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Carbon nanotubes (CNTs) covalently modified with low molecular

weight polyethylenimine (PEI) are able to bind and deliver siRNA to

cells with higher efficacy than a reference lipidic carrier. The

performances of the nanohybrid are rationalized by the combination

of the cell penetration and endosomal escape properties of CNTs

and PEI, respectively.

Synthetic interfering RNAs (siRNA) hold great promise for medical

applications because their sequence can be designed, almost at will, to

inhibit the expression of a targeted gene by triggering enzymatic and

sequence-selective degradation of the corresponding mRNAs.1

However, nucleic acids do not freely pass the cell plasma membrane

and rely on carrier systems to activate cell uptake and payload

delivery.2–5 At a cellular level, the currently available siRNA delivery

systems are generally prepared from cationic polymers,6–9 lipids,10–12

peptides,13,14 or carbon nanotubes (CNTs).15,16The potential of CNTs

to assist nucleic acids delivery to cells has been mostly investigated

after surface cationization either via adsorption of amphiphiles17–19 or

covalent modification.20,21 Chemical modification of carbon nano-

tubes appears attractive because it usually improves dispersion

stability and reduces toxicity.22 Prato et al. have recently modified

CNTswith quaternary amine dendrons of increasing generations and

found a direct correlation between amounts of cationic charges on

CNTs and siRNA that accumulated into cell lines.23 Enhanced

cellular internalization was observed via a needle type penetration24

although silencing activity of the delivered siRNA remains to be

optimized.25 This suggests that an alternative pathway of cellular

entry could also be operative, that is, classical endocytosis.26 Indeed,

cationic systems generally enter cells but are directed into endosomes.

An adequate endosomal escape facilitator is then needed to enhance

the biological activities of the payload.27 We hypothesized that

cationic CNTs may gain further siRNA-mediated silencing activity

upon combination with endosomolytic elements. Polyethylenimine

(PEI) has become a very popular DNA transfection agent because it

has the dual property to bind nucleic acids and induce endosomal

rupture via the so-called ‘‘proton-sponge’’ effect.28,29 In addition,

cationic polymer grafted carbon nanotubes have also been shown to

complex and transfer DNA.30 We therefore built a PEI–carbon

nanotube hybrid and evaluated its efficiency to assist siRNA-medi-

ated gene silencing at the cellular level.

Cells can engulf nanomaterials of various sizes and shapes

including carbon nanotubes, but several cell entry portals have size-

restriction.31 We thus conjectured that cell entry could be facilitated

on working with small CNTs of a few hundreds of nanometres

length. Hence, commercially available multiwalled carbon nanotubes

(ca. 1 mm long, Fig. 1a) were dispersed in toluene and shortened by

extensive ultrasonication.32Transmission electronmicroscopy (TEM)

analyses showed that ca. 80% of the nanotubes was shortened to

lengths around 200 nm (Fig. 1b).

Shortened CNTs were then reacted with branched 600 Da-PEI

(average degree of polymerization of 14) in DMF at 50 !C, using the

straightforward procedure described by Basiuk et al.33 The choice of

small PEI was governed by the fact that CNT hybrids built with

higher molecular weight PEI (e.g., 25 kDa) exhibited cytotoxicity.34,35

The resulting PEI–CNT nanohybrids (Fig. 2a) were collected by

centrifugation, washed several times to eliminate amine in excess, and

characterized using standard analytical methods. Transmission elec-

tron microscopy analysis (Fig. 2b) showed tubes without morpho-

logical alteration by comparison to standard carbon nanotubes. The

nanohybrids were also mostly found as individual species, a property

likely due to the cationic surface modification, which adds hydro-

philicity and electrostatic repulsion between the tubes. X-Ray

photoelectron spectrum (Fig. 2c) showed the apparition of a N 1s

peak at 400.0 eV which was attributed to the nitrogen atoms of the

PEI. From the nitrogen to carbon ratio, we calculated that the

nanohybrid contained about 8.8 wt%of PEI, which correspond to ca.

2.4 mmol of N per mg of nanohybrid. Finally, zeta potential was

Fig. 1 TEM pictures of (a) full length CNTs, and (b) shortened CNTs.

Nanotubes were dispersed with SDS prior to deposition.
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measured at +44mV in pure water, confirming the cationic character

of the nanohybrid (Fig. 2d).

Electrostatic adherence of siRNA to the cationic nanotube is

a prerequisite which was investigated by mixing increasing quantities

of the PEI–CNT to siRNA duplexes (50 nmol). Each mixture (total

volume of 15 mL)was then analyzed by agarose gel electrophoresis, to
separate free migrating siRNAs from CNT-bound siRNAs. As seen

in Fig. 3a, full retardation intervenes at a ratio of PEI–CNT nitrogen

atoms (N) to siRNA phosphates (P) slightly above 5. The ability of

the nanohybrid to deliver siRNA into mammalian cells was then

evaluated by monitoring the siRNA-mediated silencing of a firefly

luciferase gene using either targeting (siluc) or control (sic) siRNAs.

To avoid potential contamination by transfection reagents, we used

the U87 human glioblastoma cell line, which was stably transformed

to express a luciferase gene. For cellular uptake, most nucleic acid

delivery systems should be made cationic to anchor to sulfated

proteoglycans present in large amounts on the surface of adherent

cells.36 SiRNA duplexes were therefore mixed with PEI–CNTs at

a N/P ratio of 80 to overcome electrostatic neutrality. The overall

cationic siRNA–nanohybrid complex was then added to cells in

increasing quantities. In contrast to some previously described

siRNA delivery procedures where cationic CNTs are transiently

applied to cells in a medium without serum,22,23,26 we chose more

stringent conditions by adding the siRNA/PEI–CNT complexes to

cell culture medium containing serum. Cells were grown without any

intervention. Luciferase activity was measured after 48 hours by cell

lysis; silencing data are reported in Fig. 3c. Complexation of the

luciferase-targeting siRNA with a commercial lipidic carrier formu-

lation ([jet-siENDO] " 60 mg mL#1) led to optimum luciferase

activity inhibition of 55% relative to untreated cells. Increasing the

concentration of the lipoplex led to cytotoxicity. As expected, free

PEI, unmodified CNTs or mixture of both species, failed to inhibit

luciferase expression. On the contrary, increasing addition of the

PEI–CNT/siRNA system led to a gradual rise in luciferase activity

silencing with a peak at 24 nM siRNA (65% inhibition). These results

are supported by optical microscopy pictures (Fig. 3b) which showed

cell internalized CNTs. Further addition of PEI–CNT/siRNA

complexes (up to 30 nM siRNA) did not improve the silencing

activity. Control siRNA (sic) failed to perturb the activity of the

cellular luciferase, regardless of the delivery system. This result

confirms the selectivity of the siRNA technology and the absence of

acute toxicity of the nanohybrid delivery system as luciferase

expression (hence activity) of U87luc is proportional to cell number.

Conclusions

In summary, we covalently modified carbon nanotube with poly-

ethylenimine and showed that the resulting nanohybrids were able to

bind to siRNA, enter cells, and induce endosomal escape. The

PEI–CNT siRNA delivery system showed superior performances

compared to a reference lipidic carrier (jet-siENDO), even in the

presence of seric proteins. The nanohybrid vehicle appears very

promising andmore efficient systems could be envisioned using labile

CNT connecting bonds.17,37 Indeed, cleavage of the latter in cells

should facilitate siRNA release from the nanotube and improve

overall delivery efficiency.

Experimental

General

Chemicals were purchased from Aldrich and used as received. Mul-

tiwalled carbon nanotubes (Nanocyl 3150, 95%) were purchased

Fig. 2 (a) Schematic representation of the PEI functionalized nanotube.

(b) TEM picture, (c) wide scan XPS spectrum, and (d) zeta potential

measurements (triplicate) of the PEI–CNT nanohybrid.
Fig. 3 (a) Agarose gel retardation assays show gradual complexation of

siRNA by the PEI–CNT with increased nitrogen of PEI–CNT (N) to

siRNA phosphate (P) ratio. (b) Phase contrast micrograph shows U87luc

to retain their normal spreading and proliferation pace following expo-

sure to siluc/PEI–CNT complexes for 48 h (12 nM siluc; N/P 80)—carbon

nanotubes appear as dark spots. (c) Evaluation of the cationic systems to

assist siRNA-mediated cell luciferase gene silencing. CNTs were mixed at

N/P ratio " 80 with control siRNA (sic) or luciferase siRNA (siluc) and

added to cells. Values indicate final siRNA concentrations (in nM). UC:

untreated cells, LV: lipid vehicle (jet-siENDO), CNT: bare nanotube,

mix: PEI and CNT.
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from Nanocyl (Sambreville, Belgium). Branched PEI (600 Da) was

purchased from Alfa Aesar. Sonication was performed using

a Branson Sonifier 450 ultrasonicating probe. Electron microscopy

observations were carried out on a Philips CM12 microscope oper-

ated at 100 kV. Zeta potential measurements were recorded on

Zetasizer Nano Z (Malvern) and XPS on a VG ESCALAB 210

spectrometer.

Shortening of carbon nanotubes

CNTs (80 mg) were ultrasonicated in 30 mL of toluene for 4 days

(25 W output power). A cooling system was installed to avoid

evaporation of the solvent. The suspension was centrifuged for 30

min at 10 000 rpm, and the supernatant was discarded. The precip-

itate was taken back in 30 mL of H2O and centrifuged again. This

operation was repeated two more times with acetone (30 mL).

Shortened CNTs were finally dried under vacuum (75 mg).

Nanohybrid synthesis

Short CNTs (30 mg) were dispersed in 10 mL of DMF for 15 min

using the ultrasonic probe (10 W output power). PEI (250 mg) was

then added and the mixture was further sonicated for 10 min. The

dispersion was stirred for 3 days at 50 !C before the functionalized

nanotubes were filtered on polypropylene membrane (0.2 mm, GH

PolyPro, PALL) and washed with CH2Cl2 (15 mL), DMF (15 mL),

andMeOH (3$ 15 mL). CNTs were taken back in 10 mL of a pH 1

HCl solution and sonicated for 10 min (25 W output power). The

dispersion was filtered and washed with H2O (15 mL, 3 times),

MeOH (15 mL). CNTs were dispersed in water under sonication

(10 min, 25W output power) and centrifuged (5 min, 2000 rpm). The

black supernatant was collected and lyophilized (10 mg).

Materials

U87luc cells were selected with G418 to stably express a plasmid

encoding a luciferase gene. Cells were grown in DMEM medium

containing 10% fetal bovine serum (Perbio, Brebi"eres, France), 2mM

L-glutamine, 100 units mL#1 penicillin and 100 mgmL#1 streptomycin

and were maintained at 37 !C in a 5% CO2 humidified atmosphere.

siRNAs were purchased from Eurogentec (Seraing, Belgium) and

stored at #20 !C as 20 mM solution in RNase-free water and were

terminated at 30-ends by overhang of two 20-deoxythymidines.

The luciferase gene was silenced with a RNA duplex of the

sense sequence: 50-CUUACGCUGAGUACUUCGA. The control

siRNA was of sequence 50-CGUACGCGGAAUACUUCGA.

siRNA complexation with jetSi-ENDO (Polyplus-transfection,

Illkirch) was done according to instruction.Gel retardation assaywas

performed on a 2% agarosis gel containing 1mMEDTA and 40mM

Tris acetate buffer pH 8.0. After electrophoresis, the gel was stained

in an ethidium bromide solution (0.5 mg mL#1) for siRNA detection

with a UV transilluminator.

Delivery experiments

The procedure is for 96-well plates. The day before, cells were seeded

at 8000 cells per well in 100 mL of cell culturemedium containing 10%

FBS.Nanohybrid was first dispersed inH2O to a stock concentration

of 1.64 mg mL#1 (4 mM nitrogen) and siRNA to a stock concen-

tration of 1.2 mM (0.05 mM phosphate). The siRNA/nanohybrid

mixture (0.24 mMsiRNA) with a nitrogen of vector (N) to phosphate

of siRNA (P) ratio of 80 was prepared by adding 8 mL of the

nanohybrid stock solution and 8 mL of the siRNA stock solution to

24 mL aqueous 7.5% (w/v) glucose. To reach a final siRNA concen-

tration of 24 nM in wells, 11 mL of the complex were added to the cell

culture medium. Other conditions were performed accordingly by

adjusting both nanohybrid and siRNA concentrations. The cellular

luciferase activities were analyzed 48 h later using the luciferin solu-

tion kit (promega) and a luminometer Centro LB960 XS (Berthold,

Thoiry, France). Results are plotted as averages and standard devi-

ations of triplicate. Expression percentage is relative to untreated

cells.
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