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Doxorubicin is a very potent chemotherapeutic drug, however its side effects limit its clinical use. The aim of
this research was to investigate the properties of a fullerenol/doxorubicin nanocomposite, its potentially
cytotoxic and genotoxic effects on malignant cell lines, as well as its toxicity towards zebra fish embryos.
Chromatographic, NMR and mass spectral analysis of the nanocomposite imply that interactions
between doxorubicin and fullerenol are non-covalent bonds. The stability of the nanocomposite was
confirmed by the use of atomic force microscopy, dynamic light scattering and transmission electron
microscopy. The nanocomposite, compared to the free doxorubicin at equivalent concentrations,
significantly decreased the viability of MCF-7 and MDA-MB-231 cells. The flow cytometry results
indicated that doxorubicin-loaded fullerenol could remarkably increase the uptake of doxorubicin
suggesting that fullerenol might be a promising intracellular targeting carrier for the efficient delivery of
antitumor drugs into tumor cells. The nanocomposite also affected cell cycle distribution. A genotoxicity
test showed that the nanocomposite at all examined concentrations on MCF-7 and at lower
concentrations on MDA-MB-231 cells caused DNA damage. Consequently, cell proliferation was notably
reduced when compared with controls. Results of the zebrafish embryotoxicity assay showed
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resistance to anthracycline-based therapy.® Many previous
studies have reported that oxidative stress was mainly respon-
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Anthracyclines are highly effective and widely used antineo-
plastic agents in clinical practice. However, the main limiting
factors of their application are multiple drug resistance and
reduction in left ventricular function causing cardiomyop-
athy.'?® The major target of anticancer drugs such as doxoru-
bicin (DOX) is topoisomerase II (TOP2).* DOX binds to DNA and
TOP2 forming a TOP2-DOX-DNA cleavage complex that triggers
cell death.” Furthermore, DOX activates p53 and induces
apoptosis through transcriptional upregulation of Bax. Muta-
tions that interfere with p53 function have been associated with
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sible for DOX-induced cardiac gene dysregulation. Stress caused
by oxidation/reduction affected redox cascades and initiated
cell changes leading to cell damages and/or aberrant signaling
and consequently causing cardiovascular disease, atheroscle-
rosis, diabetes, cancer, inflammation, and apoptosis.” Addi-
tionally, individual transition metals have very important role in
cell homeostasis. Many cardiovascular alterations as well as
tumorigenesis in multiple human cancer types are connected
with iron equilibrium in physiological processes.>® Inside the
cells, iron(ur) and DOX can form a complex that goes through
autoxidation under aerobic conditions.® These reactions could
cause oxidative stress which can leads to mitochondrial
dysfunction resulting in apoptosis. Iron chelators such as dex-
razoxane (ICRF-187) is the only clinically approved drug in
antharcycline-induced cardiomyopathy.'* Nanoformulations of
drugs have proven to be a positive solution for these problems.
To date, there have been developed numerous nanodelivery
systems for doxorubicin (DOX) based on: liposomes, polymeric
micelles, peptide conjugates, solid-lipids, cyclodextrin,
magnetic, gold, silica, and carbon nanoparticles.>**** In clinical
practice, nanoformulations of DOX that are in use are N-(2-
hydroxypropyl)methacrylamide (HPMA)-DOX and Doxil®,"**
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however their significantly better efficacy has not been expressed
when it comes to multiple drug resistance.” Moreover, studies on
the nanoparticle chitosan-DOX have shown reduced efficiency,
in in vitro tests, compared to DOX applied alone. This phenom-
enon can be attributed to covalent bonding of DOX to chitosan'’
and consequently DOX's inability to access the cell nucleus.
These results indicate the importance of research focused on
development of nanocomposites based on noncovalent interac-
tions of DOX and nanocarriers. Different carbon nanocarriers of
DOX, such as nanotubes and fullerene conjugates' have also
been investigated. Fullerenol-DOX conjugate has been shown to
suppress proliferation of cancer cell-lines through a G2-M cell
cycle. In the in vivo murine tumor model, the fullerenol-DOX
conjugate exhibited similar antitumor efficacy as DOX, without
showing the typical adverse effects of DOX. Liu et al. have
synthesized fullerene-conjugated DOX and investigated its cyto-
toxic activity on human breast cancer cells (MCF-7).* In
comparison to DOX, the fullerenol-doxorubicin conjugate
showed better antiangiogenic potential.* Fullerenol was tested
against sensitive tumor cell lines in a model system of DOX-
induced cytotoxicity. It was found that fullerenol applied half
an hour before DOX highly decreased DOX-induced cytotoxicity
even at nanomolar concentrations.* Assessment of nanoparticles
efficacy as drug delivery systems should, beside examination of
cytotoxicity of nanocomposite itself, also include assessment of
their potential to induce DNA damage. Moreover, induction of
DNA damage in cancer cells was recognized as therapeutic
strategy for killing cancer.* Related to this, widely accepted, quite
appropriate and highly recommended test for genotoxicity eval-
uating and screening of nanomaterials is the in vitro micronu-
cleus (MN) assay.”® Taken all the previously mentioned into
account, we opted for MN test to analyze the influence of the FNP/
DOX nanocomposite on DNA damage and cell proliferation.

Over the last few years, zebrafish were frequently employed
for Dbiosafety evaluation of diverse anticancer
formulations.**** The production of large number of embryos,
rapid early embryonal development, and embryos/larvae trans-
parency make zebrafish a particularly suitable model in toxi-
cological and preclinical studies.>® Based on the above written,
the first aim of our work was to create and characterize a stable
nanocomposite composed of the fullerenol nanoparticles and
commercial drug DOX. The second aim was directed towards
reduction of DOX concentration within the nanocomposite,
where the nanocomposite would give better antineoplastic
effects on malignant cell lines compared to the commercial
drug DOX. Finally, the biosafety evaluation of the novel nano-
composite was investigated on a zebrafish model.

nano-

Material and methods
Synthesis of the FNP/DOX nanocomposite

Fullerenol nanoparticles (FNP) are made in a two-step synthesis
starting from fullerene Cgo (purity 99.8%, MER) which was
brominated in the presence of a catalyst FeBr; in order to obtain
a symmetric polybrominated derivative CgoBr,,.”” In the next
step, bromine atoms of CgoBr,, were substituted with hydroxyl
groups in alkaline media.”® Thus obtained polyhydroxylated
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polyanion Cg, derivative (FNP) in the form of powder was dis-
solved in water, and 4 ml of FNP solution concentration 0.111
mM (pH 6.5) was sonicated for 20 minutes at 22 °C. After the
FNP solution was sonicated, 0.8 ml of aqueous solution of
doxorubicin (Adriablastin®; Pfizer: doxorubicin-hydrochloride
10 mg, lactose 50 mg, methyl-p-hydroxybenzoate 1 mg) at
concentration 1.84 mM was added. The mixture was stored in
dark for 48 h at 22 °C. For the preparation of all solutions,
deionized water 17.8 MQ cm was used.

Dynamic light scattering (DLS) - Zetasizer Nano ZS, Malvern

The hydrodynamic mean diameter of the FNP/DOX nano-
composite was obtained by DLS. All DLS measurements were
performed at a wavelength 633 nm with an angle detection of
90°, in aqueous solution at 22 °C. All measurements were done
in triplicate.

Nuclear magnetic resonance ("H NMR)

Nuclear magnetic resonance spectra were obtained by Varian
Unity Inova 300 MHz with ID/PFG probe and TMSPA as
a chemical shift reference substance at 6y = 0.0 ppm. The
effects of different molar ratio of FNP and DOX (nFNP : nDOX =
1:13; 4:13; 8:13) on the chemical shift of the aromatic
protons and methyl group of doxorubicin were measured.
Chemical shift of methyl group at molar ratio nFNP : nDOX =
1: 13 was observed one hour after preparation, after a month
and after seven days. Chemical shift of aromatic protons in the
nanocomposite of molar ratio nFNP:nDOX = 1:13 was
observed in concentrated sample (1:6) as well as in uncon-
centrated sample.

Atomic force microscopy (AFM)

Morphology and structure of FNP and FNP/DOX in aqueous
solution were evaluated using atomic force microscopy (AFM).
Surface topography and phase images were simultaneously
acquired by standard AFM tapping mode using a commercial
SNC (Solid Nitride Cone) AFM probe (NanoScience-Team
Nanotec GmbH), with the tip radius lower than 10 nm. Highly
orientated pyrolytic graphite (HOPG) was used as a surface.
Multimode quadrex SPM with a Nanoscope IIla controller
(Veeco Instruments, Inc.) operated under ambient conditions
was used. AFM measurements of FNP and FNP/DOX were done
in aqueous solution after 48 h storage in dark at 22 °C. It was
also measured FNP/DOX in aqueous solution, after 30 day
storage in dark at 22 °C.

Transmission electron microscopy (TEM)

Aqueous solution of FNP was applied to copper grid 300 mesh,
dried at room temperature and measured using transmission
electron microscopy (TEM): JEM 2010F, STEM unit, BF, DF
STEM detector, Oxford instruments ISIS 300 EDXS, Gatan
PEELS 677, Gatan off-axis TC camera, Auto-alignment system
Jeol Motor driven OA. TEM measurements of FNP were done
immediately after sonication as well as after 48 h storage in dark
at 22 °C.

This journal is © The Royal Society of Chemistry 2016
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Cell lines

Two human breast adenocarcinoma cell lines were used in the
study: MCF-7, estrogen receptor-positive (ATCC, HTB22), and
MDA-MB-231, estrogen receptor-negative (ATCC, HTB-26). The
cells were grown in Dulbecco's modified Eagle's medium
(DMEM, PAA) with 4.5% of glucose, supplemented with 10% of
fetal calf serum (FCS, PAA) and antibiotics: 100 IU per cm® of
penicillin and 100 pg cm ™~ of streptomycin (ICN Galenika). The
cells were sub-cultured twice a week and a single cell suspen-
sion was obtained using 0.25% trypsin in EDTA (Sigma-Aldrich).
All cell lines were cultured in flasks (Costar, 25 cm?) at 37 °C in
the 100% humidity atmosphere and 5% of CO,. Exponentially
growing cells were used throughout the assays. Viability of cells
used in the assay was over 95%.

Cell treatment

MCF-7 and MDA-MB-231 cells were plated in culture flasks at
density of 1 x 10° per 25 cm”. Cells were treated with the
following three substances: DOX, FNP and FNP/DOX for 2 h, 4 h,
24 h and 48 h. Two concentrations of DOX, 0.1 uM and 0.01 uM
were used in the assays. The concentrations of FNP/DOX in the
assays were also 0.1 uM and 0.01 pM calculated on DOX, while
the concentrations of FNP were 0.111 mM and 0.0111 mM. After
the exposure time, the cells were harvested by trypsin/EDTA,
washed twice with cold PBS, resuspended in PBS to reach the
concentration of 1 x 10° cells per ml, and then used in dye
exclusion test, drug uptake assay and cell cycle analysis. All the
treatments and following assays were done in triplicate.

Dye exclusion test

The cells treated with FNP, DOX and FNP/DOX, as well as the
control untreated cells were harvested at different exposure
times (2, 4, 24, and 48 hours of exposure), resuspended in 1 ml
of PBS and counted manually in a haemocytometer chamber.
Viable cell number was determined by using 0.04% trypan blue
and was expressed as a total cell number.

Uptake of DOX and FNP/DOX nanocomposite - flow cytometry
analysis

MCF-7 and MDA-MB-231 cells were exposed to 0.1 uM DOX and
0.1 uM FNP/DOX. MCF-7 cells were additionally exposed to 0.01
uM DOX since it was not possible to record the flow cytometry
signal for 0.1 pM FNP/DOX due to its high cytotoxicity after a 24
h treatment. After the defined time intervals (2 h, 4 h, 24 h, and
48 h) the cells were harvested by trypsin/EDTA, washed twice
with cold PBS, and resuspended in 250 pl of PBS before the
measurements. Fluorescence histograms were recorded with
the BD FACSCalibur (Beckton Dickinson) flow cytometer and
analyzed by the Cell Quest software. Argon ion laser was used;
excitation wave length was 488 nm, emission signals were
collected between 565 nm and 630 nm. The gate was arbitrary
set for the detection of green fluorescence (FCS 1.00 Lin, FL2
476, 1.00 Log). To generate each histogram 15.000 events were
acquired per sample. The results are presented as a mean
fluorescence in arbitrary units (A.U.).

This journal is © The Royal Society of Chemistry 2016
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Cell cycle analysis

Untreated cells and cells treated with FNP, DOX and FNP/DOX,
were washed in cold PBS, fixed and incubated for 30 minutes in
70% ethanol on ice, centrifuged, and thereafter incubated with
500 pl of RNase A (100 units per mL, Sigma-Aldrich) and 500 pl
propidium iodide (400 pg ml~*, Sigma-Aldrich) for 30 minutes
at 37 °C. The cell cycle was analyzed by the FACS Calibur E440
(Becton Dickinson) flow cytometer and the CellQuest software.
The results are presented as a percentage of the cell cycle
phases.

The cytokinesis-block micronucleus assay (CBMN)

The CBMN assay was performed according to published
procedures® with some minor modifications related to stain-
ing. The MDA-MB-231 and MCF-7 cells were seeded in 6 well
plates at a density of 1.5 x 10> cells per well. After 24 h of the
cells incubation DOX or FNP/DOX were added in different
concentrations.

The following concentrations of DOX and FNP/DOX were
used on the MDA-MB-231 cell line: 0.06 uM, 0.03 puM, 0.01 UM
and 0.007 uM and on MCF-7 cell line: 0.09 uM, 0.04 pM, 0.02 uM
and 0.01 pM. After the 24 h treatment, the medium was replaced
with a fresh one and cytochalasin-B was added to the cell
cultures at a final concentration of 6 ug mL ™. The incubation
continued for the next 24 h. Thereafter, cells were detached by
trypsin/EDTA, collected by centrifugation, briefly exposed to
a cold hypotonic solution (0.56% KCl) and fixed three times
with methanol : glacial acetic acid (3 : 1, v/v). Air-dried slides
were stained with 2% Giemsa in distilled water for 9 min. For
each concentration, a CBMN assay was performed in triplicate
and more than 1000 cells were analyzed. Standard criteria were
used for the micronuclei identification.*® Monitored values
included the number of mononucleated, binucleated and
multinucleated cells, incidence of micronuclei and proliferative
division index (PI). Micronucleus incidence was presented as
a number of micronuclei per 1000 examined binuclear cells. PI
was calculated according to the formula: PI = (M; +2M, + 3(M; +
M,))/N, where M;-M, represent the numbers of cells with 1-4
nuclei, respectively, and N is the total number of scored cells.*
The PI is a measure of the average number of cell cycles that
a cell population passes through, considering both tri-
nucleated and tetra-nucleated cells in the same category.**

In vitro data analysis

Data are presented as mean £ SD. The statistical analysis was
performed using the legal SPS program version 17. Student's
t-test was used to compare means in the DET assay, while
differences between the control and the exposed groups for MN
were analyzed by a non-parametric test; Mann-Whitney U test
and ANOVA. The differences were considered significant when p
< 0.05 and p < 0.001.

Fish embryo toxicity assay

Adult zebrafish (Danio rerio, wild type) were obtained from
a commercial supplier (Pet Centar, Belgrade, Serbia) and
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maintained in the fish medium (2 mM CacCl,, 0.5 mM MgSOy,,
0.7 mM NaHCOj3;, 0.07 mM KCl) at 27 £+ 1 °C and 14 h light/10 h
dark cycle, and regularly fed twice a day with commercially dry
flake food supplemented with Artemia nauplii (TetraMin™
flakes; Tetra Melle, Germany). Shortly after spawning, eggs were
collected, twice rinsed from debris in fresh fish medium and
transferred into a Petri dish filled with the fish medium. Prior to
use, fish medium was aerated at least for 1 h and pre-warmed to
27 °C.

Eggs at 4 h post fertilization (hpf) were examined under
a stereomicroscope (PXS-VI, Optica) for viability and treated
with six different concentrations (2.3, 4.6, 9.2, 46, 92 and 920
uM) of tested substances and 0.25% DMSO was used as negative
control. Embryos were then individually transferred into 24-well
plates containing 1000 pl of test solution, 10 embryos per well,
and incubated at 27 °C. Experiments were repeated three times,
using 30 embryos per concentration.

Apical endpoints (Table S3t) used for toxicity evaluation
were recorded according to OECD (236) guidelines for testing of
the chemicals® at every 24 h for four consecutive days using an
inverted microscope (CKX41; Olympus, Tokyo, Japan). At 96
hpf, the embryos were anesthetized by addition of 0.1% (w/v)
tricaine solution (Sigma-Aldrich, St. Louis, MO), photo-
graphed and killed by freezing at —20 °C for =24 h.

Determination of the LCs, value (lethal concentration for
50% embryos) was performed by the program ToxRatPro
(ToxRat®, Software for the Statistical Analysis of Biotests, Tox-
Rat Solution GmbH, Alsdorf, Germany, Version 2.10.05) using
probit analysis with linear maximum likelihood regression.

All the experiments involving zebrafish were performed in
compliance with the European directive 86/609/EEC and the
ethical guidelines of The Guide for Care and Use of Laboratory
Animals of the Institute of Molecular Genetics and Genetic
Engineering, University of Belgrade.

Results and discussion

An anthracycline antibiotic DOX is commonly used in the
treatment of a wide spectrum of cancers. The exact antitumor
mechanism of DOX still remains unclear. It is known that DOX
intercalates into DNA and inhibits topoisomerase II activity
preventing DNA replication and cell division.**** DOX organ
toxicity, especially cardiotoxicity and multidrug resistance,
limits its clinical efficacy. DOX enters the cells by diffusion, and
exits the cells by active transport via P-glycoprotein.***® In new
drug formulations DOX is loaded onto various carriers, which
enable sustained DOX release in its active form inside the cells,
thus ensuring effective DOX concentrations for a longer period
of time."?*”* In our previous research we confirmed that full-
erenol strongly inhibits DOX-induced cytotoxicity in human
malignant cell lines,* as well as its cardio and hepatoprotective
effects in in vivo experiments on healthy and malignant rat
models.*>* In this research we have used chemical properties of
polyanion nanomolecule fullerenol for the formation of the
stable nanocomposite with DOX from the commercial drug
Adriablastin®.
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Physico-chemical and nanocharacterisation of FNP/DOX
nanocomposite

"H NMR spectra of different molar ratios nFNP : nDOX (8 : 13;
4:13 and 1:13) were recorded in order to investigate inter-
molecular interactions between fullerenol and DOX in the FNP/
DOX nanocomposite. The increase in molar ratio of FNP leads
to reduction and loss of signals assigned as aromatic protons at
6 7.76 ppm (t), 7.64 ppm (d), 7.48 ppm (d), and the signal at
6 1.32 ppm (d) assigned as methyl group of DOX sugar
component (ESI Fig. S171). Furthermore, chemical shift of DOX
methyl group in molar ratio 1 :13 was obtained as well (ESI
Fig. S27). There was a significant difference in the position and
shape of the signals of methyl group of sugar component of
DOX over time. After preparation, spectrum changes and a new
doublet appears at ¢ 1.32 ppm. After seven days, a triplet-like
shape signal appears at 6 1.18 ppm, and one month after the
preparation becomes the predominant signal. The other family
of studied signals was in the region of aromatic protons of DOX,
whose chemical shifts are depicted (ESI Fig. S3t). Increase in
concentration of the same molar ratio 1:13 led to a shift
towards higher magnetic field and disappearance of the middle
doublet at ¢ 7.76 ppm.

Molecular interactions between DOX and FNP are observed
through changes in the chemical environment of aromatic
and methyl groups. Observed changes in spectra are for the
signals of aromatic and methyl group in the sugar part of DOX
molecule. The "H NMR data clearly show that anthracycline
protons and methyl group in sugar ring moieties are involved
in forming of the FNP/DOX nanocomposite. On the basis of
"H NMR measurements it can be concluded that after a longer
period of time molecular interactions between FNP and DOX
become more pronounced. We performed diffusion type
experiments on FNP and DOX sample with the ratio 1:13. A
significant change in size of the free molecule of DOX and
expected assembly of DOX interacted to FNP in the FNP/DOX
nanocomposite cannot be inferred on the basis of relatively
similar diffusion coefficients (~2.5 x 10~ ® cm* s™"). Similar
diffusion coefficient of DOX and FNP/DOX in molar ratio
nFNP : nDOX = 1:13 indicates a slow process of intermo-
lecular interactions in the formation of the FNP/DOX
nanocomposite.

By comparing the FTIR results of the nanocomposite and
components (FNP and DOX), no differences in spectra were
observed (results are not presented).

In Fig. 1 we can see the distribution of the number of FNP in
water (17-42 nm, max 24 nm, 35%) and the FNP/DOX nano-
particles ranging from 25 to 67 nm, the most prevailing are the
38 nm particles (31%). From these results it can be noticed that
DOX in FNP/DOX did not significantly affect the size of the
composite compared to FNP. Further, zeta potential measure-
ments have shown that FNP in aqueous solution was —20 mV
charged while the FNP/DOX nanocomposite was —6 mV
charged (ESI Fig. S41).

Nanocharacterisation of FNP and FNP/DOX nanocomposite
was done by using AFM. Samples were recorded after being
stored in dark at 22 °C for 48 h and after a month period.

This journal is © The Royal Society of Chemistry 2016
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Fig.1 Distribution by number of FNP and FNP/DOX nanocomposite particles after the 48 h exposure to 22 °C. Red line refers to FNP and green
refers to FNP/DOX. Three independent measurements were performed and one representative is displayed. Measurements were done by

Zetasizer Nano based on method of dynamic light scattering.

On Fig. 2 are presented the AFM measurements of the FNP
aqueous solution at pH = 6.5, which seems to be an inhomo-
geneous sample (Fig. 2A). The presence of nanoparticles is
evident, one of which is of 79 nm and consists of two particles
(Fig. 2B), a smaller one of 29 nm and a bigger one of 50 nm, both
with the height of 5.1 nm, which is confirmed by the corre-
sponding cross-section (Fig. 2C). These results are comparable
with the results published by Assemi et al.** Bigger particles in
the FNP sample consist of 2-4 particles of 30 nm, however the

9.45 nm

X[nm]

presence of particles bigger than 150 nm was not detected. The
fullerenol nanoparticles are distributed on HOPG terraces,
which indicates their polarity and is in accordance with the zeta
potential measurements and studies data.** Fig. 2D presents 3D
morphology of fullerenol nanoparticles on HOPG, where the
structure of bigger particles can be clearly seen.

Fig. 3 presents the AFM results of the FNP/DOX nano-
composite after 48 h storage in dark at 22 °C. By comparing the
measurements of FNP (Fig. 2) and the nanocomposite (Fig. 3)

6.32 nm

0.00 nm

Fig.2 AFM measurement of FNP agueous solution on HOPG surface, after 48 h storage in dark at 22 °C; (A) scale 2000 x 2000 nm? (B) scale 710

x 710 nm? (C) corresponding cross-section (D) 3D image.

This journal is © The Royal Society of Chemistry 2016
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Fig.3 AFM measurement of the FNP/DOX nanocomposite on HOPG surface, after 48 h storage in dark at 22 °C; (A) scale 2000 x 2000 nm? (B)

scale 670 x 670 nm? (C) corresponding cross-section (D) 3D image.

significant changes in morphology can be observed. The FNP/
DOX nanocomposite particles (Fig. 3A and B) are of 37.5 nm,
39.2 nm and 86 nm and unlike the FNP particles (Fig. 2A and B),
do not seem to be formed of several smaller particles. The
nanocomposite particles are distributed over the HOPG
terraces, which indicate their polarity. Fig. 3C shows corre-
sponding cross-section of the FNP/DOX nanocomposite parti-
cles with the height ranging from 2.5 nm to 6 nm, whereas
Fig. 3D depicts a 3D morphology of the nanocomposite. By
comparing the 3D figures of FNP (Fig. 2D) and the FNP/DOX
nanocomposite (Fig. 3D) the obvious difference in surface
morphology can be noticed.

AFM measurement of the FNP/DOX nanocomposite after
a 30 day storage in dark at 22 °C is presented in ESI Fig. S5.1 The
morphology analysis shows the presence of dominant nano-
particles of 30-40 nm, as well as the presence of crossed
nanonicles of micron length made of nanoparticles of 40 nm
and with the thread width ranging from 30-40 nm, which is
confirmed by the corresponding cross-section (ESI Fig. S5b and
ct). 3D morphology of FNP/DOX nanocomposite at HOPG can
be seen in ESI Fig. S5d.7 It can be concluded that present
particles, which do not form nanothreads, are quite similar in
morphology to those that were measured after 48 h. Compar-
ison of AFM results for two different ages of FNP/DOX

38568 | RSC Aadv., 2016, 6, 38563-38578

nanocomposite leads to conclusion that with time particles of
30-40 nm self-assemble into stable nanothreads of micrometer
scale. Our assumption is that nanoparticles in a nanothread are
mutually attracted by polar interactions.

TEM measurements of FNP aqueous solution after sonica-
tion and 48 h storage in dark at 22 °C is depicted on Fig. 4.
Fullerenol nanoparticles of 2 nm (yellow arrow) are made of 2-3
fullerenol molecules. The presence of stable FNP aggregates of
approx. 20 nm (red arrow) is evident, as well as the one of the
particles ranging from 30-60 nm (blue arrow) that are formed of
numerous smaller stable aggregates of 2 nm. After sonication of
fullerenol aqueous solution, only particles of 2 nm were present
(ESI Fig. S61).

Changed morphology of FNP/DOX particles in comparison
to FNP particles most probably suggests the changes in FNP
structure in the presence of DOX. It is possible that during the
formation of a stable FNP/DOX nanocomposite DOX molecules
stay trapped inside the nanoparticle (Fig. 5).

The size, charge, structure and morphology of drug carriers
are of great importance in biological applications because these
features can affect their biological response as well as drug
metabolism.**** If nanoparticles are larger than 300 nm they
can trigger the complement system and be removed from the
blood** and/or cause thrombosis.*® For these reasons we

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 TEM micrography of fullerenol nanoparticles aqueous solution
after sonication and 48 h storage in dark at 22 °C. FNP of 2 nm (yellow
arrow), 20 nm (red arrow) and 30-60 nm (blue arrow). Measurements
were performed on copper grid 300 mesh.

focused our research on developing stable small-sized FNP/DOX
nanocarrier.

The nanocomposite increased cytotoxicity

In this section we would like to point out the reason for using
nanomolar concentrations of DOX and FNP/DOX in cell treat-
ments. The plasma kinetics of DOX exhibits an initial half-life of
approximately 8 min followed by a terminal half-life of about 30

A B
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h.*” The major exposure to organs occurs during the terminal
phase where DOX concentrations are generally less than 0.1 uM.

Cells were exposed to FNP (0.111 mM), DOX and FNP/DOX
(0.1 uM and 0.01 uM DOX) for 2 h, 4 h, 24 h, and 48 h and
cell number was counted at specified time points (Fig. 6). Free
DOX decreased the number of MCF-7 and MDA-MB-231 cells in
time-dependent manner up to 24 h. However, cell number was
increased after 48 h of treatment in both cell lines. A possible
explanation for the increased cell number could be the DOX
concentration decrease due to at least two facts: a half-life of
DOX that is around 30 hours and DOX easily exits cells by active
transport.***

Furthermore, fluorescence intensity of free DOX in both cell
types was also decreased at the same time point (Fig. 7). The
FNP/DOX nanocomposite, compared to free DOX, at equivalent
DOX concentration (0.1 uM) significantly (p < 0.05) decreased
MCF-7 cell number after a 4 h treatment. MCF-7 cell number
decreases by time exposure, reaching the minimum value after
48 h of incubation. Ten-fold smaller concentration of FNP/DOX
also decreased the MCF-7 cell number after a longer incubation
period, being more effective at a 48 h treatment (Fig. 6). These
results are in accordance with fluorescence intensity of FNP/
DOX (Fig. 7). Compared to the MCF-7 cells, the MDA-MB-231
cells were found less sensitive to both free DOX and FNP/
DOX. The similar number of FNP-treated and untreated cells
confirms that FNP did not impair cell viability up to 4 hours,
while the decreased cell number was found after 24 h and 48 h
treatment ranged from 12% to 15%, compared to untreated

Fig. 5 (A) Polar interaction between fullerenol and DOX. (B) Hypothetical preview of FNP/DOX nanocomposite.

This journal is © The Royal Society of Chemistry 2016
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MCF-7 and MDA-MB-231 cells which is in accordance with the
published results.*

Interaction of nanostructures with cells depends on nano-
structures' size, shape, charge and material properties, but
complete understanding of these interactions remain poorly
understood.**~° Nanoparticles within the 2-100 nm size range
alter signaling processes essential for basic cell functions, but
40 nm and 50 nm nanoparticles demonstrated the greatest
effects.* Intracellular delivery of various DOX-loaded nano-
particles usually resulted in higher cytotoxicity compared to free
DOX. The extent of cytotoxic effect depends on size, time and
surface modification, as well as on the particle concentra-
tion.>*** Free DOX was found in cytoplasm and in nucleus of
cells, while DOX-loaded nanoparticles were only found in the

cytoplasm.®>%

Increased cell uptake of DOX via the nanocomposite

Internalization of free DOX and FNP/DOX in MCF-7 and MDA-
MB-231 cells was analysed by the flow cytometry. A total of

38570 | RSC Adv., 2016, 6, 38563-38578

15.000 events were analyzed per sample. MCF-7 and MDA-MB-
231 cells were exposed to DOX and FNP/DOX nanocomposite
for 2 h, 4 h, 24 h and 48 h at the equivalent DOX concentrations
(0.1 uM and 0.01 pM) and DOX fluorescence in the MCF-7 and
MDA-MB-231 cells was recorded at specified time points (Fig. 7;
ESI Fig. S71).

Untreated cells were used as a negative control. Fig. 7 and ESI
Fig. S71 show that DOX was successfully internalized in the
cells, whereas cellular uptake of FNP/DOX was several fold
higher (2-fold to 3.7-fold) in both cell types when compared to
free DOX.

According to mean fluorescence intensity, uptake of both
compounds was better in MCF-7 cells at each time point espe-
cially for 2 h and 4 h treatment, although uptake ratio (FNP/
DOX vs. DOX) was higher in MDA-MB-231 (1.8-2.9 for MCF-7
and 2.6-3.7 for MDA-MB-231). Maximum fluorescence of DOX
and FNP/DOX in MCF-7 was observed after 24 hours of incu-
bation. High mean fluorescent intensity of DOX and FNP/DOX
in the MCF-7 cells was in accordance with their high sensi-
tivity to effects both, free and DOX-loaded FNP. The number of

This journal is © The Royal Society of Chemistry 2016
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Fluorescent data were achieved using flow cytometry analysis. Results
are presented as overlaid histograms of one representative experiment
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the viable MCF-7 cells was significantly decreased (p < 0.01)
after a 24 hour treatment with 0.1 pM DOX and FNP/DOX
(Fig. 6). Since it was not possible to record histogram for
FNP/DOX after 24 h at a defined gate setting (FCS 1.00 Lin, FL2
476, 1.00 Log), we treated theMCF-7 cells with 10-fold (one log)
smaller FNP/DOX concentration and found that the fluores-
cence intensity of FNP/DOX was still high and reached
maximum value at 24 h (Fig. 7 and ESI Fig. S77). The fluores-
cence intensity of DOX and FNP/DOX decreased after 48 hours
which is in agreement with the MCF-7 viable cell number. In
MDA-MB-231 cell line, maximum uptake of FNP/DOX was
achieved after 48 hour of cell treatment. Differences in inter-
nalization and cellular uptake behavior of free DOX and various
DOX-loaded nanoparticles have previously been observed.>*>*
Generally, uptake of DOX-loaded nanoparticles was successful
in several cell types.*®* Nanoparticles containing DOX were
taken up by cells via endocytosis and accumulated in cyto-
plasm, while free DOX was observed in both cytoplasm and
nucleus of the cells showing bimodal life-time distribution.**
Our results of flow cytometry indicated that FNP/DOX could
remarkably increase the uptake of DOX in MCF-7 and MDA-
MB-231 cells suggesting that FNP might be a promising intra-
cellular targeting carrier for efficient delivery of antitumor
drugs into tumor cells.

The nanocomposite did not affect cell cycle distribution

The cells progress through the series of events (cell cycle) thus
leading to cell division and duplication. Flow cytometry enables
us to distinguish four distinct phases of the cell cycle: G1 phase,
S phase (synthesis), G2 phase (interphase) and M phase
(mitosis). The progress of the cell cycle is tightly monitored and
regulated and cycling cells are targets in cancer therapy. We

This journal is © The Royal Society of Chemistry 2016
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studied effects of free DOX and FNP/DOX nanocomposite on the
cell cycle perturbations by total DNA staining with propidium
iodide. In two independent experiments we found that free DOX
arrested MCF-7 cells in G2M phase (Fig. 8).

Our results are in accordance with results of Park et al. and
Liipertz et al., who found that DOX in various cells increased
cells in G2/M phases.*>*® Rusetskaya et al., however, found that
DOX in the sensitive MCF-7 cells arrested cells in GO/G1 phase
of cell cycle.>”

We found that FNP alone decreased the G2M phase of the
MCEF-7 cells after 24 h, but increased S phase after 48 h in
comparison to control and the DOX-treated cells. The FNP/DOX
nanocomposite at both concentrations affected the cell cycle
distribution in similar manner by increasing the cell number in
S phase of the cell cycle with respect to the G0/G1 cell cycle
phase (ESI Table S1t). FNP/DOX also induced an increase in the
MCEF-7 cells in the sub G1 phase. DOX and FNP/DOX did not
significantly affect cell cycle distribution of MDA-MB-231 cells
(Fig. 9 and ESI Table S2+).

It is generally accepted that the size and structure of nano-
particles can influence how cell internalizes nanoparticles.*® In
the extensive study of the nanoparticle uptake by cells on cell
cycle phases, Kim et al. showed that cells in different phases of
the cell cycle internalize nanoparticles at similar rates, but after
24 h the concentration of nanoparticles in the cells could be
ranked, according to the different phases as: G2/M > S > GO0/
G1.”® The same ranking was observed regardless nanoparticle
concentration, size or coating material, and regardless cell
doubling time and culture media. Our results are partly in
accordance with the results of Kim et al. who found that
nanoparticle uptake had no influence on cell cycle
distribution.>®

The nanocomposite decreased cell proliferation by increasing
DNA damages

In this work, we analyzed incidence of micronuclei that reflects
a measure of DNA damage. Besides, proliferation index was also
determined and it shows the influence of tested substances on
cell kinetics. In the assessment of nanocomposite efficacy as
drug delivery systems, very important place takes the non-
toxicity of nanoparticles used in the antineoplastic delivery.
Our previous studies that included micronuclei and chromo-
some aberrations tests proved that fullerenol within concen-
tration range 5.54-221.6 uM did not show genotoxicity against
human peripheral blood lymphocytes and CHO cell lines.>**°

In this work, in order to determine genotoxicity of the FNP/
DOX nanocomposite, as well as DOX itself, we applied sub-
toxic concentrations that were previously defined in a serial of
experiments conducted according to the scheme for micro-
nuclei assay (data not included).

FNP/DOX and DOX effects on micronuclei incidence of MDA-
MB-231 and MCF-7 cell lines after a 24 h treatment are pre-
sented in Fig. 10.

Compared to control, DOX depending on concentration
increased micronuclei incidence in cell lines MDA-MB-231 and
MCF-7 (Fig. 10.), while the cell proliferation was decreased
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(Fig. 11). On MDA-MB-231 cell line, FNP/DOX nanocomposite at
lower concentrations (0.007 uM and 0.01 pM) induced higher
micronuclei incidence in comparison to corresponding
concentrations of DOX, while cell proliferation index was
significantly lower (p < 0.05; p < 0.001).

With the increase in FNP/DOX concentration (0.03 uM and
0.06 uM), micronucleus incidence was significantly lower when
compared to DOX, however cell proliferation index values also
significantly declined. The greatest efficacy of FNP/DOX in
comparison to DOX alone on MDA-MB-231 cell line was at
concentration 0.01 uM (MN: p < 0.001; 654.86: 404.81 and PI: p <
0.001; 1.33: 1.47).

On the MCF-7 cell line, with the increase in the FNP/DOX
nanocomposite  concentration micronucleus incidence
increased as well (Fig. 10), whereas proliferation index values
were lower in comparison to DOX (Fig. 11).

38572 | RSC Adv., 2016, 6, 38563-38578

When compared to 0.02 uM concentration of DOX, 0.02 uM
FNP/DOX concentration caused significantly lower micronucleus
incidence (p < 0.05; 427.45: 349.25) and significantly higher
proliferation index (p < 0.001; 1.3: 1.39).

Comparing the FNP/DOX nanocomposite effects on different
cell lines it can be noticed that at higher concentrations of
nanocomposite DNA damage was more expressed in the MCF-7
cell line, unlike in the MDA-MB-231 cell line where more DNA
damage occurred at lower concentrations of nanocomposite.
Compared to DOX, decrease in cell proliferation index of the
MCF-7 cells was more significant at lower nanocomposite
concentrations, while in case of MDA-MB-231 a decrease in
proliferative index was noticeable at all examined concentra-
tions of nanocomposite.

Different sensitivity of cell lines to FNP/DOX influence is in
agreement with results of in the work of Chaudhuri et al., who

This journal is © The Royal Society of Chemistry 2016
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also claimed that conjugated fullerenol Cgo(OH)i6.,4 and
doxorubicin suppressed the proliferation of cancer cell lines,
but with less efficiency against human breast cancer cell line
MDA-MB-231 than mouse melanoma and lung carcinoma cell
line.” The authors explained this with different susceptibility of
MDA-MB-231 and the mouse cancer cells to the internalization
of the FNP/DOX into the cells and into the lysosomes. Our
results are in a complete agreement with this, showing that the
FNP/DOX nanocomposite at subcytotoxic concentration
decreased breast cancer cell line proliferation more than free
DOX, and even caused DNA damage.

The nanocomposite reduced toxicity on zebrafish embryos

In this study, the zebrafish model was used to evaluate in vivo
toxicity of the nanocomposite FNP/DOX in comparison to
DOX and FNP alone, by assessing lethality, morphological
abnormalities and cardiac functions of treated embryos. In
the 4 day assay, the tested compounds exhibited different

This journal is © The Royal Society of Chemistry 2016
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toxic effects in dose- and time-dependent manner (Fig. 124A).
At the highest tested compound concentration of 960 uM, FNP
and FNP/DOX precipitated from the zebrafish medium,
therefore this concentration was not taken into consideration.
In the range of FNP concentrations up to 96 uM, involving
those at which FNP was present in the highest tested dose of
nanocomposite, FNP did not show any adverse effects on the
survival or the development of zebrafish embryos (ESI Table
S271), suggesting that FNP present in each tested nano-
composite dose should not be toxic. An exception was
a concentration of 96 pM FNP, where only 11% of embryos was
affected (Fig. 12B).

Under the DOX and FNP/DOX treatments, the mortality rate
of the zebrafish embryos increased in dose-dependent manner
(Fig. 12A), whereas the significant difference in the overall
toxicity between these treatments has been detected (Fig. 12B).
At doses =4.6 puM, neither DOX nor FNP/DOX showed any
signs of toxicity on zebrafish embryos (data not shown), while
already at concentration of 9.2 yM DOX was significantly more
toxic than FNP/DOX (P = 0.002, x> test; n = 90; Fig. 12B), as
evaluated from the score of lethal and teratogenic effects. As
shown in Fig. 12, the survival rate of embryos treated with
92 uM or 46 pM of FNP/DOX was significantly higher than
under the same doses of DOX (P < 0.001, x” test; Fig. 12B). The
obtained LCs;, values of 115.86 uM for FNP/DOX and 46.25 uM
for DOX indicated that survival rate of zebrafish embryos upon
nanocomposite treatment was 2.5 times higher than upon the
DOX treatment. Thus the fullerenol-based nanosystem for
DOX loading significantly reduced DOX lethality in the zebra-
fish model. The statistical analysis also confirmed a signifi-
cantly lower toxicity of FNP/DOX in comparison to DOX alone,
at concentrations of 92 uM or 46 uM (P < 0.0001, x> test;
Fig. 12B).

Besides the significant differences in lethal outcome,
different time-dependent and dose-dependent teratogenic
responses have been observed in the zebrafish embryos upon
the FNP/DOX and DOX treatments (ESI Tables S3 and S4f),
particularly at cardiovascular level. While DOX was disturbing
cardiovascular functions already at 48 hpf at doses =9.2 uM,
with most embryos developing pericardial edemas upon 92 pM
and 46 pM of DOX, the cardiotoxicity caused by the nano-
composite on this early developmental stage was detected only
at 92 uM (ESI Tables S3 and S4t). Cardiotoxicity of nano-
composite was evident at 72 hpf at 46 uM concentration
(Fig. 13A). Importantly, pericardial edemas in zebrafish
embryos developed up to 96 hpf were significantly smaller
comparing the 92 pM nanocomposite with 46 pM DOX
(Fig. 13B). Furthermore, when exposed to 46 uM FNP/DOX,
a total of 13% of embryos did not develop pericardial edema
nor any other cardiovascular defects even at 96 hpf, whereas all
the DOX-treated ones suffered cardiovascular defects, including
edemas, already at 48 hpf.

Earlier and higher cardiotoxicity in DOX-treated groups
than in FNP/DOX treated groups of embryos has also been
observed through a significantly slower heart beating rate
(Fig. 14) and impaired caudal and yolk sac circulation, that
resulted in slower growth and faster lethal outcome of
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embryos under the DOX regime. Both compounds, applied in
doses of 92 puM and 46 puM, reduced the embryo heart beating
rate after 96 h exposure, whereas FNP/DOX decreased cardiac
rhythm at a significantly lesser extent than DOX (P < 0.0001, x>
test; Fig. 14). At concentration of 92 uM, DOX prevented caudal
circulation of all the embryos and caused accumulation of red
blood cells (RBC) in the pericardial sac, probably due to a very
weak heart contractility without RBC pass through it, while

38574 | RSC Adv., 2016, 6, 38563-38578

body circulation was barely observed upon 46 pM DOX. On the
other hand, a higher rate of heart contractions and blood
circulation through heart and caudal vessels were easily
observed in most embryos under 46 pM FNP/DOX after the 96
h treatment and, at lesser number of embryos under 92 uM
FNP/DOX.

Along with prominent cardiovascular defects, treated
zebrafish embryos also showed some dose-dependent skeletal

This journal is © The Royal Society of Chemistry 2016
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deformities, which were more obvious in DOX-treated groups of
embryos. Under doses of DOX and FNP/DOX above 9.2 uM,
embryos were reduced in body size, had deformed head with
malformed eyes and otoliths/otocysts, malformed notochord
and scoliosis. The muscle disintegration, accompanied with
reduced caudal circulation, was particularly observable under
92 uM DOX, much more than under 92 pM FNP/DOX (results
not shown).

Over the last few years zebrafish embryos have frequently
been used as a reliable in vivo model for the bio-safety evalua-
tion of diverse anticancer nanosystems.>** The production of
large number of embryos, rapid early embryonal development,
and embryos/larvae transparency make zebrafish a particularly
suitable model in toxicological and preclinical studies.*

In our study, embryos treated with 92 uM and 46 uM FNP/
DOX had a significantly higher survival rate and lesser distur-
bance of cardiac functions than the embryos treated with the
same dose of DOX alone, suggesting decreased overall toxicity
of the nanocomposite in comparison to DOX. Toxic effects of

This journal is © The Royal Society of Chemistry 2016

DOX and FNP on the zebrafish embryos have previously been
reported.®>*> The cardiotoxicity of doxorubicin is among the
main obstacles limiting its long-lasting therapeutic applica-
tion,*” and similarly, the pericardial edema was among the
major adverse effects caused at DOX-treated zebrafish
embryos.®” In this study, we have demonstrated that a nano-
composite DOX/FNP induced the edema of pericardium to
a significantly lesser extent than DOX alone. We have also
demonstrated that it disturbed the heart beating rate, thus
confirming a decreased cardiotoxicity and an increased safety of
FNP/DOX as compared to DOX, which is a major challenge in
the oncological practice where DOX is applied to the cancer
patients.

Conclusion

In conclusion, DOX-loaded FNP was successfully made as
a novel drug delivery system for cancer treatment. Self-
assembling properties of fullerenol nanoparticles were used
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for the formation of the FNP/DOX nanocomposite with
commercial drug Adriablastin®. Simple preparation method of
the nanocomposite indicates its potentially easy applicability in
clinical practice. This nanocomposite system possesses small
particle size (approximately 100 nm) and good stability. The
FNP/DOX nanocomposite exhibited significantly enhanced
cellular uptake and achieved remarkable cytotoxicity effects in
MCF-7 and MDA-MB-231 cell lines. Moreover, the FNP/DOX
nanocomposite significantly decreases breast cancer -cells

38576 | RSC Adv., 2016, 6, 38563-38578

proliferation causing increase in DNA damage. Furthermore,
zebrafish embryotoxicity assay showed decreased overall
toxicity and increased safety of the nanocomposite in compar-
ison to doxorubicin applied alone, which was manifested by the
higher survival rate of embryos and less pericardial edema. The
results of this research demonstrated that DOX-loaded FNP
might be a potential drug-targeting delivery platform for cancer
treatment. In future experiments the focus of our research will
be on different in vivo healthy and tumor models.
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