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A B S T R A C T

The synthesis, photophysical and photodynamic properties of two water-soluble hybrid structures based on the
polycationic or polyanionic fullerene [60] derivative covalently linked to fluorescein are described. The sig-
nificant influence of electrostatic charges on the conformation of the studied fullerene–fluorescein structures in
aqueous solution and on their photophysical properties and photochemical activity was demonstrated. A
polycationic fullerene derivative–fluorescein conjugate exhibits a pronounced quenching of fluorescence (more
than 25 times) due to the energy and/or electron transfer from dye to fullerene. Such activation of fullerene
generates reactive oxygen species greater than 15 times more effectively than an individual dye or fullerene
does. In contrast, for the polyanionic fullerene derivative–fluorescein conjugate such effects are practically
absent. The demonstrated effects open up wide opportunities for a directional design of highly efficient water-
soluble photosensitizers by combining the singlet-excited dyes and fullerene [60] for applications in photo-
dynamic therapy.

1. Introduction

Photodynamic therapy is based on the effect of photoexcited mo-
lecules of dyes on biological structures. Nowadays, a rather narrow
class of compounds – derivatives of porphyrin, chlorin and phthalo-
cyanine – are used as such dyes in clinical practice [1,2]. All these types
of dyes have a high quantum yield into an excited triplet state. As a
result of the photoexcitation of such dyes and the further transfer of the
triplet excitation or an electron from an excited dye to an oxygen mo-
lecule, reactive oxygen species (ROS) are produced, which have an
enormous cytotoxic effect [1,3].

Effectiveness of a photosensitizer is determined by various factors:
the quantum yield to the excited triplet state, probability of the transfer
of excitation or an electron to molecular oxygen, the selectivity of ac-
cumulating the dye in a tumor and the rate of its excretion from the
body, and the absorption in the red light region where biological tissues
are most transparent. Improving photosensitizers for all of these para-
meters is relevant for photodynamic therapy.

General way of increasing triplet quantum yield of dyes is the in-
troduction of heavy or metal atoms in their structure (Br and I, for
example) [4]. However it is undesirable for photosensitizers in PDT,
since it may enhance their dark toxicity in vivo. Designing free triplet
photosensitizers without heavy atoms is highly desirable not only for
photodynamic therapy but also for photocatalysis and in the triplet–-
triplet annihilation photon upconversion [5,6].

In the last two decades, development of new photosensitizers based
on C60 fullerene has been actively attempted [2,7,8]. This interest is
encouraged by unique electronic, physical and biological properties of
fullerenes. Fullerenes and their derivatives can selectively accumulate
in biological membranes and competitively inhibit key enzyme systems
[9–12]. Upon absorption of a photon, they can transform into an ex-
cited triplet state with a quantum yield close to unity [13]. Interaction
of the excited fullerene with molecular oxygen with high efficiency
leads to the formation of ROS. It was shown that the quantum yield of
the O2

−• generation by the water-soluble derivative of fullerene upon
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excitation by light (with a wavelength > 650 nm) is 77 times higher
compared with the process when the commercial photosensitizer
“Photosens” is used [14].

Several works were published in which the photodynamic action of
fullerene and its derivatives were studied in model systems and on
biological objects. A number of photodynamic and physiological effects
of photoexcited fullerenes were described, including oxidative damage
of membrane lipids [15], induction of cytotoxic effects in vitro [16–18]
and in vivo [19,20], and also inactivation of bacteria [21–23] and
viruses [24,25].

Despite the pronounced photodynamic effect of native fullerenes
and their derivatives, the possibility of their wide application in clinical
practice is significantly limited by their low water solubility and weak
absorption in the visible (especially the red) region of the spectrum.
This problem could be solved by constructing one molecular structure
combining a fullerene derivative having a high solubility in water and a
dye that will effectively absorb light in the visible region of the spec-
trum and transfer excitation energy or an electron to fullerene C60.

In our previous works, we demonstrated the possibility to sig-
nificantly enhance the photodynamic activity of the water-soluble
polycationic fullerene derivative (PCFD) by forming non-covalent
complexes with various dyes: fluorescein [26], eosin [27], erythrosine
[28] and a commercial photosensitizer “Photosens” (phthalocyanine
derivative) [14]. Upon photoexcitation of the complex PСFD-"Photo-
sens” in the absorption band of the dye (λ > 650 nm), its photo-
dynamic activity increased by 20 times compared with the activity of
the individual “Photosens” and 108 times compared with PСFD [14].
Moreover, it was shown for all studied dyes that the enhancement of the
photodynamic activity of the complex occurs due to the excitation of
the dye into the excited singlet state and further transfer of the ex-
citation or an electron to the fullerene core.

The same effect of energy transfer from the singlet excited state of
the dye to the fullerene core was previously demonstrated for non-
covalent fullerene–dye complexes [29,30] and for covalent full-
erene–dye dyads [31–34] in organic solvents. Nevertheless, such
structures are not suitable for applications in photodynamic therapy
because of their low solubility in water.

Although the water-soluble non-covalent fullerene–dye complexes
demonstrated pronounced photodynamic activity in aqueous solutions
[14,26–28], further studies did not show the same effect on cell cultures
in vitro. It is known that water-soluble fullerene derivatives have pro-
nounced amphiphilic properties and can be incorporated into the lipid
bilayer of model biological membranes [9,35]. This can lead to the
destruction of non-covalent fullerene–dye complexes when they in-
teract with cell membranes.

To create new effective fullerene–dye photosensitizers, it is neces-
sary to develop methods for synthesizing water-soluble structures that
would be stable in heterogeneous biological media – protein solutions
and lipid membranes. We previously synthesized two water-soluble
dyads by covalently attaching polyanionic fullerene derivatives to ru-
boxyl, a derivative of doxorubicin, an anthracycline antibiotic [36].
These fullerene–ruboxyl dyads showed a significant enhancement of the
photodynamic action compared with the individual fullerene derivative
in aqueous solution upon excitation in the absorption band of ruboxyl.
At the same time, ruboxyl itself did not exhibit any photodynamic ac-
tivity.

Several articles on covalent fullerene–doxorubicin dyads with pho-
toinduced antitumor activity have been published [37,38]. We note
that ruboxyl, as well as doxorubicin, does not have a significant
quantum yield to the excited triplet state. As was described for non-
covalent fullerene–dye complexes, the photodynamic action of these
covalent dyads is increased because of the transfer of the excitation
and/or an electron from the singlet excited state of the dye to the
fullerene core followed by generation of ROS. A similar effect of full-
erene photoactivation was observed for covalent fullerene–dye dyads
with rhodamine, chlorin and other dyes [39–41].

In this paper, we report the synthesis of two water-soluble cova-
lently-linked dyads based on polycationic or polyanionic fullerene de-
rivative and a fluorescein dye and the results of a comparative study of
the photophysical properties and photodynamic activity of these dyads
in aqueous solutions.

2. Experimental

2.1. Reagents

NADH (Nicotinamide adenine dinucleotide, Sigma), NBT (nitro blue
tetrazolium chloride, Sigma), fluorescein sodium salt (Sigma), FITC
(fluorescein-5-isothiocyanate, Serva) and EDTA (ethylenediaminete-
traacetic acid, Sigma) were used.

2.2. Synthesis of water-soluble fullerene–fluorescein dyads PCFD-Fl and
PAFD-Fl

Polycationic and polyanionic fullerene derivatives (PCFD and
PAFD) were synthesized according to the previously reported proce-
dures and characterized (PCFD is a compound 1f in Ref. [42] and PAFD
– compound 2a in Ref. [43]). The covalent conjugate of PCFD with
fluorescein (PCFD-Fl) was synthesized according to Scheme 1 using the
following procedure.

PCFD-Fl: The fullerene derivative PCFD (100mg, 0.06mmol, 1.0
eq.) was dissolved in 6mL of methanol under gentle magnetic stirring at
room temperature. The solution of FITC (28mg, 0.07mmol, 1.2 eq.)
and triethylamine (7.2 mg, 0.07mmol, 1.2 eq.) in methanol (6mL) was
added to PCFD in one portion. The reaction mixture was stirred at room
temperature for 2 days. The solvent was then removed in vacuum, and
the residue was washed with diethyl ether and dried in air. PCFD-Fl
was obtained as a light-brown powder with a quantitative yield.

1H NMR (500MHz, MeOD): δ=6.76–6.69 (m, 4H), 6.67–6.62 (m,
2H), 6.59–6.55 (m, 3H), 4.11 (br.s, 2H, NH), 3.77–3.53 (m, 10H, CH2),
3.46–3.39 (m, 10H, CH2) ppm. UV/VIS (DMSO, ε/M−1cm−1): λ=307
(30.6×103), 330 (29.5× 103), 363 (23.5× 103), 417 (9.4× 103),
483 (3.7×103) nm.

FT-IR (KBr pellet): ν=522 (W), 542(W), 578(W), 598(W), 674(W),
722(M), 766(W), 798(M), 838(M), 902(W), 958(W), 994(W), 1038(W),
1082(M), 1134(S), 1182(S), 1204(VS), 1258(M), 1324(M), 1386(M),
1438(M), 1458(M), 1506(M), 1540(M), 1610(M), 1634(S), 1676(VS),
2854(M), 2924 (M), 3046 (M) cm−1.

The conjugate PAFD-Fl was synthesized in three steps according to
Scheme 1.

FITC-Boc: tert-butyl (2-aminoethyl)carbamate (49.4 mg,
0.3082mmol) and distilled methanol (3 mL) were placed under argon
in a two-necked flask. The solution of FITC (100mg, 0.2568mmol) in
distilled methanol (6 mL) and 50 mkL of triethylamine was added
dropwise to the reaction mixture. The obtained reaction mixture was
stirred vigorously for 72 h. The solvent was removed in a rotary eva-
porator, the residue was washed with diethyl ether (20mL) and dried.
The obtained FITC-Boc (134mg, 95%) was stored in the freezer.

1H NMR (500MHz, MeOD): δ=8.17 (s, 1H), 7.98 (s, 1H), 7.90 (d,
1H), 7.74 (d, 1H), 7.24–7.32 (m, 1H), 7.19 (d, 2H), 6.96 (s, 1H), 6.65
(m, 5H), 3.28 (t, 2H, CH2), 2.95 (t, 2H, CH2), 1.48 (s, 9H, CH3) ppm.

FITC-TFA: FITC-Boc (134mg, 0.244mmol) and trifluoroacetic acid
(TFA, 5mL) were placed in a 50mL round bottom flask, and the reac-
tion mixture was stirred for 15min at room temperature. The excess
TFA was then removed in a rotary evaporator, and the residue was
washed with diethyl ether (3×20mL) and dried in air. The yield of the
obtained FITC-TFA was 86% (118mg).

PAFD-Fl: The fullerene derivative PAFD (50mg, 0.0349mmol), N-
hydroxysuccinimide (4.5 mg, 0.0384mmol) and freshly distilled THF
(3mL) were placed under argon in a two-necked flask. The reaction
mixture was stirred for 10min, and the solution of dicyclohex-
ylcarbodiimide (7.9 mg, 0.0384mmol) in THF (2mL) was then added.
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The obtained reaction mixture was stirred vigorously for 12 h. The so-
lution of FITC-TFA (21mg, 0.0384mmol) and 50 mkL of triethylamine
in distilled water (1.5 mL) was added dropwise, and the reaction mix-
ture was stirred for another 12 h K2CO3 (12mg, 0.0873mmol) in dis-
tilled water (3mL) was then added to the reaction mixture, and THF
was removed in a rotary evaporator. The obtained aqueous solution was
filtered through a 0.45 μm PES syringe filter and quenched with acetic
acid (1mL). The obtained precipitate was centrifuged, washed with
distilled water and dried in vacuum. The conjugate PAFD-Fl (acid form)
was obtained as a brown powder with a yield of 32mg (49%).

ESI MS: m/z=1862 ([M-H]-).
1H NMR (500MHz, CS2: acetone-d6: DMSO‑d6): δ=8.70–6.90 (m,

29H), 4.20–3.90 (m, 14H) 8.49–8.41 (m, 1H), 8.37 (d, 1H), 8.35–8.22
(m, 3H), 8.20 (d, 1H), 8.16–8.13 (m, 1H), 8.12–8.11 (m, 1H), 8.10–8.07
(m, 2H), 7.87–7.73 (m, 9H), 7.71–7.67 (m, 2H), 7.63 (d, 2H), 7.60–7.58
(m, 1H), 7.57–7.42 (m, 2H), 7.15–7.11 (m, 2H), 7.09–7.06 (m, 1H),
7.04 (br.s, 1H), 7.02–6.99 (m, 1H), 4.08–4.07 (m, 4H, CH2), 4.04 (s,
2H, CH2), 4.02–3.99 (m, 2H, CH2), 3.93–3.92 (m, 2H, CH2), 3.89–3.85
(m, 4H, CH2) ppm.

FT-IR (KBr pellet):ν=542(W), 1114(W), 1178(M), 1236(M),
1258(M), 1286(M), 1312(W), 1386(M), 1418(M), 1438(W), 1450(W),
1460(M), 1510(M), 1534(W), 1542(M), 1560(M), 1610(M), 1618(M),
1636(M), 1708(M), 2924(W), 3008(W), 3028(W), 3038(W), 3074(W),
3096(W), 3112(W), 3426(VS), 3432(VS), 3442(VS), 3588(M), 3630(W)
cm−1.

PAFD-Fl (acetic form) (32mg, 0.017mmol) was suspended in 5mL
of distilled water, and anhydrous K2CO3 (5.9 mg, 0.043mmol) was
added. The obtained aqueous solution was filtered through a PES syr-
inge filter and freeze-dried yielding 31mg (90%) of PAFD-Fl (po-
tassium salt).

2.3. Computational simulation of PAFD-Fl and PCFD-Fl structures

The dyads PAFD-Fl and PCFD-Fl were geometrically optimized with
a semi-empirical quantum chemistry method using the MOPAC2016

package [44] with PM7 and COSMO parameterization methods to ac-
count for the surrounding water [45].

2.4. Dynamic light-scattering experiments

Aqueous solutions of fullerene derivatives (10−5 M) were filtered
through 0.45 μm PES syringe filters and poured into vials that were
prewashed several times with filtered water to remove dust particles.
The solutions were then thermostated for about 15min at 20 °C thus
allowing the systems to reach 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 TEC stabilized diode laser (λ=790 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.

2.5. Photophysical and photochemical studies

Absorption spectra were measured using a Cary-60 spectro-
photometer equipped with a thermostated cell. Fluorescence steady-
state spectra and fluorescence quantum yield of the dyes under study
were recorded by an FLS980 spectrometer (Edinburgh Instruments) and
by a Cary-Eclipse fluorescence spectrophotometer. The fluorescence
decay kinetics were measured with a 16-channel PML-Spec detector
using a time-correlated SPC-530 photon counter (Becker & Hickl
GmbH) with a time resolution of 2.4 ps. A sample was excited by a
picosecond LDH-P-C-470 laser (PicoQuant GmbH) (λ=470 nm, τ1/
2≤ 300 ps, Е=1mW). The fluorescence lifetime was calculated by
exponential approximation at the maximum of the emission spectrum.
The photodynamic properties of the studied compounds were

Scheme 1. Synthesis of the conjugates PCFD-Fl and PAFD-Fl.
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investigated using the illumination provided by a high-pressure xenon
lamp (150W) passed through a system of optical filters selecting the
450–550 nm band (which corresponds to the absorption maximum of
fluorescein). The power of the light illuminating the sample was
∼4.4mW cm−2. Photochemical reactions were performed in a
1× 1 cm quartz cuvette illuminated inside a temperature-controlled
sample unit stabilized at 20 °C. The cuvette was filled with 2mL bi-
distilled water, (pH=6.5) containing NADH (4·10−4 M), NBT
(4.8·10−5 M), EDTA (2·10−5 M) and the studied compounds (Scheme 1)
were then added to achieve a concentration of 2·10−6 M. The photo-
chemical activity of the compounds (relative amount of superoxide
radicals produced) was investigated using a standard formazan assay by
measuring the evolution of the optical density at 560 nm [46].

The formula

=
−

− + −
E

D D
D D D D( ) ( )c

dyad control

PFD control dye control (1)

was used to calculate the enhancement coefficient Ec of relative pho-
todynamic activity for dye–PFD dyads in water, where the values D is
an optical density change at 560 nm for the indicated compounds after
5min of photoirradiation.

3. Results and discussion

3.1. Approach justification

The choice of fluorescein as a photosensitizer used for conjugation
with the two types of fullerene derivatives, cationic and anionic, was
motivated by the following reasons. As described in papers [26–28],
fluorescein, as well as other xanthene dyes eosin and erythrosine, acts
as a highly active photosensitizer in the presence of the water-soluble
polycationic fullerene derivative. It was demonstrated that the nega-
tively charged fluorescein in aqueous solutions forms stable complexes
by reaction with the oppositely charged cationic fullerene derivative. In
such a hybrid structure, the electron or energy transfer can occur from
the singlet excited state of the dye to the fullerene core followed by the
generation of ROS. The efficiency of the generation of ROS in the
structure of these complexes increased in the sequence erythrosine <
eosin < fluorescein, depending on the quantum yield of dyes to the
singlet excited state [28]. But these complexes did not have an increase
of photodynamic effect in cells in vitro, which can be explained by the
disintegration of the non-covalent complexes as a result of the fullerene
derivatives interacting with biological membranes. We can conclude
that for biomedical applications, it is necessary to design stable

covalently linked fullerene–dye dyads.
Covalently linked fullerene–fluorescein dyads were previously re-

ported only as fluorescent probes for cellular uptake study of fullerene
derivatives [47–49] without evaluation of their photodynamic activity.

It is known that the photodynamic action of compounds, including
fullerene derivatives, depends greatly on the electrostatic charges of
molecules [40,50,51]. Our goal here is to create photoactive com-
pounds – stable dyads based on the dye fluorescein (with two negative
charges) covalently linked to water-soluble fullerene derivatives with
five various charges (negative or positive).

The fullerene derivatives PAFD and PCFD have a superior mole-
cular structure: all five organic addends bearing solubilizing carboxylic
or amino groups are attached to one hemisphere of the fullerene mo-
lecule around a central pentagon unit thus leaving the rest of the carbon
cage available for interactions (especially hydrophobic) with different
biological targets. We have previously shown that such molecular
structures demonstrate expressed membranotropic properties [35] and
different types of pronounced neuroprotective [52] and antiviral ac-
tivity in combination with a low toxicity [43,53]. Another advantage of
PAFD or PCFD compounds is their exceptionally high
(> 100mgmL−1) solubility in water in the form of sodium or po-
tassium salts, which allows an easy administration to biological systems
varying from cell cultures to living animals. One or more carboxylic or
amino groups in the PAFD or PCFD molecules can be potentially cou-
pled with the fluorescein-5-isothiocyanate (FITC) units using a standard
carbodiimide approach or direct attachment (see Experimental). Our
previous experience showed that it is necessary to keep at least four
ionogenic groups to maintain the solubility of the fullerene derivative
in water on a reasonable level of 1–10mgmL−1. Here we intentionally
performed the coupling of the fullerene derivatives PAFD and PCFD
with just one FITC molecule per fullerene cage.

3.2. Photophysical properties of conjugates PAFD-Fl and PCFD-Fl

The absorption spectra of the conjugates PAFD-Fl and PCFD-Fl in a
first approximation were shown to be a superposition of the absorption
spectra of fluorescein and the fullerene derivative PAFD or PCFD
(Fig. 1), but fluorescein moiety shows remarkable variations in in-
tensity and position of absorption spectra. As shown in Fig. 1, spectra of
fluorescein in the conjugates decreased in intensity for both conjugates
and moved to the red region by about 20 nm for the compound PCFD-Fl
(FITC conjugate with cationic fullerene derivative). We can assume that
the interaction of the negatively charged fluorescein moiety with the
fullerene spheroid is more intense in the case of this cationic derivative.

The fluorescence spectra of PAFD-Fl and PCFD-Fl are positioned
similarly to the fluorescence of fluorescein with a band maximum
515 nm (in comparison with band maximum 513 nm for fluorescein)
(Fig. 2).

A study of the luminescent properties of the covalently linked dyad
PCFD-Fl showed that the fluorescence of the dye in its structure was
significantly quenched 25.9 times compared with the fluorescence of
the free dye (taking the variation of dye's extinction at λex= 490 nm
into account; Fig. 2). This is in excellent agreement with the literature
data – strong fluorescence quenching was reported for the majority of
fullerene–dye structures [34,54,55], including all fullerene–fluorescein
dyads in aqueous solution [47–49]. This indicates an effective transfer
of the excitation or an electron from a dye excited in the singlet state to
the fullerene core in the dyad. On the other hand, the dyad PAFD-Fl has
strong fluorescence: it is only 10% weaker than the fluorescence of the
free fluorescein (Fig. 2).

The fluorescence decay kinetics of the dyads under study showed
that the fluorescence decay time of the PAFD-Fl (with the anionic de-
rivative of fullerene PAFD) is 3.82 ± 0.02 ns and practically does not
differ from the decay time of free fluorescein (3.85 ± 0.03 ns; Fig. 3
and Table 1, line 4), although it has slightly lower fluorescence in-
tensity. The fluorescence lifetime of the PCFD-Fl dyad (with the

Fig. 1. Absorption spectra of fluorescein (1), PAFD (2), covalent dyad PAFD-Fl
(3), PCFD (4) and covalent dyad PCFD-Fl (5) at a concentration of 2·10−6 M in
water (pH=6.5).
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cationic fullerene derivative) is 0.09 ns longer than the fluorescence
lifetime of free fluorescein, (3.94 ± 0.02 ns; Table 1, line 4 and Fig. 3),
and its fluorescence intensity is significantly lower compared with the
free dye and the PAFD-Fl dyad.

At the same time, all dyads under study have a noticeable con-
tribution of the fast component τ1 with fluorescence lifetimes of
0.60–0.79 ns (Fig. 3 and Table 1, line 4). Its relative intensity varies
from 5.9% to 8.2% of the total fluorescence signal for PAFD-Fl and
PCFD-Fl (Table 1, line 5).

Considering all given data, we can assume that the significant shift
in the absorption spectrum of the fluorescein fragment in the dyad
PCFD-Fl and strong fluorescence quenching is a result of the effective
interaction of a fluorescein moiety with fullerene core. This interaction
is much less pronounced in the case of the dyad PAFD-Fl.

3.3. Computational modeling of PCFD-Fl and PAFD-Fl spatial structures

Differences in the observed effects for PCFD-Fl and PAFD-Fl can be
explained by electrostatic interactions between the dye and the full-
erene moiety both within the molecular structures of the dyads and
between molecules.

As mentioned above, the excitation of the dye to the excited singlet
state in such a fullerene–dye structure can lead to energy or electron
transfer to the fullerene core. It is known that the transfer efficiency of
energy or an electron strongly depends on the distance R separating the
donor and the acceptor: as 1/R6 for the Förster resonance energy
transfer (FRET) mechanism [56] and exponentially as exp (-αR) for
electron transfer (ET) [57–59].

As can be calculated from the structural formula of the dyads under
study, the length of the linker between the fluorescein and the fullerene
core in the PCFD-Fl (10.8Å) is significantly shorter than in the PAFD-Fl
(17.4Å), as shown in Fig. 5 and Table 1, line 6. In addition, the pre-
sence of charges on the dye and on the fullerene addends in the dyads
can significantly affect their conformation and consequently the dis-
tance between the dye moiety and fullerene core.

The PCFD-Fl and PAFD-Fl spatial structures were modeled com-
putationally by geometrically optimizing them with a semi-empirical
quantum chemistry method using the MOPAC2016 package with PM7
and COSMO parameterization methods to account for the surrounding
water (see Experimental). As a result of the calculations, it was found
that the molecular structure of the PCFD-Fl is most likely in the folded
state as a result of the electrostatic interaction of the negatively charged
carboxyl group of fluorescein and the positively charged amino group

Fig. 2. Fluorescence spectra of fluorescein (1), covalent dyad PAFD-Fl (2) and
covalent dyad PCFD-Fl (3, fluorescence intensity is multiplied by a factor of 10) at
a concentration of 2·10−6 M in water (pH=6.5). λex= 490 nm, λem=515 nm.

Fig. 3. Fluorescence decay profiles of fluorescein (1), covalent dyad PAFD-Fl
(2) and covalent dyad PCFD-Fl (3) at a concentration of 2·10−6 M in water
(pH=6.5). λex= 470 nm, λem=515 nm. The instrument response function is
also shown (4).

Table 1
A comparison of photophysical properties and photochemical activity of the covalent dyads PAFD-Fl and PCFD-Fl.

Fluorescein dyad PAFD-Fl dyad PCFD-Fl

1 Solubility in water, mg/ml >50 ≤40 ≤2a

2 Absorbance λmax, nm 480 484 500
3 Fluorescence λmax, nm 513 515 516
4 Fluorescence lifetime of covalent dyad in water, ns 3.85 ± 0.03 τ1= 0.60 ± 0.05

τ2= 3.82 ± 0.02
τ1= 0.79 ± 0.04
τ2= 3.94 ± 0.02

5 Fractional intensities of the positive fluorescence decay components (A·τ), % – A1·τ1= 5.9
A2·τ2= 94.1

A1·τ1= 8.3
A2·τ2= 91.7

6 Length of linker between fluorescein and fullerene core, Å – 17.4 10.8
7 The straight line distance between fluorescein and fullerene core, Å – 13.9 7.2
8 The Förster distance R0, Å – 39
9 Maximum of photoinduced electron transfer (ET) distance, Å – 8b

10 Degree of fluorescence quenching I0/I (experimental), fold – 1.1 25.9
11 Fluorescence quenching I0/I (calculated by FRET theory), fold – 44 1450
12 Fluorescence quenching I0/I (calculated by ET theory with R= straight line distance, α=1.4Å−1), fold – ∼1 2.6
13 Fluorescence quenching I0/I (calculated by ET theory with R= length of linker, α=0.9Å−1), fold – ∼1 5.0
14 DLS average hydrodynamic sizes (Rh), nm – 527 ± 62 621 ± 153
15 Enhancement coefficient (Ec) of photochemical activity of covalent dyad fluorescein-PFD in water – 1.24 15.15

a Powder of covalent dyad PCFD-Fl is readily solubilized in pure ethanol or DMSO. Obtained solution of the dyad (5·10−3 M) was diluted to required concentration
with water.

b For excited singlet states with 3.9۰10−9 s lifetime, in accordance with Eq. (4).
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on one of PCFD addends. As a result, the fluorescein moiety is ap-
proximated to the surface of the fullerene core by a distance of 7.2Å
(Fig. 4, A, and Table 1, line 7). In contrast, the structure of PAFD-Fl is
most likely to be in the unfolded state as a result of the electrostatic
repulsion of the same negative charges on the dye and on fullerene
addends. As a result, the distance between dye moiety and the fullerene
core in PAFD-Fl is increased up to 13.9Å (Fig. 4, B and Table 1, line 7).

The electrostatic interaction between the negatively charged fluor-
escein moiety and the positively charged fullerene addends in the
PCFD-Fl thus facilitates their approach, which increases quenching of
the excited singlet state of fluorescein by the mechanism of electron

and/or energy transfer to the fullerene core. In contrast, it can be as-
sumed that for the PAFD-Fl, the fullerene and the dye are spaced as far
apart as possible as a result of the electrostatic repulsion of the negative
charges on the fullerene and dye moiety. The excitation or electron
transfer in the latter dyad is therefore significantly obstructed.

3.4. Fluorescence quenching analysis in PCFD-Fl and PAFD-Fl by Förster
and electron transfer theories

Based on the structural data, it is possible to calculate the degree of
fluorescence quenching of the dye in the dyads under study.

3.4.1. Fluorescence quenching by energy transfer
According to the FRET theory [56], the distance R0 at which the

fluorescence quenching by 50% should occur can be calculated by the
formula

= × − −R κ n Q J λ R8.79 10 ( ( ))( in [Å], if λ in [nm])D0
6 5 2 4

0 (2)

where QD is the quantum yield of the donor fluorescence in the absence
of the acceptor, J(λ) is the overlap integral, n is the refractive index of
the solvent and k is the orientation coefficient depending on the di-
rections of the dipole moments of the transition. In systems with dis-
ordered orientations of the dipole moments of the transition, it is
usually assumed that k2= 2/3.

With the value of R0 and the calculated distance R between donor
and acceptor units, the efficiency (the ratio I0/I) of fluorescence
quenching due to the excitation transfer can be estimated by the for-
mula

= ⎛
⎝

⎞
⎠

+I
I

R
R

10 0
6

(3)

where I0 is the fluorescence intensity in the absence of the acceptor and
I is the fluorescence intensity in the presence of the acceptor.

Fig. 4. Calculated conformation of PСFD-Fl (A) and PAFD-Fl (B). using
MOPAC2016 with the PM7 and COSMO methods.

Fig. 5. DLS profiles of aqueous solutions of fullerene derivatives (10−5 M): A – PСFD; B – PСFD-Fl; C – PAFD; D – PAFD-Fl.
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Therefore, under the assumption that the energy transfer occurs
between interacting dipoles placed at the center of conjugate structure
of the dye and at the center of the fullerene core (the distances are
11.55Å for PCFD-Fl and 20.85Å for PAFD-Fl), the fluorescence of the
PCFD-Fl can be quenched up to 1450 times compared with the free dye
and up to 44 times for in the PAFD-Fl. But the obtained quenching
estimates are 40–55 times higher than the experimental fluorescence
quenching data (quenching 25.9 times for PCFD-Fl and 1.1 times for
PAFD-Fl, as shown in Table 1, lines 10 and 11). This discrepancy can be
explained by the fact that the orientation factor k2 was taken equal to
2/3 in the calculation, as for randomly arranged molecules. In the case
of the studied dyads, the mutual orientation of the dipole moments of
optical transitions in fluorescein and fullerene could be substantially
limited, which could significantly affect the value of the orientation
factor, reducing it to less than 0.02.

3.4.2. Fluorescence quenching by electron transfer
In the case of the theoretical electron transfer mechanism [60,61],

under optimal conditions (when the absolute values of the free energy
ΔG of the reaction and the energy λ of the nuclear energy reorganiza-
tion are equal), the constant ket can be estimated by the empirical
formula

= −k k αRexp( )et 0 (4)

which was obtained as a result of generalizing the electron transfer data
in various molecular structures including photoexcited molecules
[57–59]. Here, k0=1013 s−1, R is the distance between the donor and
acceptor (between the π-orbitals of the dye and fullerene core for
PCFD-Fl and PAFD-Fl), α is the parameter characterizing the influence
of the environment on the overlap of the donor and acceptor wave
functions due to the superexchange interaction.

Depending on the type of matrix separating the donor and acceptor
(e.g., a saturated hydrocarbon chain, a polypeptide chain, packed dif-
ferently, in water or vacuum), the value α can differ: 0.9Å−1 for sa-
turated hydrocarbon chains, 1.4Å−1 for transport in a protein globule
structure by the shortest distance between donor and acceptor,
1.8–2.4Å−1 for water molecules [57–59].

In the case of the PCFD-Fl and PAFD-Fl dyads, two transport paths
can be considered (Scheme 1, Fig. 5 and Table 1, line 6 and 7):

1. the shortest path between the π-orbitals of the dye and fullerene
core;

2. along the linker chain between fluorescein and fullerene.

In the first case, the shortest distance is 7.2Å for PCFD-Fl and
13.9Å for PAFD-Fl. The linker chain length is 10.8Å for PCFD-Fl and
17.4Å for PAFD-Fl.

Using Eq. (4), we can estimate that ket in the PCFD-Fl case should be
0.42×109 s−1 for electron transfer by the shortest distance
(α=1.4Å−1) and 0.6×109 s−1 for transport along a linker chain
(α=0.9Å−1). As a result, with the free fluorescein lifetime of
3.85×10−9 s taken into account, the fluorescence of the dye in the
PCFD-Fl should be quenched 2.6–5 times compared with free fluor-
escein (Table 1, lines 10, 12 and 13). At the same time, the experi-
mentally observed quenching of fluorescence for a given dyad is more
than 5–10 times higher (Table 1, line 10). This discrepancy can be
explained by a contribution of the FRET quenching mechanism, which
was discussed above.

Unlike PCFD-Fl, the fluorescence of PAFD-Fl should not be quen-
ched at all, because it was estimated by the electron transfer mechanism
using Eq. (4) and the parameters α=1.4 Å-1 at R= 13.9Å or
α=0.9Å−1 at 17.4Å (Table 1, lines 12 and 13). This result agrees well
with the experimental data (quenching 1.1 times, Table 1, line 10).
Photoinduced electron transfer for PAFD-Fl is significantly obstructed
because of the large distance between the dye and the fullerene core.

3.5. Formation of supramolecular nanostructures by PCFD-Fl and PAFD-Fl

We note that quenching of the singlet excited state of fluorescein is
possible not only by excitation or electron transfer between the dye and
fullerene within a single dyad molecule but also by intermolecular in-
teractions between the dye of one dyad with the fullerene core of an-
other dyad molecule. Obviously, such interactions due to diffusion of
individual dyads are impossible in our case because the experiments
were performed at dyad concentrations of 2·10−6 M and the collision
frequency of molecules in an aqueous solution at such concentrations is
lower than 1/τ(FL) = 0.26·109 s−1 by several orders of magnitude.

At the same time, the fact of the formation of stable complexes
between cationic fullerene derivative and negatively charged xanthene
dyes fluorescein, eosin and erythrosine, as well as the phthalocyanine
dye “Photosens,” was experimentally demonstrated in aqueous solu-
tions [14,27,28]. The formation of complexes between hydrophobic
dyes and fullerenes in organic solvents has also been described [55,62].
Amphiphilic fullerene derivatives can also form nanostructures (“na-
nosomes”) like liposomes from natural or synthetic lipids [63,64].

Based on the above facts, we can assume that the amphiphilic de-
rivatives of fullerenes PCFD and PAFD, as well as PCFD-Fl and PAFD-Fl
dyads, can interact with one another in aqueous solutions forming
stable nanostructures. To verify this assumption, we studied the aqu-
eous solutions of fullerene derivatives PCFD and PAFD, as well as
PCFD-Fl and PAFD-Fl dyads, by the DLS method. It was found that all
compounds under study formed well-organized supramolecular archi-
tectures with average hydrodynamic sizes ranging from 75 to 620 nm
(Fig. 5 and Table 1, line 14). As previously shown by the pulsed field
gradient NMR method, this type of fullerene derivatives tend to form
associates whose size depends on the type of solvent; the strongest
aggregation was observed for aqueous solutions [65]. Moreover, as
shown by the DLS method, similar fullerene–ruboxyl dyads have an
average hydrodynamic radius of 85–100 nm [36].

The size of the associates of the polycationic PCFD-Fl dyad is
markedly increased compared with the original PCFD (Fig. 5A and B).
In contrast, the polyanionic PAFD-Fl dyad has no significant change in
the size of associates compared with the original fullerene derivative
PAFD (Fig. 5C and D). The observed effect in the first case may indicate
the interaction of positively charged fullerene derivative addends of one
dyad molecule with negatively charged fluorescein moiety of neigh-
boring dyads, leading to an increase in the size of the associates and a
significant fluorescence quenching in aqueous solutions.

In such nanostructures, the fluorescein moieties and fullerene core
of various dyads can interact with each other by both static and dy-
namic mechanisms, which also lead to fluorescence quenching of the
dye. These interactions can lead both to transfer of excitation from the
fluorescein fragment to the fullerene nucleus and to stimulation of the
intercombination conversion of fluorescein into a triplet state. In the
latter case, the fullerene core can act as a heavy atom, shortening the
lifetime of the excited singlet state of the fluorescein fragment from 3.8
ns to 0.8 ns, as was observed for the fluorescein derivative with two
iodine atoms in its structure [66]. This assumption is supported by the
fact that for all the studied dyads, a fast fluorescence component with
lifetimes 0.60–0.79 ns was observed (Fig. 3 and Table 1, line 4).

3.6. Photodynamic activity of PAFD-Fl and PCFD-Fl in aqueous solution

To clarify the effect of ROS generation in aqueous solutions by
water-soluble fullerene–fluorescein structures, we investigated the
comparative efficacy of O2

−• superoxide radical generation by the
compounds PAFD-Fl and PCFD-Fl.

As can be seen from Fig. 6, after photoexcitation in the 450–550 nm
region, the compounds PAFD-Fl and PCFD-Fl and also the reference
samples (fluorescein, PAFD, and PCFD) have diffеrent photodynamic
activities. It can be estimated that the photodynamic activity of the
cationic compound PCFD-Fl exceeds the respective similar activities of
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the anionic compound PAFD-Fl, fluorescein and the fullerene deriva-
tives PAFD and PCFD about 3.7, 11, 8 and 34 times.

In this paper, we have compared the individual relative effective-
ness of the photochemical reaction of PAFD-Fl and PCFD-Fl dyads,
PAFD and PCFD compounds and a free fluorescein dye. Analysis of the
photochemical activity of PCFD-Fl in aqueous solution showed that its
superoxide generation intensity is more than 15 times higher than the
total photochemical activity of individual PCFD and fluorescein (Fig. 6,
A and Table 1, line 15). The observed effect confirms the effective
transfer of excitation and/or an electron from the fluorescein moiety to
the fullerene core. In contrast, the photochemical activity of the PAFD-
Fl exceeds the total photochemical activity of the PAFD and fluorescein
by a factor of 1.24 (Fig. 6, B and Table 1, line 15), indicating a weak
interaction of the fullerene core with the dye in this dyad.

The photochemical activity of the investigated dyads agrees well
with the experimental absorption and fluorescence spectra and also
with the calculated data for the excitation or electron transport effi-
ciency in their structure.

We previously showed an exceptionally high photochemical activity
of non-covalent fullerene–fluorescein complexes based on a similar
polycationic fullerene derivative [28]. Nevertheless, such non-covalent
complexes are easily destroyed by interaction with biological model
membranes and could lose their high photochemical activity, as was
shown [28]. The presence of a strong covalent bond between fluor-
escein and the fullerene core allows expecting a high photodynamic
activity of the dyads under study in biological media.

4. Conclusion

In summary, we can conclude that electrostatic charges have a
significant effect on the conformation of the studied fullerene–dye
dyads in an aqueous solution and on their photophysical properties and
photochemical activity. The PCFD-Fl dyad was shown to take a folded
conformation in solution in which the dianion of fluorescein interacts
with the cationic addends of the fullerene derivative and partially
compensates their charge, decreasing the solubility of this dyad in
water.

The proximity of fluorescein to addends of the fullerene derivative
and hence to the fullerene core greatly facilitates the transfer of

excitation and/or an electron from the dye to the fullerene. The
proximity determines a strong fluorescence quenching in this dyad, and
its pronounced photochemical activity.

In contrast, the PAFD-Fl dyad has similar negative electrostatic
charges on fluorescein and the fullerene derivative, which are spaced as
far apart as possible as a result of the electrostatic repulsion. The PAFD-
Fl dyad consequently has an unfolded conformation with a large dis-
tance between dye and fullerene core, which significantly obstructs the
excitation and/or electron transfer. Therefore, the PAFD-Fl dyad ex-
hibits a much weaker fluorescence quenching and photochemical ac-
tivity than the PCFD-Fl dyad, as shown here. The presence of oppositely
charged groups on the fullerene derivative and the dye thus sig-
nificantly affects the efficiency of deactivation processes not only in
non-covalent fullerene–dye complexes but also in covalently linked
fullerene–dye dyads.

The electrostatic charges on the dye and addends of fullerene de-
rivative could affect not only the conformation of the dyad but also the
solubility of these compounds in water and their ability to interact with
cell membranes. This should be taken into account in designing water-
soluble fullerene–dye photosensitizers for biomedical applications.

As demonstrated for the fullerene–fluorescein dyad, such fullerene-
based structures allow converting the energy of the singlet-excited dye
to an effective generation of ROS. This effect significantly broadens the
variety of photoactive dyes because nearly every dye with high absor-
bance in the desirable spectral region could potentially be used to
create a highly effective photosensitizer by attaching it to fullerene
core.
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