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This work deals with the covalent functionalization of single-wall carbon nanotubes (SWNTs) with
phenosafranine (PS) and Nile Blue (NB) dyes. These dyes can act as photosensitizers in energy and elec-
tron transfer reactions, with a potential to be applied in photodynamic therapy. Several changes in the
characteristic Raman vibrational features of the dyes suggest that a covalent modification of the nan-
otubes with the organic dyes occurs. Specifically, the vibrational modes assigned to the NH, moieties
of the dyes are seen to disappear in the SWNT-dye nanocomposites, corroborating the bond formation
between amine groups in the dyes and carboxyl groups in the oxidized nanotubes. The X-ray absorption
(XANES) data also show, that the intense band at 398.6 eV attributed to 1s — 2pm* transition of the nitro-
gen of the aromatic PS ring, is shifted due to the bonding with the carbonic structure of the SWNTs. The
cytotoxicity data of dyes-modified SWNT composites in the presence and absence of light shows that the
SWNT-NB (4 wg/mL) composite presents a good photodynamic effect, namely a low toxicity in the dark,

higher toxicity in the presence of light and also a reduced dye photobleaching by auto-oxidation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Single-wall carbon nanotubes (SWNTSs) have unique properties,
mainly due to their one-dimensional structure; such as excep-
tionally high tensile strength, high resilience, electronic properties
ranging from metallic to semiconducting, high current carrying
capacity, and high thermal conductivity [1]. The remarkable phys-
ical and chemical properties of carbon nanotubes (CNTs) have
stimulated the investigation of new CNT based nanostructures,
mainly those formed with polymers, metal particles and organic
molecules [2,3].

Increasing interest is being focused on the rational func-
tionalization of both single- and multiwall CNTs (MWNTSs) to
fabricate functionalized nanostructures with novel properties [4].
The properties of carbon nanotubes can be modified by chemical
interactions, such as electrochemical and/or chemical charge-
transfer processes [5,6]. Combination of both single and multiwall

* Corresponding authors at: R. Baquirivu, 197, 04404-030 Sao Paulo, SP, Brazil,
and Av. Lineu Prestes, 748, 05513-970 Sao Paulo, SP, Brazil. Tel.: +55 11 56712419;
fax: +55 11 56712419.

E-mail addresses: morari@yahoo.com (G.M. do Nascimento), paola@iq.usp.br
(P. Corio).

1010-6030/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2010.01.019

carbon nanotubes to organic molecules can lead to the formation
of unique composites, with enhanced chemical and/or physical
properties [7]. Chemical functionalization of carbon nanotubes has
recently become a very important research area [8-10].

Assembly of various materials, organic and inorganic, onto the
surface of CNTs has been reported. Covalent and non-covalent mod-
ifications of nanotubes properties have been explored in order to
control the chemistry of CNTs. Electrochemical doping [11], elec-
trostatic [9], covalent[12], and hydrophobic interactions have been
investigated and can be used to shape their properties to specific
applications. The ability to carry out controlled chemistry on the
carbon nanotube surface plays an essential role in the application of
these nanostructures, providing a means of purification, solubiliza-
tion, biocompatibility, and diameter- or chirality-based separation
[13,14].

The challenge is to find a way to reproducibly and reliably
chemically alter carbon nanotubes that, like graphite, are fairly
unreactive. Nowadays, the SWNTs can be chemically changed
through the oxidation of their fullerene-like caps followed by
different reactions with the carboxylic groups (-COOH) being
formed, to make it possible to attach a large variety of chem-
ical groups in the carbonic structure [15,16]. Functionalization
of carboxylic groups with compounds that have structure like
R-NH, (where the R represents different organic groups) can
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be made by condensation reactions between amino and car-
boxylic groups. The reaction is mediated by condensation reagents,
such as 1,3-dicyclohexylcarbodiimide (DCC) or 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDAC).

Fullerenes, carbon nanotubes as well as their derivatives mod-
ified with light-sensitive molecules, such as dyes, have emerged
as a new interdisciplinary research field [17]. The carbonaceous
materials can promote the intensification and/or prolongation of
the excited states of dyes, owing to charge-transfer interactions.
Photosensitizers activated by light can induce the formation of sin-
glet oxygen or other free radicals, which can irreversibly damage
the treated tissues [18,19]. It is generally accepted that singlet oxy-
gen is the primary cytotoxic agent responsible for photobiological
activity [20]. This is the background for the photodynamic ther-
apy (PDT), which uses laser, or other light sources, combined with
a light-sensitive drug (photosensitizing agent) to destroy cancer
cells.

Phenazine dyes and their derivates can be induced to generate
long-lived excited states which make them ideal as photosensi-
tizers in energy and electron transfer reactions [21]. Up to now,
the characterization of modified carbon nanotubes, modified with
photosensitizers phenazine dyes, was scarcely investigated. The
self-assembly of phenosafranine (PS dye, see Scheme 1) to acid
treated multiwall carbon nanotubes (MWNTSs) was investigated
[22]. PS has received considerable attention due to its photoredox
properties [23,24]. The authors have shown that the cationic PS dye
chemisorbs in the defects along the MWNT surface. UV-vis spec-
troscopy reveals an electron transfer process from PS to the MWNTSs
7* band. Nile Blue (NB, see Scheme 1) is a well-investigated oxazine
dye and can also be used as a photosensitizing agent when attached
to SWNTs in photodynamic therapy studies (PDT) [25].

The main goal of this work is the spectroscopic characteriza-
tion of the nanocomposites prepared by condensation reactions
between SWNTs and PS (phenosafranine) or NB (Nile Blue) dyes.
In addition, the in vitro cytotoxic effects of these composites are
also investigated.

2. Experimental

2.1. Synthesis of SWNT modified with organic dyes

2.1.1. Chemicals and materials

Organic dyes phenosafranine (PS, Aldrich, 3,7-diamino-5-
phenylphenazinium chloride) and Nile Blue (NB, Merck, 5-amino-
9-(diethylamino)benzo(a)phenoxazin-7-ium sulfate) were used as
received. The closed-ended SWNTs carbon nanotubes (CarboLex
AP-grade) are made by Arc Method. According to the producer,
these carbon nanotubes have an average diameter 1.4nm and
are found in “ropes” which are typically ~20nm in diameter or
approximately 50 tubes per rope with lengths of 2-5 pm. Impuri-
ties include approximately 35 wt% residual catalysts (Ni, Y) which
are usually encapsulated in carbon shells. Some amorphous car-
bon may also be found on the outer surfaces of the ropes. The only

Phenosafranine

post-synthesis treatment of the nanotubes comes from the homog-
enization of the tubes directly from the chamber. Purity of CarboLex
AP-grade SWNT is 70-90%.

2.1.2. Synthesis

The oxidation of SWNTs was carried out by placing 25.0 mg
of SWNTs in 10.0mL of aqueous H;SO4:HNO;3 (3:1) 30% solu-
tion under magnetic stirring for 6h at room temperature (ca.
25°C). This procedure produces SWNTs terminated with COOH
groups — SWNTs(ox) [15,16]. Afterwards, the nanotubes were
separated by centrifugation and washed with deionized water
near to the neutral pH (ca. 6-7). The SWNTs(ox) (0.01g) were
then suspended in 50.0mL of acetonitrile containing the dye
(2.10~4molL-1 PS or NB). To this suspension was added 20.0 mg
of 1,3-dicyclohexylcarbodiimide (DCC, Aldrich), the condensation
agent (see Scheme 2). The system was stirred continually in the
dark for 24 h. Then, the modified nanotubes were separated by cen-
trifugation and washed several times with acetonitrile, ethanol and
deionized water. The sample was finally separated by centrifuga-
tion and dried. This sample will be called SWNT-PS (or SWNT-NB)
composite.

It should be mentioned that, for the sake of comparison, the
same procedure was carried out with pristine SWNT (non-oxidized
SWNT). This sample will be called SWNT +PS (or SWNT + NB). The
amount of dye in the SWNT +PS and SWNT + NB samples was mea-
sured from the UV-vis data. The molar extinction coefficients were
determined for PS dye (10,562 L mol~'cm~! at 510.0nm) and for
NB dye (76,800 Lmol~' cm~! at 627.5nm). From these values, it
was possible to estimate that in SWNT+PS suspension the PS
concentration is 6.9 x 10~> mol L1, while for SWNT + NB suspen-
sion the NB concentration is 2.1 x 10> mol L. Each suspension
(50.0 mL, SWNT weight equal to 10.6 mg) was filtrated to obtain the
solid material, thus, the SWNT +PS contents 9.5% of PS dye, while
in SWNT + NB the percentage of NB dye is 3.5%.

2.2. Instrumentation

Raman spectra were acquired on a Renishaw Raman System
3000 equipped with a CCD detector and an Olympus microscope
(BTH2) that allows a rapid accumulation of Raman spectra with
a spatial resolution of about 1 wm (micro-Raman technique). The
calibration of the equipment was done using a Si monocrystalline
sample. The laser beam was focused on the sample by a 50x
lens. Laser power was always kept below 0.7 mW at the sample in
order to avoid laser-induced sample degradation. The experiments
were performed under ambient conditions using a back-scattering
geometry. The samples were irradiated with the 632.8 nm (1.96 eV)
line of a He-Ne laser (Spectra Physics, mod. 127), and the 514.5 nm
(2.41eV) line of an Ar* laser (Omnichrome model 543-AP).

Fourier transform Raman (FT-Raman) spectra of solid samples
were recorded using a RFS 100/S FT-Raman Bruker spectrometer
with the 1064.0 nm laser line from an air-cooled diode-pumped
Nd:YAG laser. Experiments were performed under room conditions
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Scheme 1. Chemical structures of phenosafranine (PS) and Nile Blue (NB) organic dye molecules. The numbers from 1 to 4 were used in the assignments of the carbon rings

involved in the vibrational modes shown in Table 2.
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Scheme 2. Schematic representation of the chemical reactions involved in the modification of the carbon nanotubes.

with a back-scattering geometry. The laser beam with approxi-
mately 1 mm spot (the largest spot size available) was focused on
the center of the aluminum disc (using the laser guided by the
FT-Raman system as reference) containing the sample in the front
compartment using 80.0 mW of laser power.

FTIR spectra were obtained by using a BOMEM MB-100 instru-
ment operating with KBr optics, resolution of 4cm~!, and using
DTGS detector. For collecting, the FTIR spectra, the samples were
dispersed in KBr pellets.

UV-vis spectra were obtained with a Shimadzu UVPC-
3101 scanning spectrophotometer using the integration sphere
attached.

XANES spectra were obtained by using the facilities of the
National Synchrotron Light Laboratory (LNLS), Campinas, Brazil.
The spherical grating monochromator beam line (the spectral res-
olution E/AE of the spherical grating is better than 3000) has a
focused beam of, roughly, a 0.5 mm?2 spot, and the spectra were
recorded in the total electron yield detection mode, with the sam-
ple compartment pressure at 10-8 mbar. Measurements were done
with the sample surface normal to the beam. All energy values
in the N K-edge spectra were calibrated by using the first reso-
nant peak in the N K-edge XANES spectrum of potassium nitrate
[26,27].

2.3. Quantum chemical calculations, Raman and IR spectra

The equilibrium geometry of the PS and NB dyes, as well their
respective vibrational frequencies (Raman and IR bands) were
obtained with the Gaussian 03 software [28] using B3LYP den-
sity functional theory. This method uses Becke’s three-parameter
exchange functional (B3) [29,30], in combination with the (LYP)
correlation functional [31]. All calculations were done using
the 6-311++G(d,p) basis set [32,33]. The geometries of PS and
NB were constrained to the Cs and C,y point groups, respec-
tively. The cutoffs on forces and step size that are used to
determine optimization convergence were tightened, and the
UltraFine grid option was used too, to ensure reliability of the fre-
quencies, because low frequency vibrational modes are present.
All the vibrational modes were corrected by the factor 0.9679
[34].

2.4. Cytotoxic experiments

2.4.1. Chemicals and materials
For the cytotoxic experiments dispersions of PS, NB, SWNTs,
SWNTs(ox), composites of SWNT-PS and SWNT-NB (100 and

400 pg/mL) in N,N-dimethylformamide (DMF, Merck) were pre-
pared and then further diluted with the assay medium. Solvent
controls with DMF were carried out in all assays.

2.4.2. Cell line

In this work, we utilized the BHK-21 cell line (from mouse
fibroblasts) acquired from Adolf Lutz institute, Sdo Paulo, Brazil. In
vitro, BHK-21 cells were grown with MEM and 7.5% of BPS, gentam-
icin at 0.125% plus 20 mmol/L of HEPES and NaHCO3 at 8 mmol/L.
Cells were cultivated under a 5% CO, atmosphere with 37 °C con-
stant temperature. BHK-21 cells were plated (5 x 103 cells/well)
96 wells plaque and incubated at 37°C for 24 h to achieve total
adherence. After this period, cells were treated with composites
and kept at 37°C for 3 or 24 h in the dark and for 3 h under visi-
ble light irradiation (Hg lamp). For cell viability determination the

Absorbance
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Fig. 1. UV-vis absorption spectra in acetonitrile solvent of (A) phenosafranine, (B)
SWNT + phenosafranine (physical mixture) and (C) SWNT-phenosafranine compos-
ite.
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MTT (3-methyl[4,5-dimethylthiazol-2yl]-2,5diphenyltetrazolium
bromide) method was utilized [35].

3. Results and discussion

3.1. SWNT-PS composite

Fig. 1 shows the UV-vis spectra of plain PS (A) and a physi-
cal mixture of SWNT+PS (B) and a composite material with the
SWNTs (C) in acetonitrile. In the UV-vis spectra of both, the phys-
ical mixture and the composite material, the band in the visible
region at ca. 503-530nm is observed, and this band is related to
the PS dye absorption. The spectra of solutions of the composites
(spectra B and C) have a high background owing to the light scatter-
ing of the suspended carbon particles. For the SWNT-PS composite

is observed the higher red shift (515-540 nm) in comparison to the
spectrum of plain PS dye. This red shift is due to an interaction
between the PS dye and the SWNTSs, probably due to the forma-
tion of covalent bonds. Indeed, Curran et al. [22] observed that the
electronic absorption of PS dye shifts from 520 nm to 562 nm in
the MWNT-PS composite. The authors addressed this trend to a
chemisorption or bond formation, allowing a charge transfer from
the PS dye to the nanotubes (an excellent electron acceptor [36])
and vice versa, thus corroborating our observation.

Resonance Raman spectra were obtained in order to monitor
the changes of the vibrational states of the SWNTs. Fig. 2 displays
the resonance Raman spectra at two laser lines for the pristine
SWNT (2A), phenosafranine (2B), and SWNT-PS composite (2C).
According to Kataura plot for pristine SWNTSs [37], at Ej se; = 2.41 €V
(514.5nm), we are in resonance with the semiconducting SWNT

632.8nm (1.96 eV)
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Fig. 2. Raman spectra of: pristine SWNT (A), phenosafranine (B), and SWNT-phenosafranine composite (C) at Ej;se; = 1.96 eV (632.8 nm) and Ej,se; = 2.41 eV (514.5 nm). For
comparison purposes, the spectrum C is also shown, from 300 to 1100 cm~!, expanded in the intensity scale (D). The deconvolution band analysis is shown for the samples
A and C. The best-fit frequencies (four Lorentzian bands - black color bands - were used in the deconvolution of the G band and three Lorentzian bands - blue color bands -
were used in the deconvolution of the D band) for the G band are also shown. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)
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Table 1

Experimental values observed in the IR spectrum and in the Raman spectra at three different laser lines (514.5, 632.8, and 1064.0 nm) for the PS dye. The equilibrium geometry
of the PS dye, as well its respective vibrational frequencies (Raman and IR bands) were obtained with the Gaussian 03 software [28] using B3LYP density functional theory. The
band values (with (bold) and without (italic) the numeric factor correction of 0.9679 [34]) and the assignments of the vibrational bands are given. The correlation between
calculated and experimental band values was done considering the wavenumber values and relative intensities. The qualitative normal mode description for the vibrational
modes was done using the visualization mode of chemcraft v.13 quantum chemistry software. The abbreviations s, m, w, sh, are related to the band intensities, and mean
strong, medium, weak and shoulder. i.p. means in-plane modes. The abbreviations v, 3 and vy are related to the kind of vibration modes and mean stretching, bending and

torsion, respectively.

IR bands Phenosafranine Raman bands Calculated values B3LYP/6-311++G(d,p) Qualitative assignment
514.5nm 632.8 nm 1064.0 nm
1651sh - - 1652 sh 1671 1617 B(NHy)
1637m 1639sh 1636m 1634m 1648 1595 v(CC), B(NHy)
1628sh 1626 - 1627 sh 1569 1518 V(CC, CN)phen
1603s - - 1600 w 1562 1512 V(CC, CN)phen
- 1539s 15465 1549s 1526 1477 v(CC), B(CH)
15355 1532sh - 1532sh 1515 1466 v(CC), B(CH)
- 1506 w 1503w 1503s 1442 1396 V(CC, CN)phen
1485s 1486 sh - 1490sh 1422 1376 V(CC, CN)phen
1473 sh - - - -
- 1419w - - -
1387s 1382sh 1381m 1382s 1387 1342 V(CC, CN)phen
- 1366 m - 1362 sh 1384 1339 V(CC, CN)phen
1323s 1318w - - 1321 1278 B(CH)
- 1292w 1299w 1299w 1260 1220 B(CH)
1279w = = = =
1244w - 1242w 1245w 1215 1176 B(CH)
- 1233w - - -
1190s 1190sh - - 1160 1123 B(CH)
1178sh 1181w - - -
1163w 1157w 1158w - -
1140sh - 1137w 1141w 1159 1122 B(CH)
1130m 1132w - - 1072 1037 v(NHy)
1072w - - - 1045 1012 B(CH)
- - - 1006 w 1018 986 Breathing ring
808 w 803w 806 m 809w 818 791 Ring torsion i.p
- 626w 624w - -
598 sh 596 w 595m 599w 609 589 Ring torsion i.p
443w 442 w 446 w 444w -
- 362m 362s 365s 363 351 Ring torsion i.p

tubes and at Ej s = 1.96 €V (632.8 nm) with the metallic ones. In
addition, the laser at 514.5nm (2.41eV) is close to the maximum
of the electronic absorption of the dye in the visible region, mak-
ing it possible to study the vibrational bands of the dye owing to
the resonance Raman process. In order to understand the interac-
tions between the SWNTs and the PS, the vibrational bands of the
PS dye were calculated (not found in the literature) using quantum
chemical calculations. Table 1 shows the experimental and calcu-
lated values of the vibrational bands (Raman bands at different laser
lines and the FTIR spectrum) of PS, and the tentative assignments
that were made. The FTIR spectra for the dyes (PS and NB) used in
the present work are shown in Fig. 3.

For Ejyse=1.96eV, the Raman spectrum of the SWNT-PS is
completely dominated by the characteristic SWNT bands, the
radial-breathing mode (RBM) at 168 cm~!, the D and G bands at
ca. 1320 and 1590cm~!, and G’ band at 2640 cm~! (not shown).
Only low intensity bands are observed in the region from ca. 360
to 820cm~! and these can be related to the PS dye. By deconvolu-
tion of the G band it is possible to see more easily some changes
in the G band of the SWNT and their composites. The use of four
Lorentzian bands (a procedure similar to the one adopted in a pre-
vious work [37]) is enough for emulate the original G band data
(seered curve in Fig. 2, spectrum A). The best fit was obtained with
the bands at 1506, 1539, 1561, and 1590 cm~! for the SWNT sam-
ple, while, for SWNT-PS composite, the best fit was obtained with
the bands at 1520, 1550, 1573, 1596 cm~! (see Fig. 2, spectrum C).
Hence, a shift of the G bands is clearly observed in the spectrum
of the composite in relation to the plain SWNTs. In addition, it can
be seen a decrease in the relative intensities of the G bands at ca.
1520 and 1550cm~! in the spectrum of SWNT-PS composite in
comparison to their counterparts in the spectrum of SWNT (bands

at 1506 and 1539 cm™1, respectively). These bands are assigned to
the metallic SWNT tubes [38,39] and indicate that mainly metallic
tubes react to the PS dye. Similarly, the G’ band also shifts from
2628 to 2640 cm~!, from the Raman spectrum for the plain SWNTs
(2628 cm1) to that for the composite (2640 cm~!), indicating that
mainly the metallic tubes react with the PS dye.

In contrast to the behavior observed at 632.8 nm, several bands
related to the PS dye appear in the spectrum of the SWNT-PS
composite at 514.5 nm, as a consequence of the resonance Raman

Absorbance/ a.u.

T L T % T ¥
1200 1400 1600 1800

T
1000

Wavenumber/ cm™

i T B T
400 600 800

Fig. 3. FTIR spectra of solid samples dispersed in KBr pellets: phenosafranine dye
(A) and Nile Blue dye (B).
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behavior of the dye. The G band of the SWNTs at ca. 1580 cm™! can
also be observed in the spectrum. By comparing the spectra of the
composite and plain dye, the main differences can be addressed:
the highest PS band at 1539 cm~"! (assigned to the mode making
the v(CC) and B(CH) contributions, see Table 1) shifts to 1545 cm~1,
the band at 1132cm™! (assigned to yNH,) also practically disap-
pear, and finally the bands at ca. 362, 596, and 803 cm!, related
to the ring torsion in plane, practically disappears in the spectrum
of the SWNT-PS composite. The disappearance of the band due to
the yNH; can be correlated with the formation of a covalent bond
between the amine groups (-NH,) of the dye and the carboxylic
(-COOH) groups of the SWNT(ox). The shift of the highest PS band
(related to the stretching of the carbons in the aromatic rings of the
PS) and the decrease of the intensities of bands related with tor-
sions can also be related to the bond of the carbon structure in the
PS ring, as a consequence of the perturbing torsions of the PS ring
and also the CC stretching of the rings near to the amine group.

Fig. 4 shows the fluorescence spectrum (generated by the laser
at 514.5 nm) of the plain PS (A) and the composite with the SWNT
(B) and finally the physical mixture of PS with SWNT (C). For
the SWNT-PS composite, a shift (from ca. 700nm to 600 nm) is
observed in the fluorescence band compared to the plain PS. In addi-
tion, despite the lower intensity of the signal, the same behavior is
observed for the SWNT +PS sample; probably, also, the physical
adsorption of the PS on the surfaces of the carbon tube can produce
the same behavior. The fluorescence shifts may be derived from an
efficient energy transfer from the dye to the nanotube. A similar
behavior was reported for SWNT-porphyrin hybrids [40].

X-ray absorption spectroscopy near to the Nitrogen K-edge (N
K XANES) involves excitation of “core” electrons of the nitrogen
atoms, and N K XANES is an excellent technique for distinguish-
ing between nonequivalent nitrogen atoms [41]. Each absorption
edge is related to a specific atom present in the material and,
more specifically, to a quantum-mechanical transition that excites
a particular atomic core-orbital electron to the free or unoccu-
pied continuum levels (by ionization of the core orbital). In fact,
the N K XANES spectra of “soft” matter are very complex, particu-
larly for molecules with high electronic delocalization, since many
pre-edge peaks, that can be associated to resonance and/or con-
jugation effects appear in such spectra [42]. Nevertheless, the N
K XANES spectroscopy was successfully employed in the study of
quinoid-benzenoid changes for aromatic and/or conjugated sys-

700

Intensity/ a.u.

¥ T ¥ T
400 600 800
Wavelength/ nm
Fig. 4. Laser-induced photoluminescent of: Phenosafranine dye (A),

SWNT-phenosafranine composite (B), and SWNT +phenosafranine (physical
mixture) (C). Ejaser =2.41eV (514.5 nm).
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Fig. 5. N K XANES spectra of solid samples of: Phenosafranine dye (A),
SWNT + phenosafranine (physical mixture) (B), and SWNT-phenosafranine compos-
ite (C).

tems where the study of many model compounds gives assistance
with the interpretation of the spectra of more complex conjugated
materials [43].

Fig. 5A shows the N K XANES spectrum of PS dye, being the
intense band at 398.6 eV that is attributed to the 1s — 7* transition
of the nitrogen in the aromatic PS ring [27,43,44]. It is clearly seen
here that this peak is shifted toward higher energies in the spec-
tra of SWNT +PS (B) and the SWNT-PS composite (C). The largest
shift is observed in the spectrum of SWNT-PS composite (Fig. 5C),
confirming that the electronic structure of the dye is changed due
to the covalent bond with SWNTs, corroborating the Raman and
UV-vis data presented above.

3.2. SWNT-NB composite

Fig. 6 shows the Raman spectra of plain SWNT, Nile Blue (NB)
dye, and their SWNT-NB composite obtained with the laser excita-
tion at 632.8 nm (1.96 eV). Here it is seen that the resonance Raman
spectrum of the SWNT-NB composite is overwhelmed by bands
related to the NB dye, due to the strong absorption from ca. 450 nm
to 650 nm of the NB dye (not shown). It was not possible to obtain
the Raman spectral information at 514.5 nm due to the strong sam-
ple fluorescence. Nevertheless, the characteristics RBM, D, G and
G’ bands of the SWNT can also be observed at 1.96eV laser line.
Similarly to that observed for the SWNT-PS composite the G’ band
shifts from 2628 to 2635 cm~!, from the Raman spectrum for plain
SWNTSs to the composite, indicating that a charge-transfer reaction
between metallic SWNTs and NB dye also occurred. The changes
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Table 2

Experimental values observed in the IR spectrum and in the Raman spectra at two different laser lines (632.8 nm and 1064.0 nm) for the NB dye. The equilibrium geometry of
the NB dye, as well its respective vibrational frequencies (Raman and IR bands) were obtained with the Gaussian 03 software [28] using B3LYP density functional theory. The
band values (with (bold) and without (italic) the numeric factor correction of 0.9679 [34]) and the assignments of the vibrational bands are given. The correlation between
calculated and experimental band values was done considering the wavenumber values and relative intensities. The qualitative normal mode description for the vibrational
modes was done using the visualization mode of chemcraft v.13 quantum chemistry software. The abbreviations s, m, w, sh, are related to the band intensities, and mean
strong, medium, weak and shoulder. The terms i.p. and o.p. mean in-plane and out-of-plane modes, respectively. The numbers 1, 2, 3, 4 are related to the Nile Blue rings, see
Scheme 1. The abbreviations v, 3 (s: symmetric and as: asymmetric) and vy are related to the kind of vibration modes and mean stretching, bending and torsion, respectively.

Nile Blue IR bands Nile Blue Raman bands

Calculated values B3LYP/6-311++G(d,p)

Qualitative assignment

632.8 nm 1064.0 nm
1668 sh - 1678 w 1645 1593 v(CC)(1)
1650sh 1645s 1644s 1673 1619 v(CC)(4), B(NHz)
1639s - - 1682 1628 B(NH3)
1617s - 1607 w 1622 1570 v(CC)(1,2,4), B(NH2)
1589s 1580w 1579w 1580 1529 v(€CC)(1,2,3,4)
1559sh - 1549sh 1569 1519 v(CC)(1,2,3,4), B(N(CH3)2)
1545m 1544 m 1534m 1563 1513 v(CC)(1,2,34)
1507w - 1503 m 1505 1456 v(CC)(1,2,3,4), Bas(CH3)
- 1495m 1494 sh 1522 1473 V(CC)(4), Bas(CH3)
- - 1477w 1502 1453 Bs(CHs)
= 1442 m 1441 m 1488 1441 v(CC)(] ,2), B(CH)(1,2), Bs(CH3)
1435m - - 1522 1473 CC)(4), Bas(CH3)
1421m 1424m 1419s 1435 1389 v(CC)(l 2,3,4), v(CN), B(CH)(1,2,3,4)
1385m 1385w 1383m 1429 1383 v(CC)(1,2,3,4), v(CN), B(CH)(1,2,3,4)
1351sh 1358 m 1357s 1392 1348 v(CC)(3,4)
1337m - - 1463 1416 v(CC)(1 2), B(CH)(1,2), Bs(CH3)
1314sh - 1309m 1542 1492 CC)(4), B(CH)(4)
1289sh - 1293sh -
1279m 1275w 1275w 1483 1435 v(CC)(1,2,3,4), B(CH)(1,2,3,4), Bs(CH3)
1256 m 1259w 1252w 1500 1451 v(CC)(1,2,3,4), Bs(CH3)
1228w = 1230w 1494 1446 Bas(CH3)
1191sh 1195w 1193 m 1451 1405 Bs(CHs3)
- 1185w -
1171s 1170w 1173w 1361 1318 v(CC)(2,3,4), B(CH)(2,3,4)
= 1154w = =
1144s - - 1331 1289 v(CC)(1,2), B(CH)(1,2)
- 1138w 1136m 1380 1334 v(CC)(1,4), B(CH)(1,4)
1129s - - 1206 1168 B(CH)(1,2,3,4), v(CC)(3)
1117s 1118w 1116w 1175 1137 B(CH)(4)
1075m 1076 w 1077m 1321 1279 B(CH)(1,2,3,4)
1057 sh 1051w 1046 w 1291 1249 B(CH)(1,2,3,4)
1011m 1013w 1013w 1264 1223 B(CH)(1,2,3,4)
622s - 625w 779 754 Ring torsion o.p.
593 sh 592s 593s 606 586 Breathing ring
- 552w 555m 679 657 Ring torsion i.p.

in the RBM bands from 168 and 184 (shoulder) cm~! in the plain
SWNTs to 160 and 174 cm~! the SWNT-NB composite also indicate
that a charge-transfer among the SWNTs and the NB dye occurred.
The D and G bands at ca. 1320 and 1590 cm~! in the spectrum of the

SWNT-NB
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Fig. 6. Raman spectra of: pristine SWNT, Nile Blue, and SWNT-NB composite at
Ejaser =1.96 €V (632.8 nm).

SWNT-NB composite have practically the same relative intensity.
This indicates an increase in the defects in the surface of the SWNT
due to the covalent bonding of the SWNTs in the NB molecules.

The Raman bands related to the NB dye in the Raman spectrum
of the SWNT-NB composite show small frequency shifts, but the
relative intensities are very different. Mainly, the bands at ca. 1544,
1495, 1442, 1358, 1259, 1154 and 883 cm™!, that are related to
modes formed by the stretching of the oxazine-like ring of the NB
and the bending of the NH;, and CH3 groups (see the Table 2 for the
tentative assignments). The modification of the intensities of the
NB bands in addition to the changes in the characteristics of the
SWNT bands strongly indicate that a charge-transfer also occurs
between the NB dye and the SWNTs, likely of similar origin to that
observed for the SWNT-PS composite.

3.3. Cytotoxic effects

Only phenosafranine (1wg/mL, Fig. 7A), SWNT-NB and
SWNT-PS composites (4 pg/mL, Fig. 7B) showed more cytotoxi-
city under light treatment. Interestingly, NB at 4 pwg/mL (Fig. 7B)
was 43% less toxic after irradiation, indicating a photobleaching of
the dye in this condition. NB attached to SWNTs was equally toxic
when incubated for 3 h under irradiation or in the dark at 1 wg/mL
(Fig. 7A), as well as PS at 4 wg/mL (Fig. 7B). However, PS at 1 pg/mL
(Fig. 7A) was more cytotoxic when irradiated (Fig. 7A).
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Fig. 7. Cytotoxicity in the dark and under irradiation for 3 h: plain phenosafranine
(PS), plain Nile Blue (NB), and their composites at two different concentrations
1pg/mL (A) and 4 pg/mL (B). *Statistic different compared with DMF control
(p<0.05) and **Statistic different compared with the correspondent incubation in
the dark (p<0.05).

The low toxicity observed to SWNT alone is in accordance with
another study [45] that verified that cells exposed to SWNTSs alone
were not significantly affected. Cells exposed to concentrations
of SWNTs from 0.2 to 3.2mgmL-! produced no significant toxic
effects in astrocytoma cells at 24, 48, and 72 h of exposure. Another
work also demonstrated that SWNT(ox) at 0.025 mg/mL has no
influence in the cell viability and also in the promote apopto-
sis [46]. In contrast, nanotubes prepared with catalyst particles,
it could generate oxidative stress and acute toxicity. Shvedova
et al. [47] demonstrated a significant concentration-dependent
decrease in human epidermal keratinocytes (HaCaT) viability of
11.3% (0.06 mg/mL), 24.5% (0.12 mg/mL), and 37.6% (0.24 mg/mL)
after exposure to SWNT (18 h). However, incubation of HaCaT cells
with a metal chelator dramatically reduced cytotoxicity of SWNTs,
indicating that cytotoxicity of the SWNT was associated with iron
catalytic effects.

Although DMF, even at low concentration, is not the most appro-
priate vehicle for biological applications, our results showed a
relative low toxicity in control, which allowed to compare with
SWCNT, dyes and composites treatments. New tests are been run-
ning to evaluate their properties in other cell types and different
suspensions, but we show now that when dyes are linked to SWNTs
their photodynamic properties change. In particular, for NB this
behavior is evident, in fact Tong et al. [48] demonstrated that nor-
mal human fibroblasts showed extreme dark sensitivity to NB.
Treatment with 0.1 pg/mL of NB for 1 h reduced the colony forma-
tion of normal human fibroblasts by greater than 95%. In addition,
they could not detect any significant photocytotoxic effect of NB in
normal human fibroblasts treated with 0.05 pg/mL and light expo-
sure. Our results indicate that the association of NB with SWNT
promotes a photocytotoxic effect without dark sensitivity.

4. Conclusions

The reactivity of single-wall carbon nanotubes with organic dyes
molecules was investigated. Changes in the characteristic Raman
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vibrational features of the dyes suggest covalent modification of
nanotubes with the organic molecules. Specifically, the vibrational
modes assigned to the NH, moieties of the dyes are seen to dis-
appear in the SWNT-dye nanocomposites, corroborating the bond
formation between amine groups in the dyes and carboxyl groups
in the SWNTs (ox). The combination of dyes and carbon nanotubes
should be promising for the construction of novel hybrid materials.
The photochemical properties of the dyes, including photostability
and absorption and emission properties are affected by the interac-
tion with carbon nanotubes. The cytotoxicity data for dye-modified
SWNT composites in the presence and absence of light show that
the SWNT-NB (4 j.g/mL) composite presents a good photodynamic
effect (low toxicity in the dark, higher toxicity in the presence of
light and also a reduced dye photobleaching by auto-oxidation).
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