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Carbon nanotube-mediated wireless cell 
permeabilization: drug and gene uptake

Carbon nanotubes (CNTs) are seamless rolled 
up cylinders of graphene sheets, exhibiting 
many unique physical, mechanical and chemi-
cal properties, that have attracted considerable 
scientific interest over the past decade [1]. CNTs 
can be classified in two general categories based 
on their structure: single-walled (SWCNT), 
which consist of one layer of cylinder graphene 
and multiwalled (MWCNT), which contain 
several concentric graphene sheets. The hydro-
phobicity of CNTs has for a long time been a 
major limitation for their biological use. This 
problem has been resolved by significant progress 
in chemical coating that permits their disper-
sion in aqueous solutions [2] and has made their 
translation as biomaterials possible for a variety 
of medical applications [3,4]. The progress in 
CNT solubilization and their consequent bio-
logical application unveiled the problem of the 
intrinsic toxicity of these nanomaterials on cells 
and tissue. The discrepancy observed in toxic-
ity effects of nanotubes might reflect the lack 
of proper characterization (morphology, purity, 
metal content and carbon soot) of CNTs, which 
are often produced by various sources [5]. Many 
groups observed that toxic effects induced by 
CNTs were the result of high content of resid-
ual metal catalyst and contaminants present in 
the unrefined CNTs [6,7]. Another critical fea-
tures of the CNTs is their length; it has been 

reported that CNTs >10–15 µm long can induce 
the formation of granulomas due to ‘frustrated 
phagocytosis’ similar to those caused by asbestos 
fibers when implanted intraperitonealy in mice 
[8]. It is equally important to use valid and reli-
able in vitro tests for cell viability measurement 
following exposure to CNTs. Indeed, some of 
the data reported in the literature were obtained 
with various cell viability assays which incor-
porate reagents that have since been shown to 
interact directly with the CNTs, and thus pro-
vide spurious and unreliable estimates of cell 
viability [9,10]. For this reason, the biological 
compatibility of the CNTs employed in the pres-
ent study was carefully established by our group 
in previous works by use of appropriate biologi-
cal assays [11–13]. More specifically, eukaryotic 
cell lines, cultured with 5 µg ml-1 of nanotubes, 
showed negligible loss of cell viability (<5%, 
upon 3 weeks of continued propagation in the 
presence of the nanotubes), and no apoptosis or 
induction of reactive oxidative stress. Toxicity 
studies on primary cell culture confirmed that 
5 µg ml-1 MWCNTs did not induce neuron 
apoptosis in vitro. Additionally, we demonstrated 
that MWCNTs can be injected in the mouse 
cerebral cortex without causing degeneration of 
the neurons surrounding the site of injection.

The superior mechanical strength and chemi-
cal inertness render CNTs ideal for applications 

Aim: This work aims to exploit the ‘antenna’ properties of multiwalled carbon nanotubes (MWCNTs). They 
can be used to induce cell permeabilization in order to transfer drugs (normally impermeable to cell 
membranes) both in in vitro and in vivo models. Material & Methods: The performance of the MWCNTs 
as receiver antenna was modeled by finite element modeling. Once the appropriate field has been 
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in tissue engineering and myocardial regenera-
tion [14]. In addition to these structural character-
istics, the electrical properties of the nanotubes 
are potentially useful in stimulating electrical 
activity, and this application is being explored 
for its use in neuroprosthetics [15–19]. Another 
important feature of CNTs is their ability to 
cross cell membranes by endocytosis or diffusion 
[20], which underpins their use as vectors for the 
delivery of drugs, peptides and genes [21–25]. This 
key feature also takes into account the potential 
biological risk related to the biomedical use of 
CNTs. We investigated these issues in a previous 
work. We demonstrated that the cellular uptake 
of MWCNTs dispersed in Pluronic F127 pro-
ceeds via an energy independent pathway (i.e., 
diffusion) and clearly depends on the nano-
tube length. Experimental results showed that 
MWCNTs with length <1 µm were easily accu-
mulated within cells while the uptake of 1 µm 
MWCNTs was negligible [26].

The key advantage for the use of CNTs in 
medicine over other nanoparticles, such as 
polymeric nanoparticles, lies in their unique 
and synergistic combination of electric, opti-
cal and chemical properties. This accounts for 
the significant potential of CNTs as novel vec-
tors/carriers for targeted drug delivery systems, 
ushering in newer forms of more effective drug 
therapy. Despite the considerable research in this 
field thus far, a technology that combines the 
chemical and physical properties of CNTs for 
in vivo gene and drug therapy is not yet available, 
although published reports have demonstrated 
the effective use of the strong near-infrared 
absorbance of SWCNTs for selective thermal 
ablation of cancer cells [27]. Similarly, thermal 
destruction of malignant cells has been reported 
in animal models based on heat release from 
SWCNTs in a radiofrequency (RF) field [28]. 
Interestingly, MWCNT-mediated electropora-
tion has been proposed by exploiting the field 
emission properties of MWCNTs for introduc-
ing gold nanoparticles in Gram-negative bacteria 
by microwave irradiation [29]. Moreover, we have 
successfully exploited the dielectric properties of 
MWCNTs for in vitro intracellular delivery of 
small molecules at low voltages [30].

The novelty of the present work lies in dem-
onstrating, for the first time, that the ‘antenna’ 
properties of MWCNTs can be used to induce 
remote wireless cell permeabilization by micro-
wave energy. This has been proven by both 
in vitro and in vivo experiments. In order to 
design the most effective experimental set-up, 
we initially modeled the features of a nanotube 

antenna in a water environment. A robust theo-
retical model was built that predicted the appro-
priate electromagnetic field wavelength and 
frequency. The output of the model was then 
successfully applied in experiments involving 
immortalized fibroblast cell line and living mice. 

Experimental
 n Method of evaluating cell viability 

of MWCNTs
Multiwalled CNTs were supplied from 
Nanothinx S.A. (Rio Patras, Greece). Production 
method was by catalytic chemical vapor depo-
sition of hydrocarbon sources on substrates of 
metal oxides impregnated with metal catalysts. 
We employed MWCNTs with a high degree of 
purity (97.06%), low amorphous carbon (<1%) 
and 2.94% metal impurities (Al and Fe, with 
the ratio Fe/Al being 7 ± 1 w/w) [26–31].Aqueous 
solutions of MWCNTs were made with Pluronic 
F127 (polyoxyethylene-polyoxypropylene block 
copolymer, supplied by Sigma, St. Louis, MO, 
USA) with the aid of magnetic stirring and 
s onication [32]. 

Cell cultures
Mouse fibroblasts NIH-3T3 (CCL-1658, pur-
chased from ATCC), were cultured in Dulbecco’s 
modified Eagle’s medium with 10% fetal bovine 
calf serum, 100 IU ml-1 penicillin, 100 µg ml-1 
streptomycin and 2 mM l-glutamine. Cells were 
maintained at 37°C in a saturated humidity 
atmosphere containing 95% air/5% CO

2
.

Cell viability was monitored by colony assay. 
The colony assay was performed by plating 
5000 cells for a Petri dish. All the assays were 
performed in triplicate. After 7 days from the 
seeding, the cells were washed, fixed, colored 
with cresyl violet and counted.

Time-lapse imaging
Time-lapse imaging experiments were performed 
on a Leica TCS NT confocal microscope with an 
oil immersion lens (Leica HCX APO 40×, NA 
1.25). Doxorubicin (Dox) hydrochloride was 
purchased from Sigma-Aldrich. Quantification 
of fluorescence was performed on Leica platform 
software. Data plotting and statistical testing 
has been performed with the Origin 7 package.

Electromagnetic field irradiation
Irradiation was performed with a microwave 
signal. The set-up used to irradiate the sample 
is formed by a synthesizer Agilent 83623B and a 
microwave amplifier Microwave Power C0812–
46. NIH-3T3 cells and animals were irradiated 
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with a little horn working in the 8–12 GHz fre-
quency band (Supplementary information 2, see online 
www.futuremedicine.com/doi/suppl/10.2217/
nnm.11.62).

Intracerebral injections
Animals were used in accordance with protocols 
approved by the Italian Ministry for Scientific 
Research (document number 129/2000-A, 
issued on 13 December 2000). The document 
is a ministerial decree and The Institutional 
Animal Care and Use Committee (IACUC) 
approval. Mice were anesthetized with avertin 
(0.5 ml/100 g). Anesthetized mice were placed 
on a stereotactic platform and the scalp incised to 
expose the cranium. A small hole was drilled in 
the skull above the primary motor cortex (M1). 
1 µl mixture suspension was injected 700 µm 
deep into the cortex by means of a manual pump 
equipped with a glass capillary. Plasmidic DNA 
alone or mixed with MWCNTs (ratio CNT/
DNA 5:1 w/w), was injected stereotactically into 
the primary motor cortex (M1) of mice. In view 
of future possible applications in human CNS 
diseases (e.g., cerebrovascular stroke), we used 
a plasmidic expression vector carrying human 
Bcl-2, a well-characterized antiapoptotic gene, 
[33]. The plasmid encoding the Bcl-2 gene was 
injected in the left cerebral hemisphere (control) 
while a mixture of plasmid and MWCNTs was 
injected in the contra-lateral hemisphere (test). 
Following closure of the scalp wound, the ani-
mal was placed in front of the electromagnetic 
sources, exposed to the appropriate treatment 
and allowed to recover. All these animals were 
sacrificed at 48 h after treatment and perfused 
with a solution of 4% paraformaldehyde.

Finite element method modeling
The model of the nanoantenna was performed 
by using a 3D electromagnetic simulation tool 
named high frequency simulation software 
(HFSS), by Ansoft Corporation. HFSS is a 
software that utilizes a 3D full-wave finite ele-
ment method (FEM) to compute the electrical 

behavior of high-frequency and high-speed 
components. HFSS enables the extraction of the 
parasitic parameters (S, Y and Z), to visualize 
3D electromagnetic fields (near and far field), to 
generate broadband SPICE models, and to opti-
mize design performance. It accurately charac-
terizes the electrical performance of components 
and effectively evaluates signal quality, including 
transmission path losses, reflection loss due to 
impedance mismatches, parasitic coupling and 
radiation. The performance of the MWCNTs as 
a receiver antenna was modeled in water (as the 
main constituent of the body). For the scope of 
this work, the refractive index of pure water can 
be considered not significantly different from 
that of a biological sample [34,35].

A HFSS tool was also used to simulate the 
penetration of the electric field inside the mouse 
brain. The mouse head was placed at the end of 
the horn. In this model the head was represented 
as consisting of three concentric spheres: an inner 
sphere (5 mm diameter) representing the brain 
(permittivity: 40; conductivity: 7 S/m), the 
central hollow sphere (inner diameter: 5 mm; 
thickness: 1 mm; permittivity: 14; conductiv-
ity: 3 S/m) representing the skull and the outer 
hollow sphere (inner diameter: 6 mm; thickness: 
0.5 mm; permittivity: 32; c onductivity: 7 S/m) 
representing the skin [36].

Results & discussion
 n Modeling a nanotube-like antenna

As the effectiveness of the MWCNT as an 
antenna strictly depends on its morphology, in 
the present study the nanotube morphology was 
carefully characterized by electron microscopy. 
The nanotubes used had diameters ranging 
between 19 and 40 nm, consisted of 20–42 lay-
ers (figure 1a) and were 1 ± 0.5 µm in length. The 
metal impurities were enmeshed at the nanotube 
tip (figure 1C). The main parameters influencing 
the antenna behavior are the diameter and the 
length. The diameter and the length distributions 
are Gaussian and present a peak. The simula-
tions were run by considering a tube of 1 µm in 

Figure 1. (A) Nanotube layers; (B) single nanotubes and (C) a nanotube entrapping a metal 
particle in the tip.
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length and 25 nm in diameter (corresponding 
to the peaks). In this study, the resonator is a 
wire (of nanometric dimensions) excited by an 
electromagnetic signal that resonates at a spe-
cific frequency and creates an electromagnetic 
field of the same frequency in the surrounding 
space. Specifically, we used HFSS to draw a 3D 
model of the nanoantenna and set an excitation at 
the lower end, orthogonally to the wire antenna 
direction. After the simulation, we used the cal-
culated electric field to visualize the radiation 
pattern, the return loss matching, the antenna 
gain, the directivity, the input impedance and 
the bandwidth of an antenna. We decided that 
a reasonable value for defining the bandwidth of 
the antenna would be for frequency whose return 
match is over 3 dB. The output of the simula-
tion is provided in figure 2. Finite element mod-
eling based on the antenna theorem predicted 
that MWCNT dipole antennas resemble thin-
wire dipole antennas for electromagnetic wave 
propagation at, or near, the free-space velocity of 

light. Interestingly, in agreement with our model, 
a recent work measured the antenna properties 
of MWCNTs irradiated in the RF field [37]. On 
the basis of prediction from this model, we used 
microwave radiation (3 cm) at 10 GHz frequency 
(additional information provided in Supplementary 

information 1).

 n In vitro cell line experiments
CNT-mediated permeabilization was first con-
firmed on a mouse fibroblast cell line NIH-3T3. 
In order to acquire a real-time measure of the 
effect of electromagnetic field (EMF) and 
MWCNTs on cell permeabilization and intra-
cellular drug concentration, we monitored the 
uptake of Dox, a fluorescent cytostatic drug used 
as the first-choice therapy in many malignancies. 
Dox exerts its effects by intercalating DNA and 
it is used extensively in biological research due 
to its intrinsic fluorescence [38]. Dox was added 
to the cell culture medium at a concentration 
of 100 µM. Dynamic imaging then enabled us 

Figure 2. Finite element modeling of the nanotube antenna. (A) Return loss matching; (B) radiation pattern; (C) antenna gain; 
and (D) summary of antenna features.

0.00

d
B

(S
(L

u
m

p
P

o
rt

,L
u

m
p

P
o

rt
))

 [
d

b
]

0.00 10.00
Freq [GHz]

20.00 30.00 40.00

0
-28.500

-36.778

-54.556

-72.333

-90.111

-17.500

-66.500

-85.500

-30

-50

-90

-120

-150
-180

150

120

90
-90

50

30
0

-30

-50

-120

-150
-180

150

120

90

50

30

-10.00

-20.00

-30.00

-40.00

X1 = 9.5 GHz
Y1 = -35.82

X2 = 8.5 GHz
Y2 = -3.15

X3 = 11 GHz
Y3 = -2.99

Radiation
pattern
Value (dB)
Angle

Max Min

-19 -95
0°/180°90°

Radiation
pattern
Value (dB)
Angle

Max Min

-19 -95
0°/180°90°

-19.0 -19.0-95.0 -19.0 -19.0-99.0

-1. 9850e+001
-2. 4528e+001
-2. 9205e+001
-3. 3883e+001
-3. 8560e+001
-4. 3238e+001
-4. 7915e+001
-5. 2593e+001
-5. 7271e+001
-6. 1948e+001
-6. 6626e+001
-7. 1303e+001
-7. 5981e+001
-8. 0659e+001
-8. 5336e+001
-9. 0014e+001
-9. 4691e+001

dB (gain total)

Parameters

Return loss matching

Working frequency

Frequency band

Polarization

Gain max

Gain min

Input impedance

Value

30 dB

9.5 GHz

8.5//11 GHz

None

-19 dB

-95 dB

11 Ohm

Z

YX

Nanomedicine (2011) 6(10)1712 future science group



Carbon nanotube-mediated wireless cell permeabilization: drug & gene uptake ReseaRch aRticle

to visualize and quantify both Dox uptake and 
intracellular distribution [39,40]. In physiological 
conditions, Dox penetrates normally by passive 
mechanism of cellular uptake [41] with a slow 
internalization rate. Specifically, we estimated 
that the internalization dynamic of Dox alone 
(i.e., in absence of both CNTs and EMF) is linear 
up to 60 min with a kinetic constant of 1.5 ng 
ml-1s-1 (see inset of figure 3). In the absence of 
CNTs or EMF, the intracellular concentration 
of Dox reached a maximum of 2.5 µM after 1 h 
of continuous incubation (figure 3a)

Time-lapse recording showed that application 
of an incident power of 5 W for 10 s induced a 
sudden influx of Dox, reaching an intracellular 
concentration of up to 1 µM. Applying the same 
experimental conditions, but in the presence of 
MWCNTs, the Dox intracellular concentration 
rose dramatically to 6 µM. Notably, Dox influx 
was more pronounced at the time of the sec-
ond EMF application, when a stronger energy 
dose (5 W, 20 s) was administered to the same 
cell cultures. Dox intracellular concentration 
reached 9 µM in the absence of MWCNTs and 
21 µM in the presence of MWCNTs.

On examining the intracellular distribution of 
Dox we observed that the treatment with EMF 
and MWCNTs resulted in a distinctive nuclear 
and cytoplasmic localization of Dox. To quan-
tify Dox distribution, we calculated the nuclear/
cytoplasmic (N/C) ratio of Dox fluorescence 

intensity. We observed that when cells were 
treated with Dox and Dox:CNT without EMF, 
the drug accumulated mainly in the cytoplasm 
(N/C < 1). Conversely, application of EMF to cell 
culture alone, or in the presence of MWCNTs, 
coincides with a rapid step discontinuity in intra-
cellular Dox concentration (figure 3). Moreover, 
under EMF alone the intracellular drug distri-
bution was homogeneous (N/C≈1), whereas 
with EMF in the presence of MWCNTs, the 
Dox accumulated preferentially in the nucleus 
(N/C≈1.2). The preferential nuclear localization 
is a crucial consideration for the cytotoxic action 
of drugs such as doxorubicin that interact directly 
with the nuclear DNA. Indeed, these findings 
suggest that the simultaneous use of CNT and 
EMF could be a useful tool to enhance the prob-
ability of Dox to accumulate in the nucleus and 
to exert its anticancer effect at lower dosage and 
limit the dangerous side effects.

In conclusion, these data indicate that the 
application of the EMF improves drug uptake 
and the phenomenon is strongly enhanced in the 
presence of CNTs. Moreover, the combination of 
CNT and EMF treatment dramatically favors 
nuclear localization of the drug (figure 4). We 
investigated if the application of the electromag-
netic field and consequent temperature modifi-
cation could result in membrane breakdown or 
intracellular damages. The temperature profile 
was monitored with a k-thermocouple (sensitivity 
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0.1°C). The EMF induced an increase of temper-
ature, which exhibited a linear relation with the 
power used (R

2
 = 0.0997). Following the appli-

cation of the EMF, temperature values reached 
31.4(±0.6)°C and 34.1(±0.6)°C for 10 and 20 s 
of exposure, respectively. Membrane breakdown 
due to thermal shock is unlikely to occur since this 
requires exposure of cells to temperatures >40°C 
for at least tens of seconds [42]. The temperature 
increase should arise from the absorption of water 
at these wavelengths rather than nanotubes. In 
order to confirm this assumption, we increased 
the nanotube concentration up to 60-fold, and 
the corresponding temperature increase was not 
statistically different from that achieved with 
pure water (data not shown). According to this 
finding, viability of cells exposed to the EMF 
did not vary significantly from the control cells 
(colony assay, see Supplementary information 3).

 n Modeling the power transmission 
within the brain
We evaluated the exposure limit that cannot be 
exceeded in living animals in order to comply 
with existing guidelines. There are several pub-
lished reports on the biological effects of EMF on 
human tissues [43]. Some of these concern tissue 
heating due to RF energy absorption, whereas 
others address possible carcinogenic effects. 
The IEEE C95.1–2005 “Standard for safety 
levels with respect to human exposure to radio 

frequency EMF, 3 kHz to 300 GHz” was issued 
to protect against established adverse effects in 
humans from exposure to RF. Specifically, in the 
frequency range of 100 kHz to 300 GHz, the 
guidelines protect against adverse health effects 
associated with heating. The frequency 100 kHz 
nominally represents a ‘thermal crossover’ below 
which electrostimulation effects dominate, and 
above which thermal effects dominate on contin-
ued wave exposure. Based on IEEE C95.1–2005 
for upper tier, the maximum permissible expo-
sures to a 10 GHz EMF for mice with a surface 
of 36 cm2 should be 0.36 W for 100 s, corre-
sponding to the energy dose of 36 J. Hence, we 
considered this limit during exposure of mice to 
EMF exposure in the in vivo experiments. 

The system used to irradiate the mice con-
sisted of a wave guide shaped like a little horn 
(see Supplementary information 2). We used a HFSS 
tool to model the electric field distribution in 
the horn as a function of the power applied. The 
working frequency was set at 10 GHz and the 
input power from 1 to 14 W. The value of the 
power and the electric field at the end of the horn 
for different input power is provided in table 1. 
Based on these data, we concluded that by apply-
ing an incident power of 5 W, the power at the 
end of the horn is 1.38 W: in order to satisfy the 
requirement of energy dose <36 J, the exposure 
time should be maintained below 25 s.

To determine whether this EMF (10 GHz, 
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3 cm wavelength, 5 W of incident power) can 
penetrate into the mouse brain and to what 
extent, we used HFSS ana lysis to model the 
penetration of the EMF inside the mouse brain. 
The mouse head was placed at the end of the 
horn. This simulation showed that the waves 
penetrate the cranial bones of the mouse and 
concentrate in the region corresponding to the 
chosen area treated by vector injection, where 
the electric field equated to 9000–10000 V m-1 
for an incident power of 5 W. 

In the case of a conductor wire (1 µm in 
length) exposed to this electrical field, the cor-
responding voltage induced at the antenna ter-
minals approximated to 100 mV, which should 
be sufficient to alter the natural transmembrane 
potential of CNS cells (typically -70 mV). As 
a result of this, the membrane could become 
transiently permeabilized and normally imper-
meant molecules could enter the cell. The 
mechanism underlying this phenomenon could 
be similar to that proposed for cell electropora-
tion (also called permeabilization). Electro-
permeabilization or electroporation (EP; i.e., 
the application of controlled electric fields to 
facilitate cell permeabilization) is an established 
technique for introducing molecules inside cells. 
Originally reported by Neumann et al. [44], it 
is nowadays used routinely for in vitro labora-
tory transfection experiments. Recent studies 

have shown that EP can be used to deliver genes 
efficiently in vivo to various tissues, including 
the CNS [45], and targeted electrochemother-
apy for skin and subcutaneous cancers is well 
established in clinical practice [46]. While the 
exact mechanism of this long-lived transmem-
brane exchange is still unknown, a hypothesis 
originally proposed by Abidor et al. postulates 
that the formation of conductive pores in the 
lipid bilayer of the membrane exposed to a large 
transmembrane potential provides pathways for 
molecular transport [47]. The macromolecules 
then enter the cell through these cell membrane 
transient pores, either through electrophoresis in 
the case of charged molecules [48], or by passive 
diffusion in the case of neutral molecules [49]. 
Electroporation usually requires high voltages 
that can cause significant cell death [50]. In this 
context, the proposed methodology could offer 
an alternative approach to enhance the natural 
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average of hBcl-2 positive cells from three microscope fields selected adjacent to the injection site. (B) Average data. (C) Immune 
histochemistry of the coronal section through the cortex injected with CNTs:pDNA of an animal exposed to the EMF. (D) Immune 
histochemistry of coronal section through the cortex injected with pDNA of the same animal exposed to the EMF. (E) Immune 
histochemistry of section through the cortex injected with CNTs:pDNA of an animal exposed to a null EMF. The sections were treated 
with anti-Bcl-2 antibodies (green) and propidium iodide (PI, red). Top images: green stain for Bcl-2 alone. Bottom images: co-staining for 
Bcl-2 and PI. Scale bar 25 µm. *p ≤ 0.05.
CNT: Carbon nanotube.

Table 1. Values of power and electric field at the end of the horn for 
different input power.

Input power Output power Electric field

1 W 0.276 W 1508 V/m
5 W 1.38 W 3372 V/m
10 W 2.76 W 4770 V/m
14 W 3.86 W 5643 V/m

Frequency: 10 GHz.
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cell permeability. CNTs could work as nanoto-
ols able to alter the cell trasmembrane potential, 
allowing macromolules to enter within the cells. 
Concerning the fate of the nanotubes, we can 
speculate that they are unlikely to enter cells 
due to the difference of dimensions between 
the nanotubes (length 1 ± 0.5 µm) and pores 
(estimated to be in the range of 10–30 nm) [51].

 n In vivo experiments
The anaesthetized animals were exposed to the 
appropriate EMF using a dedicated source and 
external antenna for 20 s at an incident power of 
5 W (n = 5), and to a null EMF (n = 5). All ani-
mals were then allowed to recover before sacrifice 
48 h later with a harvest of brains for serial his-
tological studies. Coronal sections through the 
cortex were probed with human selective Bcl-2 
antibody. To avoid any possible cross reaction of 
the human antibody with the mouse endogenous 
Bcl-2 protein, we performed control experiments 
to confirm that the injection per se does not 
induce expression of Bcl-2 in the motor cortex. 

In the right hemisphere, injected with 
MWCNT:pDNA suspension, of mice exposed 
to EMF, the expression of the ectopic DNA was 
confirmed in several cells of the motor cortex by 
confocal microscopy (figure 4). In controls (left 
hemisphere, injected with pDNA suspension, of 
mice exposed to EMF), hBcl-2 expression was 
low to negligible. Similarly, no expression was 
observed in mice injected with MWCNT:pDNA 
and exposed to null EMF. 

As shown in figure 5a, the brain of each irradi-
ated animal exhibited a significantly higher num-
ber of cells expressing the hBcl-2 in proximity of 

the injected region with CNT:pDNA compared 
with the number of cells present in the left hemi-
sphere injected with pDNA alone. However, the 
experiments revealed considerable variation in 
the level of transfection within the group of ani-
mals (figure 5b). This variability can be explained 
by FEM ana lysis, which indicates that millime-
ter variation in distance and position of the ani-
mal from the source of the irradiation dramati-
cally changes the amount of energy absorbed by 
CNT, and consequently the efficacy of transfec-
tion. These data established the proof-of-concept 
that the antenna proprieties of MWCNTs irradi-
ated with the appropriate EMF can be safely and 
effectively applied to significantly enhance cell 
permeabilization in the CNS. We report here the 
successful uptake and expression of the hBcl-2 
transgenes in vivo (figure 4).

Conclusion
This report describes, by a theoretical and experi-
mental approach, the exploitation of the antenna 
properties of MWCNTs in cell lines and in live 
animals. The experiments confirmed that CNTs 
can induce noncontact cell membrane pora-
tion for drugs and genes to enter the cells when 
exposed to EMF in the microwave range. Most 
notably, we demonstrate that the CNT-mediated 
permeabilization can be successfully applied 
without causing damage to a complex system 
such as the brain. These observations point to 
future development of technologies for wireless 
electropermeabilization of tissues for targeting 
gene and drug therapy and to potential applica-
tion in wireless electrostimulation for cardiac, 
neuromuscular and visceral myopathy disorders. 

Executive summary

Multiwalled carbon nanotube-like antennas
 � This study employed water solutions of singly dispersed multiwalled carbon nanotubes (MWCNTs) with a high degree of purity (97.06%) 

and low amorphous carbon (<1%).
 � The nanotubes had diameters ranging from 19 to 40 nm and were 1 ± 0.5 µm in length. 
 � Finite element modeling based on the antenna theorem predicted that MWCNTs resemble thin-wire dipole antennas for electromagnetic 

wave propagation at or near the free-space velocity of light. 
 � CNT antennas have been employed to convert an electromagnetic radiation into energy current to facilitate cell permeabilization for 

enhanced cellular uptake of normally impermeable molecules.
In vitro validation
 � CNT antenna-mediated cell permeabilization was validated in experiments involving immortalized fibroblast cell line (drug model: 

doxorubicin chemotherapeutic agent).
 � The application of the EMF improved drug uptake and the phenomenon was strongly enhanced in the presence of CNTs. 
 � The combination of CNT and EMF treatment dramatically favored nuclear localization of the anticancer drug.

In vivo validation
 � CNT antenna-mediated cell permeabilization was validated in living mice (drug model: Bcl-2 antiapoptotic gene) following stereotactic 

injection in the cerebral motor cortex of CNT:pDNA (right hemisphere) and pDNA (left hemisphere, control).
 � FEM ana lysis showed that the EMF penetrates the cranial bones of the mouse and concentrate in the region corresponding to the 

injected area.
 � The antenna properties of MWCNTs have been applied successfully to induce high level of gene expression locally into the mouse brain.
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