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Here we report the investigation of photophysical properties and photodynamic action of two novel

water soluble hybrid molecular structures based on [60]fullerene dyads bearing covalently attached resi-

dues of anthracycline antibiotic “ruboxyl”. Molecular structures of the designed compounds were

confirmed by IR and UV-VIS absorption spectroscopy, electrospray mass spectrometry (compound 5), and
1H and 13C NMR spectroscopy. Dynamic light scattering, steady-state and kinetic fluorimetry and UV-VIS

absorption spectroscopy techniques were used to study the behavior of the synthesized hybrid molecular

structures in aqueous solutions. Photodynamic activity of the compounds was evaluated by monitoring

the O2
− generation under visible light irradiation using the NBT test. It has been shown that the anthra-

cycline chromophore (ruboxyl moiety possesses no photodynamic activity) behaves as an efficient photo-

sensitizer for the fullerene core operating via the energy and/or the electron transfer pathways. The

presented approach opens up wide opportunities for the design of various fullerene-based donor–accep-

tor systems with enhanced photodynamic properties potentially suitable for biomedicinal applications.

1. Introduction

It is known that [60]fullerene exhibits exciting photophysical
and electronic properties due to its unique three-dimensional
structure. Pristine fullerene and its derivatives are efficient
electron donors in the photoexcited state and rather strong
electron acceptors in the ground state. They generate efficiently
singlet oxygen 1O2 under light excitation.1 Fullerene-based
systems also generate superoxide radical anion O2˙

− and other
active oxygen species under visible light illumination in the
presence of molecular oxygen and electron donors.2 Recently,
many papers have been published on a photodynamic effect
of fullerenes and their derivatives resulting in the damage of
DNA, proteins and membranes, as well as a suppression of
tumor cells, viruses and bacteria growth.3–14 Unfortunately, the
application of fullerenes and their derivatives for photo-
dynamic therapy in clinical practice is strongly limited by a
weak absorption of fullerenes at long wavelengths in the
visible (VIS) and near infrared (NIR) spectral ranges. The short

wavelength absorptions characteristic for fullerenes are hardly
suitable for a photodynamic therapy since such beams do not
penetrate deep into living tissues. The efficiency of the photo-
dynamic action of fullerenes can be greatly enhanced by using
hybrid nanostructures (HNS) composed of fullerene derivatives
bearing appended dye molecules absorbing the light in the
VIS and NIR spectral ranges.

It is known that [60]fullerene has a singlet excited energy
state at 16 000 cm−1 and a triplet excited state at 12 700 cm−1.1

The absorption of a photon by a dye–fullerene conjugate
might lead to many different events. For instance, the exci-
tation energy can be potentially transferred from the dye mole-
cule to the fullerene cage or vice versa depending on the
frontier energy levels of these subunits. Moreover, the energy
transfer to an intermediate charge transfer state (CT state) also
becomes possible if such a CT state is formed in the system. In
addition, a photoinduced electron transfer can occur from the
photoexcited dye block thus producing a charge separated
state (CS state). Alternatively, the CS state can be produced via
electron abstraction by the excited fullerene unit from the dye
unit in the ground state. The formation of the excited fullerene
states or the fullerene radical anion in biological systems
initiates a cascade of chemical reactions producing active
molecular and radical species. The singlet oxygen 1O2 and
oxygen radical anion O2˙

− formed via quenching of the fuller-
ene excited state or a fullerene radical anion by molecular O2
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are the most common examples. A reduction of the dye radical
cation or an oxidation of the fullerene radical anion by
different compounds persisting in living tissues (for instance,
such reductants as NADH, cysteine, ascorbic acid) might com-
plicate the reaction pathways. Nevertheless, the neat effect of
such processes is the formation of some active species under
the light excitation inducing local destruction of the tissue.
The design of HNS with optimized structural, photophysical
and redox parameters is a big challenge in the field of photo-
dynamic therapy.

Many fullerene-based photoactive donor–acceptor dyads
and triads have been synthesized recently for application in
solar energy conversion devices.15–20 However, these systems
are hardly suitable for photodynamic therapy primarily
because they lack solubility in water or biological media and
the ability for selective accumulation in the therapeutic targets
such as tumor cells. There are very few publications reporting
the synthesis of HNS based on covalent conjugates of fullerene
derivatives with dye molecules (e.g. acridine or porphyrin dyes)
and the investigation of their photodynamic action in biologi-
cal systems.21–24 The vast majority of these HNS are weakly
soluble in water which complicates their administration to
living tissues and, most importantly, subsequent excretion
from the organism.

Here we report the synthesis and investigation of highly
water-soluble fullerene-based HNS comprising photoactive
ruboxyl units (an anthracycline antibiotic similar to dauno-
rubicin and doxorubicin25) attached to water soluble fullerene
C60 derivatives.

2. Experimental
2.1. General

NADH (nicotinamide adenine dinucleotide, Sigma), NBT (nitro
blue tetrazolium chloride, MP Biomedical, Germany), EDTA
(ethylenediaminetetraacetic acid, Sigma), Na2HPO4·6H2O and
NaH2PO4·H2O (MP Biomedicals, Germany) were used.

Absorption spectra were recorded using a Specord M-40
spectrophotometer equipped with a computer interface and a
temperature-controlled sample unit. Fluorescence spectra
were measured using a Cary-Eclipse spectrofluorimeter.
Kinetics of fluorescence decays were recorded by “Fluo Time
200” PicoQuant GmbH.

2.2. Photochemical and photophysical studies

Photochemical activity of the compounds (relative amount of
the superoxide radicals produced) was investigated using a
standard formazan assay by measuring the evolution of the
optical density at 560 nm.2 Photochemical reactions were per-
formed in a 1 × 1 cm quartz cuvette illuminated inside a temp-
erature-controlled sample unit stabilized at 20 °C. The cuvette
was filled with 2 mL of phosphate buffer solution (pH = 6.5,
0.05 M). NADH (4 × 10−4 M), NBT (4.8 × 10−5 M), EDTA (2 ×
10−5 M) and then compounds 1–5 (Fig. 1) were added to
achieve a concentration of 10−5 M. Photodynamic properties of

1–5 were investigated using the illumination provided by a
high pressure xenon lamp (150 W) passed through a system of
optical filters selecting the 490–510 nm band (corresponds to
the absorption maximum of ruboxyl) and cutting off the
shorter and longer wavelengths. The power of the light illumi-
nating the sample was ∼4.4 mW cm−2. Illumination in the UV
range was realized using an alternative system of optical filters
with maximal transmission near the 360 nm wavelength and
“blind” areas in the visible, NIR and IR ranges. The power of
the incident UV light flux was ∼8.0 mW cm−2.

2.3. Dynamic light scattering experiments

Aqueous solutions of fullerene derivatives (4 mg mL−1) were
filtered through syringe filters and poured into vials that were
prewashed several times with filtered water in order to remove
dust particles. The solutions were then thermostated for
about 2 hours at 20 °C thus allowing the systems to reach an
equilibrium. The temperature control accuracy was 0.1 °C.
Dynamic light scattering (DLS) measurements were performed
at a detection angle of 90° with a Photocor Complex (Photocor
Instruments Inc., USA; http://www.photocor.com) setup
equipped with a He–Ne laser (λ = 679.5 nm). The mutual
diffusion coefficients of fullerene aggregates were computed
from the DLS data using the DynaLS program (Alango, Israel).
Hydrodynamic diameters of the fullerene aggregates were
calculated from the mutual diffusion coefficients using the
Einstein–Stokes formula for diffusion coefficients of spherical
particles. The viscosity (η = 1.006) and the refractive index
(n = 1.33268) of water were used.

2.4. Synthesis of conjugates 4 and 5

Polycarboxylic derivatives of fullerenes 1 and 2 were syn-
thesized according to the previously reported procedures.26,27

The conjugation of 1 and 2 with ruboxyl 3 has been carried out
using a following general procedure. The fullerene derivative 1
or 2 (1.0 eq.) was dissolved in dry THF under gentle magnetic
stirring at room temperature (final concentration of

Fig. 1 Molecular structures of compounds 1–5.
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ca. 5–10 mg of 1 or 2 per 1 mL of THF was achieved). A small
excess (1.1 eq.) of 1-hydroxybenzotriazole (BtOH) and a cataly-
tic amount (20–30 mg) of 4-dimethylaminopyridine (DMAP)
were added to the reaction mixture. These were followed by 1.1
eq. of dicyclohexylcarbodiimide (DCC) dissolved in tetrahydro-
furan (4–10 mL) and the mixture was stirred for the next
3 hours while the activated Bt-esters of the corresponding full-
erene derivatives were formed. Ruboxyl (1.5 eq.) was dissolved
in a THF (2 mL), pyridine (4 mL) and Et3N (1 mL) mixture and
the resulting solution was added to the reaction mixture com-
prising the activated ester of the fullerene derivative. The
mixture was stirred overnight, the formed precipitate of di-
cyclohexylurea was filtered off, the filtrate was concentrated on
a rotary evaporator and the viscous red–brown residue was soli-
dified by the addition of ethyl acetate. The precipitate was
separated by centrifugation and dried in air. The compositions
and molecular structures of the synthesized compounds 4 and
5 were confirmed by chemical analysis, FT-IR spectroscopy, 1H
and 13C NMR spectroscopy for 4 and also by electrospray mass
spectrometry for 5. Conjugates 4 and 5 were transformed to
the water soluble salts by treatment with equivalent amounts
of an aqueous solution of potassium carbonate and sub-
sequent freeze drying.

Compound 4. 1H NMR (DMSO-D6, 600 MHz): 1.03 (m, 3H),
1.19 (s, 12H), 1.24 (m, 2H), 1.61 (s, 2H), 1.73 (m, 4H), 2.72 (m,
4H), 2.88 (m, 2H), 3.07 (m, 10 H), 3.39 (m, 18H), 4.02 (m, 5H),
5.62 (s, 1H), 6.87 (s, 1H), 7.39 (m, 1H), 7.89 (m, 1H), 8.18 (m,
1H). 13C NMR (DMSO-D6, 150 MHz): 9.05, 14.57, 21.26, 24.94,
25.80, 28.37, 33.47, 33.82, 34.06, 35.96, 45.95, 47.96, 57.14,
57.58, 60.25, 107.35, 110.51, 119.26, 124.40, 126.72, 128.17,
136.64, 142.53, 142.90, 143.30, 145.62, 146.34, 146.64, 146.71,
148.24, 150.09, 154.98, 156.53, 157.10, 170.83, 173.14, 173.61.
FT-IR (KBr pellet, ν, cm−1): 528 (M), 542 (M), 745 (W), 765 (W),
808 (M), 988 (S), 1016 (S), 1037 (S), 1066 (M), 1081 (M), 1116
(S), 1211 (VS), 1235 (S), 1284 (S), 1379 (S), 1404 (VS), 1443 (S),
1562 (S), 1576 (S), 1617 (S), 1645 (VS), 1728 (S), 2928 (S), 3083
(M), 3422 (S). Chemical analysis: calculated C, 69.33; H, 3.62;
N, 2.91; S, 8.34. Found: C, 69.14; H, 3.70; N, 2.73; S, 8.32%.

Compound 5. FT-IR (KBr pellet, ν, cm−1): 454 (W), 464 (W),
480 (W), 498 (W), 542 (M), 566 (W), 586 (W), 650 (W), 704 (W),
764 (W), 792 (W), 818 (W), 842 (W), 910 (W), 988 (M), 1020 (M),
1040 (M), 1066 (W), 1082 (W), 1114 (W), 1156 (W), 1210 (M),
1236 (M), 1284 (M), 1376 (M), 1412 (M), 1432 (M), 1444 (M),
1462 (M), 1510 (M), 1552 (W), 1582 (M), 1620 (M), 1640 (M),
1678 (W), 1712 (M), 1728 (M), 2934 (M), 2976 (M), 3026 (W),
3432 (VS), 3440 (VS). ESI-MS: calculated m/z 1087.8 ([M − 2H]2−),
found 1087.3. Chemical analysis: calculated C, 77.77; H,
4.07; N, 2.57; Cl, 1.63. Found: C, 77.86; H, 4.11; N, 2.47; Cl,
1.48%.

3. Results and discussion
3.1. Synthesis and characterization of 4 and 5

The choice of the ruboxyl 3 as a photosensitizer used for con-
jugation with the fullerene derivatives was motivated by the

following reasons. First of all, ruboxyl is known as a promising
anticancer antibiotic demonstrating significantly improved
pharmacological properties compared to the similar dauno-
rubicin or doxorubicin analogs.25 At the same time, ruboxyl
exhibits intense absorption (λmax = 470–500 nm) and lumines-
cence (λmax = 590 nm) bands in the visible range and therefore
might be considered as a promising candidate for sensitizing
the fullerene. The advanced optical properties of ruboxyl allow
a detailed spectral analysis of the photochemical reactions of
the fullerene–ruboxyl hybrid structures to be performed.

The fullerene derivatives 1 and 2 have superior molecular
structure: all five organic addends bearing solubilizing car-
boxylic groups are attached to one hemisphere of the fullerene
molecule around a central pentagon unit thus leaving the rest
of the carbon cage available for interactions (particularly,
hydrophobic) with different biological targets. We have shown
previously that such a molecular structure leads to a pro-
nounced antiviral activity in combination with a low toxicity.27

Another advantage of compounds 1 and 2 is their exceptionally
high (>100 mg mL−1) solubility in water in the form of sodium
or potassium salts which makes possible their easy adminis-
tration to biological systems varying from cell cultures to living
animals.

One or more carboxylic groups in the 1 or 2 molecules can
be potentially coupled with the ruboxyl units using standard
carbodiimide approach (see Experimental). Our previous
experience showed that it is necessary to keep 3–4 unmodified
carboxylic (or carboxylate COO−) groups in the molecule of the
conjugate to maintain the solubility of the product in water
on a reasonable level of 1–10 mg mL−1. Here we intentionally
performed the coupling of the fullerene derivatives 1 and 2
with just one ruboxyl molecule per fullerene cage. Scheme 1
illustrates the synthesis of conjugate 5.

The obtained conjugates 4 and 5 were first characterized by
their FT-IR spectra. It was shown that the spectra of conjugates
are represented mainly by the superposition of the spectra of
individual components except for two major features. First of
all, some bands were shifted by 5–10 cm−1 compared to the
pristine components due to the conjugation effect. Second,
an amide bond appeared at 1728 cm−1 thus confirming the
covalent bonding of ruboxyl to the fullerene derivatives. The
IR spectra of the fullerene derivative 1, ruboxyl 3 and the
conjugate 4 are shown in Fig. S1 (see ESI†).

Scheme 1 Preparation of conjugate 5.
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The characterization of conjugates 4 and 5 by NMR spectro-
scopy was complicated by the presence of a nitroxyl radical
unit in their molecular frameworks. It is known that radical
species do not give well-resolved NMR spectra. Similar
behavior was also observed in the case of 4 and 5 (Fig. S2†).
Nevertheless, the 1H NMR spectrum of 4 showed all the
signals expected for this complicated molecular architecture.
At the same time, the low field 13C NMR spectrum revealed the
fullerene cage profile (groups of signals marked with “*”)
which is characteristic of the Cs-symmetry adduct derived via
distortion of the C5v-symmetrical structure by modifying one
carboxylic group with the ruboxyl unit (and the hydrogen atom
trotting around the central cyclopentadienyl unit, see details
in ref. 28). The peaks corresponding to the ruboxyl sp2 carbons
were also clearly detectable in the spectrum. The high field
13C NMR exhibited a number of signals corresponding to the
sp3 carbons of the ruboxyl moiety and the fullerene derivative
(the latter are marked with “*”). The NMR spectra of com-
pound 5 (Fig. S3†) were somewhat more complicated com-
pared to the similar spectra of compound 4. In contrast to
compound 4 with a hydrogen atom trotting around the central
5-membered ring, the chlorine atom in compound 5 forms a
rigid bond with a fullerene cage. This leads to the co-existence
of three isomers of compound 5 which differ from each other
by the relative positions of Cl and the aryl group loaded with a
ruboxyl moiety.

All our attempts to obtain a mass spectrum of compound 4
failed presumably due to the decomposition of this complex
molecule under the electrospray ionization (ESI) conditions.
On the contrary, the ESI mass spectrum of the more stable
conjugate 5 revealed a distinct peak at m/z = 1087.3 corres-
ponding to the [5-2H]2− dianion (Fig. S6†).

Thus, all the obtained spectroscopic data conform to the
proposed molecular structures of conjugates 4 and 5 shown in
Fig. 1. However, it is not clear what kinds of species are
formed in the aqueous solutions obtained by dissolving
potassium salts of 4 (4-K) and 5 (5-K) in water. To answer this
question we performed a dynamic light scattering (DLS)
study of aqueous solutions of 4 and 5 (concentration range
10−4–10−3 mol L−1). The DLS experiments revealed the for-
mation of well-organized supramolecular architectures with
average hydrodynamic sizes of 20 and 85 nm (solution of 4-K)
and 25 and 98 nm (solution of 5-K). The characteristic DLS
profiles of 4-K and 5-K aqueous solutions are shown in Fig. 2.
Some large particles (ca. 105 nm in size) observed in the
samples in small amounts (3–5%) are formed, most probably,
via aggregation of many smaller nanostructures (e.g.
85–100 nm in size) into micrometer-sized clusters.

3.2. Photophysical properties of 4 and 5

The absorption spectrum of ruboxyl was shown to be very
similar to that of doxorubicin in the visible range. However,
ruboxyl shows stronger absorptions in the UV range at
λ < 350 nm which can be explained by the contribution of the
nitroxyl moiety to the absorption (Fig. 3).

It is known that daunorubicin or doxorubicin (daunorubi-
cin analog) have rather intensive absorption bands in the
visible spectral range with λmax = 480–500 nm (ε485 = 11.5 ×
103 M−1 cm−1 29). At the same time they show intense
fluorescence with a band maximum at 590 nm.30

It has been shown also that ruboxyl demonstrates rather
intense photoluminescence. The shape and the position of the
photoluminescence band of ruboxyl resembles closely the fluo-
rescence spectrum of doxorubicin (Fig. 4). The absorption
spectra of hybrid nanostructures 4 and 5 are represented by
the superpositions of the absorptions of individual fullerene
derivatives and ruboxyl. The absorption profiles of the ruboxyl
and the fullerene units remain almost unchanged contributing
equally to the resulting absorption spectra of 4 and 5 (Fig. 3).

A comparative analysis of the luminescence parameters of
individual ruboxyl 3 and fullerene–ruboxyl conjugates evi-
dences perfect fluorescence quenching of ruboxyl by the

Fig. 2 DLS profiles of aqueous solutions of 4-K (a) and 5-K (b).
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fullerene core in 4 and 5. The fluorescence intensity of the
hybrid nanostructures 4 and 5 amounts to 2% of the fluore-
scence intensity of pristine ruboxyl (Fig. 5). At the same time
the fluorescence decay curves of these samples are monoexponen-
tial and have the same decay times as pristine ruboxyl (1.0 ns)
(Fig. 5). This fact could be explained by a strong (or even com-
plete) quenching of the ruboxyl unit fluorescence in nano-
structures 4 and 5 by the fullerene core (more than 100 times).
The observed residual weak fluorescence could be attributed
to the 1–2% impurity of pristine ruboxyl in the samples of
HNS 4 and 5.

Considering the spectral and electronic properties of the
investigated systems one could propose two mechanisms for
the fluorescence quenching in the fullerene–ruboxyl nano-
structures which are Förster energy transfer and photoinduced
electron transfer.

It is known that the Förster energy transfer is realized when
the luminescence spectrum of a donor (ruboxyl) overlaps con-
siderably with the absorption spectrum of the acceptor (fuller-
ene). Indeed, some such overlapping can be noticed in the
case of ruboxyl–fullerene systems (Fig. 3 and 4), though the

intensity of the fullerene absorptions in the 450–700 nm
range is rather weak.

Assuming dipole–dipole excitation energy transfer, accord-
ing to the Förster theory,31 the following equation can be used
to calculate R0, which is a characteristic distance between
the donor and the acceptor units, providing fluorescence
quenching by 50%:

R0
6 ¼ 9000 ln 10� k2Qd

128 π5n4N

ð1

0

f sðνÞ � εAðνÞ � dν
ν4

ð1Þ

the Qd in eqn (1) is the quantum yield of the donor fluore-
scence, n is the refractive index of the solvent, N is the
Avogadro constant, εA is the molar extinction of the energy
acceptor A, fS(v) is the luminescence normalized spectrum,
and k is an orientation factor. It is known that k2 = 2/3 for
systems with disordered orientations of the dipole moments of
the transition.

Assuming that the efficiency of the fluorescence quenching
due to the excitation energy transfer from the donor to the
acceptor units is expressed by the I0/I ratio, where I0 and I are
the intensities of the donor fluorescence in the absence and in
the presence of the acceptor, respectively, one can determine
the characteristic distance R between the donor and acceptor
using the eqn (2).

R ¼ R0ffiffiffiffiffiffiffiffiffiffiffiffiffi
I0
I
� 16

r ð2Þ

the R0 value of 22.7 Å can be calculated for the ruboxyl–fuller-
ene conjugate using eqn (1), Qd = 0.0532 and n = 1.33. The
ruboxyl fluorescence quenching factors I0/I > 100 were experi-
mentally obtained for the conjugates 4 and 5. Using these
quenching factors, eqn (2) and the R0 value obtained from
eqn (1) allowed us to estimate the characteristic distances
between the chromophore (anthracycline part of ruboxyl) and
the fullerene cage. These distances were found to be <10.6 Å
for 4 and 5. A simple estimation using 3D molecular models
of 4 and 5 has shown that such distances between the

Fig. 4 Photoluminescence spectra of ruboxyl (line 1) and compound 4 (multi-
plied by 10) (line 2) at a concentration of 10−6 M in phosphate buffer (pH = 6.5,
0.05 M). λex = 490 nm.

Fig. 5 Fluorescence decay profiles for 10−6 M solutions of ruboxyl (1) and com-
pound 4 (2) in phosphate buffer (pH = 6.5, 0.05 M). λex = 470 nm, λem =
590 nm. The instrument response function is also shown (3).

Fig. 3 Absorption spectra of doxorubicin (1), ruboxyl (2), compound 2 (3) and
compound 4 (4) at a concentration of 10−5 M in phosphate buffer (pH = 6.5,
0.05 M).
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anthracycline fragment of ruboxyl and the fullerene core could
be realized in hybrid structures of 4 and 5 due to the twisted
conformation of the connected chain of chemical bonds. The
observed reasonably good agreement between the R values
obtained from the experimental data using Förster theory and
the possible chromophore–fullerene distances derived from
the chemical structures of 4 and 5 suggests that the Förster
energy transfer can contribute to the photoluminescence
quenching in these systems.

Alternatively, the ruboxyl fluorescence can be quenched via
the electron transfer pathway from the ruboxyl excited state to
the fullerene core. According to the common theory, the
efficiency of the electron transfer from the donor to the accep-
tor molecules depends exponentially on the transfer distance
R, free activation energy ΔG and the reorganization energy
λ.33,34 Under the optimal reaction conditions the electron
transfer rate can be estimated using the following equation:

kNAet ¼ k0 expð�αRÞ; ð3Þ

This equation was empirically derived by an extensive analy-
sis of the data on the electron transfer in various molecular
architectures including photoactivated donor–acceptor
systems.35–38 According to the cited reports the k0 in eqn (3) is
equal to 1016 s−1, R is the distance between the edge atoms of
transfer centers, α is a parameter which accounts for the effect
of the medium on the overlapping of the donor and acceptor
wave functions via the superexchange interactions. Depending
on the medium properties (intermolecular transfer) or the
structure of the spacer (intramolecular transfer) separating the
donor and acceptor moieties (e.g. saturated hydrocarbon
chain, polypeptide chains possessing different superstruc-
tures, organic solvent, water or vacuum), the α parameter
varies quite significantly. For example, α is close to 0.9 A−1 for
saturated hydrocarbon chains, 1.4 A−1 for protein globules
and 1.8–2.4 A−1 for water molecules.39

Considering the lifetime of the ruboxyl excited state of
1.0 ns (Fig. 5) (close to 1.1 ns for daunorubicin according to
ref. 30) and the fluorescence quenching factor of >100, one
can estimate a value of ket > 1011 s−1. The electron transfer dis-
tances R of <8–13 Å could be estimated for the conjugates 4
and 5 using eqn (3) with α = 0.9–1.4 A−1. These distances look
very realistic for certain conformations of the spacers linking
the ruboxyl and the fullerene moieties in 4 and 5.

Thus, the analysis of the ruboxyl photoluminescence
quenching in the hybrid nanostructures 4 and 5 suggests two
possible pathways operating via energy transfer or photo-
induced electron transfer from the ruboxyl unit to the fuller-
ene core. The obtained experimental data do not allow one to
make an unambiguous conclusion about relative contributions
of each pathway to the ruboxyl photoluminescence quenching
in 4 and 5. Regardless of the operating mechanisms, the
ruboxyl attached to the fullerene cage serves as a photosensiti-
zer allowing for the efficient generation of the fullerene active
species (fullerene excited states or fullerene radical anion)
under visible light irradiation conditions. The following

reactions of the photoexcited fullerene–ruboxyl nanostructures
with molecular oxygen are expected to produce some active
oxygen species such as singlet oxygen and superoxide radical
anion, which is a key event in the photodynamic therapy.

3.3. Photodynamic properties of 4 and 5

Photochemical activity of the fullerene derivatives 1 and 2,
ruboxyl 3 and the hybrid nanostructures 4 and 5 was investi-
gated by exciting the samples with visible and UV light. The
excitation of the ruboxyl block has been performed using
visible light matching well its absorption band with λmax =
500 nm (Fig. 3). The fullerene core was excited using UV light
with λmax = 360 nm. The formation of the superoxide radical
anions O2˙

− in our experiments was monitored using the stan-
dard formazan essay. The reaction of O2˙

− with NBT (nitro
blue tetrazolium chloride) produces formazan which has an
intense absorption in the visible range with λmax = 560 nm.

It was shown that the illumination of the aerated aqueous
solutions of the fullerene derivatives 1 and 2 using both
UV (λmax = 360 nm) and visible (λmax = 500 nm) excitation pro-
duces active oxygen species quite efficiently (Fig. 6) which
agrees well with the results published previously for other
types of fullerene derivatives. Ruboxyl 3, on the contrary,
showed no production of the active oxygen species under illu-
mination with visible light (λmax = 500 nm). The attachment of
the ruboxyl chromophore to the fullerene derivatives enhances
the rate of generation of the active oxygen species. Thus, an
improvement by a factor of two was observed for conjugate 4,
while conjugate 5 showed more than three times higher active
oxygen production rate compared to the precursor fullerene
derivative 2.

The observed improvement correlates well with the optical
properties of the fullerene derivatives 1–2 and the hybrid

Fig. 6 Kinetics of O2˙
− formation under visible light irradiation (λmax =

500 nm) using compounds 1–5 as sensitizers. The data points were obtained by
monitoring the changes in the optical density ΔD560 of the solution at 560 nm
(the formazan absorption band maximum) and plotted as a function of the
irradiation time 1 – control (in the absence of 1–5), 2 – sensitization with
ruboxyl 3, 3 – sensitization with compound 1, 4 – sensitization with compound
2, 5 – sensitization with conjugate 4, 6 – sensitization with conjugate 5.
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nanostructures 4–5. Indeed, the addition of the ruboxyl to the
fullerene derivative increases the molar absorption by a factor
of two in the 450–550 nm range due to the contribution of the
anthracycline fragment. This result shows clearly that the
ruboxyl moiety attached to the fullerene derivative works as a
photoactivator improving the photodynamic properties of
these hybrid nanoarchitectures.

4. Conclusions

A novel type of photoactive architecture has been successfully
designed by conjugating the anticancer anthracycline anti-
biotic ruboxyl with water soluble fullerene derivatives.
Dynamic light scattering experiments have shown that the syn-
thesized conjugates undergo association in aqueous solutions
with the formation of supramolecular nanostructures with
characteristic hydrodynamic sizes of 85 and 98 nm. The photo-
physical properties and the photodynamic action of the
ruboxyl–fullerene nanostructures were extensively investigated.
It has been shown unambiguously that the anthracycline
chromophore of the ruboxyl (having no photodynamic activity)
behaves as an efficient photosensitizer for the fullerene
core operating via energy and/or electron transfer pathways.
The presented approach opens up wide opportunities for the
design of various fullerene-based donor–acceptor systems
with enhanced photodynamic properties potentially suitable
for biomedicinal applications.
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