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Reactive oxygen species (ROS) were generated as a result of the photoexcitation of multi-walled carbon nano-
tubes (MWCNT) in water. ROS levels were detected using electron paramagnetic resonance spectroscopy and spin
traps. Irradiation of MWCNT with visible and near infrared light in water was followed by the generation of super-
oxide radical anions. The effect of a self-induced ROS generation after photoirradiation of MWCNT has been inves-
tigated. Photoirradiated MWCNT may be useful for photodynamic therapy of tumors through ROS generation.
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The use of nontoxic and biocompatible ma-
terials in biology and medicine is fundamental
for the development of biotechnology. Pro-
spects in this direction are connected with the
discovery of the new forms of carbon —
fullerenes and nanotubes. Their unique physi-
cal and chemical properties [1, 2], intrinsical
to these nanostructures on one side, and the
biological activity both in vitro and in vivo on the
other side, offer possibilities of their wide appli-
cation in nanomedicine and nanopharmacy [3].

Apart from intensive studies on carbon
nanotube (CNT) bioactivity, the received opinion
on the mechanisms of their interaction with
biomacromolecules (for example, with DNA)
[4, 5], their abilities to penetrate through the
membrane of cells and thus to be the carriers
of medicines, on one side, and to be blockers of
ion channels, on the other side is not well
known today [6—8]. The biocompatibility and
cytotoxicity of CNT, which are connected both
with the effects of size, type, and functionaliza-
tion of CNT as well as with the type of cells
require still a detailed analysis [9—-14].

It is known that CNT intensively absorb in the
near infrared (NIR) light range ~(700-1100) nm,
where the biological systems are transparent
[3]. In this case IR irradiation leads to the
destruction of malignant tumors as a result of
the local heating of CNT in vivo [15, 16].
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Another important consideration is the ability
of CNT to generate the reactive oxygen species
(ROS) such as singlet oxygen, superoxide
anions and hydroxyl radicals as a result of the
photoexcitation and the use of these nanoma-
terials as effective tool for the brake action of
the cancer cells growth. So, in paper [17] it was
studied the heat and ROS generation capabili-
ties of single-walled CNT (SWCNT on Si(100)
support; the purity and length of the SWCNT
were 90 vol% and (5—20) mm, corresponding-
ly) upon exposure to NIR light (the wave-
length was 1 mm). The relative amount of ROS
produced by SWCNT during NIR light irradi-
ation has been measured indirectly using the
X-ray diffraction analysis technique. Other
scientists reported that multi-walled CNT
(MWCNT) in aqueous suspension do not gene-
rate ROS in the presence of H,0,[18], but they
have observed that MWCNT exhibit a remark-
able radical scavenging capacity in contact
with an external source of hydroxyl or super-
oxide radicals [19].

The aim of this study was to evaluate in
detail the conditions for the ROS generation,
in particular, superoxide radical anions, using
MWCNT in water by means of light irradia-
tion with the use of methods of electron para-
magnetic resonance (EPR) spectroscopy and
spin traps.
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Materials and methods

Chemical vapour deposition was used to
produce MWCNT with high purity [12]. The
synthesized MWCNT were analyzed by trans-
mission (TEM, Fig. 1), scanning (SEM, Fig. 2)
electron microscopy, and thermogravimetric
analysis (TG).

From SEM and TG it was estimated that
the content of MWCNT in the samples was
higher than 90% . The average diameter of the
MWCNT was estimated to be in a range from 8
to 12 nm.

The MWCNT contained impurities such as
amorphous carbon, metal catalyst on the tip
and outside of the tubes, and metal residue
encased in the nanotube morphology as iron
nanoparticles. The MWCNT samples were
treated for 8 h with diluted HCI in order to
remove impurities, mainly some metal parts
outside on the tube, and afterwards they were
washed several times with de-ionized water. It
has been observed by HRTEM that the tubes
still contain some iron clusters, which are
completely capsulated by the inner tubes. The
determination of the iron content by TG and
atomic absorption spectroscopy revealed an
iron content of less than 0.1 wt%. It is impor-
tant to emphasize that metal catalyst impuri-
ties can be a powerful source for the ROS gene-
ration [20, 21].

10 nm

Fig. 1. HRTEM (Philips Tecnai 20 S-TWIN
HRTEM) micrograph of a typical MWCNT

To produce a water suspension in a typical
experiment, 100 mg of MWCNT was stirred in
50 ml of water under argon for several hours.
Stirring was required to allow the solid
MWCNT to go in the water solution. The mixture
was then filtered through a membrane (pore

size of 1.2 um). The MWCNT were collected on
the membrane. The filtrate has a brown color
and contains small amounts of short CNT. The
solubility of CNT in water is due to some sur-
face carboxyl groups on the MWCNT [12].
Depending on the time of the water treatment
the concentration of MWCNT in water was
determined to be 0.01, 0.05 and 0.1 mg/ml,
respectively.
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Fig. 2. SEM (FEI XL30 LaB6 SE modus 30 kV)
micrograph of a MWCNT deposit.
The images reveal the presence of MWCNT inside
the deposit. The calculated length of the CNT
is (1-4) um

In order to detect ROS the EPR and spin
traps techniques were applied [22]. EPR spect-
ra were recorded with a modified EPR spect-
rometer PE1307 operating in the X-band (9.15
GHz) at 100 kHz modulation frequency, 0.5 G
modulation amplitude width and 40 mW
microwave power. As spin harboring trap
1-hydroxy-2,2,6,6-tetramethyl-4-oxypipere-
dine at the concentration of 2-107° M was
used. It possesses a high affinity to the super-
oxide radical anions, binds them, and turns
into a nitroxyl radical that has been detected
by EPR at room temperature. Its EPR spec-
trum reveals a triplet with the characteristics:
g =2.005,Ay =16 G, H,, = 0.4 G.

Irradiation of the MWCNT water suspen-
sion was carried out in a special quartz cuvette
(V=170 ml) using the «BIOPTRON» lamp
(Switzerland) with a power of 80 W for 2 min.
This lamp irradiates linearly polarized light
with a wavelength of 400—2 000 nm. Immedia-
tely after light irradiation the EPR spectrum
has been recorded.

Results and discussion

The EPR spectra of the superoxide radical
anions generated by MWCNT in water (0.1 mg/ml)
after their photoirradiation are given in Fig. 3.
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Fig. 3. Dynamics of EPR spectra of the superoxide
radical anions generated by MWCNT in water
(0.1 mg/ml; T = 290 K):
a — before photoirradiation; b — 2 min after fini-
shing photoirradiation; ¢ — 45 min after fini-
shing photoirradiation

As it can be seen, the intensity of EPR sig-
nals increases with time after finishing irradi-
ation of MWCNT confirming therefore that
the ROS concentration increases as well (Fig.
3, b and 3, ¢). We presume that these findings
are closely related to intensive light absorp-
tion by MWCNT and a following conversion to
local heat with time. Considering results [23],
the light scattering of the investigated
MWCNT and their aggregates (up to 20 nm in
diameter) in the investigated irradiation range
(400-2 000) nm does not exceed 10%.
Therefore, if in the absence of MWCNT it is
not possible to excite oxygen by incident radia-
tion, then this cannot be achieved by the scattered
field too. As consequence, the local heating of the
investigated samples may be the reason for the
ROS formation.

The increasing of the ROS concentration
with time is demonstrated in Fig. 4.

Considering the obtained EPR results it
was established that MWCNT generate ROS
with the rate of (9.7+0.3) nMol/mgxmin
independently on their concentration in water.
Moreover, the MWCNT samples with the con-
centration 0.1 mg/ml (Fig. 4, 1), 0.05 mg/ml
(Fig. 4, 2) and 0.01 mg/ml (Fig. 4, 3) generate
the ROS with the indicated rate during 47, 26
and 21 min, respectively, after their VIS/IR
irradiation. In conclusion, a significant size’s
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Fig. 4. Time dependence of the concentration of
the superoxide radical anions (reported as the
EPR spectra intensity) generated by MWCNT

in water after photoirradiation:
1 —0.1mg/mlMWCNT; 2 — 0.05 mg/ml MWCNT;
3 — 0.01lmg/ml MWCNT

effect for MWCNT occurs, as a consequence of
their aggregation in water with increasing
concentration [12]. Indeed, as the number of
nanotubes is increased (correspondingly, the
total nanotube size/mass too), for a constant
irradiation power, we expect that the heat
efficiency (the range of transfer and duration)
increases.

Thus, we established that MWCNT in
water at low concentration (0.01-0.1 mg/ml)
after short-term (2 min) VIS/IR irradiation
(400—-2 000 nm) can generate the ROS (super-
oxide radical anions) with the constant rate of
(9.7+0.3) nMol/mg*min™. Moreover, in
dependence on their concentration in water,
MWCNT can generate ROS with the indicated
rate after finishing photoirradiation. Most
likely, the local heating of investigated samples
is the reason for the ROS formation.

In summary our results showed that
MWCNT can be used in the nanomedecine for
the regulation of the pathologic states, caused
by the disturbances of the metabolism of the ROS,
for example in the photodynamic therapy of
malignant tumors S. V. P. is grateful to DFG
for support.
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3 BUKOPUCTAHHAM METO/iB eJIEKTPOHHOTO Ta-
paMartHiTHOTO pPe30HAHCY Ta CIIIHOBUX YJIOBJIO-
BauiB ymepille 3apeecTpoBaHO aKTUBHiI (opmu
kucHi (ADPK), 30KpeMa cynepoKCHUIHI aHioH-pa-
IUKaJIu, AKi reHepyBaJuCh OMMPOMiHEHUMU y BU-
auMit 1 6nmspKin IY-minmarkax csiTya Gararto-
crinaMMU ByryeneBuMu HaHoTpyokamu (BBHT),
110 MiCTHUJIKCH ¥ BOAHIiN cycmensii. Bysio BusBie-
HO edeKT camoinaykoBaHoi rereparii APK micisa
npunuHeHHA @Qoroonpominenus BBHT. Orpu-
MaHi pe3yJbTaTHU CBifUaTh IPO MOYKJIUBICTH 3ac-
TocyBaHHA (oro3doymxenux BBHT y doronu-
HaMiuHi# Tepanii 3JI0AKICHUX TyXJIUH.

Knwouwosi cnosea: 6araTocTiHHI ByTrjeneBi HaHO-
TPYOKU, aKTUBHI ()OPMU KUCHIO, CBIiTJIOBE OIIPO-
MiHeHHsA, €JeKTPOHHUU HapaMarHiTHUII pPes3o-
HaHC, (QoToAMHaAMIUHA Tepamid 3J0dKicHUX
MyXJIVH.
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C uCmosIb30BaHMEM METOJOB SJIEKTPOHHOI'O
mapamMarHUTHOTO Pe30HaHCa U CIIMHOBBIX YJIaBJIU-
BaTesiell BIEpPBbIE 3apPErUCTPUPOBAHBLI aKTUBHBIE
dopmsl kucaopona (APK), B yaCTHOCTH CYIIEPOK-
CUJHBbIe aHUOH-PASUKAJbI, KOTOPbIe TeHePUPOBA-
JICh OOJIYUeHHHBIMY B BUAUMOI 1 O0amxHeir K-
00JIaCTSIX CBeTa MHOTOCJIONHBIMHU YIJIE€POIHBIMU
"HaHoTpyOkamu (MYHT), Haxomamumucsa B BOJI-
HOM cycneH3uu. Bula o0HApy:KeH sPPeKT camo-
uaaynupoBauHoii reHepanuu A®PK mocie mpe-
Kpartenusa poroodayuernus MYHT. ITonyueHHbBIE
pesyJIbTaThl CBUIETEIbCTBYIOT O BO3MOMKHOCTHU
HCHOJb30BaHUSA (PoToBO30Y:KAeHHHBIX MYHT
B (hoTomMHAMHUUECKOI Tepanuu 3JI0KaueCTBEH-
HBIX OITyXOJe.

Knwouesvle cnoea: MHOTOCJIOWHBIE YTJIEPOTHBIE
HAHOTPYOKMU, aKTUBHBIE (DOPMBI KHCJIOPOIA, CBE-
TOBOE O00JIyueHUe, 3JIeKTPOHHBIN IIapaMarHunT-
HBIHM pesoHaHC, (PoToAMHAMUUECKASA TePaIus 3JI0-
KauyeCTBEHHBIX OIyXOJeil.





