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Abstract
Development of RNA interference (RNAi) technology utilizing short interfering RNA
sequences (siRNA) has focused on creating methods for delivering siRNAs to cells and for
enhancing siRNA stability in vitro and in vivo. Here, we describe a novel approach for siRNA
cellular delivery using siRNA coiling into carboxyl-functionalized single-wall carbon
nanotubes (SWCNTs). The CNT–siRNA delivery system successfully demonstrates nonspecific
toxicity and transfection efficiency greater than 95%. This approach offers the potential for
siRNA delivery into different types of cells, including hard-to-transfect cells, such as neuronal
cells and cardiomyocytes. We also tested the CNT–siRNA system in a non-metastatic human
hepatocellular carcinoma cell line (SKHep1). In all types of cells used in this work the
CNT–siRNA delivery system showed high efficiency and apparent no side effects for various
in vitro applications.

1. Introduction

In recent years, carbon-nanotube-based carriers are one of the
non-viral vectors that have gained increasing interest as a safer
and cost-effective delivery system for gene materials including
plasmid DNA (pDNA) and oligonucleotides (ODN) as well
as proteins and peptides. Carbon nanotubes (CNTs) have
beneficial qualities such as low toxicity, low immunogenicity
(Liu et al 2008, Cherukuri et al 2006) and biocompatibility
(Dubin et al 2008). Moreover, they offer the possibility
of functionalization that can easily form polyelectrolyte
complexes with negatively charged nucleotides by electrostatic
interaction. Previously, some studies evaluated the ability

of multi-wall carbon nanotubes (MWCNTs) and single-wall
carbon nanotubes (SWCNTs) covalently or electrostatically
linked to chemical groups as transfection agents to deliver gene
materials including pDNA, ODN, proteins and peptides (Kam
et al 2005, Rege et al 2006, Zhang et al 2006, Krajcik et al
2008). Previous work using an immortalized HeLa cell line
(Kam et al 2005) reported a covalent conjugation of siRNA to
phospholipid-functionalized SWCNTs via cleavable disulfide
linkage. By using this approach they have shown highly
efficient delivery of siRNA by SWCNTs, and achieved a more
potent RNAi functionality than a widely used commercial
agent. By using the same functionalization technique of siRNA
conjugation through disulfide linkages specific knockdown of
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target gene in T-cells transfected with SWCNTs–siRNA was
obtained (Liu et al 2007). Interestingly, the authors failed to
see a knockdown effect when using liposome-based carriers.

Moreover, another study reported that positively charged
−CONH−(CH2)6–NH3+Cl-functionalized SWCNTs were
able to bind and efficiently carry siRNA into tumor cells.
(Zhang et al 2006). Recently, another study used a chem-
ical functionalization of SWCNTs with hexamethylenedi-
amine (HMDA) and poly(diallyldimethylammonium) chloride
(PDDA) to bind negatively charged siRNA. PDDA–HMDA–
SWCNTs were able to carry siRNA into cardiomyocytes and
efficiently knock down targeted genes ERK1 and ERK2. Im-
portantly, the complex PDDA–HMDA–SWCNTs showed no
cytotoxic effects on cardiomyocytes (Krajcik et al 2008).

Here, we report a new strategy for delivering siRNA
into hard-to-transfect cells by using carboxylic-functionalized
SWCNTs. To compare the delivery efficiency in a stable cell
line, we used the SKHep1 cell culture. We further report
that carboxylic-SWCNTs represent an efficient non-cytotoxic
system for carrying siRNA.

2. Experimental details

2.1. Materials

If not otherwise indicated, all reagents were purchased from
Sigma.

2.2. Carbon nanotube synthesis

SWCNTs were prepared by the arc discharge method using a
Co/Ni (0.6/0.6 at.%) catalyst with helium at a total pressure
500 Torr, with the arc generated by a current of 200 A/20 V
(Trigueiro et al 2007, Da Silva et al 2009). After the
synthesis, an indispensable as-grown SWCNT purification
(∼95%) process was performed. One gram of SWCNTs was
refluxed with 3 M HNO3 at 120 ◦C during 32 h, centrifuged
at 7000 rpm and washed with distilled water in order to purify
the SWCNTs. Nitric acid oxidation on the carbon nanotubes
exhibits a dual role: this treatment was performed to decorate
the SWCNT surface with −COOH groups and also to afford
short SWCNTs (length 50–500 nm). The final solution was
dried during 12 h in an oven at 60 ◦C. At the end, 0.75 g of
high purity COOH-SWCNTs was obtained.

2.3. RNAi preparation

For siRNA studies, potential target sites within the rat inositol
1,4,5-triphosphate receptor (InsP3R) genes were selected and
then searched with NCBI Blast to confirm specificity for each
InsP3R isoform. The siRNAs for the type I and II InsP3R were
prepared by a transcription-based method using the Silencer
kit according to the manufacturer’s instructions (Ambion
Inc., Austin, TX). The sense and antisense oligonucleotides
of siRNAs were, respectively, as follows: type I, 5′-
AAAGTTGTAGCTGCTGGTGCTCCTGTCCTC-3′ and 5′-
AAAGCACCAGCAGCTACAA CTCCTGTCCTC-3′; type II,
5′-AACAGCCTAATCAAGATCTCCCCTGTCTC-3′ and 5′-
AAGGAGATCTTGATTAGGCTGCCTGTCTC-3′.

2.4. Transfection solutions

A stable aqueous solution of short single-wall CNTs (∼length
200 nm) was prepared with high purity short COOH-SWCNTs
dissolved in MilliQ water. The solution was sonicated for 3 h
followed by centrifugation (15 700g). 50 or 100 nM of siRNA
for each InsP3R isoform was added to 50 μl (dose 1) or 100 μl
(dose 2) of a CNT aqueous solution, sonicated for 30 min and
added to the cell medium. CNT concentration in the cell’s
medium was respectively 0.0125 and 0.0250 mg ml−1. For
RNAifect preparation the cells were washed and supplied with
1 ml of fresh tissue culture medium. 50 or 100 nM of siRNA
for the InsP3R-II isoform was added to 3 μl (concentration 1)
or 6 μl (concentration 2) of transfection reagent (RNAifect,
QIAGEN) and then the volume was completed to 100 μl with
tissue culture medium. The mixture was incubated for 15 min
at 37 ◦C for complex formation, and then 900 μl of tissue
culture medium was added to the mixture and this solution was
placed dropwise onto the cells. The cells were incubated at
37 ◦C in an atmosphere of 5% CO2 for 48 h prior to use, as
previously shown (Mendes et al 2005).

2.5. SKHep1 cell culture

SKHep1 cells (American Type Culture Collection—Manassas,
VA) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (GIBCO BRL, Frederick, MD) supplemented with
10% fetal bovine serum and antibiotics. Cells were incubated
at 37 ◦C in an atmosphere of 5% CO2 for 48 h.

2.6. Cardiomyocyte cell culture

Neonatal cardiomyocytes were isolated from hearts of three-
day-old Wistar rats, as previously described (Guatimosim
et al 2008). Briefly, cells were resuspended in DMEM
supplemented with 10% fetal bovine serum (FBS) (GIBCO
BRL, Frederick, MD), 100 units ml−1 penicillin, 100 μg ml−1

streptomycin. Cardiomyocytes were plated into fibronectin-
coated culture dishes or flasks and incubated at 37 ◦C in
5% CO2 incubator. Two days after plating, cells were
rinsed with DMEM and fed for another 24 h with regular
culture medium, now including 20 μg ml−1 cytosine β-
D-arabinofuranoside (ARAC) to inhibit growth of non-
cardiomyocyte cells. The cultured cardiomyocytes were used
in experiments on the fourth day of culture.

2.7. Rat dorsal root ganglion (DRG) neuron cell culture

Male Wistar rats (220–280 g) were sacrificed by decapitation,
and dorsal root ganglia dissected out and maintained in
HEPES-buffered saline (HBS) containing (in mM): NaCl
140, KCl 2.5, Hepes 10, Glucose 7.5, pH adjusted to
7.4 with NaOH. Ganglia were cleaned of connective tissue
and sectioned prior to 20 min enzymatic treatment with
Papain (1 μg ml−1), activated by cystein (0.03 μg ml−1)
in HBS. The ganglia were washed with enzyme-free HBS
followed by 20 min treatment with 2.5 μg ml−1 collagenase
(Type 1A) in HBS. During enzymatic treatment, tubes were
gently agitated to avoid settling and adherence of the tissue.
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Enzymatic treatment was halted by washing the ganglia with
DMEM containing 10% FBS. Digested ganglia fragments were
triturated through pipettes fire polished to an inner tip diameter
of 2 mm until dissociated. The cell suspension obtained was
plated onto glass cover slips previously treated with polylysine
(MW 70 000–150 000, 20 μg ml−1, 12 h at 4 ◦C) followed by
laminin (20 μg ml−1, 6 h at 4 ◦C). The cultures were stored
at 37 ◦C in a 5% CO2 incubator to allow the cells to settle and
adhere to the cover slips.

2.8. Immunofluorescence

Immunofluorescence to detect the subcellular distribution
of InsP3R isoform was performed, as described previously
(Mendes et al 2005). Briefly, cardiomyocytes, DRG and
SKHep1 cells were fixed in 4% paraformaldehyde, followed by
cell permeabilization in 0.5% Triton X-100. After a blocking
step, cells were incubated with primary antibody against
specific InsP3R isoforms and then rinsed with phosphate-
buffered saline and 1% bovine serum albumin. The specimens
were then incubated with Alexa 488 secondary antibody
(Invitrogen) and/or co-labeled with Alexa 633 (Invitrogen).
A Zeiss LSM 510 confocal microscope (Thorwood, NY)
was used for all imaging studies. Images were obtained
by excitation at 488 nm and observation at 505–550 nm
to detect Alexa 488. Each InsP3R isoform was labeled
using isoform-specific antibodies. Type I InsP3R antibodies
were from affinity-purified specific rabbit polyclonal antiserum
directed against the 19 C-terminal residues of the mouse
type I InsP3R (Hagar et al 1998) and were produced by
Research Genetics (Huntsville, AL). Type II InsP3R antibodies
were from affinity-purified specific rabbit polyclonal antiserum
directed against the 18 C-terminal residues of the rat type
II InsP3R (Wojcikiewicz 1995) and were kindly provided by
Richard Wojcikiewicz (SUNY, Syracuse, NY).

2.9. RNA extraction, reverse transcription and real-time PCR

cDNA templates were amplified by real-time PCR on the
7000 Sequence Detection System (ABI Prism, Applied
Biosystems, Foster City, CA) using the Syber green
method as described (Resende et al 2008, Soares et al
2007). Sets of primers were chosen for type II InsP3R,
forward, 5′ AGCACATTACGGCGAATCCT 3′ and reverse 5′
CCTGACAGAGGTCCGTTCACA 3′, and type III InsP3R,
forward 5′ CGGAGCGCTTCTTCAAGGT 3′ and reverse
5′ TGACAGCGACCGTGGACTT 3′, and type II RyR,
forward 5′ CCGCATCGACAAGGACAAA 3′ and reverse 5′
TGAGGGCTTTTCCTGAGCAT 3′, and for β-actin, forward
5′ GACGGCCAGGTCATCACTATTG 3′ and reverse 5′
AGGAAGGCTGGAAAAGAGCC 3′ to give PCR products
less than 100 base pairs in length. Primers and probes
were custom synthesized by Integrated DNA Technologies
(Coralville, IA).

Gene expression profile in SKHep1 cells incubated or not
with SWCNTs (0.0250 mg ml−1) was performed with primers
selected and searched with NCBI Blast to confirm specificity.
Genes were selected for: G1/S phase-associated genes (cyclin

D1, cyclin D2, cdk4, cyclin E1, cyclin E2, and cdk2), S phase-
associated genes (cyclin A1, and cdk2), G2 phase-associated
genes (cyclin A2, and cyclin D3), M phase-associated genes
(cyclin B1, and cyclin B2), cell cycle inhibitors such as
p16INK4a, p15INK4b and p19INK4d. A panel of apoptotic
(p53, Apaf-1, caspase 6 and bax) and anti-apoptotic genes
(mdm2, p21CIP/WAF) were also chosen for this study.

Total RNA from SKHep1 cells was isolated using the
TRIzol reagent (Invitrogen). Contaminating DNA was
removed by DNase I (Ambion Inc., Austin, TX) treatment and
integrity of the isolated RNA was analyzed on a 2% SYBR®

safe DNA-stained agarose gel (Invitrogen, Carlsbad, CA).
Three micrograms of total RNA from each sample were used
in each case as template for cDNA synthesis in the presence
of 50 ng of random primers and 200 units of RevertAid™ H
Minus Moloney murine leukemia virus-reverse transcriptase
(Fermentas Inc., Hanover, MD) in a total volume of 20 μl
for 45 min at 42 ◦C. Complementary DNA was amplified in
a 10 μl volume containing 6 μl of 2x TaqMan Universal PCR
Master Mix (Applied Biosystems, Foster City, CA), 100 nM
probe (Applied Biosystems, Foster City, CA) and 300 nM of
each primer. After a denaturing step at 95 ◦C for 10 min, 50
cycles were performed at 95 ◦C for 15 s and then 60 ◦C for
1 min. Mathematical analysis of the results was performed as
recommended by the manufacturer.

2.10. Measurement of beating frequency

Cells were loaded with the fluorescent Ca2+ dye Fluo/4 AM
and beating frequency was acquired with a Zeiss LSM 510
confocal microscope (Guatimosim et al 2008).

2.11. Live/dead cell viability assay

Viability assay was performed in neonatal cardiomyocytes with
a live/dead assay kit from Invitrogen (Invitrogen, Carlsbad,
CA). Cell medium was removed and cells were washed twice
with PBS, and 2 ml of Hepes solution containing 0.5 μl of
calcein AM and 1.0 μl of ethidium homodimer was added in
each cell well and stored for 30 min at 37 ◦C in a 5% CO2

incubator. Live and dead cells were observed with a BioRad
MRC-1024 confocal microscope (Hercules, CA). Values were
expressed as the number of living cells divided by the total
number of cells. All experiments were carried out in triplicate.

2.12. Flow cytometry

SKHep1 cells were analyzed by a Becton-Dickinson FAC-
Scan instrument after incubation with COOH-SWCNTs
(0.0250 mg ml−1) for 6, 12, 24 or 48 h. The cells were
washed, trypsinized to detach them from the plate surface
and washed with PBS, followed by 2 min centrifugation
(1000 rpm). Anexin-V–FITC (50 μg ml−1) and propidium io-
dide (100 μg ml−1) were added to the cell in the presence of the
binding buffer and allowed to react for 10 min at room temper-
ature. The data presented here represent the mean fluorescence
obtained from a population of 50 000 cells.
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2.13. Raman spectrophotometry

Confocal Raman measurements were performed on an inverted
optical microscope with the addition of an x, y stage for raster-
scanning samples. The sample was excited with an He–Ne
laser (632.8 nm), focused onto the surface of the sample using
an oil objective with 60× magnification, NA = 1.4. The
Raman scattered light was recorded using: (i) a single-photon
counting avalanche photodiode (APD) filtered at the frequency
of the CNT G band (1580 cm−1) for Raman imaging and (ii) a
spectrograph with a charge-coupled device (CCD) for spectral
information.

3. Results

Here we showed an examination of CNT properties by
checking simultaneously its biocompatibility and efficiency as
an siRNA delivery method. In this study, we used three distinct
cell types (DRG, neonatal cardiomyocytes and SKHep1 cells)
in order to evaluate the potential of purified short SWCNTs as
siRNA carriers. An effort was made in order to select cell types
with distinct characteristics to investigate the physiological
potential of CNTs as transfection agents for clinical therapy.
In addition, these cells express different isoforms of InsP3R.
Moreover, cardiomyocytes and dorsal root ganglion (DRG)
neuron cells have in common the feature of being hard to
transfect, which has limited their use in siRNA studies. For
siRNA experiments the target gene of choice was the InP3R.

3.1. Effects of CNTs on cell viability

SKHep1 cells are a liver-derived epithelial cell line, capable of
proliferating, that are not polarized. These cells express two
different types of InsP3Rs, type II and type III (Leite et al
2002), therefore representing a valuable model to investigate
the cytotoxicity and specificity of CNT–siRNA complexes.

A critical aspect that plays an important role in
determining CNT toxicity is related to its biocompatibility.
Therefore, we first evaluated the effect of CNTs on gene
expression levels of regulators of cell cycle and apoptosis
control factors in SKHep 1 cells. For that, cells were treated
with a solution of functionalized CNTs (carboxylic-SWCNTS
0.0250 mg ml−1) for 48 h and gene expression levels were
evaluated by real-time PCR. Table 1 shows mRNA levels of
a panel of 21 genes assessed by real-time PCR. Gene list
includes regulators of cell cycle, pro-apoptotic and inhibitor
of apoptosis genes. The analyses showed that regulators
of cell cycle genes G1/S phase-associated genes (cyclin D1,
cyclin D2, cdk4, cyclin E1, cyclin E2, and cdk2), S phase-
associated genes (cyclin A1, and cdk2), and G2 phase-
associated genes (cyclin A2) were up-regulated, while M
phase-associated genes (cyclin B1, and cyclin B2) were down-
regulated, suggesting that SKHep1 cells were arrested in the
G1 phase in the presence of CNTs. Both apoptosis-related
genes such as p53, Apaf-1, caspase 6 and bax, and anti-
apoptotic genes (p21CIP/WAF, mdm2, p19ARF) were up-
regulated suggesting that SWCNTs do not induce apoptosis in
SKHep1 cells.

To investigate the functional consequence of these changes
in mRNA levels, we performed FACS in SKHep 1 cells

Table 1. Effects of CNTs on mRNA relative expression levels of
regulators of cell cycle and apoptosis-related genes.

Genes Control CNT

Cyclin A1 1.87 2.61
Cyclin A2 1.70 2.60
Cyclin B1 1.60 0.76
Cyclin B2 1.43 0.74
Cyclin D1 5.34 30.69
Cyclin D2 110.36 250.83
Cyclin D3 1.08 0.99
Cyclin E1 7.90 162.42
Cyclin E2 6.87 122.11
cdk2 2.33 11.91
cdk4 3.90 6.22
p15INK 2.90 1.95
p16INK 1.015 1.47
p19INK 0.95 0.32
p53 1.14 3.07
p21CIP/WAF 0.91 16.41
Apaf-1 0.99 1.48
Caspase6 0.83 1.09
Bax 1.23 1.80
mdm2 0.53 1.36
p19ARF 0.70 0.73

exposed or not to functionalized CNTs (0.0250 mg ml−1). As
shown in figures 1(A) and (B) no significant difference was
observed between untreated control cells and cells incubated
with functionalized CNTs at the different exposure times tested
(6, 12, 24 and 48 h).

In this study, therefore, we expanded previous findings by
showing that CNTs do not affect cellular viability. Although
gene expression levels of important cellular pro-apoptotic
genes and cell cycle regulators were altered in SKHep 1 cells
exposed to CNTs, we also noted a higher expression of survival
genes, which may have compensated the increased expression
of death genes. This data was confirmed by FACS, which
showed no effect of CNTs on SKHep 1 cell viability. These
data correlated with findings from a previous study (Shi Kam
et al 2004) showing that the uptake of SWCNTs did not
adversely affect HL60 cells at equivalent CNT concentration
used in this work. Taken together, our data show that, although
functionalized CNTs alter gene expression, these changes do
not lead to reduced cellular viability. Next, we assessed the
potential of SWCNTs as siRNA carriers.

3.2. SWCNT–siRNA complex efficiently reduces InsP3R
expression levels in SKHep1 cells

Ca2+ regulates multiple processes within an individual cell.
Among intracellular Ca2+ channels the InsP3R family is
widely expressed in excitable as well as non-excitable cells. In
SKHep1 cells, for instance, InsP3Rs are distributed throughout
the cytosol and the nucleus (Echevarria et al 2003, Mendes
et al 2005) and Ca2+ signaling depends entirely on InsP3R-
generated Ca2+ signals. Therefore, we next investigated the
efficiency of our CNT–InsP3R–siRNA complex in SKHep1
cells. To achieve maximum effectiveness of exogenously
introduced siRNAs, transfection optimization experiments
are required, since failure to optimize critical transfection
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Figure 1. CNTs do not affect SKHep 1 cell viability. Cellular viability was assessed by FACS in cells incubated with CNTs (0.025 mg ml−1)
for 6, 12, 24 and 48 h. (A) Representative FACS analyses shown in the histogram format. (B) Bar graph showing that SKHep 1 cell viability
is not altered by CNT exposure at different time points.

(This figure is in colour only in the electronic version)

parameters can render RNAi effects undetectable in cell
culture. In order to determine the optimal time that provides
maximum gene knockdown, while maintaining an acceptable
level of viability for the particular cell type, we exposed cells
to the CNT–siRNA–InsP3R-II complex for 2, 6, 24 and 48 h,
and we performed quantitative real-time PCR experiments.
Cell medium was changed to remove the transfection complex
after each time point, and siRNA silencing efficiency was
measured 48 h after transfection began. As shown in figure 2,
higher InsP3R gene knockdown was achieved when cells were
exposed to the CNT–siRNA–InsP3R-II complex for 24 and
48 h. CNTs alone did not interfere with InsP3R mRNA levels.

In order to confirm this data, we performed immunoflu-
orescence experiments in SKHep1 cells stained with anti-
InsP3R antibodies. As shown in figure 3(A), InsP3R-II protein
levels were significantly reduced in cells treated for 48 h with
the CNT–siRNA–InsP3R-II complex, when compared to con-
trol untreated cells. Quantitative real-time PCR experiments
also corroborated this data (figure 3(B)). We next compared
the efficiency of the CNT–siRNA–InsP3R-II complex to an
available commercial method (RNAifect, Qiagen). For this
experiment, two different dilutions of RNAifect (3 and 6 μl)
were used, according to the manufacturer’s instructions, in con-
junction with 50 or 100 nM InsP3R-II siRNA. Under these
conditions significant reduction of InsP3R-II mRNA was ob-
served (figure 3(B)). For CNT–siRNA experiments four dif-
ferent combinations were evaluated. All combinations led to
reduced InsP3R-II mRNA levels, with higher efficiency ob-
served in the cells transfected with the complex formed by

Figure 2. Time dependence of CNTs as siRNA carriers. Cells were
incubated with transfection complex (CNT–siRNA–InsP3R-II) for
2, 6, 24 and 48 h, after which media was replaced by regular culture
media. InsP3R-II mRNA levels were examined 48 h after transfection
began. Significant InsP3R-II gene knockdown was observed
in cells incubated with transfection complex for 24 and 48 h.

combination of 100 nM siRNA and 0.0250 mg ml−1 CNTs.
Since type III InsP3R is also found in this cell type, we decided
to assess whether our silencing complex targeted to InsP3R-II
would affect InsP3R-III mRNA expression levels. As shown in

5
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Figure 3. CNT–siRNA–InsP3R-II complex reduces InsP3R-II expression levels in SKHep1 cells. (A) Representative confocal images
showing InsP3R-II labeled cells. InsP3R-II staining was significantly reduced in SKHep1 cells transfected with CNT–siRNA–InsP3R-II
(middle and right panels) when compared to control cells (left panel). Confocal images were collected 48 h after transfection began. Final
concentration of 50 nM (middle panel) or 100 nM siRNA (right panel) were efficiently delivered by CNTs in SKHep 1 cells. Images were
pseudocolored according to the color scale. Scale bar = 10 μm. (B) and (C) Real-time PCR comparing type II and type III InsP3R mRNA
expression levels following siRNA transfection using CNTs or a lipid-based gene transfer system as RNA carriers. siRNA:RNAifect reagent
combination was evaluated at ratios of 50 nM:3 μl, 100 nM:3 μl, 50 nM:6 μl and 100 nM:6 μl. For CNT–siRNA complex formation different
concentrations of CNT (0.0125 or 0.025 mg ml−1) were added to the diluted siRNA (50 or 100 nM final concentration). Both transfection
agents were efficient in suppressing InsP3R-II gene expression in SKHep1 cells. (C) InsP3R-III transcript levels were not altered in cells
transfected with InsP3R-II siRNA.

figure 3(C), InsP3R-II silencing was achieved without any im-
pact on InsP3R-III message level. Moreover, we observed a
dose dependence on silencing efficiency, since a higher CNT
to siRNA ratio produced more efficient knocking down, with

no apparent impact on nonspecific gene silencing or toxicity.
This finding is consistent with the idea that nanotube uptake
into the cells increases as a function of nanotube concentration
in the medium (Cherukuri et al 2004).
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Figure 4. CNTs can be uptaken by neonatal cardiomyocytes. The G
band Raman peak at 1590 cm−1 was used for CNT detection in this
cell. (A) The plot of the carbon nanotube G band Raman intensity
(degree of yellow) gives the CNT concentration inside the neonatal
cardiomyocyte. (B) Representative Raman spectrum of neonatal
cardiomyocytes exposed to CNTs (0�.�025 mg ml−1) for 48 h taken
from the area marked by the black arrow. The G and D carbon
nanotube Raman peaks are highlighted.

3.3. Neonatal cardiomyocyte viability is not affected by
internalized CNTs

In order to assess whether functionalized CNTs are also
capable of carrying siRNA into neonatal cardiomyocytes,
we first evaluated the internalization potential of CNTs
into this cell type. Cardiomyocytes were incubated with
0.0250 mg ml−1 CNTs for 48 h and then examined by Raman
spectroscopy. Figure 4 panels (A) and (B) show the presence of
CNTs inside neonatal cardiomyocytes, confirming the ability
of CNTs to enter this cell.

In contrast to SKHep 1 cells that are capable of
proliferating, neonatal cardiomyocytes irreversibly withdraw
from the cell cycle soon after birth and lose the cell
proliferative activity (Campa et al 2008). Therefore,
to evaluate CNT effects on cellular viability we used a

fluorescence-based live/dead assay (figure 5(A)). The bar
graph in figure 5(B) shows that incubation of neonatal
cardiomyocytes with a higher dose of CNTs (0.050 mg ml−1)
does not alter the proportion of live/dead cells when compared
with untreated cells.

Neonatal cardiomyocytes beat spontaneously when main-
tained in culture, as a result of intracellular Ca2+ increase
known as Ca2+ transient. In cardiomyocytes, [Ca2+]i tran-
sients are induced by a Ca2+ influx triggering a large Ca2+ re-
lease from the sarcoplasmic reticulum (SR) (Lukyanenko et al
2001). To evaluate whether CNTs affect normal physiologi-
cal behavior of cardiomyocytes, we recorded Ca2+ transients
in Fluo-4/AM loaded cells after CNT exposure (final concen-
tration 0.050 mg ml−1 for 48 h). As shown in figures 5(C)
and (D), beating frequency was not different between neona-
tal cardiomyocytes treated or not with CNTs. In conclusion,
no apparent change in cellular viability was observed in car-
diomyocytes, even when a higher dose of CNTs was used
(0.05 mg ml−1). Taken together, these data present strong evi-
dence that CNTs can enter inside cardiomyocytes with minimal
side effects to the cells.

3.4. Efficient InsP3R-II silencing in neonatal cardiomyocytes

In order to investigate whether CNTs can efficiently delivery
siRNAs inside neonatal cardiomyocytes, we transfected cells
with the CNT–siRNA–InsP3R-II complex. In cardiomyocytes
InsP3R-II is the predominant isoform and its distribution
has been reported both in the sarcoplasmic reticulum and
in the nuclear region (Garcia et al 2004, Guatimosim et al
2008). We exposed cardiomyocytes to the CNT–siRNA–
InsP3R-II complex (0.0250 mg ml−1 and 100 nM of siRNA)
and evaluated, by immunofluorescence using specific anti-
InsP3R-II antibody, the expression levels of this receptor in
the cell. As expected, InsP3R-II was found in the cytosol
and nuclear envelope of control cells exposed to CNTs
(figure 6(A)). In cells treated with the CNT–siRNA–InsP3R-
II complex, InsP3R-II labeling was significantly reduced when
compared to control cells. To investigate if InsP3R-II silencing
affected the expression levels of other proteins in the cells,
we analyzed the cellular distribution of another intracellular
Ca2+ release channel in cardiomyocytes, RyR-II. RyR-II is the
main Ca2+ release channel found in the sarcoplasmic reticulum
of cardiomyocytes. In cells treated with the CNT–siRNA–
InsP3R-II complex RyR-II immunostaining was not altered.
Real-time quantitative PCR experiments corroborated these
findings showing a significant silencing of InsP3R-II mRNA
when cells were transfected with CNT–siRNA–InsP3R-II
complex (figure 6(B)). Silencing efficiency exhibited a dose
dependence since cells incubated with a higher proportion of
CNTs to siRNA presented more reduced InsP3R-II mRNA
levels. We also compared the efficiency of CNTs as an siRNA
carrier to RNAifect. CNT efficiency was almost two times
higher than that obtained with the RNAifect–siRNA–InsP3R-
II complex (figure 6(B)). Accordingly, InsP3R-II silencing
was achieved in neonatal cardiomyocytes without any impact
on RyR-II mRNA levels (figure 6(C)). Interestingly, CNT
efficiency as a transfection agent, when compared to a
commercial agent, was more apparent in a hard-to-transfect
cell type, such as cardiomyocytes, than in SKHep 1 cells.
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Figure 5. CNTs do not alter cardiomyocyte dynamics. (A) Cardiomyocytes were submitted to fluorescence-based live/dead viability assay.
Dead cells were labeled with EthD-1 (red) and living cells were labeled with calcein AM (green). Images of neonatal cardiomyocytes exposed
or not (untreated control) to CNTs (0.05 mg ml−1) for 48 h were collected in a confocal microscope. (B) Averaged bar graph shows that cell
viability is not altered by CNTs. Values are presented as mean ± S.E.M. of three independent experiments. n = number of cells.
(C) Representative line-scan confocal image of cells incubated or not with CNT solution. Neonatal cardiomyocyte beating frequency was
monitored in Fluo-4/AM loaded cells following incubation with CNTs (0.05 mg ml−1) for 48 h. (D) Averaged bar graph shows that CNTs do
not alter cardiomyocyte beating frequency. The data shown is representative of three independent experiments. n = number of
cardiomyocytes analyzed. Scale bar = 10 μm.

3.5. Silencing efficiency of SWCNT–siRNA complex in DRG
cells

In DRG neurons the InsP3R-I is the major isoform (Dent
et al 1996). To evaluate the efficiency of CNTs as
siRNA carriers in another hard-to-transfect cell, we performed
immunofluorescence experiments in DRG neurons maintained
in culture for 48 h in the presence of the CNT–siRNA–InsP3R-
I complex formed by a combination of 0.0250 mg ml−1 CNTs

to 100 nM siRNA. As shown in figure 7(A) DRG neurons
express InsP3R-I in the cytosol and in the nucleus (Dent
et al 1996, Blackshaw et al 2000). Significant reduction of
InsP3R-I was observed in DRG cells exposed to the CNT–
siRNA–InsP3R-I complex, when compared to CNT-exposed
control cells. The transmitted image presented in figure 7(B)
shows the uptake of the CNT–siRNA–InsP3R-I complex by
DRG neurons. Panel 7(B) shows that DRG cells retain their
morphological structure in the presence of CNTs.
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Figure 6. Efficient reduction of InsP3R-II expression in neonatal cardiomyocytes after CNT–siRNA–InsP3R-II complex transfection.
(A) (top) Representative immunofluorescence of neonatal cardiomyocytes double-labeled with anti-InsP3R-II (green, left panel) and
anti-RyR-II antibodies (red, right panel). (Bottom) Representative immunofluorescence of neonatal cardiomyocytes following transfection
with CNT–siRNA–InsP3R-II complex for 48 h and double-labeled with anti-InsP3R-II (green, left panel) and anti-RyR-II antibodies (red,
right panel). CNT efficiently delivered InsP3R-II siRNA (100 nM) into cardiomyocytes and reduced InsP3R-II expression in these cells.
RyR-II immunolocalization was not altered in CNT–siRNA–InsP3R-II cardiomyocytes. Scale bar = 10 μm. (B) Forty eight hours following
transfection with siRNA complexed with CNT or with a lipid-based gene transfer system (RNAifect), cells were harvested, mRNA was
isolated and real-time PCR was performed to determine the InsP3R-II expression levels. Real-time PCR assay shows that cells transfected
with a combination of 3 μl RNAifect and 100 nM siRNA presented a 30% reduction in InsP3R-II mRNA levels. For CNT–siRNA complex
formation different concentrations of CNT (0.0125 or 0.025 mg ml−1) were added to the diluted 100 nM final concentration of InsP3R-II
siRNA. InsP3R-II gene was suppressed with higher efficiency in neonatal cardiomyocytes transfected with CNT–siRNA–InsP3R-II complex
than with RNAifect. (C) RyR-II transcript levels were determined in the same samples as in (B). RyR-II mRNA expression levels were not
affected by incubation with RNAifect or CNT–siRNA–InsP3R-II complex. The data shown are mean values ± S.E.M of at least two
independent experiments. # = p < 0.05 and ∗ = p < 0.001 when compared with control data.

4. Discussion

Here we showed an examination of CNT properties by
checking simultaneously its biocompatibility and efficiency as
an siRNA delivery method. In this work, we were able to
visualize an efficient knockdown of the siRNA target to the
InsP3R isoform into three distinct cell types (DRG, neonatal

cardiomyocytes and SKHep1 cells) by using purified short
CNTs.

Strategies aimed to increase CNT delivery efficiency are
constantly under investigation. A previous study has reported
a highly efficient molecular delivery of DNA plasmid, based
on the penetration of nickel-embedded CNTs into targeted cell
membranes by magnetic field driving (Cai et al 2005). Other
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Figure 7. CNT–siRNA–InsP3R-I complex reduces InsP3R-I expression levels in DRG-transfected cells. (A) Immunofluorescence images of
InsP3R-I labeled cells. CNT–siRNA was formed by a combination of 0.025 mg ml−1 CNT and 100 nM siRNA. CNTs efficiently delivered
siRNA into DRG cells leading to decreased InsP3R-I expression levels. Images are pseudocolored according to the color scale.
(B) Transmitted image of DRG cells showing the presence of CNT in the cytoplasm (arrow). Cell nucleus was labeled with Dapi (blue). Scale
bar = 10 μm.

groups have also used different strategies to deliver siRNA into
mammal cells by chemically modifying CNTs with groups that
could be covalently or electrostatically linked to the siRNA
(Kam et al 2005, Rege et al 2006, Zhang et al 2006, Krajcik
et al 2008). In fact, it has been shown that positively charged
CNTs successfully mediate targeted gene interference when
complexed with an siRNA concentration of 2 nM (Zhang
et al 2006). While these approaches were efficient, they
required complex modifications of the CNTs, which may have
increased contamination with residues. Furthermore, most of
these studies used immortalized cell lines that, in general, are
considered easy to transfect (Kam et al 2005). The delivery
efficiency presented by CNTs can be explained, at least in
part, by its larger aspect ratio when compared to classical
delivery systems, such as liposomes. It allows for more siRNA
load and more efficient permeation through cell membranes
(Kam and Dai 2006). In fact, CNTs can efficiently deliver
siRNA into human T-cells and microglia, whereas conventional
transfection vectors such as lipofectamine show little effect
in the internalization of siRNA in these cell types (Liu et al
2007, Kateb et al 2007). A dependence of the delivery
ability of nanotubes on functionalization and the degree of
hydrophilicity has been reported previously (Liu et al 2007).
Accordingly, hydrophobic interactions are an underlying factor
in nanotube-mediated molecular delivery, suggesting that a
balanced chemical functionalization should be achieved in
order to handle solubility without impairing their ability to
enter inside the cell (Liu et al 2007).

Although the biological effects of CNTs still remain
unclear, evidence in support of non-cellular toxicity of CNTs
is found in the literature (Shi Kam et al 2004, Pantarotto
et al 2004, Zhang et al 2006, Liu et al 2007, Cui et al
2007, Dumortier et al 2006, Kateb et al 2007). In this study

we expanded this data by showing that CNTs do not affect
cellular viability in spite of changing gene expression levels of
important cellular pro-apoptotic genes and cell cycle regulators
in SKHep 1 cells. However, we also noted a higher expression
of survival genes, which may have compensated the increased
expression of death genes. This data was confirmed by FACS,
which showed no effect of CNTs on SKHep 1 cells viability.
These data correlated with findings from a previous study (Shi
Kam et al 2004) showing that the uptake of SWCNTs did not
adversely affect HL60 cells at equivalent CNT concentration
used in this work. No apparent change in cellular viability
was also observed in cardiomyocytes, even when a higher
dose of CNTs was used (0.05 mg ml−1). Two lines of
evidence support this assumption: (i) cardiomyocyte beating
rate was not affected by CNT exposure and (ii) live/dead
experiments indicated that exposure of cardiomyocytes to
CNTs did not alter the percentage of live cells. This data is
in line with a previous report showing a lack of toxicity of
functionalized CNTs in cardiomyocytes (Krajcik et al 2008).
Besides RyR immunolabeling or mRNA levels were similar in
cardiomyocytes treated or not with CNTs.

Another important issue is the location of CNTs inside the
cells. By using fluorescence microscopy, it has been reported
the presence of CNTs inside phagosomes of a macrophage-
like cell, with no apparent toxicity (Cherukuri et al 2004).
Although some reports described that CNTs can enter the
nucleus, its presence in the nucleus is still controversial (Mu
et al 2009). We have observed the presence of CNTs in the
cytosol of all cells studied, although the specific localization
was not determined. More work is necessary in order to answer
this question.

Surprisingly, 96% silence of the expression of InsP3R-
II was achieved in cardiomyocytes, an amount which was
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never reached by a commercially available method, until
now. Moreover, we observed an efficient gene silencing by
increasing the ratio of CNTs to siRNA, with no apparent
impact on nonspecific gene silencing or toxicity. This finding
is consistent with the idea that nanotube uptake into the
cells increases as a function of nanotube concentration in the
medium (Cherukuri et al 2004).

Different from our work, CNT preparations generally
using side groups containing large carbon strain make siRNA
binding to CNTs difficult. Furthermore, the increase in the
number of positive charges on the CNT surface may cause
a strong interaction between siRNA and CNTs, which may
cause the release of siRNA from the complex difficult once
inside the cell. The use of siRNA carriers based on short
single-wall CNTs (length 50–500 nm) with just a few chemical
groups such as COOH− or NH3− is expected to overcome
these problems by achieving three major goals: reduction of
toxicity, enhancement of the stability of siRNA and increase of
siRNA permeation into cells. In addition, CNT efficiency as a
transfection agent was more apparent in a hard-to-transfect cell
type, such as cardiomyocytes, than in SKHep 1 cells.

In conclusion, short single-wall carboxylated-CNT–
siRNA represents a very effective RNAi carrier to different cell
types, providing an efficient silencing of the target gene with
high specificity and large reduction in toxicity.
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