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anotechnology has been recog-

nized by the National Cancer Insti-

tute as a paradigm-changing op-
portunity with the potential to enable
significant breakthroughs in cancer diagno-
sis and therapy.! The promise of cancer nano-
technology lies in the ability to engineer
customizable nanoscale constructs that can
be loaded with one or more payloads such
as chemotherapeutics, imaging, and diag-
nostic agents.2 However, nanocarriers
widely explored to date such as liposomes,?
polymers,* and dendrimers® suffer from in-
herent limitations such as instability, struc-
tural heterogeneity, synthetic challenges,
and poor control over shape and size.
Hence, there is an increasing need for ad-
vanced delivery agents where shape, size
distribution, functionalization, and loading
capacity can be precisely tuned, with the as-
sumption that a greater control over the
physical parameters of the nanodevices
may allow tunability of their biological fate.

The potential of fullerene to address the

above design specifications lies in the im-
mense scope for chemical derivatization to
the basic structure.’ In recent years, carbon
nanotechnology has evolved into a truly in-
terdisciplinary field, bridging material sci-
ence with medicine. However, among the
various currently available carbon nano-
materials, it is the carbon nanotube (CNT),
which has been mainly explored for bio-
medical applications such as in the delivery
of drugs or as probes for imaging.®? In con-
trast, fullerenes, the third allotrope of car-
bon after diamond and graphite, have had
limited use in biology due to their inherent
hydrophobicity. The recent discovery that
water-soluble fullerene derivatives can
cross cell membranes'® has accelerated in-
terest in biological applications of Cg,'' 1
such as in gene delivery.'? Endohedral met-

6

www.acsnano.org

ABSTRACT In the present study, we report the novel application of polyhydroxylated fullerenes (fullerenols)

in cancer drug delivery. The facile synthetic procedure for generating multiple hydroxyl groups on the fullerene

cage offers scope for high drug loading in addition to conferring hydrophilicity. Doxorubicin, a first line cancer

chemotherapeutic, was conjugated to fullerenols through a carbamate linker, achieving ultrahigh loading

efficiency. The drug—fullerenol conjugate was found to be relatively stable in phosphate buffer saline but

temporally released the active drug when incubated with tumor cell lysate. The fullerenol —doxorubicin conjugate

suppressed the proliferation of cancer cell-lines in vitro through a G2-M cell cycle block, resulting in apoptosis.

Furthermore, in an in vivo murine tumor model, fullerenol —doxorubicin exhibited comparable antitumor efficacy

as free drug without the systemic toxicity of free doxorubicin. Additionally, we demonstrate that the fullerenol

platform can be extended to other chemotherapeutic agents, such as the slightly water-soluble cisplatin, and can

emerge as a new paradigm in the management of cancer.

KEYWORDS: fullerenol - nanoparticle - chemotherapy - doxorubicin - drug delivery

allofullerenes have demonstrated potential
as radiopharmaceuticals'” and MRI contrast
agents.'® However, the application of
fullerenes as carriers of chemotherapeutics
is still in a very nascent stage. There are only
a few reports in the literature where
fullerene derivatives have been used for
the delivery of anticancer therapeutics.'?°
Recently, an amphiphilic fullerene (bucky-
some) was explored as a vector for pacli-
taxel and was found to be equiefficaceous
to Abraxane, a commercially available
albumin-bound nanoformulation of pacli-
taxel.?'

In the present study, we explored the
novel application of polyhydroxylated
fullerene (fullerenol) in drug delivery. The
high aqueous solubility, neutral pH of
fullerenols, and accessibility to further
modification makes them promising candi-
dates for medical applications.?? Addition-
ally, the facile synthetic procedure to pro-
duce multiple hydroxyl groups?? offers
scope for high drug loading. We demon-
strate that the fullerenols enable the
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Figure 1. Synthesis and characterization of doxorubicin conjugated fullerene nanoparticle: (a) schematic illustration of the
synthetic steps for fullerene functionalization and conjugation of doxorubicin; (b) UV—absorption spectra of the
nanoparticle-drug conjugate solution in water showing the doxorubicin absorption at 490 nm; (c) solution of (1) fullerenol
and (2) Ful—Dox in water. Transmission electron microscopy shows a (d) magnified image of a single fullerene aggregate at
60K magnification, (e) Dynamic light scattering analysis of the nanoparticle-drug conjugate aggregate showing an average
size distribution around 80 nm; (f) graph shows the temporal release kinetics of doxorubicin from fullerenol in tumor cell ly-
sate and in phosphate buffered saline (PBS, pH 7.4). Concentrated drug-loaded nanoparticles were suspended in tumor
cell lysate or PBS and dialyzed against buffer. An aliquot was collected from the incubation medium at predetermined time
intervals, and the released drug was quantified by absorption spectroscopy at 485 nm wavelength. Data shown are from a

representative experiment.

conjugation of high levels of the chemotherapeutic
agent, doxorubicin (Dox), which is released in a sus-
tained manner under conditions mimicking tumor
pathophysiology. Furthermore, we demonstrate that
the susceptibility of tumor cells to nanoparticle-
conjugated therapeutics is dependent on the rate of
nanoparticle internalization, which can vary between
cell types. Treatment with fullerenol—doxorubicin
(Ful—Dox) exerted an equi-efficaceous antitumor out-
come as compared to free doxorubicin, without the sys-
temic toxicity associated with the latter. Additionally,
we demonstrate that the fullerenols can be adapted to
formulate the slightly water-soluble cisplatin, which is a
first line chemotherapeutic for many cancer types. Our
findings demonstrate that the fullerenols could emerge
as a versatile platform for delivery of anticancer agents.

RESULTS AND DISCUSSION

Preparation and Characterization of Fullerenol Doxorubicin
Nanoparticle. We chose an established procedure, which
generates between 16—24 hydroxyl groups on the
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fullerene cage.?? Doxorubicin, a potent first line cyto-
toxic chemotherapy, was selected as the active agent.
The pegylated Ful—Dox conjugate was synthesized as
outlined in Figure 1a. Briefly, to a deep purple toluene
solution of fullerene, NaOH solution was added along
with a few drops of 30% hydrogen peroxide and a
phase transfer catalyst. After 5 days the colored aque-
ous layer was separated from the colorless organic layer
and product was precipitated out with ethanol. The re-
sulting brown solid showed a broad OH stretching fre-
quency at 3400 cm ™' in FTIR and was completely water-
soluble. The hydroxyl groups of fullerenol were
activated by reaction with p-nitrophenylchloroformate.
The attachment of the nitrophenyl group was con-
firmed by NMR peaks at 6.9 and 8.2 ppm. The acti-
vated fullerenol was then conjugated to doxorubicin
and OMe-Peg(2000)-NH, by simultaneous addition of
the two reagents in a 2:1 molar ratio. While we antici-
pated each fullerenol particle to be no greater than 5
nm following pegylation and conjugation of doxorubi-
cin, we observed that the fullerenols tend to form mon-
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odisperse aggregates in the size
range of 50—80 nm as confirmed
by dynamic laser light scattering
and electron microscopy (Figure
1d,e). These could not be disinte-
grated into smaller individual
fullerenols and could arise from in-
termolecular interactions, such as
H-bonding. However, the particle
sizes were uniformly less than 100
nm, which is an interesting observa-
tion from a pharmacokinetic stand-
point as nanoparticles less than 5
nm have been reported to be
cleared by the kidney,?® while larger
pegylated nanoparticles that are
less than 100 nm have been re-
ported to preferentially home into
tumors through leaky tumor
neovasculature as a result of the en-
hanced permeability and retention
(EPR) effect.®> While it is beyond the
scope of this study to explore the
correlation between size and bio-
distribution of individual fullerenols
or the monodisperse aggregates,
the tunability of final size opens up
the possibility of targeting tumors
without being cleared rapidly by
the kidney.

Doxorubicin loading to the car-
bon nanostructures was quantified
by absorption spectroscopy at Amax
= 485 nm using the doxorubicin
molar extinction coefficient 11500
M~ cm™', and was found to be be-
tween 200—250 pg/mg of the to-
tal nanoparticle weight for
fullerenes. In contrast, maximal

doxorubicin loading in polymeric nanoparticles such
as those engineered from PLGA rarely exceeds a third
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Figure 2. In vitro antitumor efficacy of Ful—Dox. Graphs show doxorubicin concentration response
on cell survival after treatment with free doxorubicin and Ful—Dox for 48 and 72 h. Mouse mela-
noma cell line B16—F10, mouse lung carcinoma (LLC1), and metastatic human breast cancer cell line
MDA-MB-231 were grown in 96-well plates, with 2000 cells seeded into each well. Drugs were added
at appropriate concentrations (5, 10, 15 wM doxorubicin concentration). Cells viability at the experi-
mental time points was quantified using MTS assay. Absorbance of the bioreduced soluble formazan
product was measured at 490 nm using a Versamax microplate reader. Results were quantified by
subtracting the blank value from each value then normalizing against the control values. Data
shown are mean = SE from n = 3.

concentration), respectively. The cytotoxicity of the
drug—nanoparticle conjugates increased with time;

of that. To study the release kinetics of the active drug
from the nanoparticle—drug conjugates, we incubated
the nanostructures in phosphate buffer saline (pH 7.4)
or with cancer cell lysates. As seen in Figure 1f doxoru-
bicin release from the fullerenols had an early onset and
was sustained over 100 h. In contrast, the hydrolysis
rate was very slow in phosphate buffered saline indicat-
ing that intracellular enzymatic processing plays a criti-
cal role in the release of the active drug.

In Vitro Cell Viability of Tumor Cells Treated with Ful —Dox
Nanoparticle. We next tested the efficacy of the
drug—nanoparticle conjugates on an array of cancer
cell lines. Temporal concentration—response was moni-
tored using an MTS assay (Figure 2). At 24 h, the ICsq val-
ues of the Ful—Dox conjugate against melanoma and
LLC cells was 12 and 10 M (expressed as doxorubicin

www.acsnano.org

that is, the ICsy value shifted to the left on the
concentration —effect plot, consistent with the slow
cleavage of the carbamate bond resulting in sustained
release of active doxorubicin. The fullerenols alone had
minimal cytotoxicity except at the highest concentra-
tions (Supporting Information, Figure 1). The conjugate
was however less efficacious against MDA-MB-231 with
an ICso ~ 8 wM even after 72 h treatment.

Cellular Uptake of FITC-Labeled Nanoparticles. To further ex-
plore this difference in susceptibility of MDA-MB-231
and the B16/F10 cells to the drug—nanostructure con-
jugates, we studied the uptake of the nanoparticles by
the cells (Figure 3). We labeled the fullerenols with FITC,
and tracked its internalization into the cells and into
the lysosomes through colocalization of the FITC-signal
(green fluorescence) with Lysotracker Red (red fluores-
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Figure 3. Temporal uptake of FITC-labeled fullerenols into
melanoma and breast cancer cells. B16/F10 melanoma and
MDA-MB-231 cells were seeded on glass coverslips in 24-well
plates at a concentration of 50 000 cells per well. When cells
reached ~70% confluency, they were treated with fluores-
cein isothiocyanate (FITC) labeled carbon nanoparticles for
different durations. For colocalization studies, at indicated
time points, the cells were washed with PBS and incubated
with Lysotracker Red, which is a lysosomal marker. Repre-
sentative images shown were obtained using a Nikon Eclipse
TE2000 fluorescence microscope equipped with green and
red filters for FITC and Lysotracker Red, respectively.

cence). The fullerenols showed localization within the
lysosomal compartment within 2 h time point in the
B16—F10 melanoma cells. In contrast, no internaliza-
tion was evident even after 2 h in MDA-MB-231 cells
and was less compared to melanoma cells at later time
points. This is evident in Figure 3, where FITC and
Lysotracker fluorescences do not merge in the MDA-
MB-231 cell line even after 24 h, indicating low internal-
ization. This distinction in the uptake and hence de-
creased intracellular processing could explain the

difference in susceptibility of the two cell lines to the
nanoparticle—drug conjugates. Indeed in a separate
study, we observed that polymeric nanoparticles syn-
thesized from polylactic polyglycolic acid copolymers
are similarly not internalized into the MDA-MB-231 cells
and had limited biological activity.?*

FACS Analysis of Cell-Cycle Arrest and Apoptosis Induced by
Ful—Dox Conjugate. To evaluate the mechanisms underly-
ing the reduction in cell viability following treatment
with the drug—nanostructure conjugates, we moni-
tored the effect of treatment on cell cycle (Figure 4), as
quantified by measuring the amount of Pl-labeled DNA
in B16—F10 cells. Following treatment with free doxo-
rubicin for 24 h, majority of gated cells were found to be
in the S-phase, 34.2 = 0.9%, in contrast to 16.6 = 0.5%
in the PBS treated cells, while Ful—Dox induced signifi-
cant arrest of tumor cells in G2/M phase of the cell cycle
(31.4 = 1.2%, in contrast to 14.6 = 0.6% in the con-
trol). To test whether the inhibition of cell cycle by
Ful—Dox conjugates induce apoptosis, we probed the
drug-treated cancer cells with annexin-V, which binds
to the externalized phosphatidylserine on the surface of
apoptotic cells. Counterstaining the cells with propid-
ium iodide enables the distinction between necrotic
and apoptotic cells (Figure 5). Indeed, we observed that
>99% of the gated melanoma cell population was in
late-apoptotic stage following treatment with the
nanostructure—conjugated drug for 24 h (Figure 5). In-
terestingly, in MDA-MB-231 cell line while treatment
with free doxorubicin resulted in >99% of the cells
shifting to late apoptosis, Ful—Dox had lesser effect
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Figure 4. Effect of Ful—Dox treatment on cell cycle. Cell-cycle arrest following treatment with free doxorubicin or Ful—Dox
was quantified by flow cytometry analysis of propidium iodide-labeled melanoma cells following 24 h of treatment. The av-
erage population of cells in each phase of cell cycle are shown in the bar graph. Data shown are mean = SE from n = 3. (¥)

P < 0.01 vs vehicle treated control.
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was consistent with the limited anti-
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Ful—Dox conjugates into these
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cells. Our results indicate that fur-
ther optimization of the nano-
particles with internalizing peptides
or antibodies will be required for
targeting cancer cells that exhibit

MDA-MB-231

FL1H

limited internalization of nanoparti-

cles. For example, Treatment Quadrant Statistics (B16-F10)
Ruoslahti et al. have demonstrated UL UR LR LL
that an iRGD peptide can not only
target tumor in vivo but is also inter- Control 1.1 (0.1) 0.2(0.04) 0.8(0.1) 97.8(2.0)
nalized 2 and can be used for ac- Dox 0.7(0.5) 97.0(3.0* 09(0.9)  1.6(2.1)*
tve targeting of nanaparticles o Ful-Dox 0.3(0.2) 99.7(0.2) 0.01(0.01) 0.03(0.01)*
umors.
In Vivo Efficacy of Ful —Dox

Nanoparticle in a Melanoma-Tumor Model. Treatment Quadrant Statistics (MDA-MB-231)
To validate the therapeutic efficacy UL UR LR LL
of Ful—Dox conjugate treatment,
we randomly sorted mice bearing
established B16/F10 melanomas ContrOI 1 1 (003) 06(06) 08(0 1 ) 989(02)
into three groups and treated each Dox 0 99.8(0.4)* 0.2(0.04) 0
group with three injections of () free  Fyl-Dox ~ 0.1(0.1) 46.2(1.8)* 31.1(1.7)* 22.3(3.1)*

doxorubicin (6 mg/kg), (ii) Ful—Dox

(equivalent to 6 mg/kg of doxorubi-
cin dose), or (iii) phosphate buffer
saline (PBS, vehicle control). The
mice injected with PBS formed large
tumors by day 16 (day after the last
injection), and were euthanized. The
animals in the other groups were
also sacrificed at the same time
point to evaluate the effect of the treatments on tu-

mor pathology. As shown in Figure 6a, treatment with
free doxorubicin or Ful—Dox resulted in a dramatic

and similar levels tumor growth inhibition. However, at
the dose used, free doxorubicin resulted in a signifi-
cant decrease in body weight of the animals over the
experimental period, while in the nanoparticle—drug
conjugate-treated mice we observed an overall gain in
body weight (Figure 6b). These results indicate that the
conjugation of doxorubicin to the fullerenols increases
the therapeutic index of the cytotoxic agent. This could
arise from the high water solubility of pegylated fullere-
nol, which can confer long blood circulation times by
reducing nonspecific protein absorption and clearance
by the reticuloendothelial system. Furthermore, the nano-
constructs can expectedly accumulate in the tumor tis-

Www.acsnano.org

Figure 5. Induction of apoptosis in cells treated with Ful—Dox. The effect of free doxorubicin
(Dox) or Ful—Dox on the induction of apoptosis in tumor cells, after 24 h treatment, was quan-
tified by flow cytometry analysis of AnnexinV—Alexa488 stained melanoma and breast can-
cer cells. The cells were counterstained with propidium iodide. The lower left (LL) quadrant rep-
resents live/healthy cells, the lower right (LR) quadrant represents early apoptosis, the upper
right (UR) represents cells in late apoptosis, while the upper left (UL) represents necrotic cells.
In the table, the average percentage of the total gated cell population in each of the quad-
rants are shown. Data shown are mean = SE (shown in parentheses) of n = 3. (*) P < 0.001
vs vehicle treated control. (ANOVA followed by Newman-Keuls test).

sues (by escaping through the abnormally leaky tumor
blood vessels), where enzymatic release of the active
drug, mediated by carboxylesterases (that have been
shown to be expressed in several tumors including
melanoma?9) can result in focal build-up of the active
agent within the tumor resulting in reduced systemic
toxic side effect of doxorubicin.?’

To test this further, we studied the tissue distribu-
tion of free doxorubicin and Ful—Dox conjugate. As a
positive control, we also included an additional group
of animals that received an equivalent dose of doxoru-
bicin conjugated to pegylated single-walled carbon
nanotubes (CNT—Dox), which has been extensively
characterized in vivo.® Synthesis of single-walled
CNT—doxorubicin conjugate is described in Support-
ing Information. The level of doxorubicin in lung, heart,

>
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Figure 6. In vivo efficacy of nanoparticle—drug conjugates studies in a mice melanoma tumor model. Melanoma bearing
animals were injected with three doses of doxorubicin or carbon nanostructure conjugated doxorubicin equivalent to a dose
of 6 mg/kg doxorubicin at days indicated by the arrows. Graphs show the effects of treatment on (a) tumor growth as a func-
tion of time and (b) body weight of the animals as a measure of systemic toxicity. The top panel shows representative tu-
mors from each treatment group. Both doxorubicin and Ful—Dox induced statistically significant tumor growth inhibition
(P < 0.05, ANOVA). (c) Graph shows weights of excised spleen and heart following drug treatment. Inset shows representa-
tive images of heart and spleen from each treatment group. (d) Graph shows the doxorubicin distribution profiles in differ-
ent organs after the animals were dosed thrice at 6 mg/kg. All data shown are mean = SE of n = 4—5 per treatment group
and were subjected to statistical analysis (¥, P < 0.05; **, P < 0.001 ANOVA followed by Newman Keul post hoc test). (e) Epi-
fluorescence images showing the effect of treatment on tumor apoptosis. Tumor sections probed for apoptosis using TUNEL
assay. The cryosections were probed with fluorescent (TMR-red) terminal deoxynucleotidyl transferase-mediated dUTP nick

end labeling (TUNEL) staining. Images were obtained using a Nikon Eclipse TE2000 fluorescence microscope equipped with
red filter.

liver, spleen, kidney, and tumor was quantified by fluo-
rescence spectroscopy. Interestingly, a very high doxo-
rubicin accumulation was observed in the spleen of the
free doxorubicin treated mice (Figure 6d). This was con-
sistent with a significant loss of spleen weight (Figure
6¢), and histopathological analysis confirmed lympho-
cyte depletion in the periarteriolar lymphoid sheaths,
with shrinkage of both the medulla and marginal zones
of secondary follicles (Supporting Information, Figure 2)
typical of doxorubicin-induced hematopoietic
toxicity.?#2?° Furthermore, treatment with doxorubicin
also resulted in significant loss of cardiac mass, consis-
tent with cardiotoxicity reported with doxorubicin
treatment.?® Interestingly, significantly elevated levels
of doxorubicin were observed in the tumor following
treatment with fullerenol- or single-walled CNT-

UNJ() VvOL.3 + NO.9 = CHAUDHURI ET AL.

conjugated doxorubicin as compared with free doxoru-
bicin (Figure 6d). This is consistent with the preferen-
tial passive accumulation of nanoparticles in the tumor
through the EPR effect, and can explain the equieffica-
ceous antitumor effect in vivo despite the shift in the
ICs0 in vitro. Furthermore, treatment with Ful—Dox in-
duced only a minimal reduction in the weight of the
spleen with no overt histopathological changes (Fig-
ure 6¢ and Supporting Information, Figure 2). Addition-
ally, it exerted no cardiotoxicity as evident from the
gross weight of the hearts compared with vehicle-
treated group (Figure 6c¢). Intriguingly, we observed a
significant level of doxorubicin in the lungs when ad-
ministered as a CNT—Dox conjugate (Figure 6d). Fur-
thermore, Raman spectra confirmed the presence of
single-walled CNT in the lungs (see Supporting Informa-
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tion, Figure 3). While single-walled CNTs have
been reported to accumulate in the liver and the
spleen without causing any toxicity,?' this current
observation suggests that its distribution to the
lungs should be further explored. Interestingly, in
contrast to the CNT—Dox, the level of doxorubi-
cin in the lungs following administration as Ful—
Dox conjugate was found to be similar to the con-
centration attained when administered as free
doxorubicin. However, we observed elevated lev-
els in the liver as compared with either free dox-
orubicin or CNT—Dox with decreased levels in
the kidney, consistent with the clearance by the
liver bypassing elimination by the kidney. Addi-
tionally, H&E staining of the sections of the liver
indicated normal tissue pathology for the
nanoparticle —doxorubicin treated group (Sup-
porting Information, Figure 2). These results indi-
cate that fullerenols could emerge as an exciting
nanoplatform for the delivery of cytotoxics to the
tumor resulting in increased therapeutic index.
Furthermore, the distinctions in the tissue distri-
bution of the carbon nanostructures in vivo high-
light the importance of shape and size in biodis-
tribution of nanoparticles despite identical
chemical structures.

To dissect the mechanism of action, we immu-
nostained tumor cross sections for apoptosis us-
ing TUNEL-staining, which revealed increased
number of apoptotic cells inside the tumors of
the animals treated with both Ful—Dox and dox-
orubicin (Figure 6e) as compared with animals
treated with vehicle alone. The in vivo results
were consistent with the in vitro observations in-
dicating that the release of the active agent in the tu-
mor resulted in potent apoptotic effect.

Extending the Fullerenol Platform to Cisplatin. As a proof
of principle, to test whether the fullerenol platform
can be extended to additional cytotoxics, we selected
cisplatin, which is a first line chemotherapy agent for
most cancers and is slightly soluble in water.
Cisplatin—fullerenol complex was generated using the
scheme outlined in Figure 7. Briefly, fullerene was con-
verted into fullerene hexa-ester following treatment
with diethyl malonate in dry toluene under nitrogen,

to which 1,8-diazobicyclo[5,40]lundec-7-ene was added.

The fullerene hexaester formed was then converted
into fullerene hexaacid. Fullerene hexaacid was dis-
solved in 1 N aqueous NaOH to which 30% H,0, was
added, and the resulting reaction mixture was then
heated at 80 °C with continuous stirring for 3 days in
open atmosphere. The reaction was allowed to cool to
room temperature, and then water was removed
through lyophilization to give pale red colored fullere-
nol hexaacid. Fullerenol hexaacid was then complexed
with aquated cisplatin at room temperature for 48 h.
Fullerenol hexaacid size changed from 10 nm to

www.acsnano.org

1 OEt OEt

Toluene
reflux | NaH

30% H,0,
80°C, 3 days

dd water
25°C, 2 days

100-
801
601
40

204

Cell viability (% of vehicle control)

X $
Q S
v o
Log [Concentration Cisplatin]

QQ‘Q QQ'Q
S

Figure 7. Synthesis and functional characterization of fullerenol—cisplatin com-
plex. Scheme shows the synthetic steps involved in generating the
fullerenol—cisplatin complex. The graph shows the concentration—effect curve
of cisplatin or fullerenol—cisplatin complex on the viability of LLC cells after 48 h
of incubation. Viability was measured using the MTS assay, and data was ex-
pressed as a % of vehicle-treated control. Data shown are mean = SE of n = 3. Er-
ror bars were very small and are hidden within the bar. (*) p < 0.05 vs control
(ANOVA followed by Newman Keuls post hoc test).

30—100 nm after conjugation to cisplatin as measured
using dynamic light scatter indicating that cisplatin
may initiate cross-links leading to cluster formation.
The final size of the fullerenol—cisplatin clusters was
quantified using transmission electron microscopy and
was found to be less that 100 nm. The nanoparticles
were easily dispersed in deionized water and were
evaluated for efficacy in a cell culture study. We se-
lected Lewis lung carcinoma cells for the efficacy stud-
ies as cisplatin is the drug of choice for the treatment of
lung cancer. As seen in Figure 7, treatment with the
fullerenol—cisplatin exhibited greater antiproliferative
effect on the cancer cells as compared with free cispl-
atin, indicating that the nanoparticles could confer an
advantage to cisplatin chemotherapy. Further experi-
ments are being conducted with the fullerenol—
cisplatin conjugate and will be reported in a follow up
study.

CONCLUSION

In recent years, there has been a concerted effort
to integrate nanotechnology into biomedical research
in order to bring radical improvements in the diagno-
sis, prevention, and treatment of cancer. Despite the
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considerable headway made in the field of cancer nano-
technology, there is still the need to identify and de-
velop novel nanodevices that can deliver therapeutic
levels of the active agent within the tumor. This study,
for the first time, demonstrates the potential applica-
tion of fullerenols in cancer chemotherapy. Several
components of this platform make it an attractive ap-
proach for facilitating future therapy in humans. First,
the tunability of the size and the potential for increased
drug loading with fullerenols can facilitate the delivery
of higher concentrations of active agents to the tumor
with limited entrapment in the reticuloendothelial sys-

MATERIALS AND METHODS

Oxidation of Fullerene to Fullerenol. Sublimed Cy, was purchased
from Aldrich at 99.5% purity. To the fullerene (80 mg) solution
in toluene (50 mL), 2 mL NaOH solution (1 g/ ml) was added fol-
lowed by 5—6 drops of 30% hydrogen peroxide solution and
phase transfer catalyst tetrabutyl ammoniumhydroxide (40 wt
% solution in water; Aldrich). The resulting solution was stirred
vigorously for 5 days at room temperature. Formation of fullere-
nol was indicated by high water solubility of the formed solid,
which caused transfer of color from the toluene layer to the
aqueous phase. The toluene layer was removed and the com-
pound was precipitated out as a dark brown solid by addition
of ethanol to the water solution. The dark solid was washed sev-
eral times with ethanol to remove any excess reagent. Forma-
tion of —OH groups was evident from broad peak at 3400 cm™
in FTIR.

Activation of Fullerenol. Fullerenol (60 mg) was suspended in
anhydrous dimethylformamide (DMF; Sigma-Aldrich) and
sonicated for 1 h to form a homogeneous suspension. To
the suspension, p-nitrophenylchloroformate (400 mg, Sigma-
Aldrich), anhydrous pyridine (2 mL), and catalytic N,N-
dimethylaminopyridine (Sigma-Alrich) were added, maintain-
ing the temperature at 0 °C. The solution was allowed to
stir for 48 h, under nitrogen, along with 1 h sonication once
every 8 h approximately. Product formation was indicated by
increased solubility in DMF. The brown solid was precipi-
tated out by the addition of diethyl ether and washed repeat-
edly with ether, dichloromethane, and isopropyl alcohol, re-
spectively. Product was characterized by aromatic doublets
at 6.9 and 8.2 ppm in proton NMR spectroscopy.

Attachment of Doxorubicin to Fullerenol. Activated fullerenol (5
mg) was dissolved in anhydrous DMF and the solution was son-
icated under nitrogen for 30 min. Doxorubicin - HCI (10 mg, Toc-
ris) was added at room temperature along with N,N-
diisopropylethylamine and stirred for 10 min, after which pe-
riod OMe-Peg-NH, (M,, = 2000, Nanocs) (half molar equivalent
with respect to doxorubicin - HCI) was added. The red solution
was allowed to stir at room temperature under nitrogen for 30 h
along with 1 h sonication every 8 h. A red solid was precipi-
tated out by the addition of diethyl ether. The solid was washed
twice with 1—2 drops of methanol in dichloromethane. The
solid was dissolved in deionized water and dialyzed for 2 days
against pure water using a membrane of MWCO1000 (Spec-
traPor) for further purification. The solution was centrifuged at
8000 rpm for 10 min to remove bigger aggregates. The solution
was lyophilized to get the required compound as a dark red
solid. The presence of conjugated doxorubicin was indicated by
characteristic UV—visible absorbance spectra. Dynamic light
scattering and transmission electron microscopy showed the
size distribution to be 50—80 nm.

For the attachment of fluorescein isothiocyanate (FITC) to
fullerenol, ethylene diamine was first conjugated to FITC and
then similar protocol was followed as doxorubicin attachment.

Particle Characterization. High resolution TEM images were ob-
tained on a JEOL 2011 high contrast digital TEM. For sample
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tem; in addition, the sustained release can allow a pro-
longed exposure of the tumor cells to the active agent.
Second, the hydroxyl groups confer increased hydro-
philicity, which can be useful for delivering sparingly
water-soluble or hydrophobic cytotoxic agents. Finally,
the multivalency of fullerenols can facilitate combina-
tion therapy from the same particle or enable the
engineering of multifunctional systems that incorpo-
rate tumor homing moieties in addition to chemo-
therapeutics. Our study demonstrates that fullerenols
can dramatically expand the repertoire of carbon nano-
structures in cancer applications.

preparation, lacy carbon 300 mesh copper grids (Electron Micros-
copy Sciences) were immersed in aqueous solutions of Ful—Dox
at different concentrations, and allowed to air-dry. The size-
distribution of Ful—Dox clusters was studied by dynamic light
scattering (DLS), which was performed at 24 °C on a DLS-system
(Malvern Zetasizer) equipped with a He—Ne laser.

Release Kinetics Studies. Concentrated drug-loaded nanoparti-
cles were suspended in 400 pL of cell lysate and sealed in dialy-
sis membranes (MW cutoff 1000, Spectrapor). The dialysis bags
were incubated in 1.5 mL PBS buffer at room temperature with
gentle shaking. A 10 p.L portion of the aliquot was collected from
the incubation medium at predetermined time intervals, and
the released drug was quantified by absorption spectroscopy re-
corded on UV—vis spectrophotometer (Shimadzu UV 2450). A
similar experiment was repeated in phosphate buffered saline
(PBS; pH 7) to study drug release in buffer.

Cell Viability Assay. Mouse melanoma cell line B16—F10, mouse
lung carcinoma (LLC1), and metastatic human breast cancer cell
line MDA-MB-231 were purchased from American type Culture
Collection (ATCC, Rockeville, MD). The cells were grown in Dul-
becco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco) and antibiotics, in a hu-
midified incubator at 37 °C (95% room air, 5% CO,). For viability
assay, the cells were grown in 96-well plates, with 2000 cells
seeded into each well. When cells reached 40—50% confluency,
drugs were added at appropriate concentrations (5, 10, 15 pM
doxorubicin concentration). Cells were incubated in the pres-
ence of drugs at 37 °C for 24, 48, and 72 h, respectively. Cells
were then washed with PBS, and MTS reagent [(3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H tetrazolium] (CellTiter 96 Aqueous One Solu-
tion Cell Proliferation Assay; Promega) was added according to
the manufacturers protocol and incubated at 37 °C. Absorbance
of the bioreduced soluble formazan product was measured at
490 nm using a Versamax microplate reader. Results were quan-
tified by manually subtracting the blank value from each value
then normalizing against the control values.

Cellular Uptake Studies. Cells were seeded on glass coverslips in
24-well plates, 50000 cells per well. When cells reached ~70%
confluency, they were treated with fluorescein isothiocyanate
(FITC)-labeled carbon nanoparticles for different durations of 30
min, 2 h, 6 h, 12 h, and 24 h, respectively. For colocalization stud-
ies, at indicated time points, the cells were washed with PBS
and incubated with Lysotracker Red (Molecular Probes) at 37 °C
for 30 min to allow internalization. The cells were then fixed with
4% paraformaldehyde for 20 min at room temperature, then
washed twice with PBS and mounted on glass slides using Pro-
long Gold Antifade Reagent (Molecular Probes). Images were ob-
tained using a Nikon Eclipse TE2000 fluorescence microscope
equipped with green and red filters for FITC and Lysotracker Red,
respectively.

Cell Cycle Analysis. Cells were grown in 6-well plates, 0.3 X 10°
cells per well. When cells were 60—70% confluent, drugs were
added in appropriate concentrations (10 wM doxorubicin con-
centration) and incubated for 24 h. They were then collected,
treated with cold 70% ethanol, and incubated at —20 °C for 30
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min to permeabilize the cell membrane. The cells were then cen-
trifuged, washed with PBS, and resuspended in propidium io-
dide solution. The cell suspensions were then transferred to
FACS tubes and analyzed for PI staining on a BD FACS Calibur in-
strument. The data was analyzed using a FloJo software.

Apoptosis Assay. Cells were grown in 6-well plates as before
and incubated in the presence of nanoparticle—drug conjugate
and free doxorubicin at 37 °C for 24 h. After 24 h, the cells were
washed with PBS and collected at 0 °C. The cells were then
treated with annexin V-Alexa Fluor 488 conjugate (Molecular
Probes, Invitrogen) and incubated in the dark, at room tempera-
ture, for 15 min. The cells were then washed with PBS and incu-
bated with propidium iodide (PI) solution (50 pg/mL; Sigma)
containing RNase (1 mg/mL; Sigma). The cell suspensions were
then transferred to FACS tubes and analyzed for AnnexinV/PI
staining on a BD FACS Calibur instrument. Data were analyzed
using a CellQuestPro software (BD Biosciences).

Murine Melanoma Model. The F10 melanoma cells (3 X 10°)
were implanted subcutaneously in the flanks of 4-week-old C57/
BL/6 mice (weighing ~ 20 g, Charles River Laboratories, MA).
The drug therapy was started after the tumors attained volume
of 50 mm?3. The tumor therapy consisted of administration of
nanoparticle—doxorubicin conjugate. The formulation was pre-
pared and validated such that 100 pL of
doxorubicin—nanoparticles contained 6 mg/kg of doxorubicin
(administered by tail vein injection). PBS (100 L) administered
by tail-vein injection was used as a control for drug treatment.
The tumor volumes and body weights were monitored on a daily
basis. The animals were sacrificed when the average tumor size
of the control exceeded 10 000 mm?3, The tumors were harvested
immediately following sacrifice and stored at —80 °C for further
analysis. All animal procedures were approved by Harvard insti-
tutional IUCAC committee.

Doxorubicin Distribution and Histopathology. Organs (lung, heart,
liver, spleen, kidney, and tumor) were weighed and cut into
two halves. One half was preserved in 10% formalin for further
analysis and the other half was weighed again for distribution
studies. The tissue blocks were homogenized in 1% Triton X-100
solution. To 200 p.L of the tissue homogenates were added 800
wL of acidified (0.75 N HCl) dichloromethane/isopropyl alcohol
solution (1:1 v/v) and were kept at 4 °C for 24 h for doxorubicin
extraction. Doxorubicin was measured by fluorescence at hex =
490 nm and A\em = 550 nm. The autofluorescences from the tis-
sues were adjusted by subtracting the emission from the vehicle
(PBS) treated tissues. For histopathology studies, the tissue
blocks were paraffin embedded, sectioned, and stained with
H&E using the core facility of Harvard Medical School.

Tumor Histology. Tumor slices (10 wm) were cut after being fro-
zen in OCT medium and stained with standard fluorescent termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end label-
ing (TUNEL) staining following the manufacturer’s protocol (In
Situ Cell Death Detection Kit, TMR Red, Roche). Images were ob-
tained using a Nikon Eclipse TE2000 fluorescence microscope
equipped with red filter.

Synthesis and in Vitro Characterization of Cisplatin—Fullerenol.
Cisplatin—fullerenol complex was generated through a series of
steps as outlined in Figure 7. First, fullerene was converted into
fullerene hexa-ester. Diethyl malonate (1.68 mL, 10 mmol) was
added to a solution of fullerene (0.36 g, 0.5 mmol) in 50 mL of dry
toluene in a 100 mL round-bottom flask under nitrogen, to which
1,8-diazobicyclo[5,40]Jundec-7-ene (1.5 mL, 10 mmol) was added.
The resulting violet-colored reaction mixture was stirred at 25 °C
for 96 h until the violet-colored solution turned dark red in color.
Solvent was removed under vacuum and the red-colored band
for C; and D; was separated. Rechromatography gave more pure
major red-colored single spot (132 mg) as the product (1). IR
v/cm™ (polyethelene cassette): 2981, 2922, 2850, 2161, 1971,
1746, 1588, 1465, 1368, 1264, 1222, 1079, 1018, 855, 716, 625,
528. "H NMR (300 MHz, CDCls) § 4.45 (q, J = 7.2 Hz, 12H), 1.37 (t,
J = 7.0 Hz, 18H). *C NMR (100 MHz, CDCl3) & 163.31, 147.95,
147.34, 146.72, 146.54, 146.30, 145.33, 142.89, 142.23, 141.66,
71.0, 63.10, 51.00, 14.05.

Fullerene hexaester 1 (0.1 g) was dissolved in toluene (100
mL) to which NaH (60%, 90 mg, 2 mmol) was added, and the mix-
ture was refluxed for 1 h. A 5 mL portion of methanol was added
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to this solution. The red precipitate was separated from reac-
tion vessel by centrifugation and washed 2—3 times with tolu-
ene and hexane. The red powder was then dissolved in aqueous
4 N HCl solution. A red precipitate was formed once again, which
was separated by centrifugation. Finally red solid was washed
with double distilled water twice. The low molecular weight im-
purities are removed under vacuum to give 58 mg red—colored
fullerene hexaacid (2). Fullerene hexaacid (2) (30 mg) was dis-
solved in 1 N ag NaOH (1 mL) to which 30 mL 30% H,0, was
added, and the resulting reaction mixture was then heated at 80
°C with continuous stirring for 3 days in open atmosphere. The
reaction was allowed to cool to room temperature, and then wa-
ter was removed through lyophilization to give 19 mg pale red-
colored fullerenol hexaacid (3). Fullerenol hexaacid 3 (0.0015 g)
was dissolved in 1 mL double distilled water containing aquated
cisplatin (0.00084 g, 0.0028 mmol) in 10 mL round-bottom flask,
and the resulting reaction mixture was stirred at room tempera-
ture (25 °C) for 48 h. Fullerenol hexaacid size changed from 10
nm to 30—100 nm after conjugation to cisplatin (DLS measure-
ment). The conjugate (4) was further purified from unconjugated
cisplatin by centrifugation. The resulting pale reddish conjugate
was resuspended in double distilled water for platinum content
measurement and then for further cell culture experiments. The
ratio of cisplatin/fullerenol acid obtained after centrifugation us-
ing UV—vis spectroscopic method*? was 0.89.

Statistics. All experiments were repeated independently at
least thrice, and data were expressed as mean = SE. Data were
subjected to ANOVA followed by an appropriate post hoc test to
measure statistical significance, P < 0.05 was set as the level of
significance.
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