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Abstract

Pancreatic cancer (PC) is one of the most lethal solid tumor in humans, with an overall 5-year
survival rate of less than 5%. Thermally active carbon nanotubes have already brought to light
promising results in PC research and treatment.

We report here the construct of a nano-biosystem based on multi-walled carbon nanotubes and
polyethylene glycol (PEG) molecules validated through AFM, UV-Vis and DLS. We next studied the
photothermal effect of these PEG-ylated multi-walled carbon nanotubes (5, 10 and 50 pg/mL,
respectively) on pancreatic cancer cells (PANC-1) and further analyzed the molecular and cellular
events involved in cell death occurrence. Using cell proliferation, apoptosis, membrane polariza-
tion and oxidative stress assays for ELISA, fluorescence microscopy and flow cytometry we show
here that hyperthermia following MWCNTSs-PEG laser mediated treatment (808 nm, 2W) leads to
mitochondrial membrane depolarization that activates the flux of free radicals within the cell and
the oxidative state mediate cellular damage in PC cells via apoptotic pathway. Our results are of
decisive importance especially in regard with the development of novel nano-biosystems capable
to target mitochondria and to synergically act both as cytotoxic drug as well as thermally active
agents in order to overcome one of the most common problem met in oncology, that of intrinsic
resistance to chemotherapeutics.

Key words: carbon nanotubes, pancreatic cancer, PEG functionalization, photothermal ablation,
apoptosis, mitochondrial therapy.

Background

Pancreatic cancer (PC) is one of the most lethal
solid tumors in humans, with an overall 5-year sur-
vival rate of less than 5% (1). Surgical excision of the
primary tumor in these patients provides clinical

benefits such as prolongation of survival. Because at
the time of the first symptoms, most PC patients have
advanced-stage disease, surgical resection and treat-
ment with curative intention is possible in only 20% of
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the cases. PC is also one of the most highly chemo-
resistant cancer and the lack of specific and effective
cytostatics contributes to its poor survival rates (2).
The development of drug delivery systems rep-
resents an exciting opportunity to improve PC out-
come. A drug delivery carrier represents an active
molecule attached to a delivery antibody with affinity
for specific cell surface epitopes. The delivery vehicle
has the ability to concentrate only inside the targeted
cell. The use of nanoparticles as anti-cancer delivery
carriers is a very promising approach because these
nanoscale materials can fulfil all the requirements
needed for an ideal oncologic agent. Development of
specific and sensitive site-targeted thermally active
bio-nanosystems may open new avenues in the field
of cancer targeting by nanoparticles (3). In oncology,
treatments based on thermal energy are superior to
conventional techniques, since they are minimally
invasive and clinically feasible, having great capacity
to treat tumors in certain anatomical sites where sur-
gical resection is not technically possible. Simple
heating techniques such as ultrasound or radiofre-
quency ablation cannot differentiate between tumor
and healthy tissue, often producing necrosis of a
functional part of an organ. The development of na-
nomedicine research determined the rapid expansion
of a variety of nanostructures with special optical
properties and various biomedical applications (4, 5).
Photothermal therapy employing carbon nanotubes
thermally activated with near-infrared (NIR) laser can
destroy cells at a molecular level and thus to produce
selective necrosis of malignant cells (6). Following
NIR irradiation, an elevated local heating in carbon
nanotubes was observed attaining a threshold tem-
perature with a nonlinear effect, producing irreversi-
ble destruction in biological systems. Therefore, the
nanophotothermolysis is performed at a microscale
level at lower intensities, rendering a minimally inva-
sive therapy (7). Thermally active carbon nanotubes
have already brought to light promising results in PC
research and treatment (8, 9). Despite these promising
results, some fundamental toxicities and biological
interactions hamper CNT deployment to the clinic (5,
10, 11). These biological interactions include uptake
by the reticuloendothelial system (RES), in which NPs
are rapidly washed out of circulation, and the lack of
selectivity of these compounds for a certain anatomi-
cal region (12). Moreover, because of aggregation
phenomenon CNT may produce capillary occlusion in
vital organs. Addition of hydrophilic molecules such
as PEG (a coiled polymer of repeating ethylene ether
units) onto the surface of carbon nanotubes (PEG yla-
tion) can significantly enhance their solubility and
help evading macrophage-mediated uptake thus
blocking the enzymatic degradation of the carriers

while in systemic circulation (13-15).

We report here the construct of a nano-bioystem
based on multi-walled carbon nanotubes and poly-
ethylene glycol (PEG) molecules to target pancreatic
cancer cells for laser ablation purposes. We next
studied the photothermal effect of these PEG-ylated
multi-walled carbon nanotubes on PANC-1 PC cells
and further analyzed the molecular events involved in
cellular death occurrence. Here we show that LASER
treatment following administration of PEG-ylated
multi-walled carbon nanotubes exhibit increased mi-
tochondrial membrane depolarization resulting in
immediate cellular apoptosis. Activation of mito-
chondrial membrane permeabilization leading to mi-
tochondrial programmed apoptosis by various
pharmacological agents holds great hopes for future
cancer therapies. Therefore our results could open
new avenues in the field of mitochondrial therapy
against human cancers.

Materials and methods

Non-covalent functionalization of MWNTs
with PEG

A straight forward approach of carbon nanotube
functionalization by means of simple ultrasonication
was employed. Multiwall carbon nanotubes and pol-
yethylene glycol M,, 400 were purchased from Sig-
ma-Aldrich (Darmstadt, Germany). 5mg of pristine
MWCNT were dispersed in 100 mL PEG solution (1%
v/v) with the aid of a Virtis 1100 sonicator (3x3min).
Removal of unbound and agglomerated MWCNTs
was performed by centrifugation at 7000RPM/5min
where only the supernatant was retained. Removal of
agglomerates of unbound MWCNT was than per-
formed by centrifugation and selective dimension
filtering. The final concentration of MWCNTs-PEG
solution was approximately 50pg/mL, as determined
by UV-VIS reading. For the experiment, seriate dis-
tilled water-diluted samples were prepared (5, 10
pg/mL).

The samples prepared presented good stability
and no agglomeration was observed for the samples
stored at room temperature for several weeks. In or-
der to characterize the obtained MWCNTs-PEG com-
plexes UV-Vis spectroscopy, Dynamic Light Scatter-
ing and atomic force microscopy (AFM) were used.
The UV-Vis spectra were recorded on a Shimadzu
UV-1800 instrument. Dynamic Light Scattering (DLS)
analysis was performed on a Zetasizer Nano 590
(Malvern Instruments, UK). Measurements were
conducted at 25°C at a 90" scattering angle in triplicate.

Atomic force microscopy measurements were
performed on a Workshop TT-AFM™ in vibrating
mode using super sharp ACTA-SS cantilevers (Ap-
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pnano Mountain View, CA, USA). AFM images were
processed using Gwyddion® software.

In vitro Augmented-Darkfield light
microscopy imaging of nanoparticle
interaction with PANCI cells

To observe the cellular uptake of PEG-MWCNT
and morphological changes suffered by tumoral cells
after exposure to nanomaterials a CytoVival50 Ultra-
high Resolution Imaging (URI) System (Auburn, AL)
attached to a Olympus BX-43 microscope was used.
Images were collected with a DAGE-MTI XL16 digital
camera (DAGE-MTI, Michigan City) as 1600 x 1200
pixel/8 bit and processed with Exponent 7 Software.
The CytoViva enhanced dark-field based illumination
system due to the high signal-to-noise allows the di-
rect intracellular visualization of particles with di-
mensions less than the wavelength of light as
MWCNT.

Cell culture

Human pancreatic adenocarcinoma cells
(PANC-1) were grown using Dulbecco's modified
Eagle's medium (DMEM) with 10% fetal bovine se-
rum (FBS) and 2mM Glutamine supplement). Stand-
ard conditions were assured for optimal growth
(5%CO,, 37°C). Sub-confluent cultures were split and
seeded at appropriate density (2-4x10,000 cells/cm?)
using 0.25% trypsin/EDTA, according to manufac-
turer’s protocols.

Exposure to MWCNTSs-PEG

When reaching the growth log-phase, test sam-
ples’ cells were exposed to MWCNTs-PEG by medi-
um removal and the addition of MWCNTs-PEG solu-
tion in appropriate concentrations (5, 10 and 50
pg/mL, respectively). A volume of 300 pl/well for 4
chamber slides (Labtek), 1ml/well for 6 well plates or
100pl/well for 96 well plates were used. Next, one
hour incubation (5% CO,, 37°C) was allowed for ex-
posure, followed by irradiation in test samples. Con-
trol sample was exposed to appropriate culture me-
dium and has not been subject to additional laser ex-
citation.

Laser treatment

Each MWCNTs-PEG-exposed culture sample (5,
10 and 50 pg/mL, respectively) was photoexcited for
3 minutes, using an 808 nm laser, 2W/cm? power.
Removal of exposure solution was performed before
irradiation and vertical position was assured for the
laser diode (2 cm above the adherent cell layer). To
assure equivalence of laser excitation regardless the
surface of the seeding well designed for various
analysis techniques, triple irradiation positions,
marked by equal divisions of the well’s surface were

used for samples seeded in 4-well chambers (further
analysed by means of microscopically or by flow cy-
tometry techniques) and single irradiation position
was used for samples seeded in the 96 well chamber
(for MTT evaluation).

MTT assay

Mitochondrial dehydrogenase activity was used
to measure cell growth and viability by using cleav-
age of 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl te-
trazolium bromide (MTT). For performing the assay
(Sigma-Aldrich), cells were seeded into a 96 well
plate. Briefly, following exposure and irradiation,
cells were incubated with MTT solution (3 hrs, 37°C).
Next, formazan crystals were dissolved (gentle stir-
ring, RT). Absorbance was read by spectrophotometry
at 570 nm with substraction of background absorb-
ance (690nm) using the fluorescence modulus of a
Perkin Elmer Viktor 2 multilabel multitask plate
reader. Experiments were performed in triplicate.
Results were expressed as percentage calculated from
non-exposed group’s absorbance.

Annexin-V Cy3 Apoptosis Detection Assay

Identification of apoptotic cells was performed
by binding of Cy3-(fluorescently conjugated) Annexin
V to phosphatidyl-serine (PS) groups on the outer
surface of the cell membrane. Cells were seeded into
4-chamber glass slide (Milipore). Briefly, immediately
after exposure and irradiation, cells were incubated
with AnnexinV-Cy3 (5 min, dark), followed by mi-
croscopic examination using a rhodamine filter.

Mitochondrial Membrane Potential Detection
Assay

Cells were seeded into 4-chamber glass
slide.(Milipore) until reaching the desidered 80%
confluence. According to producer’s protocol, sample
treatment was followed by washing and incubation
with the special Dual Detection Reagent (15 min, RT,
dark). Next, samples were carefully examined using
microscopical techniques. Green-stained depolarized
mitochondrias were detected using FITC filter set
(Ex/Em=485/530nm) while the orange-stained ener-
gized mitochondria were identified using a rhoda-
mine filter (Ex/Em=540/570nm).

Microscopic analyses

All microscopical analyzes were performed us-
ing a high-performance FSX-100 Olympus Micro-
scope. Phase-contrast and multi-excitation filter (R, B,
G) fluorescence detection modes were used.

Total ROS Detection Assay

Seeding the cells on 6-well plates (Cornig Costar,
Fisher Scientific) one day prior to the experiment was
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performed to assure 50-70% confluence. Staining for
flowcitometric analysis was performed using total
ROS Detection Kit ( Enzo Life Sciences). Briefly, fol-
lowing treatment, samples were suctioned to remove
media and detached using sterile scraping technique.
Collection of cells in 5 mL polystyrene tubes and
staining (30 min, 37°C) with the ROS detection solu-
tion provided by the manufacturer was performed.
Reactive oxygen species accumulation was evaluated
using a FACSCalibur flow cytometer (Becton Dickin-
son, San Jose, CA, USA) with green (FL1 channel-530
nm) The Total ROS Detection Kit (Enzo Life Sciences)
was used for cell cultures staining following admin-
istration of MWCNTs-PEG and Laser irradiation.
Next, suspensions of Panc-1 cells were analyzed by
flow cytometry in accordance with the manufacturer’s
instructions.

Image analysis

Quantification of Annexin V and membrane po-
larization levels were performed in Image] (NIH, ver.
1.43 u) by applying a linear stretch of the pixel inten-
sity histogram corresponding to each slice in the z
stack to adjust the number of low and high intensity
pixels thus increasing the contrast. To remove the
spaces between each slice of the z-stack and to create a
single image from all slices the image was further
converted into a z projection. A 7x7 top-hat filter was
further applied, followed by a median filter and a
thresholding step. The thresholded image was then
converted to a binary image, which results in white
structures (Annexin V/green fluorescence) on a black
background that was further analyzed in Image].

Results
Characterization of MWCNTSs-PEG
bionanosystem

To elucidate the molecular mechanisms behind
this nanomediated induced thermal necrosis we have

-MWCNTs-PEG

LASER

BEAM

NIR
activation

PANC-1 cells

Mitochondrial

functionalized multi-walled carbon nanotubes with
polyethylene glycol (PEG) for PC cell laser treatment
(Fig.1). This polyether compound is commonly used
in nanomedicine applications for nanomaterials
coating to its increased biocompatibility in biological
systems. UV-Vis spectra (Fig.2a) were recorded using
a Shimadzu UV-1800 instrument. All spectra regis-
tered were analysed and normalized using the Origin
Lab 8.5 software. Bundled CNTs do not present
UV-Vis spectral fingerprints, most probably due to
charge transfer between the respective nanotubes.
However, in well dispersed CNT solutions an ab-
sorption peak for the nanotubes can be recorded be-
tween 200-300 nm (16). The UV-Vis spectra of the
MWCNTs-PEG sample shown in figure 2a has a
Amax=265nm. In order to establish the hydrodynamic
diameter of the pegylated MWCNTs we next em-
ployed the DLS technique (Fig.2b). Even though DLS
analysis mainly provides information about sphere
shaped particles, the technique can provide hydro-
dynamic diameter information in the case of carbon
nanotubes (17, 18).

The aqueous solution containing MWCNTs-PEG
presented its self as monodisperse and stable. The
good stability of MWCNTs-PEG in water can be at-
tributed to the oxygen-containing glycol chain, which
is able to form hydrogen bonds with the water mole-
cules (18).

Using DLS analysis we showed that particle size
distribution of MWCNTs-PEG bundles in aqueous
media ranged from 298-728 nm. As seen in figure 2c
following functionalization with PEG, AFM meas-
urements of the PEGylated MWCNTs showed an in-
creased diameter for these bio-nanosystems ranging
from 44-46 nm. This is due to the non-covalent bind-
ing of PEG onto the surface of the MWCNTs.

Apoptosis

Depolarization

Figure |: Schematic illustration of cellular mechanisms involved in nanophotothermolysis of pancreatic cancer cells mediated by MWCNTSs-PEG. Following cellular exposure to
various concentrations of PEG-ylated MWCNTs PANC-| cells were irradiated using 808 nm, 2W Laser beam.
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Figure 2: A: UV-Vis spectra of MWCNTSs-PEG aqueous solution versus PEG solution B: DLS analysis of PEG-MWCNTs complexes. C: AFM image of a PEG functionalized
MWCNT D: MTT-based determination of cell growth/viability. Control samples were exposed to normal cell culture conditions. Test groups were exposed to 5, 10 or 50ug/mL
MWCNT-PEG (I hr, 37°C), followed by Laser irradiation (3 min, 808 nm, 2W/cm?2). Abbreviations: UV-VIS-UltraViolet-Visible Spectroscopy, MWCNTs-multi-walled carbon
nanotubes, AFM-atomic force microscopy, DLS- dynamic light scattering, MTTMethylthiazol Tetrazolium Assay.

MWCNTs-PEG internalization inside PANC-I
cells

The ability of a MWCNTs-PEG bioconjugate to
internalize inside a PANC-1 cell was evaluated by
Darkfield Light Microscopy imaging. The results
presented in Fig 3 show that at low concentrations
and short exposure time, MWCNTs-PEG accumulates
inside PANC-1 cells (white arrows). Thus, we pro-
vided imaging evidence that PEG may act as a carrier
for MWCNTs, and because we were unable to identify
any fluorescence in the epithelial cells in similar con-
ditions (Fig.3a) we reasoned that MWCNTs-PEG bi-
oconjugates exhibit dose dependant affinity for pan-
creatic cancer cells.

Cell Growth Determination Kit

Using MTT assay, following nanomediated
photothermal therapy as described above a significant
decrease in cell viability, as detected by their ability to
form formazan was obtained for samples treated with
10 and 50pg/mL as compared to control group.
(p<0.05, Fig 2 d).

Annexin V-Cy3 Apoptosis Detection Kit

To assess the apoptotic effect of MWCNTs-PEG
following Laser treatment, we examined the translo-
cation of phosphatidyl serine (PS) groups from the

inner to the exterior surface of the membrane as
marker of early apoptosis state induction (19). Using
the high affinity of annexin to PS groups we were able
to detect the apoptosis rate in all samples. Our results
(Fig 4) show a higher pro-apoptotic effect in treated
samples as compared to control. Increasing effects
were obtained for treatment with the increase of
MWCNTs-PEG solutions ‘concentration (5, 10, 50
pg/mL). Highest red staining intensity and presence
(coming from Cy3 binded to annexin V) has been ob-
served in samples treated with 50pg/mL
MWCNTs-PEG followed by laser irradiation (Fig. 4).
Image ] quantification of all fluorescent images fol-
lowing laser mediated treatment with MWCNTs-PEG
(with concentrations above 10 pg/mL) revealed a
significantly increased red fluorescence suggesting
strong induction of apoptosis (Chi square, p<0.05)

Mitochondrial Membrane Potential Detection
Kit

Mitochondrial membrane potential represents an
important indicator of the energetic state of the mi-
tochondria and of the overall cellular health status
(20). To test the possible involvement of mitochondri-
al opening of the transition pore, with cytochrome C
release and the triggering of other downstream events
in the apoptotic cascade following treatment, we
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performed analysis of mitochondrial potential using a
specific assay for fluorescence microscopy. As seen in
figure 5, mitochondrial potential has been distinctly
decreased in test samples in a dose-dependent man-
ner as compared to controls. Increasing depolariza-
tion has been detected with the increase of
MWCNTs-PEG concentration following photothermal
treatment. Image ] analysis of all green fluorescent
images following treatment revealed a significantly
increased green fluorescence suggesting alteration of
permeability transition (PT) (Chi square, p<0.05 in all
treated samples compared to controls) regardless of
MWCNTs-PEG concentration.

Total ROS Detection Kit

Various stressful stimuli, such as metabolic
stress and exposure to anticancer drugs radiations, or
nanomaterials may induce mitochondrial dysfunction
with oxidative stress (21). This process can be moni-
tored in real time using a positively charged
cell-penetrant fluorochrome that is preferentially in-
ternalized in actively respiring mitochondria in "in
vitro" cultured cells. Motivated by the data sustaining

A

the key role of permeability transition dysfunction in
cancer cell mitochondria following photothermal
treatment, we next determined reactive oxygen and
nitrogen species (ROS/RNS) production in PC cells.
To directly monitor real time reactive oxygen and/or
nitrogen species (ROS/RNS) production in PC cells
following treatment, ROS staining kit for flow cytom-
etry was used. Changes in the mitochondrial mem-
brane potential- induce specific staining patterns
which are reliable indicators of mitochondrial dys-
function (22). Therefore this assay has been increas-
ingly used in the field of nanoparticles toxicity (23).
As seen in figure 6, flowcytometric analyzes re-
vealed increasing FL-1 (green channel) positive cells
with the increasing nanoparticle concentration. Sta-
tistics of dot-plot for forward scatter and FL-1 dis-
played 0.2% ROS-positive cells in control sample,
3.21% ROS-positive cells in 5pg/mL MWCNTs-PEG
group, 36.2% in 10pg/mL MWCNTs-PEG group and
54.7% ROS-positive cells in 50 pg/mL MWCNTs-PEG

group.

Figure 3: Dark field Light Microscopy Images of MWCNTs-PEG uptake into PANCI cell. A: Control sample (no MWCNTs-PEG exposure); B: Exposure to 5ug/mL
MWCNTSs-PEG (! hr, 37°C); C: Exposure to 10ug/mL MWCNTSs-PEG (I hr, 37°C); D: Exposure to 50ug/mL MWCNTSs-PEG (I hr, 37°C); scale bar: 50 pm.
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Figure 4: Detection of apoptosis using Annexin V-cy3. Control sample followed standard cell culture conditions. Test cells were treated with MWCNTs-PEG with different
concentrations (5, 10 and 50 pg/mL, respectively) and LASER irradiated. Consequently, all samples were stained with annexin-cy3 fo 5 min (RT, dark). Nucleus staining was also
performed using DAPI blue-fluorescence. A: Control sample (no MWCNTs-PEG exposure, no irradiation). Red fluorescence appears in a reduced number of cells, granular
aspect coming from limited number of PS groups exposed on the outer surface of the membrane, B: Exposure to 5ug/mL MWCNTSs-PEG (I hr, 37°C), followed by Laser
excitation (3 min, 808 nm, 2W/cm?2 ). Reduced number of apoptotic cells, slight increase in the number of PS groups exposed on the surface of the membrane, C: Exposure to
10pg/mL MWCNTSs-PEG (1 hr, 37°C), followed by Laser excitation (3 min, 808 nm, 2W/cm?2), Increased number of early-apoptosis entrance cells. Red fluorescence aspect is

diffuse, suggesting intense PS translocation process. D: Exposure to 50ug/mL MWCNTSs-PEG (I hr, 37°C), followed by Laser excitation (3 min, 808 nm, 2W/cm?2). The majority
of cells present intense, diffuse, red Cy3 fluorescence covering the entire outer surface of the membrane suggesting a highly intense pro-apoptotic effect.

--
Cc D
-

Figure 5: Detection of Mitochondrial Membrane Potential. Control sample followed standard cell culture conditions. Test cells were treated with MWCNTs-PEG with different
concentrations (5, 10 and 50 pg/mL, respectively) and LASER irradiated. Consequently, all samples were stained with Mitochondrial Dual Detection Reagent (15 min, RT, dark)
with green fluorescence staining the cells showing mitochondrial membrane depolarizarion. Nucleus staining was also performed using DAPI blue-fluorescence. A: Control
sample (no MWCNTSs-PEG exposure, no irradiation) No green fluorescence is visible, suggesting membrane potential electrical equillibrium, B: Exposure to 5ug/mL
MWCNT-PEG (I hr, 37°C), followed by Laser excitation (3 min, 808 nm, 2W/cm?2). Reduced green fluorescence staining; C: Exposure to |0pg/mL MWCNTs-PEG (I hr, 37°C),
followed by Laser excitation (3 min, 808 nm, 2W/cm?2), intense, inhomogenuous, granular aspect of green fluorescence staining; D: Exposure to 50ug/mL MWCNTSs-PEG (I hr,
37°C), followed by Laser excitation (3 min, 808 nm, 2W/cm?2).The majority of cells present green fluorescent staining as a result of mitochondrial potential drop. Aspect is intense
and widely spread, with fluorescence overlap between adjacent cells.
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Figure 6: Flowcytometric analysis of total ROS accumulation. Forward scatter and FLI- height parameters. A: Control sample (standard cell culture conditions) B: Exposure to
Spg/mL MWCNTSs-PEG (I hr, 37°C), followed by Laser excitation (3 min, 808 nm, 2W/cm?2). C: Exposure to 10ug/mL MWCNTSs-PEG (1 hr, 37°C), followed by Laser excitation
(3min, 808nm, 2W/cm?2 D: Exposure to 50 pyg/mL MWCNTs-PEG (I hr, 37°C), followed by Laser excitation (3min, 808 nm, 2W/cm2).

Discussions

There is abundant literature data regarding the
use of hyperthermia resulting from laser-induced
carbon based materials photo-excitation to generate
necrosis of malignant cells (24-27). Extensive research
was also carried to elucidate the intracellular fate of
internalized carbon nanotubes (28). Although the
primary cell death mechanism demonstrated and
aimed is thermal necrosis (29), there is less knowledge
on the initial molecular mechanisms that cause death
using these laser-activated nanostructures.

Nanomediated photothermal therapy represents
a method of cellular necrosis at a molecular level, in
which photon energy from LASER activated nano-
particles is converted to heat in cancer cells and tissue
(here, temperature is elevated to 40-43 °C and above)
(30). The use of such thermally active particles in
near-infrared destruction of cancer cells is highly at-
tractive due to their facile synthesis, affordable bio-
conjugation, and tunable optical absorbtion (31, 32). In
the present study, infrared absorbtion properties of
carbon nanotubes were used to produce localized
lysis to malign cells at sublethal levels by changes in
cellular functions.

At the current time, mitochondria has become an
attractive drug target in the selective treatment of
malignant tumors. Different possible cancer treatment
options rely on activation of mitochondrial membrane
permeabilization leading to mitochondrial pro-
grammed cell death by various pharmacological
agents (33). Mitochondria play a central part in cell
death in response to anticancer agents. Most of these
agents target mitochondria via caspases or other reg-
ulator elements of the apoptotic machinery. Never-
theless, some anticancer agents, already in clinical use
(paclitaxel, vinblastine, lonidamine, etoposide, arsenic
trioxide) or in pre-clinical development (betulinic ac-
id, MT21), directly target and permeabilize mito-
chondria membrane (34).

By analysing mitochondrial potential and
caspase activity in PC laser irradiated cells, we show
here that mitochondrial membrane permeabilization
with consequent apoptosis represent the primary
mode of death induction following administration of
MWCNTs-PEG combined with Laser irradiation by
activating early apoptosis pathways. Our results are
of decisive importance especially in regard to the de-
velopment of novel nano-biosystems capable to target
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mitochondria and to synergically act both as cytotoxic
drug as well as thermally active agents. In addition
our results could lead to new research in order to
overcome one of the most common problem met in
oncology, that of intrinsic resistance to chemothera-
peutics. Our rationale for choosing PEG in this study
was its ability to act like a ligand for biofunctionaliza-
tion of various nanomaterials with active drugs, pep-
tides and hormones (35). The tested biocompound,
MWCNTs-PEG, represent a precursor for many of the
bio-nanosystems used today for various experimental
researches in a large array of incurable diseases
(36-39).

Several in vitro experiments assert that oxidative
stress from CNTs is a major result of toxicity.
However, most of the studies suggesting that func-
tionalized CNTs are nontoxic in vivo outnumbers
those proposing otherwise. This fact suggests that
varying functionalization can modify toxicity (8).

From a clinical point of view, the CNTs mediated
nanophotothermolysis of tumor lessions implies the
ultrasound identification of the malign tissue and its
vascular supply, intra-arterial administration of the
functionalized CNTs, followed by laser irradiation.
Using minimally invasive surgery, such as laparo-
scopic approach it is possible to identify the main ar-
tery supply of the tumor and to intraarterially ad-
minister carbon nanotubes solution followed by laser
irradiation with major benefits for the patient.(9)

Conclusions

We have shown here that hyperthermia follow-
ing MWCNTs-PEG laser mediated treatment activates
the flux of free radicals within the cell and the oxida-
tive state mediate cellular damage in PC cells via
apoptotic pathway. Thus, using MWCNTs-PEG and
LASER we were able to alter the redox equilibrium
and induce an intense oxidative state in the pancreatic
malign cell.

Further research is required to fully understand
the whole spectrum of molecular and cellular interac-
tions in order to develop novel hybrid drugs that
contain both thermally active nanomaterials, as well
as apoptotic substances for the treatment of cancer.
Our results could have a very significant impact on
the design of nanotherapeutics vectors that modulates
apoptosis. Nevertheless, further investigations are
needed for the careful assessment of unexpected tox-
icities and biological interactions of carbon nanotubes
bioconjugates inside the living organism.
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