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Abstract
Conjugating an anticancer drug of high biological efficacy but large cytotoxicity with a Btransporting^ molecule of low toxicity
constitutes a valuable approach to design safe drug delivery system. In the present study, doxorubicin (DOX) a drug of large
cardiotoxicity was chemically conjugated to a C60-fullerene. The synthesized molecule, a fullerene-doxorubicin conjugate (Ful-
DOX), was characterized using the 1H NMR and MALDI TOF mass spectrometry. The absorption and fluorescence spectra and
dynamic light scattering of the conjugate were recorded in an aqueous solution, while the impact on viability of several cancer
cell lines of the free DOX and the conjugate was compared using the SRB and WST-1 assays. A low antiproliferative activity of
the conjugate as compared to the free DOX is a consequence of the presence of fullerene moiety in the former, which is also
responsible for the conjugate aggregation in an aqueous solution. Unlike free DOX, these aggregates cannot pass through the
nuclear membrane (as demonstrated by the confocal microscopy measurements), which makes them marginally cytotoxic.
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Introduction

Doxorubicin (DOX; for its chemical structure, see Fig. 1) is
well known for its anticancer activity. Furthermore, it is com-
monly used in clinics against various types of cancer in adults

and children [1, 2]. Many studies have attributed DOX anti-
cancer activity to intercalation into tumor cellular DNA, DNA
cross-linking, binding to proteins involved in DNA replication
and transcription, like topoisomerase II, as well as to genera-
tion of reactive oxygen species [3, 4]. Unfortunately, DOX
cannot be applied at optimal doses mainly due to its
cardiotoxic effects [5]. Although doxorubicin affects the
brain, kidney, and liver, the heart seems to be the preferential
target for its toxicity [6]. Actually, acute cardiotoxicity is ob-
served in about 11% of patients exposed to DOX [7, 8], while
the incidences of chronic myopathy are much less common
and estimated to occur in ca 1.7% of cases [9].

Despite the fact that DOX-induced cardiotoxicity has been
observed and studied for many years, the mechanism lying
behind the toxic effect is still unclear [2]. Several models of
cardiotoxicity have been proposed so far. Topoisomerase II,
which is suppressed by DOX, was identified as a
cardiotoxicity mediator [10]. On the other hand, oxidative
stress, mediated by doxorubicin via enzymatic route
employing intracellular or intramitochondrial oxidant en-
zymes, produces hydroxyl radicals that trigger DNA damage,
protein modification, lipid peroxidation, and finally cell death
by apoptosis or necrosis, which is considered as the main
reason for DOX cardiotoxicity [2]. In the context of
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cardiotoxicity, the literature mentions also that DOX impaired
Ca2+ handling [11], activated p53-dependent pathways [12],
and cytochrome c mediated apoptosis via activation of cas-
pase 9 and 3 [13].

As indicated above, the DOX-induced cardiotoxicity is
coupled to an interaction between the anthracycline and a
number of proteins. Therefore, a promising way of alleviating
its toxic effects seems to be DOX binding into a sufficiently
large molecule that would impair the protein-DOX interac-
tions necessary to trigger the DOX toxicity. After accumula-
tion in cancer cells, such a conjugate should release DOX,
which only then could cause the lethal effects.

Fullerenes seem to be suitable drug carriers due to the sta-
bility of their cage and a relative ease to functionalization [14].
The literature shows that there were already several attempts
to employ fullerenes as drug carries [15]. Both van der Waals
(vdW) complexes between the delivered drugs and a fullerene
as well as fullerene-drug covalent conjugates were considered
for this purpose. For instance, fullerene-DOX complexes, in
which the release of DOX was pH-dependent, were prepared
and characterized with capillary electrophoresis [16].
Similarly, a complex of fullerene-based carrier with cisplatin
(well-known anticancer agents) was tested against lung cancer
[17]. Eventually, the enhancement, as compared to the free
drugs, of anticancer activity of DOX and cisplatin vdW com-
plexes with a C60-fullerene derivative, has been reported re-
cently [18]. On the other hand, a C60-fullerene-paclitaxel co-
valent conjugate was proposed as a slow release drug-delivery
system [19]. Furthermore, a molecular system in which DOX
is conjugated to the C60 fullerene via a reactive thioketal linker
sensitive to the reactive oxygen species (ROS) was tested on a
mouse model [20]. The conjugate, of excellent stability in
physiological environment, releases DOX due to the photoin-
duced generated ROS by the excited C60-fullerene that in turn
leads to the breakage of the linker. A conjugate strategy was
also tested on poly(ethylene glycol) (PEG) connected to DOX
and fullerene [21, 22].

Surprisingly, DOX coupled to C60 through a PEG spacer
showed similar cytotoxicity against the MCF-7 cells as the

free DOX [20]. The observed effect was explained by differ-
ent mode of action related to the free DOX and fullerene-DOX
conjugate. The latter was claimed to be capable of inducing
toxic effects in the cytoplasm; thus, in the light of ref. [21], the
accumulation of DOX in nucleus might not be a prerequisite
of the drug activity. These unexpected and anti-intuitive re-
sults prompted us to investigate the cytotoxicity of a similar
fullerene-DOX conjugate. In the following, we describe a
five-step chemical synthesis of a C60-DOX conjugate coupled
by a PEG linker. Using 1H NMR spectroscopy and high-
resolution MALDI-TOF mass spectrometry, we prove the
identity of all intermediate products and the final conjugate.
The structure of obtained conjugate is characterized physico-
chemically with the help of several techniques like absorption
and emission spectroscopy as well as dynamic light scattering.
Furthermore, the toxicity of the obtained material is tested
using two viability assays: SRB and WST-1. Finally, the dis-
tribution of the conjugate or the drug in the MCF-7 cells after
2-day incubation with the conjugate or DOX is shown by
confocal microscopy. Our investigations unequivocally indi-
cate that DOX covalently conjugated to C60-fullerene is non-
toxic in concentrations in which the free drug reduces cell
viability by ca 50%.

Experimental and computational

Chemicals and reagents

t-Butyl 12-hydroxy-4,7,10-trioxadodecanoate, carbon
tetrabromide, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),
dicyclohexylcarbodiimide (DCC), doxorubicin hydrochlo-
ride, fullerene-C60, malonyl chloride, N-hydroxysuccinimide
(NHS), trifluoroacetic acid (TFA), trimethylamine (TEA), and
dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich. Dichloromethane (DCM) was dried and distilled
u s i n g s t a n d a r d p r o c e d u r e s . Anhyd r o u s N ,N -
dimethylformamide (DMF) and toluene were both available
from Sigma-Aldrich. Column chromatography was per-
formed using silica gel NORMASIL 60 (40–63 mesh, VWR
Chemicals). Thin-layer chromatography was performed with
silica gel plates, 60G, F254 (Sigma-Aldrich). RPMI cell cul-
ture medium, penicillin/streptomycin antibiotic mixture, and
fetal bovine serum were purchased from Corning, while F12
medium in Kaingh modification (F12K) from Gibco. Hoechst
33342 was purchased from ThermoFisher Scientific.

Synthesis of bis(14,14-dimethyl-12-oxo-3,
6,9,13-tetraoxapentadecyl) malonate 3
(for the structure see Scheme 1)

Malonyl chloride 1 (0.22 mL, 2.29 mmol) was added to the
solution of t-butyl 12-hydroxy-4,7,10-trioxadodecanoate 2
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Fig. 1 Chemical structure of DOX
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(1.34 g, 4.81 mmol) in dry DCM (10 mL). The mixture was
cooled to 0 °C and TEA (0.80 mL, 5.73 mmol) was added.
The solution was allowed to warm to room temperature and
stirred for 72 h. The reaction was quenchedwith water (5 mL).
The organic layer was separated and the remaining water
phase was extracted with DCM (3 × 15 mL). Combined or-
ganic layers were dried over MgSO4 and evaporated. The
resulting residue was purified by column chromatography
using DCM/MeOH 30/1 as an eluent to give the desired prod-
uct as a yellowish oil in a 58% yield.

1H NMR (Bruker AVANCE III, 500 MHz, CDCl3), δ: 1.47
(s, 18H, CH3), 2.52 (t, 4H, J = 6.6, CH2), 3.47 (s, 2H)
3.62–3.69 (m, 16H, CH2), 3.73 (t, 8H, J = 5.6, CH2),
4.32 (t, 4H, J = 4.7, CH2); HRMS (AB SCIEX MALDI
TOF/TOF 5800), m/z: [M − H]− calcd for C29H51O14

623.7140, found 623.2510 (see Figs. S1 and S2,
Supplementary Information).

Synthesis of bis(14,14-dimethyl-12-oxo-
3,6,9,13-tetraoxapentadecyl) C60–malonate 4 (for
the structure see Scheme 1)

To a solution of C60-fullerene (50 mg, 0.069 mmol) in dry
toluene (20 mL), malonic ester derivative 3 (37 mg,
0.059 mmol), CBr4 (20 mg, 0.059 mmol), and DBU (10 μL,
0.066 mmol) were added. Themixture was stirred overnight at
room temperature. After that, toluene was evaporated and the
crude product was purified by column chromatography using
toluene, to remove the unreacted fullerene-C60, and then

DCM/MeOH 50/1 as an eluent to give the desired product
as a brown solid in a 63% yield.

HRMS (AB SCIEX MALDI TOF/TOF 5800), m/z: [M −
H]− calcd for C89H49O14 1342.3412, found 1342.1563 (see
Fig. S3, Supplementary Information).

Synthesis of 15-C60-14,16-dioxo-4,7,10,13,17,20,
23,26-octaoxanonacosane-1,29-dioic acid 5 (for
the structure see Scheme 1)

The derivative 4 (50 mg, 0.037 mmol) was dissolved in DCM
(15 mL) and TFA (15 mL) was added. The reaction was mon-
itored by TLC analysis, and after the complete disappearance
of the product (about 30 min), the mixture was evaporated and
the crude product was purified by column chromatography
using DCM/MeOH 30/1 as an eluent to give the desired com-
pound as a brown solid in a quantitative yield.

HRMS (AB SCIEX MALDI TOF/TOF 5800), m/z: [M −
H]− calcd for C81H33O14 1230.1286, found 1230.1058 (Fig.
S4, Supplementary Information).

Synthesis of bis(2-(2-(2-(3-((2,5-dioxopyrrolidin-1-yl)
oxy)-3-oxopropoxy)ethoxy)ethoxy)ethyl)
C60–malonate 6 (for the structure see Scheme 1)

To a solution of the derivative 5 (50 mg, 0.041 mmol) in DCM
(20 mL), NHS (21 mg, 0.180 mmol) and a solution of DCC
(21mg, 0.102mmol) in DCM (5mL) were added. The reaction
mixture was left overnight. Then, the solvent was evaporated
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and the crude product was purified by column chromatography
using DCM/MeOH 30/1. At this point, we eventually got a
mixture of the desired product and DCU – a byproduct from
the reaction of activation of carboxylic groups in 5.

HRMS (AB SCIEX MALDI TOF/TOF 5800), m/z: [M +
Na]+ calcd for C89H40N2NaO18 1448.2633, found 1447.1733
(see Fig. S5, Supplementary Information).

Synthesis of bis-doxorubicinyl amide
of 15-C60-14,16-dioxo-4,7,10,13,17,20,23,
26-octaoxanonacosane-1,29-dioic acid 7 (Ful-DOX 7)
(for the structure see Scheme 1)

The raw product 6 (50 mg, 0.035 mmol) was dissolved in dry
DMF (2 mL). In the other flask, a solution of doxorubicin
hydrochloride (41 mg, 0.070 mmol) in DMF (16 mL) was
prepared. To the second mixture, TEA (10 μL, 0.070 mmol)
was added. After 2–3 min, the DOX solution was added
dropwise to the DMF solution of 6. After 48 h of stirring at
room temperature, the reaction mixture was evaporated
azeotropically with toluene. The final product was purified
by column chromatography using as an eluent, at first DCM/
MeOH 30/1 (to remove DCU from the activation procedure)
and then DCM/MeOH 20/1.

HRMS (AB SCIEX MALDI TOF/TOF 5800), m/z: [M −
H]− calcd for C135H87N2O34 2281.1365, found 2280.7888
(see Fig. S6, Supplementary Information).

NMR and MS analyses

The NMR spectrum was recorded on a Bruker AVANCE III,
500 MHz spectrometer. Chemical shifts are reported in ppm
relative to the residual solvent peak (CDCl3 = 7.28 ppm for
1H). Coupling constants are given in Hertz. The MS measure-
ments of the intermediates and final product were done with
use of MALDI TOF/TOF 5800 (ABSciex, Germany). As a
matrix, 2,5-dihydroxybenzoic acid (DHB, Sigma-Aldrich)
was used. The measurements were done in reflectron negative
ion mode with previous mass calibration with commercial
standard (Sciex) for bis(14,14-dimethyl-12-oxo-3,6,9,13-
tetraoxapentadecyl) malonate 3, (14,14-dimethyl-12-oxo-
3,6,9,13-tetraoxapentadecyl) C60–malonate 4, 15-C60-14,16-
dioxo-4,7,10,13,17,20,23,26-octaoxanonacosane-1,29-dioic
acid 5 and bis-doxorubicinyl amide of the 15-C60-14,16-
dioxo-4,7,10,13,17,20,23,26-octaoxanonacosane-1,29-dioic
acid 7. For bis(2-(2-(2-(3-((2,5-dioxopyrrolidin-1-yl)oxy)-3-
oxopropoxy)ethoxy)ethoxy)ethyl) C60–malonate 6, the mea-
surement was done in reflectron positive ion mode. Samples
were prepared using the dried droplet preparation method by
mixing 0.6 mL of an analyte solution with 0.6 mL of matrix
solution (directly on a plate). After air drying, the plate was
introduced directly to the instrument. MS spectra were ac-
quired from 499 to 2509 m/z for a total of 1000 laser shots

by a 1-kHz OptiBeam laser (ND-YAG). Laser intensity
remained fixed for all the analyses. Registered spectra were
analyzed with Data Explorer software.

Theoretical calculations

The molecular structures of DOX, Fullerene C60, and Ful-
DOX conjugate 7 (see Fig. 2) were optimized at the PM6-
D3 [23, 24] level of theory. Next, for geometries obtained at
the PM6-D3 level, the UV–Vis spectra were calculated using
the TD-DFT/B3LYP-D3 [25] method with the Def2SVP [26,
27] basis set and the PCM [28, 29] model to account for water
solvation. This combination of functional and basis set was
successfully applied before for the prediction of UV–Vis spec-
tra of fullerene conjugates [30]. For fullerene and DOX, 50
states were computed, while for the larger structure of Ful-
DOX, we calculated 150 states. All calculations were per-
formed using the Gaussian09 suite [31].

Spectrophotometric measurements

Visible absorption spectra were measured on SPECORD 50
PLUS spectrophotometer (Analytik Jena AG, Jena, Germany)
with stabilized temperature (25 ± 0.1 °C) in the wavelength
range of 350–700 nm with 0.5 nm intervals. Spectra were
measured in a quartz cuvettes (1 cm light path) containing
2 mL of 0.2 M sodium phosphate buffer, pH 6.8, and an
aqueous DMSO (DMSO concentration up to 10%) solution
containing 0.036 mM DOX, 0.029 mM Ful-DOX conjugate
7, and 0.029 mM C60-fullerene.

Spectrofluorimetric measurements

All fluorescence measurements were carried out on a Jasco
FP-8500 Spectrofluorometer equipped with a 150 W xenon
lamp with stabilized temperature (25 ± 0.1 °C), using 1 cm
quartz cuvettes in the wavelength range of 500–750 nm with
0.5 nm intervals. Experiments were done in 2 mL of 0.2 M
sodium phosphate buffer, pH = 6.8. The Ful-DOX conjugate 7
fluorescence spectrum (excitation wavelength = 476 nm and
emission wavelength = 548–650 nm) was measured (concen-
tration range: 0.003–0.163 mM) and maximum fluorescence
peakwas observed at 593 nm. The obtained data are expressed
in the mean relative fluorescence units (RFU).

Dynamic light scattering (DLS) characterization

DLS analysis was performed on Zetasizer Nano ZS (Malvern,
Worcestershire, UK) by measuring the intensity of the
scattered light for aqueous DMSO solution of 0.015 mM
Ful-DOX conjugate 7. DLS uses a 4-mWHe-Ne 633 nm laser
at a 173° scattering angle in 2.0-mL 0.2 M sodium phosphate
buffer, pH = 6.8.

Struct Chem (2019) 30:2327–23382330



Cell culture

Monolayers of breast cancer cell lines: MDA-MB-231, T47D,
and MCF-7 (purchased from CLS Cell Lines Service) were
maintained in RPMI medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Monolayers
of the prostate cancer cell line – PC3 (purchased from
American Type Culture Collection – ATCC) – were main-
tained in the F12K supplemented with 9% fetal bovine serum
and antibiotics, as described in ref. [32]. Each cell line was
maintained at 37 °C in a humidified atmosphere with 5%CO2.
Ful-DOX and DOX stock solutions in concentration of
1.3 mM and 1 mM, respectively, were prepared in DMSO
(for molecular biology use). Control cells were treated with
equal amount of pure vehicle (DMSO). The concentration of
DMSO in each well was equal to 1%.

Confocal microscopy

MCF-7 cells were incubated with DOX (2 μM) and Ful-DOX
conjugate 7 (2 μM) for 48 h at 37 °C. Nuclei were stained
using Hoechst 33342 (10 μg/mL). Specimens were imaged
using a confocal laser scanning microscope (LeicaSP8X
equipped with an incubation chamber for the live analysis)

with a 63 × oil immersion lens (Leica, Germany). For DOX,
the excitation wavelength was set to 476 nm and emission was
detected at 548–650 nm and for Hoechst 33342–405 nm and
449–490 nm, respectively. 3D analyses were made using
Leica Application Suite X.

Wst-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)
-5-(2,4-disulfophenyl)-2H tetrazolium monosodium
salt) assay

Cells viability was determined by the WST-1 assay (in which
the mitochondrial metabolic activity of cells is measured) as
described previously [33]. A total of 4 × 103 cells per well
were seeded at a 96-well plate and allowed to attach overnight.
Cells were maintained at 37 °C in a humidified atmosphere
with 5% CO2. Next day, the medium was replaced with fresh
one supplemented with the tested compounds (in concentra-
tion equal to 0.3, 0.5, 1, 2, 3, or 4 μM) or with the pure vehicle
(DMSO). Then, the cells were incubated for 48 h. After this
time, the WST-1 solution was added and cells were incubated
for 3 h. The absorbance values in wells were measured at
440 nm (with the reference wavelength 660 nm) in an
EnSpire (PerkinElmer) microplate reader. The viability of
control was taken as 100%. Data were obtained from at least

Fig. 2 Ball and stick
representation of
PM6-D3-optimized structures
used for TD-DFT calculations: a
fullerene, b DOX, c Ful-DOX
conjugate 7 with the linker shown
as lines for clarity

Struct Chem (2019) 30:2327–2338 2331



two independent experiments, each treatment condition
assayed in triplicate.

SRB (sulforhodamine B) assay

SRB assay was performed as described in [34]. Briefly, 4 ×
103 cells/well were seeded at 96-well plate. Next day, cells
were exposed to indicated concentrations of DOX, Ful-
DOX, or pure vehicle (DMSO, control) for 48 h. After this
time, medium was removed, and 100 μL/well of 10% trichlo-
roacetic acid was added for 1 h in 4 °C. Afterwards, wells
were washed with water, stained with 0.4% sulforhodamine
B solution in 1% acetic acid for 15 min, and extensively
washed with 1% acetic acid. After addition of 150 μL/well
of 10 mM Tris base (pH 10.5), the absorbance was measured
at 570 nm with a reference filter of 660 nm in a Victor micro-
plate reader (PerkinElmer). The absorbance of control was
taken as 100%. Data were obtained from two independent
experiments, each treatment condition assayed in triplicate.

Statistical analysis of Wst-1 and SRB results

The results were analyzed with the use of GraphPad Prism
software. The statistical evaluation of treated samples and un-
treated control was calculated using one-way analysis of var-
iance (ANOVA) followed by Dunnett’s multiple compar-
ison test. The data were obtained from at least two
independent experiments, and each treatment condition was
assayed in triplicate. The differences were considered signifi-
cant at α = 0.05.

Results and discussion

Forming a covalent bond between DOX and fullerene should
lead to the lowered cytotoxicity of the drug and its improved
pharmacokinetics. Indeed, polymer-drug conjugates may in-
crease tumor-specific download through their enhanced per-
meability and retention [35]. Moreover, a drug coupled to a
polymer may possess increased solubility and resistance to
proteolysis, which leads to a better control of pharmacokinet-
ics, including the rate of drug release [36]. Hence, the main
idea behind binding of an anticancer drug, which is usually
extremely toxic toward healthy cells, to a biocompatible poly-
mer is a safe transportation of the cytostatic to the tumor cells
and releasing it only at the target site. However, despite the
mentioned above, intuitively understandable idea, there are
literature reports, which demonstrate that a doxorubicin con-
jugate with fullerene is equally toxic as the free DOX. Indeed,
in ref. [20], it was demonstrated that the cytotoxicity, mea-
sured with theMTTassay usingMCF-7 breast cancer cell line,
of a fullerene conjugate and DOXwas very similar. In order to
verify this surprising finding and to reassess the suitability of

Ful-DOX conjugates in a possible anticancer therapy, we syn-
thesized a very similar system and studied its physicochemical
properties as well as cytotoxicity. Additionally, in order to
determine cellular distribution of the studied conjugate, we
carried out confocal microscopy analysis of the cells exposed
to the conjugate or to the free drug. The results obtained using
all methods employed in our study demonstrate that the prop-
erties of the conjugate and DOX itself are completely differ-
ent. Moreover, our findings suggest that binding of DOX to
C60-fullerene dramatically lowers its antiproliferative activity.
The reason which might explain all discrepancies between our
and ref. [20] findings seems to be a considerable contamina-
tion of conjugate III [20] with the free DOX and its toxic
derivatives.

Conjugate synthesis

There are many synthetic methods for the preparation of
fullerene-containing compounds. Fullerene residue exhibits a
negative induction effect, which is connected with their elec-
trophilic propensities and possibility to react with different
nucleophiles giving fullerene anion intermediates. These in-
clude a reaction with C-nucleophiles: (a) Bingel–Hirsch reac-
tion [36] (a formed fullerene anion intermediate is stabilized
by an internal addition reaction) and (b) with lithium- [37] or
magnesium-organic compounds [38] (a formed fullerene an-
ion intermediate is stabilized by the reaction with various
electrophiles). The other example of the nucleophilic reaction
with fullerenes is the addition of cyanides followed by the
reaction with various nucleophiles [39]. Moreover, fullerenes
act as dienophiles, which implicates their ability to undergo
cycloaddition. Two types of the aforementioned process are
distinguished in the chemical literature: cycloaddition [4+2],
i.e., with cyclopentadiene [40], and [3+2], i.e., with
diazomethane [41]. Furthermore, fullerenes can be aminated
[42], halogenated [43], or hydrogenated [44].

In this study, we obtained a Ful-DOX 7 conjugate using a
modified synthetic procedure described by Lu et al. [20]. For
the whole synthetic route and chemical structures of all de-
scribed compounds, see Scheme 1.

In the first step, we obtained a bis(14,14-dimethyl-12-oxo-
3,6,9,13-tetraoxapentadecyl) malonate 3 via the reaction of
malonyl chloride 1 with t-butyl 12-hydroxy-4,7,10-
trioxadodecanoate 2 in dry DCM. 2 differs from a correspond-
ing chain shown in ref. [20] by a single –CH2– group. We
were not able to find a commercial substrate that would enable
the synthesis of exactly the same structure as described in ref.
[19]. Nevertheless, due to size of the system under consider-
ation, two methylene groups (the end-product contains two
poly(ethylene glycol) chains each differing by one methylene
group from the conjugate described in ref. [20] difference
should not influence considerably the physicochemical and/
or biological properties of the conjugate.

Struct Chem (2019) 30:2327–23382332



After 24 h, the reaction was quenched with water, evapo-
rated, and loaded onto the silica gel column. Compound 3was
detected on a TLC plate with the help of iodine to visualize it.
Next, a direct functionalization of the malonyl ester derivative
3 was conducted with use of the Bingel–Hirsch reaction.
Bis(14,14-dimethyl-12-oxo-3,6,9,13-tetraoxapentadecyl)
C60–malonate 4was obtained by treating the derivative 3with
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), carbon
tetrabromide (CBr4), and fullerene-C60 in dry toluene. The t-
butyl ester functions in derivative 4 were subsequently selec-
tively hydrolyzed in the presence of primary esters with
trifluoroacetic acid (TFA) [45]. The carboxylic groups present
in such obtained 15-C60-14,16-dioxo-4,7,10,13,17,20,23,26-
octaoxanonacosane-1,29-dioic acid 5were then activated with
dicyclohexylcarbodiimide (DCC)/N-hydroxysuccinimide
(NHS) system to give bis(2-(2-(2-(3-((2,5-dioxopyrrolidin-1-
yl)oxy)-3-oxopropoxy)ethoxy)ethoxy)ethyl) C60–malonate 6.
At this point, 1,3-dicyclohexylurea (DCU) was obtained as a
byproduct and it was impossible to separate it from the com-
pound 6 due to the similarity in their chemical polarity. In the

next step, the contaminated active ester 6 was coupled with
doxorubicin, freshly obtained via the reaction of doxorubicin
hydrochloride with triethylamine in DMF, to give the final
Ful-DOX conjugate 7. At this stage, it was possible to remove
DCU from the mixture, because compound 7 is more polar
than DCU. The crude product was purified by column chro-
matography using as an eluent, at first DCM/MeOH 30/1 (to
remove DCU from the activation procedure) and then DCM/
MeOH 20/1. Initially, we tried to use the eluent suggested by
Lu et al. [20] (CHCl3/MeOH 19/1), but it resulted in getting
the product 7 contaminated by DCU and other reddish
byproducts, presumably derivatives of doxorubicin (for TLC
from the last reaction step, see Fig. S7). The structures of
compounds 3–7 were determined and confirmed by the
MALDI-TOF analysis and, in case of compound 3 addition-
ally by the 1H NMR spectrum (see Figs. S1, S2, S3, S4, S5,
and S6 in Supplementary Information). In the course of syn-
thesis, it turned out that an electrospray ionization technique is
unsuitable to study the structure of the conjugate 7 due to its
very weak solubility in polar solvents. The usage of ionization
mode employed by the MALDI method resolved the solubil-
ity problem. The chemical literature suggests that fullerene-
containing compounds tend to fragment, while being irradiat-
ed by the laser beam during MALDI analysis [46]. Moreover,
in the MALDI ionization source, the doxorubicin moiety can
lose the daunosamine and the 1-oxo-2-hydroxyethyl fragment
[47]. In consequence, beside a molecular ion peak, fragmen-
tation signals are present on allMALDI spectra included in the
supplementary information. The identities of fragments,
formed along with their molecular masses, are depicted below
particular spectra (see Electronic supplementary material).

Physicochemical characteristics

In order to determine the structural features of the new mate-
rial, aqueous solutions of conjugate 7were studied byUV–Vis
spectrophotometry, spectrofluorimetry, and dynamic light
scattering (DLS). All these measurements were carried out
using concentrations similar or somewhat larger than those
used in biological assays which were primarily a consequence
of sensitivity of specific technique. Thus, the UV–Vis spectra
were recorded in a 30 μM buffered solution (Fig. 3), fluores-
cence was measured for Ful-DOX concentrations between 3
and 160 μM and DLS spectrum was obtained for a 15 μM
solution of Ful-DOX. Here, it is also worth emphasizing that
all the spectra were recorded for Ful-DOX solutions contain-
ing, besides buffer, certain amount of DMSO (up to 10%). In
all biological tests, Ful-DOX was obtained from a DMSO
stock solution and the cells were treated with media contain-
ing ca 1% (v/v) of DMSO.

The absorption spectra of Ful-DOX (29 μM) along with
the spectrum of free DOX and C60-fullerene are depicted in
Fig.3a. The experimental absorption maximum for DOX

Fig. 3 UV–Vis spectra of DOX, fullerene C60, and Ful-DOX: ameasured
in aqueous DMSO solution; b based on the TD-DFT calculations; the
oscillator strengths indicated by dotted vertical lines. The scales of
oscillator strengths differ for different compounds (cf. the height of
vertical lines with the respective oscillator strengths in Table S1)
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occurs at 481 nm, while for the fullerene, two characteristic
peaks at 387 nm and 493 nm are observed. Furthermore, the
Ful-DOX spectrum seems to be a superposition of DOX and
fullerene features (see Fig.3a). The simulations of experimen-
tal spectra based on the TD-DFT calculations are shown in
Fig.3b and the most important electronic transitions along
with their molecular orbitals are demonstrated in Electronic
supplementary material (see Table S1and Fig. S8).

In water, the fullerene forms aggregates and, due to interac-
tions in the solid phase and light scattering, its UV–Vis spec-
trum is stronger, red-shifted, and broader than the spectra re-
corded in solvents in which C60 forms true solution [48]. The
shape of the main long-wavelength absorption peak for Ful-
DOX, red-shifted (with regard to DOX) to 506 nm, seems to
be a superposition of doxorubicin and fullerene features.
However, the maximum extinction coefficient of the conjugate
is much smaller than the sum of C60 and DOX epsilons (see
Fig.3a). Interestingly, the noted above non-additive effect
concerning the intensity of electronic transitions was not ob-
served for the UV–Vis spectra published in ref. [20]. Actually,
the maximum extinction coefficient of the conjugate (contain-
ing two DOX molecules) was ca. 2-fold bigger than that ob-
served for DOX (an additive effect), which suggests lack of
interactions between doxorubicin and the fullerene cage for
the system studied by Lu et al. [20]. Contrary to their findings,
our results indicate strong interactions between doxorubicin
and the fullerene cage. Indeed, our quantum chemical calcula-
tions suggest that even in water, the conjugate possesses strong
tendency to adopt a closed conformation, shown in Fig. 2, in
which both DOX molecules interact via stacking with the
delocalized π-electrons of the fullerene cage. The geometry
optimization that started from the open conformation (both
poly(ethylene glycol) chains extended) spontaneously

converged to the close one depicted in Fig. 2. Here, it is worth
of emphasizing a very good correspondence between the mea-
sured and calculated spectra of DOX and Ful-DOX (although
the shapes of measured and theoretical spectrum of C60 are
similar (see Fig. 3), the latter is much weaker). This is a conse-
quence of fullerene aggregation in water which results in strong
scattering of incident light [49]). The main wavelength feature
of DOX stems from the HOMO ➔ LUMO transition (ππ*

transition; see Table S1). Inspection of molecular orbitals in-
volved in the electronic transitions shows that the
HOMO ➔ LUMO transition in DOX corresponds to the one
calculated at 480 nm in Ful-DOX (HOMO ➔ LUMO+4; see
Table S1). Note, a large difference between the oscillator
strengths calculated for DOX (0.29; Table S1) and for the tran-
sition involving the same orbitals in Ful-DOX (0.07; Table S1).
The visible lowering of oscillator strength is a result of
fullerene-DOX interaction. In the remaining transitions (476
and 484 nm) giving rise to the long wavelength feature of
Ful-DOX (see Fig. 3b), the occupied orbitals with a consider-
able contribution from the fullerene are involved. All the above
demonstrate strong fullerene-DOX interactions in the conjugate
that justifies the non-additive effects observed in the measured
absorption spectra.

For the Ful-DOX concentration of up to ca 30 μM, fluores-
cence intensity increases almost linearly with the amount of
conjugate (see the inset to Fig. 4). This suggests that also the
number of fluorescing sites increases linearly, which implies, in
turn, that the size of aggregates does not change substantially
within the discussed concentration range. The presence of Ful-
DOX aggregates in the studied aqueous DMSO solution was
confirmed by DLS measurements (see Fig. 5). The spectrum
presented in Fig. 5 shows that the average hydrodynamic radius
for those clusters amount to as much as 838 nm. The maximum
intensity of the fluorescence is observed for ca 60 μM and then
the fluorescence decreases with concentration. Change in the

Fig. 5 Dynamic light scattering for an aqueous DMSO solution of Ful-
DOX conjugate 7 (c = 0.015 mM); average hydrodynamic radius, Zavg =
838 nm

Fig. 4 Concentration effect on the fluorescence spectrum of Ful-DOX
conjugate
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shape of spectrum with increasing amount of Ful-DOX (see
Fig. 4) suggests a trivial mechanism of quenching
(reabsorption) [49]. Actually, the short-wavelength band of
fluorescence gradually disappears for more concentrated solu-
tions, which suggests reabsorption. Indeed, there is a strong
overlap between the absorption and emission spectra of Ful-
DOX in the range of 550–600 nm (cf. Figs. 3 and 4).

Impact of Ful-DOX on the viability of cancer cells

The main purpose of our study was to elucidate whether the
binding of DOX to a non- or low-toxic carrier should alleviate
the toxicity of doxorubicin. Actually, only then such construct
might be used as a safe platform that enables toxic chemother-
apeutics to be transported and released in the target cell. We
compared viability of cells treated for 48 h with doxorubicin
or Ful-DOX conjugate. To exclude that results might be cell

line specific, we used cancer cells derived from different or-
gans, namely breast (MCF-7, T47D, and MDA MB 231 cell
lines) and prostate (PC3 cell line). Breast cancer cells repre-
sent different molecular subtypes of this malignancy: MCF-7
and T47D cells are of luminal type characterized by the pres-
ence of estrogen receptor (ER) and progesterone receptor (PR)
while MDAMB 231 cells are so called triple negative as they
are negative for ER, PR, and human epithelial receptor 2
(HER2) and represent the most aggressive and one of the
worst prognosis breast cancer subtype. Moreover, two types
of viability assays have been used: SRB measuring total pro-
teins in the cells and WST-1 which, similarly as MTT, indi-
cates metabolically active cells.

As shown in Figs. 6 and 7, Ful-DOX in the studied range of
concentrations demonstrates no or very low effect on viability
of all tested cell lines, whereas free DOX reduces viability in a
dose-dependent manner with IC50 ca 1 (MDA MB 231 and

Fig. 6 The viability of MDA-
MB-231 (a, b), MCF-7 (c, d), and
T47D (e, f) cells after 48-h
treatment with doxorubicin and
Ful-DOX conjugate 7 in a range
of concentrations from 0 (control;
ctrl) to 4 μM assessed by the SRB
assay. Results are shown as mean
± SD of two independent
experiments performed in
triplicate. *Statistically significant
difference between the treated and
control (untreated sample)
at α = 0.05
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MCF-7 cells) or 2 μM (T47D and PC-3 cells). It is worth
noting that results of the WST-1 assay, which is much
simpler than the SRB one (see the Methods section),
show marginal standard deviations (see Fig. 7).
Presented results remain in apparent discrepancy with
those reported by Lu et al. [20]. They observed no difference
between Dox and Ful-DOX activity towards MCF-7 cells as

assessed by MTT assay. Moreover, Ful-DOX at the concen-
tration of 10 μg/mL, which roughly corresponds to our 4 μM,
reduced viability of cells by about 40% compared with un-
treated controls after 24-h exposition. It contrasts with our
results which indicate lack of toxicity of the conjugate, despite
the fact that in our experiments, the cells were treated for
longer time (48 h).

Fig. 7 The viability of PC3 cells after 48 h of treatment with doxorubicin
and Ful-DOX conjugate 7 in a range of concentrations from 0 (control; ctrl)
to 4 μM determined by theWST-1 assay. Results are shown as mean ± SD

of two independent experiments performed in triplicate. *Statistically
significant difference is present between treated samples compared with
control (untreated sample) at α = 0.05

Fig. 8 Images from confocal microscope of MCF-7 cells treated with
2 μM DOX and 2 μM Ful-DOX conjugate 7. Nuclei are stained blue
using Hoechst 33342, red color emitted by doxorubicin moieties, 2D and

3D merged images including the Hoechst dye and DOX or Ful-DOX 7
emission show cellular localization. The MCF-7 cells were incubated at
with tested agents for 48 h. Scale bars are 25 μm
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Confocal microscopy

In order to verify our conclusions, we also carried out mea-
surements concerning the distribution of free DOX and the
conjugate in cells. Since DOX is a good fluorophore, we de-
cided to employ confocal microscopy. Figure 8 gathers several
confocal 2D and 3D images showing cellular distribution of
DOX or full-DOX.

Cell nuclei are depicted by blue spots as they were
stained with Hoechst 33342. On the other hand, DOX
emits a red fluorescence. As indicated by the middle panel of
Fig. 8, free DOX penetrates into the nuclei (DOX/Merge 2D,
Fig. 8) as well as adsorbs on nuclear membrane (DOX/Merge
3D, Fig. 8). The behavior of Ful-DOX is quite different. It
does not penetrate into the nuclei but accumulates on their
membranes (Ful-DOX/Merge 2D and Ful-DOX/Merge 3D,
Fig. 8). Taking into account the physicochemical properties
of Ful-DOX, i.e., strong interactions between DOX and ful-
lerene cage, chemically stable linker, as well as the size of
hydrodynamic radius of nanoparticles which Ful-DOX forms
in the buffered aqueous solution, one can expect that an effi-
cient nucleus penetration, which seems to be indispensable for
the DOX cytotoxic action, is reduced or abolished in case of
the conjugate.

Conclusions

In this study, we synthesized a fullerene-DOX conjugate, mea-
sured its physicochemical characteristics, and determined its
toxicity and the cellular distribution with the viability assays
and confocal microscopy, respectively. The physicochemical
characteristics indicate strong interactions between the fuller-
ene cage and doxorubicin in the Ful-DOX as well as the for-
mation of voluminous clusters of the conjugate under the con-
ditions employed in the cellular studies. These explain the
observed lack of cytotoxicity. Indeed, to be toxic, doxorubicin
has to penetrate into the nucleus in order to directly interact
with DNA or protein machinery dedicated to DNA process-
ing. Being covalently bound to the fullerene-poly(ethylene
glycol) moiety and additionally forming sizable clusters,
DOX possibilities to interact with DNA are very limited.
Moreover, a nuclear membrane does not support endocytosis
and its pores are able to accommodate particles up to only
about 25 nm diameter [50], while the synthesized Ful-DOX
conjugate forms clusters with an average hydrodynamic radi-
us of ca. 800 nm.

In summary, our study demonstrates that the studied con-
jugate has a potential to become a universal platform for safe
transportation of toxic drugs into tumor cells. A quest for
molecular modifications and implementation of DOX conju-
gates specifically releasing the drug is currently under way in
our laboratories.
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