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Supporting Information
Al-Jamal et al. 10.1073/pnas.1100930108
SI Experimental Methods
CNTs and Chemicals.Multiwalled carbon nanotubes (MWNT) were
purchased from Nanostructured and Amorphous Materials Inc.
(Houston, TX; Lot # 1240XH, 95%). Outer average diameter
was 20–30 nm, and length between 0.5–2 μm. Endothelin-1
(ET-1) was purchased from Sigma (United Kingdom). siCas-
pase-3 sequence (referred to throughout this manuscript as siCas
3) is 5′ UAC-CAG-UGG-AGG-CCG-ACU-U99, noncoding
siNEG and AlexaFluor 546-labeled noncoding siRNA (siNEG-
AF 549) were purchased from Eurogentec (United Kingdom).
siRNA stock solution was used at 20 μM in deionized water.
Minimum Essential Medium (MEM), Neurobasal medium, B27
supplement, fetal bovine serum (FBS), penicillin/streptomycin,
and phosphate buffered saline (PBS), glutamine, HBSS (Ca2þ∕
Mg2þ free) were purchased from Gibco, Invitrogen (United
Kingdom). Murine Neuro-2a (N2a) (ATCC# CCL-131) neuro-
blastoma cell line was purchased from the American Type Cul-
ture Collection ATCC (USA). BCA Protein assay kit and ECL
detection system were purchased from Pierce (USA). Hybond
ECL nitrocellulose membranes were obtained from GE Health-
care (United Kingdom). Rabbit monoclonal Caspase-3 antibody
and horseradish peroxidise (HRP)-linked antirabbit IgG were
obtained from Cell Signaling (MA, USA). Mouse monoclonal
GAPDH antibody was obtained from Ambion. HRP-linked anti-
mouse IgG was obtained from Jackson ImmunoResearch (MA,
USA). RNeasy Mini Kit and QuantiTect Reverse Transcription
Kit were from QIAGEN (United Kingdom), Fast SYBR®Green
Master Mix was purchased from BioRad (USA). ApoAlert DNA
Fragmentation Assay Kit was purchased from Clonetech Labora-
tories, Inc., (USA). Vectashield (H1000) was purchased from
Vector Laboratories (USA). 400-mesh copper grids coated with
formvar/carbon support film for (TEM) were from Agar Scien-
tific® (United Kingdom). Euthatal® was from Rhone Merieux
(United Kingdom)

Chemical Functionalization and Characterization of Carbon Nano-
tubes. f -CNTwere prepared following the 1,3 dipolar cycloaddi-
tion reaction as previously described (1, 2). MWNT (100 mg)
were suspended in 150 mL of Dimethylformamide (DMF). The
mixture was sonicated and then heated at 115 °C while a solution
of paraformaldehyde (4 × 100 mg) and Boc monoprotected 2,2′-
(ethylenedioxy) diethylamine (4 × 100 mg) in DMF were added
in portions over 4 d. The product was filtrated and washed with
DMF, MeOH, and ether. The black solid was dried. The final
product was analyzed by thermogravimetric analysis (TGA)
(4% at 600 °C), corresponding to 145 μmol∕g. Then, the amino
acid was deprotected with HCl gas and the obtained MWNT-
NH3+ were thoroughly washed and dried. The amount of amino
groups was determined with the Kaiser test, corresponding to
147 μmol∕g which agrees with result from TGA analysis. A size
distribution of the f -CNTwas performed measuring a high num-
ber of f -CNT using Sigma-scan Pro8 program. MWNT-NH3+,
referred to in this manuscript as f -CNT, were dispersed in 5%
dextrose or deionized water at a concentration of 1 mg∕mL.
The dispersion was sonicated for 15 min at room temperature in
a bath sonicator (Ultrasonic cleaner, VWR) before each use and
stored at 4 °C until further use.

Transmission Electron Microscopy (TEM) of f -CNT Dispersions and
Brain Sections. The sonicated f -CNT dispersion was deposited
on 400-mesh copper grids coated with formvar/carbon support
film and allowed to dry at room temperature before imaging

under TEM (Philips CM10). The images were captured with high
resolution digital cameras coupled to the EM.

For TEM of mice brains, mice were transcardially perfused
under terminal anaesthesia (Euthatal®) with 3% glutaraldehyde
in 0.5M cacodylate buffer (pH 7.4). After perfusion, brains were
removed, immersed in the perfusate for 2–4 d at 4 °C, allowing
adequate penetration of the primary fixative. The brains were
then transferred to 1 M cacodylate buffer until ready to be pro-
cessed. Specimens of 1 mm were cut using brain matrices (Zivvic
Instruments®, USA). Each specimen was washed several times
with deionized water, submitted to a second fixation with osmium
tetroxide (OsO4) for 90 min, rinsed with deionized water, then
dehydrated by a series of ethanol grades: 70%, 90%, and 100%.
Specimen were infiltrated with propylene oxide, followed by 1∶1
(v∕v) propylene oxide:araldite resin and finally were left in neat
resin overnight at room temperature. Specimens were then
placed at the desired orientation in the embedding moulds and
placed in 60 °C oven to allow for resin polymerization for 2–3 d.
Semithin sections (approximately 0.71 μm thickness) were ob-
tained using an ultramicrotome and SEMI diamond knife (SEMi,
Leica, United Kingdom). TEM was performed on precisely
aligned ultrathin sections (approximately 70 nm thickness)
obtained using an ultramicotome and a diamond knife (Diatome
45°, Leica, United Kingdom), collected onto 400 thin copper
3.05 mm grids and observed unstained under TEM.

Cell Cultures. N2a cells were maintained in MEM supplemented
with 10% fetal bovine serum (FBS), 100 U∕mL penicillin,
100 μg∕mL streptomycin, 1% L-glutamine, and 1% nonessential
amino acids at 37 °C in 5% CO2. Cells were passaged when they
reached 80% confluence in order to maintain exponential
growth. Primary cortical neurons were prepared from pregnant
E16–E18 Wistar rats, embryos purchased from Harlan (United
Kingdom), dissociated to single cell suspensions by trituration
in Ca2þ∕Mg2þ free HBSS solution and plated on 50 μg∕mL
poly-D-lysine-coated glass coverslips at a density of 50,000 cells
per cm2 in neurobasal medium containing B27 supplement,
glutamine (0.5 mM), penicillin (100 U∕mL), streptomycin
(100 μg∕mL). Cultures were incubated in a humidified 37 °C∕5%
CO2 incubator for 10 d before experimentation.

Evaluation of Fluorescent siRNA Complex Uptake in Primary Neurons.
AlexaFluor 546-labeled noncoding siRNA (siNEG-AF 549)
(λexc ¼ 556 and λem ¼ 573 nm) was used to prepare fluorescent
siRNA complexes to assess the ability of f -CNTs to transfer
siRNA into the neurons. Neurons grown on glass coverslips in
24 well tissue culture dishes were incubated for 24 h with the
fluorescent complexes prepared at 1∶8mass ratio. Briefly, 100 μL
of the preformed siRNA complex was diluted five times with the
culture media yielding a final siRNA concentration of 100 nM,
cells were washed with PBS solution and fixed with 4% parafor-
maldehyde (PFA) in PBS for 15 min at room temperature, then
rinsed with PBS prior to fluorescence imaging. Cover slips were
mounted with aqueous poly vinyl alcohol Citiflour reagent mixed
with AF100 antifade reagent (10∶1) prior to use. The cellular
uptake of AlexaFluor546 labeled siRNA was imaged using a
AxioVision with a 40× immersion objective (Carl Zeiss Inc.,
Thornwood, NY) or confocal laser scanning microscopy (CLSM)
(Zeiss LSM 510 Meta; Carl Zeiss, Oberkochen, Germany) and a
Plan-Neofluar 63X lens.
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In Vitro Silencing of Caspase-3 in N2a Cells.N2A cells (30;000 cells∕
well) were seeded onto 6-well plates. Twenty-four hours later,
cells were transfected with siCas 3 or siNEG complexed with
f -CNTat 1∶8mass ratio. Briefly, 100 μL of the preformed siRNA
complexes was added to each well containing 400 μL of serum
free media to achieve a final siRNA concentration of 100 nM.
Four hours later, 500 μL of fresh media containing 20% FBS
was added to achieve 10% FBS final concentration and cells were
incubated for 24 or 48 h before assessment of gene silencing by
Western blot and real-time-PCR.

Western Blot. After 48 h of incubation with the silencing com-
plexes at 37 °C and 5% CO2, cells were then washed twice with
ice-cold PBS and collected directly in lysis buffer (50 mM Tris-Cl,
pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40 and 0.5%
sodium deoxycholate). The cell lysate was sonicated and then left
over ice for 30 min. Samples were cleared by centrifugation at
21;000 × g for 15 min at 4 °C and supernatant was collected.
Total protein concentration was assessed with BCA Protein assay
kit and 10 μg of total protein was taken from each supernatant
and resolved on 10% SDS-PAGE gels and transferred to Hybond
ECL nitrocellulose membranes. After blocking in 3% BSA over-
night, the blots were incubated with rabbit monoclonal Caspase-3
antibody at 1∶1;000 dilution, followed by horseradish peroxidise
(HRP)-linked antirabbit IgG at 1∶1;000 dilution used as second-
ary antibody. The specific bands were detected with enhanced
chemiluminescence (ECL) detection system. Band intensities
of the full length Caspase-3 were calculated with Image J and
expressed as a percentage of full length Caspase-3 expression
in control cells. GAPDH expression (housekeeping gene) was
run in parallel.

Real-Time PCR. After 24 or 48 h of incubation with the silencing
complexes at 37 °C and 5% CO2, N2a cells were washed and total
RNA was extracted with an RNeasy Mini Kit according to the
manufacturer’s instructions. The concentration of total RNA
was determined by measuring the optical density 260 nm∕280 nm
ratio. RNA purity was confirmed between the expected values of
1.8–2.0. First strand cDNA was prepared from 1 μg RNA in a
total volume of 20 μL using the QuantiTect Reverse Transcription
Kit. Real-time-PCR was performed using the CFX96™ Real-
Time-PCR Detection System (BioRad). The reactions contained
1× Fast SYBR® Green Master Mix, each primer (mCaspase3
sense 5′ GGT CCT CCT GGT CTT TGT 3′; mCaspase3 anti-
sense 5′AGTATCGCCAAATCT TGC TAAT 3′; mActin sense
5′ CAT TGG CAT GGC TTT GTT T 3′; mActin antisense 5′
GGA CTT CCT GTA ACC ACT TAT 3′) at 200 nM and 1 μL
of cDNA from reverse transcription PCR in a 25 μL reaction.
After an initial denaturation step at 95 °C for 10 min, amplifica-
tion was carried out with 40 cycles of denaturation at 95 °C for
10 sec, annealing at 60 °C for 30 sec. Amplification was followed
by a melting curve analysis to confirm PCR product specificity.
No signals were detected in no-template controls. All samples
were run in triplicate and the mean value of each triplicate was
used for further calculations. Relative expression was calculated
using the ΔΔCT method. The quantity of β-actin (housekeeping)
transcript in each sample was used to normalize the amount of
Caspase-3 transcripts, then comparing the normalized value was
compared to the normalized expression in naive cells to calculate
a fold change value.

Animal Handling Procedures. All animal experiments were per-
formed in compliance with the United Kingdom Home Office
(1989) and Code of Practice for the housing and care of Animals
used in Scientific Procedures and in agreement with protocols
approved by the Italian Minister for Scientific Research. Six to
eight-weeks old female C57Bl6 mice were caged in groups of
4–7 with free access to food and water. Adult Sprague-Dawley

rats included in this study were raised in standard conditions
caged in group of three animals with free access to food and
water. For all animals, a temperature of 19–22 °C was maintained,
with a relative humidity of 45–65%, and a 12 h light/dark cycle.

f -CNT:siRNA Complexation for In Vivo Studies. siRNA complex
preparation for in vivo experiments was prepared by adding an
equal volume of f -CNT dispersion (1 mg∕mL in 10% dextrose)
to siRNA (siCas 3 or siNEG) solution (10 μM or 125 μg∕mL in
water), mixed by rapid pipetting, to achieve f -CNT:siRNA mass
ratio of ∼8∶1. One microlitre containing the complex of 500 ng
f -CNTand 62.5 ng (4.7 pmol) siRNA was injected into the cere-
bral cortex of each animal. For comparison, groups of mice were
injected with 1 μL containing the vehicle alone (5% dextrose),
f -CNT (500 ng) complexed with siNEG or uncomplexed siCas
3 (62.5 ng) in 5% dextrose.

Stereotactic Administration of f -CNT or f-CNT:siRNA Complexes.Mice
or rats were anesthetized with Avertin (0.5 mL∕100 g) and se-
cured on a stereotactic apparatus. Injections were made at stereo-
tactic locations (at one site in mice: þ0.5 mmAP, þ1.5 mmmL
from bregma; at two sites in rats: 0 mm, þ2.5 mmmL,
þ2.5 mmmL, and þ2.3 mmAP from bregma) in the primary mo-
tor cortex by means of a glass pipette (30-μm tip diameter)
mounted on a motorized (0.1-μm step) three-axis micromanipu-
lator (Sutter Instruments, Novato, CA, USA) connected to a
manual injector. In mice, a total of 1 μL of f -CNT (500 ng)
dispersion was released at 700 μm below the cortical surface. In
rats, a total of 500 nL was released at 700 μm below the cortical
surface and another 500 nL was released 400 μm below the cor-
tical surface to allow homogeneous dispersion of f -CNTs along
the cortical depth at the two sites of injection. During surgical
procedures, animals were oxygenated and heated using a blanket
with a thermostat to ensure a 37 °C rectal temperature. At the
end of each surgical session the scalp incision was closed with
Mersilk sutures (Ethicon, United Kingdom), and the antibiotic
gentamicin was topically administered to prevent infections.
Each surgical session required about 20 min and recovery from
anaesthesia occurred after 60 to 90 min. After recovery, the ani-
mals were returned to their home cages.

Endothelin (ET-1) Stroke Model. To induce ischemic lesions, mice
and rats were anesthetised 24 h after treatment (pretreatment
protocol) or 1 h posttreatment (posttreatment protocol). Unilat-
eral lesions at the motor cortex were induced by injections of
0.750 μL of ET-1 solution (30 pmol) dissolved in saline and
administered at the same coordinates used for delivering the
treatment solution, over a period of 30 s, leaving the needle in
place for a further 60 s. All surgical procedures and animal re-
covery were carried out as described in the previous section. Mice
were then killed after a further 24 h to evaluate the occurrence of
apoptosis in the ischemic penumbra area. For behavioral studies,
rats were allowed to recover up to the time of reaching recall
session (up to day 20 of the experiment).

TUNEL Staining for Apoptosis Detection. Injected mice were trans-
cardially perfused with ice-cold 4% paraformaldehyde in 0.1 M
Tris-Buffered Saline (TBS). Brains were quickly removed and
cryoprotected in 30% sucrose overnight and then 50 μm coronal
sections were cut on cryostat and processed for immunohisto-
chemistry. To detect apoptosis, ApoAlert DNA Fragmentation
Assay Kit, a fluorescence kit based on terminal deoxynucleotidyl
transferase (TdT)-mediated dUTp nick-end-labeling (TUNEL),
was used. Briefly, free-floating paraformaldehyde fixed 50 μm
coronal sections were treated for 5 min at room temperature
(RT) with 20 μg∕mL Proteinase K solution. After washing with
phosphate buffered saline (PBS) solution (0.1 M) the slices were
equilibrated with Equilibration Buffer at RT for 10 min. TdT
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incubation buffer was prepared following the Kit User Manual
suggested ratios of Equilibration Buffer, Nucleotide Mix, and
TdT Enzyme. The tailing reaction was performed in the dark and
humidified 37 °C incubator for 60 min. The reaction was termi-
nated by adding 2x SSC and incubating for 15 min at RT in the
dark. After three washing steps with PBS the slices were stained
with 5 μg∕mL propidium iodide (PI) at RT for 5 min and washed
again before mounting on microscope slides. Slices were
mounted on glass slides with Vectashield, preparations were cov-
erslipped, sealed with nail polish, and scanned with a Leica TCS-
NTconfocal microscope (Leica Microsystems) equipped with an
argon—krypton laser. Apoptotic cells exhibit nuclear green fluor-
escence using fluorescein filter set (520� 20 nm). All cells
stained with PI exhibit red cytoplasmic fluorescence (>620 nm).
The green stained cell nuclei were counted in 16×-magnification
images of six different slices/brain chosen adjacent to the injec-
tions. To evaluate the statistical significance of the results, the
average� SEM of apoptotic (green) cells/ slice was calculated
and 7–12 mice per treatment were killed in three independent
experiments. One-way statistical analysis of variance followed
by analysis with the Student-Newman-Keuls method were per-
formed.

The Skilled Reaching Test.The reaching test was performed in adult
rats. In brief, animals were placed in a Plexiglas chamber

(30 cm × 36 cm × 30 cm) and trained to reach through a window
(1 cm wide) to retrieve small sucrose pellets placed in a well on a
platform at a distance of 1 cm using the preferred forelimb. Each
testing session consisted of three sets of 25 trials each, for a total
of 75 trials. Successes (or positive trials) were scored when an
animal grasps the pellet on the first attempt and places it into
its mouth. Before surgery all animals were tested in a pretreat-
ment session (day 1–day 6) to establish the maximum level of
positive trials performed by each animal included in this test.
All animals used in this study reached a 70% success perfor-
mance. On day 7, rats were randomly divided into groups of four
and the different treatments were administered. On day 8 stroke
was induced by injecting 30 pmol endothelin in +ET-1 group
and saline in −ET-1 group, in each of the two cortical sites as
described above and animals were allowed to recover up to day
14. Each animal was then retested on the reaching paradigm on
day 16 and up to day 20. Investigators performing the behavioral
testing were blind to the treatment groups. Postischemia treat-
ment performance evaluation (recall) of each animal was ex-
pressed as normalized to its own value of the mean of the last
three days of pretreatment performance. To evaluate the statis-
tical significance of the results, the average� SEM of the positive
trials was calculated (n ¼ 4) using one way ANOVA, post hoc
Holm-Sidak test.

1. Georgakilas V, et al. (2002) Amino acid functionalisation of water soluble carbon
nanotubes. Chem Commun 24:3050–3051.

2. Georgakilas V, et al. (2002) Purification of HiPCO carbon nanotubes via organic
functionalization. J Am Chem Soc 124:14318–14319.
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Fig. S1. (A) TEM of pristine CNT in 5% dextrose, shows poor aqueous dispersion; (B) The length distribution of f -CNT determined by image analysis using
Image J indicates that the majority of nanotubes are below 1 μm in length; and (C) thermogravimetric analysis (TGA) of f -CNT. The black curve corresponds to
the pristine CNT while the red line is that of the f -CNTs. There is a clear reduction in mass between 200 °C and 450 °C that corresponds to the loss of the
functional groups. Between 450 °C and 700 °C there is a plateau, above which nanotubes start to degrade around 700–800 °C as another evident loss of mass
can be observed.
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Fig. S2. Internalization of f -CNT within neural tissue in vivo. TEM of brain cortical parenchyma sections at 48 h after stereotactic administration of f -CNT,
showing nanotube internalization into different cell types (neurons, astrocytes, and microglia). Microglia (B) were observed to actively phagocytose most of
the nanotubes.

Fig. S3. Internalization of f -CNT by isolated neuronal culture in vitro. (A and B) CryoSEM imaging showing the binding of nanotubes with the plasma mem-
brane; and (C and D) TEM of primary neuron sections, 24 h after treatment with f -CNT showing nanotube internalization.
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