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O
ligonucleotides (ODNs) are po-
tential therapeutic agents with
several attractive properties, in-

cluding selective recognition of molecular

targets, which results in high specificity of

action.1 ODNs can operate via different

mechanisms to control gene expression at

either the transcriptional or the post-

transcriptional level. Synthetic double-

stranded ODNs (dsODNs), containing the

consensus binding sequence of a transcrip-

tion factor, compete for binding of tran-

scription factors with their consensus se-

quence in target genes.2 Thus, once

delivered into cells, the ODN acts as a trap

for the target factor, allowing selective

modulation of gene expression. The decoy

technology has proven effective both in

vitro and in vivo, suggesting its use in

therapy.3 Several decoy molecules are al-

ready or will be briefly under clinical trial.4,5

On the other hand, the number of diseases

which could be potentially treated with

ODN decoy therapeutics is increasing with

the growing of transcription factors found

to be involved in human disease

pathogenesis.

The nuclear factor-�B (NF-�B) plays a

critical role in regulating expression of

genes responsible for a wide range of cellu-

lar processes, including innate and adap-

tive immune responses and pathways re-

lated to cell survival and proliferation.

Therefore, it is considered a good target

for therapeutic interventions, primarily in

situations of chronic inflammation or in can-

cer, where the NF-�B pathway is often con-

stitutively active and plays a key role in the

disease.6 The proof of concept that NF-�B

ODN decoys can function as drugs for the
treatment of a variety of disorders has been
provided by several groups in a set of differ-
ent chronic inflammatory and autoimmune
disease models such as cardiovascular dis-
eases and ischemia reperfusion injury, inti-
mal hyperplasia, asthma, rheumatoid arthri-
tis, and atopic dermatitis.7 However, the
successful use of transcription factor de-
coys, as for other ODN strategies, almost al-
ways depends on an efficient means to
bring the synthetic DNA to target tissues,
cells, and, eventually, cellular compart-
ments.1 Indeed, cellular uptake of naked
DNA is an extremely inefficient process due
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ABSTRACT Oligonucleotide (ODN) decoys are synthetic ODNs containing the DNA binding sequence of a

transcription factor. When delivered to cells, these molecules can compete with endogenous sequences for binding

the transcription factor, thus inhibiting its ability to activate the expression of target genes. Modulation of gene

expression by decoy ODNs against nuclear factor-�B (NF-�B), a transcription factor regulating many genes

involved in immunity, has been achieved in a variety of immune/inflammatory disorders. However, the successful

use of transcription factor decoys depends on an efficient means to bring the synthetic DNA to target cells. It is

known that single-walled carbon nanotubes (SWCNTs), under certain conditions, are able to cross the cell

membrane. Thus, we have evaluated the possibility to functionalize SWCNTs with decoy ODNs against NF-�B in

order to improve their intracellular delivery. To couple ODNs to CNTs, we have exploited the carbodiimide chemistry

which allows covalent binding of amino-modified ODNs to carboxyl groups introduced onto SWCNTs through

oxidation. The effective binding of ODNs to nanotubes has been demonstrated by a combination of microscopic,

spectroscopic, and electrophoretic techniques. The uptake and subcellular distribution of ODN decoys bound to

SWCNTs was analyzed by fluorescence microscopy. ODNs were internalized into macrophages and accumulated in

the cytosol. Moreover, no cytotoxicity associated with SWCNT administration was observed. Finally, NF-�B-

dependent gene expression was significantly reduced in cells receiving nanomolar concentrations of SWCNT�NF-

�B decoys compared to cells receiving SWCNTs or SWCNTs functionalized with a nonspecific ODN sequence,

demonstrating both efficacy and specificity of the approach.
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inflammation · drug delivery · regulation of gene expression
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to the existence of natural barriers which obviously

counteract the intracellular transfer of exogenous DNA.

Thus, the transition of DNA-based therapeutics, includ-

ing decoys, into drugs is critically dependent on the de-

velopment of DNA delivery platforms designed to avoid

the biological barriers to DNA uptake. Several vectors

to improve ODN decoy intracellular delivery have been

described and are currently developed, including posi-

tively charged lipids, liposomes, and cell-penetrating

peptides.8,9 Cationic liposomes are largely used to facili-

tate ODN uptake into cells both in vitro and in vivo.8,10

However, the efficiency of these vectors is still low, mak-

ing it necessary to use large amounts of these lipids to

achieve acceptable levels of transfection, with conse-

quent toxic side effects. Therefore, to be translated into

the clinic, more efficient liposome formulations need

to be designed in order to reduce the dose necessary

to achieve therapeutic efficacy.11 An alternative and in-

teresting approach is that based on the combination of

the hemagglutinating virus of Japan (HVJ) and lipo-

somes. This method is a liposome-based gene transfer

strategy that enables delivery of the contents of lipo-

somes directly into the living cells by means of the

virus�cell fusion machinery. It has been successfully

employed to mediate ODN decoy delivery in vivo,12 al-

though concerns about the safety of using viral systems

in humans could limit its therapeutic application. Suc-

cessful delivery of ODN decoys was also obtained using

mechanical transfection methods.13 However, this is

not an approach that can be easily adapted to a clini-

cal setting, being useful only for ex vivo or in situ appli-

cations. Thus, novel materials that will facilitate effective

delivery of ODN decoys are also being explored and

may offer an alternative to and/or improve the currently

available systems. In this respect, carbon nanotubes

(CNTs) seem to represent ideal candidates as potential

vectors for delivering ODN decoys. The rationale relies

on the observation that several functionalization

schemes that allow coupling of biological molecules to

carbon nanotubes have been developed. In addition,

and most importantly, it has been demonstrated that

CNTs have the ability to penetrate mammalian cells and

transport various cargos inside cells, including pep-

tides, proteins, and nucleic acids.14 The cell penetration

mechanism and the intracellular dynamic fate of the in-

ternalized CNTs are still a matter of debate. In this con-

text, also interesting, is the observation that SWCNTs

(single-walled CNTs) seem to prolong the circulation
time as well as the bioavailability of conjugated mol-
ecules.15 Thus, the possibility that CNTs can be used as
innovative carriers for drug delivery represents at the
moment an area of intensive investigation. Concerning
nucleic-acid-based therapeutics, several reports have
demonstrated that SWCNTs represent an effective de-
livery system for application in siRNA-mediated gene
silencing.16�18 Similarly, Cui et al. have provided demon-
stration that antisense-modified SWCNTs can be used
for intracellular gene regulation.19 Up to now, however,
to the best of our knowledge, no studies have ad-
dressed the possible use of SWCNTs for delivering tran-
scription factor decoy molecules.

In this work, we have used the carbodiimide chem-
istry to cross-link ODN decoys against NF-�B to
SWCNTs. Using a combination of techniques, such as
AFM (atomic force microscopy), ESI-MS (electrospray
ionization mass spectrometry), and EMSA (electro-
phoretic mobility shift assay), the adducts have been
characterized from a physical, chemical, and biological
point of view, respectively, providing evidence that our
approach was indeed effective in producing conju-
gates, where partners interact in a covalent manner,
without losing the ability to function as transcription
factor decoys. The uptake, intracellular distribution, and
efficacy of decoy ODNs, once bound to SWCNTs, were
then studied using monocyte-derived human macroph-
ages as a model. Indeed, macrophages represent one
of the most important cellular compartments involved
in immune/inflammatory reactions, and NF-�B has been
shown to regulate various pathways that impact the
function of these cells. Results presented provide the
very first evidence that SWCNTs are capable of effi-
ciently delivering decoy molecules, obtaining
sequence-specific down-regulation of NF-�B-
dependent gene expression with nanomolar concentra-
tions of dsODN. This work expands to decoy ODNs the
list of bioactive molecules which can be delivered using
CNTs as vectors.

RESULTS AND DISCUSSION
Decoy Design. Oligonucleotide decoys for NF-�B have

been described previously20 and are schematically rep-
resented in Figure 1. In the context of the present work,
the criterion for introducing two �B sites was based on
the observation that ODN decoys containing multiple
identical cis elements have remarkably greater efficacy
and potency of action than ODNs containing only one
cis element, thus allowing reduction of molar concen-
tration and, as a consequence, toxicity.10 Furthermore,
5 nt long extra sequences were inserted at both termi-
nal ends and on both strands in order to provide an ex-
tra spacer arm in addition to the C6 linker and to bet-
ter support NF-�B binding. Indeed, crystallographic
studies have highlighted that NF-�B establishes DNA
backbone contacts also outside the 10 bp �B site.21

Figure 1. Schematic representation of the NF-�B decoy molecule.
The NF-�B decoy consisted of a 30-mer double-stranded oligonucle-
otide containing two copies of the �B site (in bold, underlined),
present in the PRDII domain of the human IFN-� promoter, capped
with unrelated extra sequences of 5 nt at both terminal ends. The
sense strand was amino-modified in order to covalently couple the
ODN to oxidized CNTs. C6 indicates the 6 atom carbon linker connect-
ing the amino group to the 5= end.
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Coupling of ODN Decoys to SWCNTs and Characterization of the
Adducts. It has been reported that single-stranded DNA
can interact very strongly with SWCNTs in water
through nucleic acid�base stacking on the nanotube
surface.22,23 By contrast, adsorption of double-stranded
DNA seems to be a very less favorable process due to
the hydrophilic nature of the external surface of DNA.24

On the other hand, because of the negative charges
on the phosphate groups along the DNA backbone,
positively charged SWCNTs have been employed to me-
diate gene delivery and expression leading to the pro-
duction of proteins encoded in double-stranded plas-
mid DNA.25 Compared to noncovalent interactions,
covalent bonding is expected to allow control of the lo-
cation of the biomolecule and to improve stability and
accessibility, which are important features for a biomol-
ecule that must function as a “decoy”. Thus, for the im-
mobilization of the NF-�B ODN decoy onto SWCNTs, we
have exploited a process of diimide-activated amida-
tion between carboxylic acid groups on acid-oxidized
SWCNTs (SWCNT-O) and amino groups positioned at
the 5= end of double-stranded ODNs. In contrast to the
CNT�dsODN conjugates obtained by Hazani et al.26 and
Zhang et al.,18 consisting of CNTs functionalized with
single-stranded ODNs, which were later annealed with
the complementary strand, our approach involved di-
rect binding of the double-stranded species. We rea-
soned that this strategy should indeed minimize DNA
adsorption which, as explained above, is strongly asso-
ciated with single-stranded rather than double-
stranded DNA molecules. Indeed, since adsorption
may be dominating over slower covalent reactions,
once occurred, adsorbed molecules may shield adja-
cent carboxylic groups from reacting with other mol-
ecules.27 Activation efficiency of nanotube-associated
carboxylic acid groups was evaluated by assaying
SWCNT-O concentration in the supernatant obtained
after activation, ultrafiltration, and centrifugation of the
retentate. Indeed, while in the absence of acylating
agents the majority of SWCNT-O present in the reten-
tate precipitated following centrifugation (Figure 2A),
activated SWCNT-O remained soluble (Figure 2B). Thus,
the amount of SWCNTs present in the supernatant, as
determined spectrophotometrically at 808 nm, can pro-
vide an indirect measure of the activation efficiency. In
order to set up the reaction, different EDAC (N-(3-
dimethylaminopropyl)-N=-ethyl carbodiimide hydro-
chloride) concentrations, corresponding to 10, 40, 160,
and 320 mM, were tested in reactions where the
amount of NHSS (N-hydroxysulfosuccinimide sodium
salt) was maintained fixed at 35 mM (Figure 2B,C). Effi-
cient activation was already observed with a carbodiim-
ide concentration of 40 mM (Figure 2C). Indeed, lower
amounts were less effective, and by contrast, higher
amounts did not significantly further increase CNT solu-
bility. The effects of NHSS amount were subsequently
evaluated by keeping EDAC fixed at 40 mM and using

1, 10, or 35 mM NHSS (Figure 2D). From these experi-

ments, it has been established that a significant im-

provement in the activation efficiency was obtained

with 10 mM NHSS compared to 1 mM, while 35 mM

NHSS did not further improve the reaction performance

(Figure 2D). Thus, 40 mM EDAC and 10 mM NHSS were

chosen to run subsequent coupling reactions. EDAC/

NHSS activation of carboxyl groups is typically carried

out under buffered acidic conditions which allow pro-

longed half-life of the NHSS ester. On the other hand,

the EDAC�NHSS coupling reaction occurs via the free

amines and not the protonated ones. In acidic pH, ter-

minal alkyl amines of the amino-modified ODNs are

mostly protonated, hence, acidic pH does not favor the

coupling reaction. In order to overcome these prob-

lems, the activation reaction was performed at pH 5.5,

while for the coupling step, the pH was raised to 8.0, a

value which is usually optimal for ODN conjugation.

Figure 2. Effect of EDAC and NHSS concentration on the ac-
tivation efficiency of nanotube-associated COOH groups. (A)
In the absence of acylating agents, SWCNT-O precipitated af-
ter centrifugation (TOT, before centrifugation; S, superna-
tant, and P, pellet, after centrifugation). (B) By contrast,
when activated using different EDAC concentrations (from
10 to 320 mM), SWCNT-O remained soluble and could be re-
covered in the supernatant. Thus, the amount of soluble
SWCNT-O in the supernatant, as spectrophotometrically
measured at 808 nm, was used to determine the activation
efficiency with different concentrations of EDAC, in the pres-
ence of a fixed amount of NHSS (C) and with different con-
centrations of NHSS, using a fixed amount of EDAC (D).
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AFM topography showed that SWCNT-O mostly con-

sisted of ultrashort nanotube fragments with heights

consistent with those of individual nanotubes (�1.5

nm) and lengths less than 100 nm (Figure 3A). SWCNT-O

with lengths lower that 50�100 nm have also been ob-

tained by other groups which have demonstrated that

the oxidative cutting of SWCNTs can cause them to be

drastically shortened.28,29 AFM phase imaging was used

to obtain a visual confirmation of the ODN attached to

SWCNT-O. Indeed, the phase imaging signal provides

information on differences in surface chemical proper-

ties, thus allowing one to distinguish DNA molecules

from the SWCNT surface.30 This type of analysis con-

firmed that at least some ODN molecules were bound

to CNTs, as demonstrated by an increase in phase lag

(shown as a darker region) in coincidence of certain

SWCNT-O identified in the topography region. In par-

ticular, for the shorter fragments, it has been impossible

to physically discriminate the nanotube surface from

the ODN structure, with the two interacting moieties’

molecular dimensions similar and, presumably, under

the lateral resolution capacity of AFM (Figure 3A). Al-

though uncoupled oligonucleotides were removed

from the reaction mixture by extensive ultrafiltration

of the preparation, at this stage, we could not exclude

that darker spots in the phase image might be due to

the presence of residual free ODNs. On the other hand,

supposing that these phase signals correspond to free

ODNs, we should imagine that most of the ODNs were

uncoupled, which is in contrast with further analyses

(see below). The association between ODNs and

SWCNTs was evident in some of the longer fragments,

where the functional groups appear appended to dis-

crete areas along the CNT axis (Figure 3B). This localiza-

tion is consistent with the notion that carboxylic acid

groups, which are introduced by oxidation with strong

acids, occur at the open end and/or at defect sites along

tube walls.14 Thus, the evidence that the distribution of

ODNs onto CNTs involves distinct areas, rather than the

whole surface, suggests that oligonucleotides are

specifically bound to nanotubes and not physically ad-

sorbed to CNT walls.

To further characterize SWCNT�ODN adducts, they

were submitted to ESI-MS analysis. As control, EDAC/

Figure 3. (A) AFM images of SWCNT-O functionalized with the NF-�B ODN decoy revealing that most of the oxidized SWCNTs
consisted of ultrashort nanotube fragments with few exceptions (left panel). ODNs appear in phase imaging as darker regions
(right panel). (B) Zoomed scan corresponding to the boxed area in panel A.
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NHSS-activated SWCNT-O and SWCNT-O incubated
with the ODN in the absence of EDAC/NHSS, were used.
As depicted in Figure 4A, the spectrum of oxidized nan-
otubes showed an almost continuous background of
ion signals across the whole mass range with some
more prominent signals over the background. Similar
results have been obtained by Avdoshenko et al.31 This
kind of spectrum is consistent with a sample having a
broad distribution of species in terms of both mass and
charge (multiple charged species of close masses), as it
is expected to obtain upon SWCNT oxidation. In con-
trast to SWCNT-O, nanotubes functionalized with the
ODN had sharply different mass-to-charge (m/z) peak
profile (Figure 4B), which did not resemble the spec-
trum of SWCNT-O incubated with the ODN in the ab-
sence of EDAC/NHSS (Figure 4C). This result is consis-
tent with a scenario where most of the ODNs were
bound to CNTs, reinforcing the hypothesis that the in-
crease in the phase lag, observed in AFM, could be in-
deed attributed to CNT�ODN complexes rather than to
free ODNs. Moreover, the evidence that nanotubes dis-
played markedly different peak distribution and inten-
sity only when carboxylated SWCNTs were incubated
with the acylating agents before adding the ODN (Fig-
ure 4, compare panels B and C with A) supports the con-
clusion that the oligonucleotide is indeed covalently
bound to CNTs and not simply adsorbed.

Since ODN decoy end-attachment should favorably
present the ligand on the surface of the CNT such that
the bound ODN can retain the ability to interact with
the target factor, quantification of the amount of ODN
immobilized on SWCNT-O was indirectly assessed by
competitive EMSA, which also allows testing of the
functionality of the bound molecule as a decoy. In-
deed, as described in Methods, this assay exploits the
ability of the SWCNT�ODN complex to compete with
the free 32P-labeled ODN for binding to NF-�B. While no
competition was observed with samples derived from
reactions performed with fluorescinated SWCNT
(SWCNT-AAF), used as control, CNT�ODN conjugates
were able to compete with the free 32P-labeled probe
for binding NF-�B (Figure 5).

Competition experiments and dose�response
curves allowed us to establish that under this experi-
mental condition a mean binding efficiency of 7.86 �

1.2 (SD) pmol ODN/�g SWCNT-O is obtained (n � 5)
(Figure 5).

Delivery of SWCNT�ODN Decoy Conjugates to Primary Human
Macrophages. Monocyte-derived human macrophages
were selected as target cells since macrophages are
central to the body’s immune/inflammatory responses.
Similar to tissue macrophages, they are terminally dif-
ferentiated and do not proliferate and are more rel-
evant as a macrophage model than immortalized mac-
rophage cell lines. To visualize SWCNT�ODN
internalization by fluorescence microscopy, the anti-
sense strand was purchased fluorescently labeled with

FAM (6-carboxyfluorescein). SWCNTs conjugated to
the same fluorophore (i.e., fluorescein) were obtained
by reacting EDAC/NHSS-activated carboxyl groups of
SWCNT-O with the primary amine of
5-(aminoacetamido)fluorescein (fluoresceinyl glycine
amide), a fluorescein derivative abbreviated as AAF. Flu-
orescinated SWCNTs (SWCNT�AAF) and the
ODN�FAM alone were used as controls. As expected,
free ODNs did not cross the cell membrane. Indeed, no
green staining was observed after overnight incubation
of the cells with the ODN�FAM added directly to the
culture medium at a final concentration of 1 �M (Fig-
ure 6A). By contrast, SWCNT�AAF readily entered the
intracellular milieu and accumulated in the cytosolic
compartment (Figure 6A). This is demonstrated by the
green fluorescent signal of CNT�AAF, which did not
preferentially localize along the cell membrane, as it
would occur if SWCNTs only stacked on the extracellu-
lar side, but showed a diffuse distribution within cells
(Figure 6B). In addition, from the merge picture of panel
B, it is evident that the green fluorescein signal was
clearly distinct from DAPI-stained nuclei. Thus, at least
in the limit of resolution of fluorescence microscopy
that does not allow detection of individual nanotubes,
most of the CNTs appear excluded from the nuclear
area (Figure 6B). CNTs carrying the ODN decoy
(SWCNT�ODN�FAM) were seen to enter the cells, as
well, displaying the same intracellular distribution as
SWCNT�AAF (Figure 6C). Again, the green fluorescent
decoy ODN was observed intracellularly but, in most of
the cases, was distinct from nuclear DNA staining, as it
can be appreciated from overlaid images (Figure 6C,D).
A picture taken at a lower magnification demonstrates
that the vast majority of the cells were transfected with
the FAM-labeled ODN (Figure 6D). It is known that
short oligonucleotides delivered to the cell cytosol can
readily internalize into the cell nucleus.32 In contrast, for
ODN decoys conjugated to SWCNTs, we observed cellu-
lar internalization but apparently not nuclear transloca-
tion, as reported also by other groups with other
nucleic-acid-based molecules covalently bound to
CNTs.17 These observations suggest that, without the
release of DNA from SWCNT transporters, the ODN is
unable to penetrate the nuclear membrane.

Efficacy of Delivered SWCNT�ODN Decoy Conjugates in
Suppressing NF-�B-Dependent Gene Expression upon LPS
Stimulation. While most transcription factors are acti-
vated into the nucleus, NF-�B activation requires
nuclear translocation. Therefore, if ODN decoys co-
valently linked to CNTs are retained in the cytosol, their
cellular localization should not affect their efficacy.

Monocyte-derived human macrophages were incu-
bated overnight with ODN decoys against NF-�B co-
valently coupled to SWCNTs (SWCNT�NF-�B decoy) at
a final concentration of 11.3 � 2.4 nM, corresponding to
1.72 � 0.3 �g/mL SWCNTs, in the presence of li-
popolysaccharide (LPS), which is known to induce
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Figure 4. Positive ion mass spectra of EDAC/NHSS-activated SWCNT-O submitted to the coupling procedure in the absence
(A) and in the presence of the ODN decoy (B). As control, EDAC/NHSS was omitted from the reaction and SWCNT-O was in-
cubated with the ODN (C).
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NF-�B activation in macrophages. As control, LPS-
stimulated cells were treated with an equal amount of
SWCNT�AAF (set as 100% NF-�B activation) or SWCNT
carrying a scrambled ODN (SWCNT-SCRAMBLED decoy).
SWCNT�AAF were selected as the control in order to
have SWCNTs submitted to the same functionalization
procedure of SWCNT�ODN. The scrambled sequence
construct provided an additional control in order to ex-
clude any nonspecific effect. Real-time PCR analysis of
some selected NF-�B target genes revealed that mRNA
levels of COX-2 (cyclooxygenase 2), IL-8 (interleukin 8),
and IL-23 (interleukin 23) were 70, 50, and 60% reduced,
respectively, upon cell treatment with SWCNT�NF-�B
decoys with respect to cells receiving SWCNT�AAF
conjugates (Figure 7). Interestingly, the products of
these genes have been implicated in mediating a vari-
ety of autoimmune and inflammatory diseases.33�35 No
inhibition or a modest decrease (20%) in the expression
of the same genes was observed in cells treated in par-
allel with SWCNT-SCRAMBLED decoys (Figure 7), thus
demonstrating that the NF-�B decoy effect was indeed
sequence-specific.

Compared to COX-2, IL-8, and IL-23, the I�B� (inhibi-
tor kB) mRNA levels were markedly less affected, as
demonstrated by only a 35% reduction detected after
NF-�B decoy administration versus SWCNT�AAF-
treated cells and considering a 20% inhibition mea-
sured in macrophages receiving the SCRAMBLED de-
coy (Figure 7).

Under our experimental conditions, it is expected
that LPS triggers NF-�B activation before SWCNTs carry-
ing the decoy molecules enter the cells. Indeed, NF-�B
appears in the nucleus as soon as 15�30 min after LPS
challenge (data not shown). However, no signal was ob-
served upon 2 h incubation of the cells with
SWCNT�AAF (data not shown), suggesting that SWCNT
entrance is a process which occurs later than NF-�B ac-
tivation. Moreover, it is known that NF-�B does not
regulate all of its downstream genes in the same way.
Some genes, such as I�B�, are early genes that are acti-
vated quickly by NF-�B; others are late genes that are
activated only after prolonged exposure to NF-�B.36

This could explain why I�B�, as an immediate acces-
sible gene, does not appear affected by the decoy mol-
ecule activity, contrary to the other target genes ana-
lyzed. On the other hand, upon activation of the NF-�B
signaling pathway, newly synthesized free I�B� binds
to nuclear NF-�B, leading to export of the complex in
the cytoplasm. In the presence of continuous stimula-
tion, oscillations in NF-�B nuclear cytoplasmic localiza-
tion that decrease in frequency during time have been
described.37 Thus, it could be speculated that the decoy,
which remains in the cytosolic compartment, exerts its
effect when NF-�B is transported back to the cytoplasm
by trapping the transcription factor in this cellular com-
partment and avoiding its new nuclear translocation.
On the whole, this would lead to a more quick dampen-

ing of the oscillations, thus mainly affecting expression

of late genes, which depends on oscillation persis-

tence.37

Cytotoxicity. The biocompatibility of foreign matter in

living cells is an important point of concern. SWCNTs

have been shown to be toxic in a number of cell types.

Although toxicological data concerning SWCNTs are

still fragmentary, it has become evident that CNT toxic-

ity may be linked to several parameters, including cata-

lyst contamination, dose, size, coating or surface func-

tionalization, and aggregation status.38 Raw SWCNTs

with significant metal contamination have been shown

to cause potentially adverse cellular responses in me-

sothelial cells through activation of signaling pathways

associated with oxidative stress.39 Commercial purified

SWCNTs were seen to enter the cytoplasm forming

bundles and localize also within the nucleus, causing

cell mortality in a dose-dependent manner.40 On the

other hand, intraperitoneal injection of SWCNTs in mice

has clearly demonstrated that tubes, irrespective of

their length or dose, can coalesce inside the body to

form fiber-like structures with consequent cytotoxicity.

Indeed, high doses of even ultrashort tubes induced a

granulomatosis reaction because of their ability to form

aggregates.41 In light of these findings, surface function-

alization, which influences solubilization and the forma-

Figure 5. Quantification of the ODN bound to SWCNTs by competitive
EMSA. Competition experiments were performed by incubating nuclear
extracts from TNF-�-stimulated HeLa cells together with a fixed
amount of the [32P]-NF-kB ODN and increasing volumes (from 0.25 to
10 �L) of the different SWCNT�NF-�B ODN preparations (a typical ex-
periment is shown). NF-kB/[32P]�NF-�B ODN complex formation was
analyzed by EMSA and quantified in a Molecular Imager. Data were ex-
pressed as percent binding relative to the signal detected when 10 �L
of SWCNT-AAF, used as control, was added to the binding reaction. IC50

values were estimated by plotting these data as a function of the log10
of the competitor volume (�L) and fitting to a dose�response curve.
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tion of stable suspensions, could have a strong impact

on the biocompatibility of CNTs.

Concerning acid-oxidized SWCNTs, contradictory re-

sults have been reported. A recent paper by Porter et

al. has demonstrated that acid-treated SWCNTs cause

no significant changes in cell viability to monocyte-

derived human macrophages, in sharp contrast to un-

treated SWCNTs.42 In this paper, the authors conclude

that the degree of cytotoxicity of CNTs seems depend-

ent on various factors including the presence of metal

catalyst particles, which are removed by acid treatment

to generate oxidized CNTs, poor CNT solubility in wa-

ter, which can be increased with chemical functionaliza-

tion, and dimensions, which are reduced in acid-treated

SWCNTs because of the fragmentation obtained in

strong acidic conditions. In agreement with these ob-

servations, we found no significant differences in cell vi-

ability, as assessed by MTS assay, between untreated

cells and cells incubated overnight with SWCNT�AAF

or SWCNT�NF-�B decoy (Figure 8A). Furthermore, cells

remained vital after 5 days from the exposure to

SWCNTs. In contrast to the these observations, Saxena

et al. have demonstrated that acid-functionalized

SWCNT preparations exert toxic effects, and these ef-

fects can be reversed by neutralizing their surface

charge with poly-L-lysine.43 In our case, the covalent

binding of functional groups (either fluorescein or the

ODN) to carboxyl functions onto the CNT surface could

have produced the same neutralizing effect of poly-L-

lysine, thus explaining the absence of toxicity. In sup-

port of this hypothesis, oxidized carbon nanotubes

complexed with proteins have been delivered to vari-

ous mammalian cells without observing cytotoxicity.44

Moreover, under our experimental conditions, no cleav-

age of caspase-3 was revealed by western immunoblot

Figure 6. Representative fluorescence microscopy photographs of human monocyte-derived macrophages incubated over-
night with (A) the ODN�FAM alone (final concentration in culture medium 1 �M), (B) SWCNT�AAF (final concentration in
culture medium 1.8 �g/mL), or (C,D) SWCNTs functionalized with the ODN�FAM (SWCNT�ODN�FAM, final concentration in
culture medium 1.8 �g/mL SWCNTs, corresponding to 14 nM CNT-bound ODN). The green fluorescence signal corresponds
to fluorescein-labeled ODNs (A,C,D) and SWCNTs (B). Cell nuclei were visualized by DAPI staining of DNA (blue). In the last
right column, images acquired with the appropriate filters have been merged. Pictures in panels A�C were taken with a mag-
nification �100 lens; picture in D with a 20� lens.

Figure 7. Real-time quantitative PCR analysis of NF-�B target gene expres-
sion upon delivery of SWCNT�NF-�B decoys. Total RNA, extracted from hu-
man macrophages incubated overnight with SWCNT�AAF, SWCNT�NF-�B
decoy, or SWCNT-SCRAMBLED decoy in the presence of LPS, was amplified
with primers specific for COX-2, IL-8, IL-23, and IkB-� genes. Expression data,
normalized to the housekeeping B2M gene, were analyzed by the 2���CT

method, and the values were referred to the SWCNT�AAF-treated sample.
Values are mean � SEM of at least three independent experiments.
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analysis of cellular extracts using a monoclonal anti-
body which detects endogenous levels of full-length
(35 kDa) and large fragment (17/19 kDa) of caspase-3
(Figure 8B). Caspase-3 (cystenil aspartate-specific pro-
tease) is one of the key executioners of programmed
cell death, being responsible for the proteolytic cleav-
age of several proteins involved in the apoptotic signal-
ing pathway, such as PARP (poly-ADP ribose poly-
merase).45 In physiological conditions, caspase-3 exists
as a procaspase which is inactive. Activation of the ap-
optotic cascade leads to the proteolytic processing of
the caspase-3 inactive zymogen into activated p17 and
p12 subunits. Thus, detection of p17 fragment repre-
sents a unique and sensitive indicator of early apoptotic
stages. The absence of caspase-3 fragmentation, upon
delivery of SWCNT�AAF to macrophages, confirms that
CNT preparations are indeed not cytotoxic, allowing us
also to exclude SWCNT-induced apoptotic events. In
contrast to our findings, Mahmood et al. have demon-
strated that exposure of osteoblast and cervical cancer
cell lines to SWCNTs induces caspase-3 activation.46

Similarly, significant levels of PARP cleavage were found
in mesothelial cells treated with raw SWCNTs.39 Com-
pared to these studies, where as-produced CNTs have
been employed, we used ultrashort CNT fragments
which have been functionalized so as to render them
more soluble and dispersed than untreated nanotubes.
These CNTs, for the reasons explained above, are ex-
pected to not produce cytotoxic effects. Since cell death
can occur also via necrosis and CNTs have been shown
to interfere with certain colorimetric assays used to test
cytotoxicity, the release of lactate dehydrogenase (LDH)
in the culture medium of SWCNT-treated cells was
evaluated, as well. Indeed, LDH is a stable cytoplasmic
enzyme present in most cells which is promptly re-
leased upon loss of membrane integrity. Thus, it is con-
sidered an indicator of irreversible cell death due to
cell membrane damage.47 The activity of LDH can be
determined by an enzymatic assay which measures the
oxidation of NADH to NAD� at 340 nm.48 Three inde-
pendent experiments, using different SWCNT�AAF
preparations and cells isolated from different donors,
have been performed, and data were expressed as the
mean of LDH units (U), released in the culture medium,
� SEM, and no significant differences were observed af-
ter overnight incubation of the cells with SWCNT�AAF
or the vehicle (0.011 � 0.004 U vs 0.016 � 0.003 U). As
positive control, untreated cells were lysed by adding
0.1% (v/v) Nonidet-P40 detergent directly to the culture
medium. In that case, the LDH activity assayed was
0.124 � 0.010 U, which represents the total LDH
amount (intracellular and released). Compared to this
value, the released LDH found in CNT- or vehicle-
treated cells represented only the 9�13%, which is con-
sistent with the physiological cell death occurring in
cell cultures. After 5 days from SWCNT administration,
the released LDH was still not significantly different

from that found in the culture medium of vehicle-

treated cells (0.021 � 0.018 U vs 0.023 � 0.019 U).

Again, these values were the 12�13% of total LDH ac-

tivity which, at this time point, corresponded to 0.176 �

0.032 U. On the whole, data deriving from the LDH as-

say agree with both results of the MTS assay and the in-

ability to observe caspase-3 cleavage, thus further sup-

porting the conclusion that SWCNT-O are not cytotoxic,

at least when they are functionalized.

The only difference noted between untreated and

SWCNT-treated cells was a slight decrease in Akt phos-

phorylation in cells receiving SWCNT�AAF but not in

those exposed to SWCNT�NF-�B decoys (Figure 8C). It

has been reported that Akt is constitutively expressed

and activated by phosphorylation in human macroph-

ages.49 In addition, it has been demonstrated that inhi-

bition of Akt activation results in macrophage apopto-

sis mediated through the activation of caspase-9 and

-3.49 Although activated Akt is known to be required for

macrophage survival, the decreased phosphorylation

Figure 8. Cytotoxicity of SWCNT. (A) Cells were treated overnight (O/N)
with SWCNT�AAF or SWCNT�NF-�B decoy. The day after, the medium
was changed and cell viability was measured immediately or after 5
days of culture by MTS assay. All of the values are referred to cells left
untreated. The graph shows the results of at least three independent ex-
periments (�SEM). (B) Cells, treated as in A, were harvested after over-
night incubation. Cell extracts were submitted to SDS-PAGE and west-
ern immunoblotting analysis with an antibody against phospho-Akt (P-
Akt) or caspase-3. An actin antibody was used as loading control.
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observed did not apparently affect cell viability, as as-
sessed by MTS assay (Figure 8A) and LDH release, nor
induced caspase-3 cleavage (Figure 8B). Thus, further
experiments will be necessary to better understand in-
tracellular pathways eventually affected by exposure to
SWCNTs.

CONCLUSIONS
The lack of appropriate vectors for delivering ODN

decoy therapeutics still limits their application to the
clinic, although these molecules have demonstrated
high efficacy and specificity of action as gene expres-
sion modulators. It has been recently demonstrated
that cellular uptake of CNTs largely depends on their
length with short nanotubes able to penetrate the cell
membrane more efficiently than longer nanotubes.50 In
agreement with these observations, acid-treated
SWCNTs have been shown to more frequently enter
the cytoplasm of macrophages than longer untreated

SWCNTs. In addition, oxidized CNTs seem noncyto-
toxic, at least when they are functionalized, thus mak-
ing them ideal platforms for the delivery of therapeu-
tics.44 In this context, we have established oxidized
ultrashort SWCNTs as a safe and efficient nonviral vec-
tor for intracellular delivery of ODN decoy molecules to
human macrophages.

Macrophages are the major source of inflammatory
mediators that, when chronically expressed, can in-
duce a variety of autoimmune and inflammatory disor-
ders.51 On the other hand, many genes encoding cytok-
ines, cytokine receptors, cell adhesion molecules,
chemoattractant proteins, and growth factors are posi-
tively regulated by NF-�B.6 In this scenario, the delivery
efficiency of SWCNT-O and the strong biological effect
of NF-�B decoy covalently bound to SWCNT-O suggest
a novel strategy to control the inflammatory reaction
when becomes aberrant, dysregulated, and cause of
disease states.

METHODS
Oligonucleotides. Upper strand (5=-

TAAGAGGGAAATTCCGGGAAATTCCTACAT-3=) and reverse-
complement phosphodiester oligonucleotides, containing two
tandemly repeated copies of the NF-�B binding sequence, found
in the PRDII domain of the human interferon-	 (IFN-	) pro-
moter, were custom synthesized by Thermo Fisher Scientific
GmbH (Ulm, Germany) as HPLC-purified products. The upper
strand contained an amino functional group linked to the 5= end
through a six atom carbon spacer. For uptake studies, a FAM-
labeled reverse strand was employed. As a control, a double-
stranded ODN, where the �B sites have been destroyed by ran-
domizing the corresponding sequences (SCRAMBLED decoy) (5=-
TAAGAAACCATGGTGAACCATGGTGTACAT-3=), was used.
Oligonucleotides were suspended in 100 mM Hepes/KOH and 1
mM EDTA, pH 7.5, and mixed to obtain stock solutions of double-
stranded decoy molecules with a final concentration of 100 �M.
Annealing was performed in a thermocycler according to the fol-
lowing temperature profile: 5 min at 100 °C, followed by a tem-
perature reduction to 37 °C over 60 min, and from 37 to 4 °C over
30 min.

SWCNT Oxidation and Cutting. SWCNTs were purchased from Car-
bon Nanotechnologies Incorporated (Houston, TX) and were oxi-
dized and cut as described essentially by Kam and Dai.44 Charac-
terization of oxidized SWCNTs was performed by Fourier
transform infrared spectroscopy (FTIR), while total acidic sites
have been determined by treating a fixed amount of SWCNT-O
with an excess of NaOH and back-titrating with HCl, as essentially
described by Hu et al.52 The estimated amount of �COOH
groups was around 2.36 �mol/mg SWCNTs. Detailed protocols
used for SWCNT oxidation and titration are reported under Sup-
porting Information. This section also contains data concerning
the characterization of SWCNT-O.

Coupling of ODN Decoys to Oxidized SWCNTs. The primary amine on
the 5= end of the ODN decoy sense strand was coupled to
SWCNT via carbodiimide activation of the carboxylic acid groups
generated in the oxidation of SWCNTs. Briefly, SWCNT-O were
suspended in distilled water at a final concentration of 8 mg/mL
and tip sonicated for 15 min at 50 W, four times. Sonication
was performed with a Labsonic 1510 Sonicator (Braun, Melsun-
gen, Germany) equipped with a 4 mm probe. The suspension
was then centrifuged at 12 000 rpm in an Eppendorf centrifuge
for 60 min to remove unsuspended bundled CNTs. The superna-
tant was recovered and centrifuged again for 30 min. SWCNT-O
concentration in the supernatant was determined spectrophoto-
metrically at 808 nm using DMSO-dissolved SWCNT-O as a stan-

dard (R2 � 0.99). SWCNT-O at a concentration of 0.17 mg/mL
(
400 �M COOH) were incubated for 30 min at RT with 40 mM
EDAC (Sigma-Aldrich, Steinheim, Germany) and 10 mM NHSS (In-
vitrogen, Eugene, OR), unless otherwise specified, in 1 mM MES
buffer (2-(N-morpholino)ethanesulfonic acid), pH 5.5. During this
incubation time, the mixture was maintained under constant stir-
ring and tip-sonicated 2 min at 25 W, four times. Ten microliters
of activated SWCNT-O was then mixed with 90 �L of amino-
modified double-stranded ODN (100 �M), and the pH was ad-
justed to 8.0 with KOH. A parallel reaction was set with
5-(aminoacetamido)fluorescein (fluoresceinyl glycine amide)
(Life Technologies Corporation, Carlsbad, CA) under the same ex-
perimental conditions to obtain fluorescein-labeled SWCNTs. Re-
action was left to occur for 2 h at 37 °C and continued over-
night at �4 °C. To remove unreacted ODN or fluorescein, the
solution was repeatedly diluted in PBS buffer and passed
through Amicon Ultra-4 centrifugal filter devices (100 kDa cut-
off) (Millipore, Billerica, MA) in order to drop the concentration
of unreacted molecules below femtomolar. Centrifugation was
performed in a GPR centrifuge (Beckman Coulter Inc., Brea, CA)
equipped with a swinging bucket rotor. The retentate was recov-
ered, centrifuged at 12 000 rpm in an Eppendorf centrifuge for
30 min a �4 °C, and the supernatant was used in subsequent
experiments.

Cell Culture and Treatment. HeLa cells were purchased from the
American Type Culture Collection (ATCC, Rockville, MD). Cells
were grown in RPMI 1640 medium, supplemented with 10% fe-
tal bovine serum (heat inactivated for 30 min at 56 °C), 2 mM
glutamine, 100 �g/mL streptomycin, and 100 U/mL penicillin
(all purchased from Cambrex Bioscience, Verviers, Belgium), at
37 °C in a 5% CO2 atmosphere. Cells were plated at a density of
5 � 105 cells/60 mm diameter culture dish. The day after, cells
were stimulated with 1 ng/mL tumor necrosis factor-� (TNF-�)
(Boehringer Mannheim Biochemia, Mannheim, Germany) for 1 h
at 37 °C. After stimulation, cells were washed and harvested
with cold phosphate-buffered saline. Nuclear proteins were ob-
tained by low salt/detergent cell lysis followed by high salt ex-
traction of nuclei as previously described.53

Mononuclear cells (MCs) were isolated from pathogen-
negative buffy coats obtained from the Transfusional Center of
the local hospital (Urbino, Italy) by separation on Lymphoprep
(Axis-Shield, Oslo, Norway; specific density 1.077). MCs (8 � 105

cells/well) were seeded onto SuwonLab-Tek II chamber slide sys-
tem, 8-well glass slide (Nalgene Nunc International, Naperville,
IL), and monocytes were separated from lymphocytes by adher-
ence overnight at 37 °C. After removal of nonadhering cells by re-
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peated washes, cells were cultured in RPMI 1640 medium as de-
scribed above. The culture medium was changed every 2 days,
and after 7 days of culture, the vast majority of the adherent cells
were differentiated macrophages, as revealed by immunostain-
ing with an anti-CD14 antibody (R&D Systems Inc., Minneapolis,
MN). On day 8�10 of culture, monocyte-derived macrophages
were incubated overnight with SWCNT�ODN conjugates (the
NF-kB or the SCRAMBLED decoy) or SWCNT�AAF diluted in in-
complete RPMI. When indicated, cells were stimulated with 1
�g/mL lipopolysaccharide (LPS) from Escherichia coli 0111:B4
(Sigma-Aldrich).

Electrophoretic Mobility Shift Assay (EMSA). Quantification of conju-
gated ODN was determined by competitive EMSA. The assay
was performed essentially as previously described with some
modifications.53 Briefly, nuclear extracts (0.34 mg/mL) from TNF-
�-stimulated HeLa cells were preincubated with 0.2 mg/mL
double-stranded nonspecific DNA competitor poly(dI-dC) (Amer-
sham Pharmacia Biotech, Piscataway, NJ) for 10 min on ice in
binding buffer (20 mM Hepes/KOH, pH 7.9, 0.1 M KCl, 5% (v/v)
glycerol, 0.2 mM EGTA, 0.2 mM EDTA, 1 mM dithiothreitol). Ali-
quots of the mixture corresponding to 5 �g of nuclear extracts
were transferred into separate tubes and incubated with increas-
ing volumes of the individual SWCNT�ODN preparations for 20
min on ice. After this period of time, a fixed amount of the corre-
sponding free 32P-end-labeled ODN was added to each tube
and the incubation was continued for an additional 30 min. Re-
action mixtures were then submitted to electrophoretic separa-
tion on 5% (w/v) native polyacrylamide gels (29:1 cross-linked) in
Tris-glycine buffer (25 mM Tris base, 192 mM glycine). NF-�B/
[32P]ODN complexes were detected and quantified by exposing
the dried gel in a Molecular Imager (Bio-Rad Laboratories, Her-
cules, CA). The values (mean counts) were expressed as % of the
value obtained by incubating nuclear extracts with
SWCNT�AAF, considered as 100% of specific radioligand bind-
ing. Values were fitted with a sigmoidal dose�response equa-
tion to estimate the IC50 value. Under our experimental condi-
tions, the IC50 corresponds to the volume of the preparation
which must be added to the reaction to have equimolar concen-
trations of the cold SWCNT-bound competitor and of the probe
and which results in a 50% displacement of the NF-�B molecules
bound to the free 32P-labeled ODN. Thus, on the basis of the
probe molar concentration added to the reaction and the calcu-
lated IC50 value, the amount of ODN conjugated to SWCNTs
was determined for each coupling reaction.

Atomic Force Microscope Imaging. Atomic force microscope (AFM)
analysis was carried out by dropping ODN-functionalized
SWCNTs, diluted in 2 mM MgCl2, onto the surface of freshly
cleaved mica (muscovite). The droplet was allowed to stand for
20 s at room temperature, after which the substrate was rinsed
with Milli-Q water, dried under N2, and used for AFM imaging in
non-contact mode by a XE-100 AFM (Park System Corp., Suwon,
Korea). The scan frequency was typically between 1 and 8 Hz per
line.

Electrospray Ionization Mass Spectrometry. ESI-MS experiments
were performed on API 150 EX electrospray single-quadrupole
mass spectrometer (Perkin-Elmer, Langen, Germany) set in a full
scan mode. The samples were analyzed in positive mode by di-
rect syringe infusion at a flow rate of 10 �L · min�1. Ionization
was performed using a needle voltage of 6000 V. Samples were
diluted with an aqueous solution containing 90% (v/v) acetoni-
trile and 0.1% (v/v) formic acid in order to bring SWCNT concen-
tration to 0.3 �g/mL.

Fluorescence Microscopy. After treatment, cells were washed in
PBS and fixed with 3.7% (v/v) formaldehyde in PBS for 30 min
at room temperature. DNA was stained with 4,6-diamino-2-
phenylindole (DAPI) at a final concentration of 0.2 �g/mL.
Samples mounted in gelvatol were observed by a Leica (Wet-
zlar, Germany) DMLB fluorescent microscope equipped with a
DC300F CCD camera. Images were processed by NIH ImageJ soft-
ware (Rasband, W.S., ImageJ, National Institutes of Health, Be-
thesda, Maryland, http://rsb.info.nih.gov/ij/, 1997�2004).

RNA Isolation and Quantitative Real-Time PCR. Total RNA was iso-
lated using the RNeasy (plus) mini kit (Qiagen Inc. Valencia, CA)
and its concentration accurately determined using the Nanodrop
ND-1000 System (NanoDrop Technologies, Wilmington, DE).

First-strand cDNA was synthesized with the SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen) and oligo-dT
primers (0.5 �g/�L) in a final volume of 20 �L, according to the
manufacturer’s instructions. The synthesized cDNAs were used
as templates in SYBR green quantitative real-time PCR (qRT-PCR)
assays, performed with the Hot-Rescue RealTime PCR kit (Di-
atheva s.r.l., Fano, Italy). PCR reactions were set up in a volume
of 25 �L containing 1� Hot-Rescue RealTime Master Mix, 0.2 �M
of gene specific primers, 0.625 units of Hot-Rescue DNA poly-
merase, 5 �L (0.6 ng/�L) of the RNase H-treated cDNA stock, and
the MgCl2 concentration specified below for the various targets
investigated. DNA amplifications were carried out in 96-well re-
action plates using ABI PRISM 7700 sequence detection system
platform (Applied Biosystems, Foster City, CA). The qRT-PCR
primers (obtained from Sigma-Genosys Ltd., Haverhill, UK) were
designed using Primer Express version 2.0 and tested to confirm
the appropriate product size and optimal concentrations. Primer
sequences, as well as the relative MgCl2 concentration used,
were Cox-2 forward, 5=-CACCCATGTCAAAACCGAGG-3=, and re-
verse, 5=-CCGGTGTTGAGCAGTTTTCTC-3= (3.5 mM MgCl2); IL-8
forward, 5=-ATGACTTCCAAGCTGGCCGT-3=, and reverse, 5=-
CAGCCCTCTTCAAAAACTTCTCC-3= (2.5 mM MgCl2); IL-23 for-
ward, 5=-CGTCTCCTTCTCCGCTTCA-3=, and reverse, 5=-
GTGCCTGGGGTGGTAGATTT-3= (2.5 mM MgCl2); IkB� forward, 5=-
CGCACCTCCACTCCATCCT-3=, and reverse, 5=-
ACATCCAGCCCCACACTTCAAC-3= (3.5 mM MgCl2); b2-
microglobulin (B2M) forward, 5=-GCCTGCCGTGTGAACCAT-3=,
and reverse, 5=-CATCTTCAAACCTCCATGATGCT-3= (3.5 mM
MgCl2). Cycle conditions were 95 °C for 10 min followed by 40
cycles of 15 s at 95 °C, 15 s at 60 °C, and 30 s at 72 °C. Amplifica-
tion plots were analyzed using SDS 1.9.1 software (Applied Bio-
systems), and relative expression data were calculated with the
2���CT method.54 Thus, the relative abundance of the various
genes investigated, normalized to the housekeeping B2M gene,
was expressed as percent amount in cells receiving SWCNT-
conjugated NF-�B or scrambled ODN decoys with respect to
the reference sample, represented by cells treated with
SWCNT�AAF.

Western Immunoblot. Macrophages were directly harvested in
50 mM Tris-HCl, pH 7.8, 0.25 M sucrose, 2% (w/v) sodium dode-
cyl sulfate (SDS), supplemented with a commercially available
cocktail of protease (Roche Diagnostics GmbH, Mannheim, Ger-
many) and phosphatase (1 mM NaF, 1 mM Na3VO4) inhibitors. Ly-
sates were boiled for 5 min, then sonicated at 100 W for 20 s.
Cell debris was removed by brief centrifugation (10 min at
12 000g). Equal volumes of whole-cell extracts were resolved by
SDS-PAGE, and gels were electroblotted onto a nitrocellulose
membrane (0.2 �m pore size) (BioRad). The blots were probed
with the primary antibodies listed below, and bands were de-
tected using horseradish peroxidase conjugated secondary anti-
body (BioRad). Peroxidase activity was detected with the en-
hanced chemiluminescence detection method (ECL Kit,
Amersham Biosciences, Arlington Heights, IL). The antibodies
used in this study were anti-phospho-Akt; anti-caspase-3 (Cell Sig-
naling Technology, Beverly, MA), and anti-actin (Sigma-Aldrich).

Cell Toxicity Assays. Cytotoxicity of SWCNTs was assessed by us-
ing a CellTiter-96 aqueous one solution kit from Promega (Madi-
son, WI). This assay is based on the reduction of the MTS re-
agent [3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)2H-tetrazolium, inner salt] into a colored
formazan product that is soluble in tissue culture medium. This
conversion is accomplished by NADPH or NADH produced by de-
hydrogenase enzymes in metabolically active cells. The quantity
of formazan product, as measured by the absorbance at 490
nm, is directly proportional to the number of living cells in cul-
ture. It is worth noting that, in contrast to the MTT, the MTS as-
say does not involve the formation of insoluble formazan crys-
tals, which associate with CNTs, giving false positive results.55 As
a measure of cell membrane damage, LDH activity in the cul-
ture medium from SWCNT-treated and control groups (vehicle
receiving cells) was spectrophotometrically determined follow-
ing the oxidation of NADH to NAD� at 340 nm, as reported by
Beutler.48 LDH catalyzes the reduction of pyruvate to lactate by
NADH. One mole of NADH is oxidized for each mole of pyruvate
reduced (
 � 6.22 for NADH).
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