effect on cardiomyocytes favoring the expression of normal
(RMHC, SERCA) vs pathological hypertrophy genes (βMHC,
ANP, Sk Actin). Bars indicate mean ( SE from 3 separate
experiments. *P < 0.05, **<0.01. (C) Original Western blot
demonstrating the increase of SERCA2a protein after 72 h
on MWCNT (left) compared to gelatin (right) substrates;
βMHC is equally expressed after culturing on both sub-
strates. On the bottom, Tubulinwas used as loading control.
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three days of culture (Figure 2B). In particular, the
amount of Cx-43 on day 2 was doubled on MWCNT
(P = 0.00083). Next we quantified the total area of
syncytia (Figure 2C): this was significantly increased
(almost double in size) when NRVMs were grown on
MWCNT scaffolds (P = 0.018). Finally, the total amount
of Cx-43 protein expression was investigated by Wes-
tern blot analysis at days 1, 2, and 3 on MWCNT and
gelatin substrates using tubulin as control. As shown in
Figure 2D, the total Cx-43 amount was consistently
higher over time on MWCNT substrate compared with
gelatin.
Since immunocytochemistry and Western blot ex-

periments showed an increase in the expression of
Cx43 in cardiomyocytes grown on MWCNT substrates,
the functionality of gap junctions was investigated by
means of dual patch clamp recordings from syncytia
(experimental setting shown in Figure 3A). Dual whole
cell patch clamp recordings were obtained at 37 �C in
current clamp configuration, employing patch-pipettes
(3.5�5 MΩ) under GΩ patch sealing. Recordings were

performed after 2�3 days of in vitro differentiation
from NRVMs that were visually identified as fused.
Current clamp recordings from syncytia showed a
statistically significant difference in the resting mem-
brane potential of cells grown in the two conditions
(�60( 2mV, n = 27 for gelatin and�66( 2mV, n = 26
for MWCNT, P = 0.045, Figure 3B). This more negative
potential is similar to that seen earlier on a single-cell
model.18 Other passive membrane properties, such as
capacitance and input resistance, were not signifi-
cantly changed by growth on MWCNTs (capacitance:
gelatin 398( 38 pF and MWCNT 429( 42 pF; P = 0.59,
n = 20 each; input resistance gelatin 46 ( 6 MΩ and
MWCNT 36 ( 6 MΩ, P = 0.26; n = 20 each). The slight
increase in capacitance and decrease in input resis-
tance are expected with the increased size of syncytia
noted above.
We tested the coupling ability between pairs of

NRVM cells in the syncytia as ameasure of functionality
of gap junctions. For these investigations, a square
pulse of negative current (�0.05 nA, 100 ms) that

Figure 2. Gap junctions are increased in cardiomyocytes grown on MWCNT layers. (A) Cx-43 distribution on MWCNTs and
gelatin scaffolds during time course experiments. Representative images of purified neonatal cardiomyocytes stained for
R-Actinin (green) and Cx-43 (red) at different time points in culture. Nuclei are counterstained with DAPI (blue). The figures in
each panel show fluorescence in all three channels (green/red/blue). Bars: 50 μm. (B) Quantification histogramdemonstrating
the increase of Cx-43 gap-junction after 24, 48, and 72 h onMWCNTs and gelatin substrates. P = 0.052, significanceMWCNT vs
gelatin at day 1; P = 0.00083, significance MWCNT vs gelatin at day 2; P = 0.0034, significance MWCNT vs gelatin at day 3. All
data are given asmean( SEM; results are representative of at least 6 independent experiments. (C) Quantification histogram
of the total area of syncytia on MWCNT (black) and gelatin (white) substrate. All data are given as means ( SEM; results are
representative of at least 6 independent experiments. Areas from the same number of cells for both growth conditions were
measured between day 2 and 3. (D) Original Western blot demonstrating the increase of Cx-43 protein after 24, 48, and 72 h
onMWCNT (left) and gelatin (right) substrates. At the bottom, Tubulin as a control lysate. Immunoblotting experiments using
Cx-43 antibody show the presence of three major bands, which probably correspond to three differentially phosphorylated
forms of the protein.37,38.
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induced a hyperpolarization of membrane potential in
the directly stimulatedmyocytewas injected in the first
cell (Cell 1, Figure 3C). At the same time, the amplitude
of a simultaneous indirect (smaller) hyperpolarization
of the membrane potential in the second cell (Cell 2,
Figure 3C) was noted, indicating gap junction electrical
coupling. In both growth conditions (gelatin and
MWCNT), all the tested pairs of myocytes were elec-
trically coupled. The ratio between the hyperpolariza-
tion in Cell 2 and that in Cell 1 was calculated for
sample of pairs of syncytia NRVMs. On average, this
ratio was similar for gelatin and MWCNT myocytes
(0.95 ( 0.03 and 0.75 ( 0.13, n = 9 pair gelatin and
n = 9 pair MWCNT, respectively, P = 0.16; Figure 3D).
These results indicate the presence of functional gap
junctions in both culture groups, but we did not detect
differences in the percentage of coupled NRVMs,
regardless of the syncytia dimensions.
Since spontaneous intracellular calcium cycling has

been reported to be dependent upon cardiomyocyte
maturation,39,40 we investigated the appearance of
spontaneous calcium transients in NRVM grown on
MWCNT and gelatin (n = 10 for each). Using FURA-2 as
the fluorescent Ca2þ indicator, we monitored the
occurrence of spontaneous calcium oscillations in the
presence of tetrodotoxin (10 μM), to minimize the
contribution of the fast sodium current-dependent

action potentials.18 To monitor the calcium signals in
single mononucleated myocytes and not in syncytia,
calcium imaging experiments were performed with
low density cultures (7 � 104 cell/mL).
We first measured the percentage of cells sponta-

neously generating calcium oscillations, then charac-
terized the frequency and kinetics of the oscillations. In
this experimental setting (lower cell density), the most
cells are isolated and show asynchronous calcium
activity characterized by a large variability in oscillation
frequency among the detected cardiomyocyte popu-
lations. As shown in Figure 4A, we identified three
categories of NRVMs on the basis of their calcium
oscillating pattern: NRVM showing only sporadic, iso-
lated events, NRVM displaying clusters of slow fre-
quency events and NRVM capable of generating
clusters of fast events.
We quantified the event frequency within each

category: (1) sporadic NRVM usually display a fre-
quency below 0.013 Hz, (2) NRVM slow frequency were
in the 0.013�0.13 Hz frequency range, (3) NRVM high
frequency displayed values above 0.13 Hz. On both
culture substrates, we identified NRVM belonging to
sporadic, low and high frequency classes. However, as
shown in Figure 4B the distribution-profile is clearly chan-
gedonMWCNTs. Specifically, cells cultured onMWCNT
scaffolds display a higher number of cardiomyocytes of

Figure 3. Gap junctions are functional in cardiomyocytes grown onMWCNT layers. (A) Bright-field image of the experimental
setting for dual electrophysiological recordings from syncytia: a hyperpolarizing step is delivered by means of the first pipet
(left) while the current step response is read through the second pipet simultaneously. Scale bar, 50 μm. (B) Resting potential
mean value ismorenegative in syncytia grownonMWCNT substrates than in control (P<0.05). (C) Example of dual recordings
traces from a syncytiumgrown onMWCNT layer. Protocol (upper part), current step recorded from the pipet that delivers the
hyperpolarizing stimulus (middle) and current step response detected from the secondpipet (lower part). The different colors
in superimposed tracings correspond to 10 trials performed in the same pair of cells. (D) Ratios between current injected in
cell 2 and detected in cell 1 are reported for syncytia grown on gelatin and MWCNTs. No significant difference between
substrates was seen.

A
RTIC

LE



MARTINELLI ET AL. VOL. 7 ’ NO. 7 ’ 5746–5756 ’ 2013

www.acsnano.org

5751

the sporadic events class. This difference is statistically
significant (P = 0.009) and suggests a decrease of
spontaneous calcium oscillations, which is consistent
with a more rapid maturation of the NRVM grown on
MWCNT.39 The kinetic properties of calcium events,
analyzed only in the low frequency events class, were
similar between gelatin and MWCNT (Table 1).
Using pharmacological tools, we tested the molec-

ular mechanisms underlying calcium oscillations on
the two substrates. In both conditions, calcium oscilla-
tions were abolished when calcium was removed
from the extracellular bathing solution. Furthermore,
under these calcium-free experimental conditions, ad-
dition of 10 mM caffeine (an “activator” of ryanodine
receptor) induceda large intracellular calciumtransient in
all the tested cells. These responses were comparable
between gelatin and MWCNT cultures. These results
suggest an indispensable role for calcium influx in the
generation of calcium oscillations in both culture
groups and, at the same time, suggest the presence
andmaturation of functional caffeine-sensitive internal
stores.
We further hypothesized that the “oscillator” is

located at the cell membrane. To test this hypothesis,
we applied 10 mM caffeine (5 min) to the cells in
normal Tyrode solution on both substrates. After the
depletion of ryanodine receptor stores induced by
caffeine application, it was still possible to observe
the occurrence of spontaneous transients in the inter-
nal calcium concentrations under both conditions (not
shown). We also tested two likely candidate ion chan-
nels for their involvement in spontaneous calcium
oscillations. Application of 40 μMnifedipine, the L-type
voltage gated calcium channel blocker, failed to block
the calcium oscillations in NRVMs on both substrates,
inducing only a reduction in their amplitude. Similarly,
treatment with 4 mM cesium alone, inhibitor of the
Ifunny channels and found to underlie the spontaneous
beating of neonatal cardiomyocytes,41 also failed to

stop calcium oscillations regardless of the substrate
(not shown). Therefore, calcium influx seems to be
independent of both L-type calcium currents and Ifunny.
While in our initial workwe asked if cardiacmyocytes

will survive on a carbon nanotube scaffolds and
showed that their viability and growth was indeed
promoted,18 in the current study we have explored
with a series of mechanistic investigations the molec-
ular basis of cardiac myocyte growth and maturation
on MWCNT. Here, we provide evidence that carbon
nanotubes induce changes in the pattern of cardiac
gene expression characteristic of a more mature phe-
notype, highlighted by modifications in gap junction
expression and function, and cell calcium signaling.
Moreover, carbon nanotubes appear to exert a protec-
tive effect in response to a pathologic hypertrophy
stimulus, phenylephrine. We consider our most re-
markable finding to be the effect of carbon nanotubes
on the expression of a group of genes critical for cardiac
function and well-established markers of physiological
cardiac growth. Several investigators, including our
group, have previously shown both in vitro and in vivo

that the heart expresses different genes and isoforms
during physiological and pathological growth.22�24

Pathological cardiacgrowth (hypertrophy) is characterized

Figure 4. Calciumoscillations in cardiomyocytes grownonMWCNTandgelatin substrates. (A) Traces that exemplify the three
classes of signals detected in oscillating cells: sporadic oscillating cells (upper trace), low frequency ones (middle) and high
frequency ones (lower trace). (B) Distribution of the three categories for gelatin and MWCNT cells. A higher percentage of
sporadic oscillating cells is present on MWCNT substrate in comparison with control (P < 0.005), suggesting a more mature
NRVM phenotype.

TABLE 1. Kinetic Properties of Calcium Events in the Low

Frequency Event Class

substratea gelatin (n = 10 cells) MWCNT (n = 10 cells)

Peak Amplitude (ΔR) 17 ( 2 18 ( 2
Area (ms � ΔR) 29733 ( 5630 28384 ( 4774
Half-width (ms) 1377 ( 171 1322 ( 170
Rise Time (ms) 396 ( 52 337 ( 53
Rise Slope (ΔR/ms) 0.02 ( 0.004 0.02 ( 0.006
Decay Time (ms) 1560 ( 230 1588 ( 167
Decay Slope (ΔR/ms) �0.007 ( 0.001 �0.007 ( 0.001

aΔR is calculated as ratio of 340/380 nm excitation wavelength values (see
Supporting Information).
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by a maladaptive re-expression of the “fetal gene
program”, ultimately leading to deleterious alterations
of the heart muscle25,42,43 This program typically in-
cludes the downregulation of RMHC and SERCA2a
genes, and upregulation of ANP and βMHC. In parti-
cular, changes in the ratio of the two myosin heavy
chain isoforms, R and β, may have direct effect on the
efficiency of energy production:RMHChas higher rates
of ATP hydrolysis, and hearts expressing mainly RMHC
have faster contractile velocities than hearts expres-
singmainly βMHC. This switch in expression is thought
to contribute to the decreased contractile function of
failing hearts.44�47

By studying the expression of these key cardiac
genes, we provide further evidence that carbon nano-
tubes enhance the development and maturation of
cardiomyocytes. The initial increasedproliferationofNRVM
cultured on MWCNT scaffolds previously reported,18 is
followed by a significant βMHC downregulation and
RMHC upregulation resulting in an adult-like increase
in the alpha:beta ratio (Figure 1). There is an associated
upregulation of SERCA2a and Cx-43 while the expres-
sion of two other fetal program genes, Sk-actin and
ANP, is diminished compared to control, providing
further evidence that carbon nanotubes promote a
more physiological growth phenotype.
These findings are of particular interest in the con-

text of recent investigations on different substrates for
cardiac tissue engineering. Tiburcy et al. recently re-
ported that NRVM cultured with a 3D cell entrapment
method of engineered heart tissues (EHTs) could pro-
vide cardiomyocytes with functional properties of
native myocardium.3 However, when gene expression
was analyzed, they found no increase in the ratio of
RMHC to βMHC, indicating that in their tissue-
engineered conditions NRVM tended to express fetal
program rather than physiological growth genes. Fi-
nally, carbon nanotube properties appear to be highly
selective. In our previous studies both on neurons and
cardiomyocytes, we found that the stimulation toward
growth and (synapse) maturation in neurons and pro-
liferation in cardiomyocytes affect specifically termin-
ally differentiated cells, whereas fibroblasts and glial
cells do not proliferate.11,18

Pathological cardiac hypertrophy can be induced
in vitroby a variety ofwell-established stimuli including
G-protein-coupled receptor (GPCR) agonists such as
phenylephrine,45�47 In our study, we found that car-
bon nanotube scaffolds interacting with cardiomyo-
cytes protect them from the pathologic gene program
induced by phenylephrine, and allow them tomaintain
a more physiological gene expression program. The
discovery that carbon nanotube scaffold as a growth
substrate can protect the heart against pathological
stimuli is a novel finding and we believe it holds
tremendous potential for a variety of novel therapeutic

applications in heart diseases including tissue engi-
neering and stem cells.
To better understand the effects of carbon nanotube

interaction in functional domains, we explored the
possibility that gap-junctions and syncytial cell proper-
ties are altered by growth on MWCNT substrate in
cardiomyocyte cultures. The enhanced expression
of Cx-43 and the increase in number and extension
of gap junctions in syncytia further suggested a func-
tionally more mature phenotype on carbon nanotubes
compared to controls. When cultured on carbon nano-
tube scaffolds, we confirmed that cardiomyocytes
exhibit an electrophysiological phenotype character-
ized by amore negative resting potential.18 In addition,
the majority of NRVM changed from low or high
frequency events class to sporadic event class, in terms
of spontaneous calcium transient generation. Such
changes are consistent with the progression of NRVM
toward more adult phenotypes,18,39 and suggest that
the environment created by MWCNTs scaffolds pro-
mote a more efficient maturation program.
The mechanistic model that explains the effects of

carbon nanotubes on cardiomyocytes remains to be fully
elucidated. Carbon nanotube scaffolds are unique in pos-
sessing a rough nanostructure, an extracellular matrix-like
nanotopography, and electrical conductivity.2,9,11,13 Their
viscoelastic and mechanical properties, characterized by
tensile strength and softness, could favor the induction of
themature gene expression program in cardiomyocytes.48

Furthermore, carbon nanotubes have been found to
modify redox signaling49 which could activate the
physiological hypertrophic response.50 The observed
changes in gene expression could be the consequence
of an aging process induced by the carbon nanotube
substrate in place of physiological maturation. Like-
wise, the changes in gene expression associated with
phenylephrine treatment could instead of being pro-
tective simply document the absence of normal re-
sponses. However, taking into account our findings
and our previous experience with neurons, we are
tempted to speculate that the tight interaction be-
tween MWCNTs and NRVM cell membranes and the
development of nanotube-cardiomyocyte hybrids
may improve electrical coupling and improve growth
by providing a soft artificial extracellular matrix which
may ultimately facilitate cell adhesion, physiological
growth and physiological maturation.9,11,13,18

Although there has been concern about the possible
toxicity of soluble nonfunctionalized carbon nano-
tubes, the viability and biocompatibility of carbon
nanotube scaffolds and the possibility of functionaliza-
tion of carbon nanotubes to enhance their safety hold
the promise for future applications of carbon nano-
tube-based approaches and devices in emerging stra-
tegies of drug delivery to cardiac myocytes, an ap-
proach recently shown to be feasible in neurons in a rat
model of stroke.20
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CONCLUSIONS

Cardiomyocytes which tightly interact with carbon
nanotube scaffolds express a more mature molecular,
cellular and electrophysiological phenotype. Based on
the expression of mature vs fetal genes, cardiomyocyte

grown on MWCNTs are protected against pathological

hypertrophy. Together, these are exciting added features

to the development of two- and three-dimensional

nanoscale transplantable cell-enriched devices for tissue

implants.2,4,51

METHODS
Synthesis of Multiwall Carbon Nanotubes. MWCNT of 20�30 nm

(Nanostructured & Amorphous Materials, Inc.), used as received,
werepreparedaspreviouslydescribed.7 TGA-Q500 (TA Instruments)
was used to record thermo-gravimetric analysis (TGA) under N2 or
under air, by equilibrating at 100 �C, and following a ramp of
10 �C/min up to 1000 �C. In the case of defunctionalized
MWCNTs, the material was analyzed after exposing to high
temperature (350 �C) under N2.

Fabrication of Glass Substrates. MWCNTswere dispersed inN,N0-
dimethylformamide (DMF) at a concentration of 0.01 mg/mL,
and this solution was deposited onto the glass substrates
achieving a density of the MWCNT film over the glass of about
7� 10�5mg/mm2. Then, we treated the substrates for 20min in
oven under N2 atmosphere to remove the functionalization.
MWCNTs thin film was characterized by sheet resistance mea-
surements obtained using a Jandel four tips probe. The thick-
ness of the film was measured by atomic force microscopy
(AFM) and the conductivity of the material was extracted.
MWCNT-coated glass substrate AFM images were analyzed by
Gwyddion software (free Scanning Probe Microscope data
analysis software) and average roughness calculated as rms
was derived. AFM measurements were registered with a Veeco
Nano Scope V in tapping mode. Phosphorus (n) doped Silicon
tips with a resonance frequency of 273�325 kHz and a constant
force of 20�80 N/m were used. The calculated value of con-
ductivity for the type of MWCNT used in this study is equal to
3.82 � 105 S/cm.

Scanning Electron Microscopy. For scanning electron micro-
scopy (SEM) measurements the samples were sputter-coated
with gold in an Edwards S150A apparatus (Edwards High
Vacuum, Crawley, West Sussex, U.K.), and examined with a Leica
Stereoscan 430i scanning electron microscope (Leica Cam-
bridge Ltd., Cambridge, U.K.). A SEM image of a sample of the
MWCNT growth substrate used in these experiments is de-
picted in Supporting Information Figure 1A. A complete char-
acterization of MWCNT-growth platforms has been previously
reported.9,11

Culture of Neonatal Rat Ventricular Cardiomyocytes. Cardiomyo-
cytes were isolated and cultured from six 1�3 days old pups by
enzymatic digestion as previously described with minor
modifications.18,26,27,52 Protocols for tissue explants were per-
formed in accordance with the relevant European Union legis-
lation. Briefly, ventricles were separated from the atria using
scissors and then dissociated in CBFHH (calcium and bicarbo-
nate-free Hanks with Hepes) buffer containing 500 μg/mL of
Collagenase type 2 (Worthington, Biochemical Corporation),
and 1 mg/mL of Pancreatine (SIGMA).

NRVM were plated at low density in Dubecco`s modified
Eagle medium (DMEM), 4.5 g of glucose supplemented with
10% horse serum, 5% bovine calf serum, 2 mg/mL vitamin B12
and cultured as previously described.18 Cardiomyocytes were
enriched (>90% purity) over nonmyocytes by two sequential
preplating steps on 100-mm dishes in DME containing 10%
horse serum, 5% bovine calf serum and 2 mg/mL vitamin B12
(SIGMA). Myocytes that were either in solution or lightly
attached were then separated from the adherent stromal cells
by gentle mechanical disaggregation and subsequently were
plated at a density of 1.8� 105 cells/mL onto 26-mmglass cover
slides pretreated with MWCNT or 0.2% gelatin coated (for
protein analysis, RNA, or immunofluorescence staining). The
gelatin substrate was chosen as a standard andwell-established
control of culture conditions for neonatal rat ventricular myo-
cytes, and to ensure in the current mechanistic experiments

identical control conditions to our previous viability experi-
ments.18 After 12 h, the culture medium was changed and cells
were subjected to the different treatments and subsequent
analysis. Supporting Inforamtion Figure 1B shows a NRVM on a
MWCNT scaffold.

Immunofluorescence. Cells grown on MWCNTs and on gelatin
were fixed in PBS containing 3% PFA and 2% sucrose, pH 7.6 for
20 min; aldehydes were quenched with 0.1 M glycine in PBS for
5 min at room temperature. Cell were permeabilized with 1%
Triton X-100 for 30min, blockedwith 2%BSA and 0.05% sodium
azide in PBS (blocking buffer) for 1 h at room temperature
and incubated with primary antibodies for 2 h. The primary anti-
bodies used were as follows: rabbit polyclonal anti-connexin-
43 (1:2000 SIGMA) and mouse monoclonal anti-R-actinin
(sarcomeric) (EA-53) 1:100 (AbCam). Cells were then washed
three times for 10 min with PBS and 0.05% Tween 20 and finally
stained with secondary antibodies. Alexa Fluor 488- and Alexa
Fluor 594-conjugated secondary antibodies (Invitrogen) were
incubated for 45�60min at room temperature. All washes were
in PBS and 0.05% Tween 20. Samples were mounted in Vecta-
shield plus DAPI to stain the nuclei (Vector Laboratories). For
image acquisition the following objectives were used: HCX PL
Fluotar 100�/1.30 NA, HCX PL apocromatic 63�/1.32�0.6 NA,
HCX PL Fluotar 40�/0.75 NA, HCX PL N-Plan 20�/0.40 NA, and
HCX PL N-Plan 10�/0.25 NA (all from Leica). Within each
experiment, instrument settings were kept constant.

Western Blotting. For protein analysis, samples were lysed in
Sample Buffer 2� and protein concentration was determined
by the Bradford method (Bio-Rad Laboratories); equal amounts
of protein were resolved on SDS-PAGE gels and blotted onto
Immobilon-Pmembrane (Millipore). Immunoblotswereblocked in
10% nonfat milk in PBS plus 0.05% Tween 20. Membranes were
incubated with primary antibodies in PBS plus 10% of goat serum
(Gibco) at 4 �C from90min toovernight, andwashed inPBS, 0.05%
Tween 20. Secondary antibodies were diluted in PBS plus 10% of
goat serum and incubated with the membranes for 45 min at
room temperature. Proteins were detected by enhanced chem-
iluminescence (GE Healthcare). The primary antibodies used were
as follows: rabbit polyclonal anti-connexin-43 1:1000, (SIGMA),
mouse polyclonal anti-tubulin Clone B-5-1-2, 1:10000 (SIGMA),
mouse monoclonal anti-SERCA2 ATPase, 1:2000 (AbCam), mouse
monoclonal anti-myosin (Skeletal, slow) Clone NOQ7.5.4D, 1:5000
(SIGMA). Secondary antibodies used were anti-rabbit and anti-
mouse HRP-conjugated, 1:2000 (DAKO).

Treatment with Phenylephrine. Primary myocyte cultures were
plated onto glass coverslips previously coated with MWCNT or
gelatin. Myocytes were cultured in serum-free conditions for
24 h prior to all experiments inmedium containing high glucose
DMEM, supplemented with 10 mg/mL transferrin, 10 mg/mL
insulin, 10 mg/mL BSA, 50 units/mL penicillin, 50 μg/mL strep-
tomycin and 0.1 mM bromodeoxyuridine (BrdU), according to
the Simpson laboratory protocol.26,27 Twenty-four hours later,
cells were treated for 24�48 h with 20 μM phenylephrine to
induce a hypertrophic response. Control cells plated on both
the substrates (MWCNT and gelatin) were treated with diluent.

RNA/DNA Isolation and Quantitative RT-PCR (qPCR). Total RNA and
DNA purified from cultured neonatal rat cardiomyocytes at 1, 2,
and 3 days after plating were isolated using the Trizol-method
(Invitrogen) and quantified by spectrophotometry. cDNA was
prepared from 1 μg total RNA by reverse transcription with
MMLV-RT (Invitrogen) utilizing random hexamer primers
(Invitrogen) following standard protocols (Invitrogen). RNA
expression levels for beta-myosin heavy chain (βMHC), alpha-
myosin heavy chain (RMHC), A-type natriuretic peptide (ANP),
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sarcoplasmic reticulum Ca2þ ATPase 2a (SERCA2a) and skeletal-
actin (Sk-Actin) were quantified with real-time TaqMan reverse
transcriptase (RT)-PCR using C1000 CFX96 Real-Time System
(Bio-Rad). TaqMan reactions were carried out in 96-well plates
using cDNA, Taqman universal PCR master mix, predesigned
and preoptimized TaqMan. Gene expression assays, including
specific primers and fluorescent probes (ANP, Mm01255747_g1;
βMHC, Mm00600555_m1; RMHC, RN00568304_m1; SERCA2a,
Mm00437634_m1; Sk-Actin, Mm00808218_g1; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, Mm99999915_g1), and
water to a final volume of 50 μL, were performed according to
manufacturer's instructions. GAPDH mRNA was used as an
endogenous control. Each set of primer pairs was obtained
from the Applied Biosystems catalogue for quantitative gene
expression analysis of the specific genes of interest. RT and
template controls were used to monitor for any contaminating
amplification according to manufacturer (Applied Biosystems).
We used the following temperature protocol: 3 min at 95 �C,
10min at 95 �C, and 30min at 60 �C followed by 39 cycles of 10 s
at 95 �C and 30 s at 60 �C. GAPDH expression was similar in all
study groups and was therefore employed to normalize for
differences in RNA quantity and RT-efficiency.

Electrophysiological Recordings. Whole cell patch clamp record-
ings were obtained both in current and voltage clamp config-
urations, employing patch-pipettes (3.5�5 MΩ) under GΩ
patch sealing, using a Multiclamp 700B (Axon Instruments,
Foster City, CA). Recording solution contained (mM): NaCl 140,
KCl 5, MgCl2 1, CaCl2 2, HEPES 10, glucose10, pH = 7.4. Patch
pipettes contained (mM): 130 K-gluconate, 15 KCl, 5 NaCl, 5 Mg-
ATP, 1 MgCl2, 5 EGTA, 1 CaCl2, and 10 HEPES, pH = 7.2.
Recordings were performed from NRVM after 2�3 days of in
vitro differentiation. Syncytia, originated from the fusion of
more myocytes, were identified under visual investigation by
means of their ability to contract spontaneously. Visual identi-
fication of these cells was aided by Nomarski optics coupled
with an infrared microscopy system mounted on the Nikon
inverted TE200 microscope.

Capacitance and input resistance were measured in voltage
clamp mode at �60 mV, via a subthreshold 100 ms duration
hyperpolarizing voltage step (5 mV). In current clamp experi-
ments, bridge balancing was continuously monitored and
adjusted. To assess the presence of gap junctions between
pairs of cells, a 100 ms long lasting 0.5 nA negative current step
was injected in the first myocyte and variations in membrane
potential of the second cell were observed (10 trials each pair).
Current and voltage clamp responses were amplified, digitized
at 10�20 kHz with the pCLAMP 10 software (Axon Instruments,
Foster City, CA) and stored for further analysis.

Calcium Imaging. Calcium signals were monitored in low
density cultures (7 � 104 cells/mm2) after 2 to 3 days of
differentiation in vitro. Cells were loaded with a mixture (1:2
(v/v) in dimethylsulfoxide) of Fura-2-AM (5 μM concentration in
the loading solution; Sigma-Aldrich, Italy) and 0.45% PLURONIC
F127 (Sigma-Aldrich, Italy) in culture medium without serum at
room temperature for 30 min. To allow the probe de-esterifica-
tion, the cells were then transferred to a 37 �C incubator for
additional 30�40 min. During calcium imaging experiments,
cells were perfused with the saline Tyrode solution and fluo-
rescent images were acquired at 4 Hz sampling rate. A single
Fura-2-loaded coverslip was then placed in a recording cham-
ber mounted on an inverted microscope, where it was super-
fused with the saline Tyrode solution at 2 mL/min.
Videomicroscopy and Ca2þ-imaging measurements were car-
ried out at room temperature. Cells were excited atwavelengths
of 340 and 380 nm with a monochromator device equipped
with integrated light source (Polychrome IV, Till Photonics).
Excitation light was separated from the light emitted from the
sample using a 395-nm dichroic mirror. Images of emitted
fluorescence >510 nm were acquired continuously for 2400 s
as a maximum (250 ms integration time for frame) by a cooled
slow-scan interline transfer camera (IMAGO CCD camera; Till
Photonics) and simultaneously displayed on a color monitor.
The imaging system was controlled by an integrating imaging
software package (TILLvisION; Till Photonics) using a personal
computer. Video frames were then digitized, integrated and

processed offline to convert fluorescence data into Ca2þ maps
by computing a ratio of 340/380 nm excitation wavelength
values (ΔR; integrating imaging software package, TILLvisION,
Till Photonics). We recorded Ca2þ signals from single myocytes,
not fused to form syncytia; for each experiment, four fields per
coverslips were sampled and analyzed. Myocytes were visible in
pseudo-colors from blue to red, corresponding to an increasing
scale of Ca2þ concentrations.

Statistical Analysis. For immunohistochemistry quantification,
data were acquired from at least 6 independent experiments by
counting 100 cells per each condition. Data collected from 6
independent experiments were used to calculate mean (
standard error (SEM) and P-value using the Student's t test for
unpaired samples. For real-time PCR analysis, the ΔCt was used
for statistical analysis, and 2_ΔΔCt for data presentation. All
electrophysiological values measured from NRVM belonging to
different culture series subjected to the same experimental
protocols were pooled together and expressed as mean( SEM.
For electrophysiological recordings, n = number of cells. Statis-
tical analysis was carried out using the Student's and Chi
Square's tests (P < 0.05) as appropriate.
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