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Abstract

A highly water-soluble, non-ionic, and non-cytotoxic fullerene malonodiserinolamide-derivatized
fullerene Cgg (Cgpo-Ser) is under investigation as a potential nanovector to deliver biologic and
cancer drugs across biological barriers. Using laser-scanning confocal microscopy and flow
cytometry, we find that PF-633 fluorophore conjugated Cgp-ser nanoparticles (Cgg-serPF) are
internalized within living cancer cells in association with serum proteins through multiple energy-
dependent pathways, and escape endocytotic vesicles to eventually localize and accumulate in the
nucleus of the cells through the nuclear pore complex. Furthermore, in a mouse model of liver
cancer, the Cgo-serPF conjugate is detected in most tissues, permeating through the altered
vasculature of the tumor and the tightly-regulated blood brain barrier while evading the reticulo-
endothelial system.
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INTRODUCTION

Fullerenes are carbon cages with nanosized dimensions and an aesthetic symmetry that has
fascinated scientists since their discovery in 1985(1). Biological use of pristine Cgg is
limited by its insolubility in aqueous environments. The motivation to exploit size, geometry
and molecular topology for therapeutic applications has resulted in the synthesis and
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characterization of a number of water-soluble fullerene derivatives. It is not surprising to
note that amidst concerns of toxicity, the list of potential biological application of these
derivatized carbon-structures continues to grow to include drug delivery agents(2, 3), gene
therapy agents (4, 5), photodynamic(6-9) and photoacoustic(10) cancer therapy agents, as
antioxidants(11), radioprotection agents (12, 13) and diagnostic contrast agents(14, 15).

The use of derivatized, water-soluble, non-toxic fullerenes is of particular interest to us in
designing nanovectors for cancer therapeutics. The fullerene cage offers a unique three-
dimensional scaffold for covalent attachment of multiple drugs for single-dose combination
therapy and thus, has a clear advantage over many other nanovectors that utilize non-
covalent loading, embedding, or encapsulation strategies. For instance, in separate studies,
Cgo-paclitaxel and Cgp-doxorubicin conjugates were designed as a slow-release formulation
that significantly enhanced the bioavailability and therapeutic efficacy of paclitaxel and
doxorubicin against lung cancer cells and melanoma tumors, respectively(2, 3). Despite their
immense potential as nanovectors, studies on transport of derivatized fullerenes in cancer
cells and in relevant pre-clinical tumor models are limited. One of the main challenges to the
study of biodistribution and subcellular localization is the difficulty in detecting individual
fullerene-derivatized nanoparticles (NPs). Using metal, fluorophore, or radioisotope-tagged
fullerene derivatives, several reports have documented cellular uptake and subcellular
localization via endocytotic processes. For instance, separate studies have demonstrated that
malonic acid derivatized CgoC(COOH), and Cg3(COOH)g localize predominantly to the
mitochondria(16, 17) and the bis-adduct, Cgo(C(COOH),), localized to lysosomes(18). In
another report, an amine-functionalized C;g-Texas Red conjugate was found to co-localize
mostly with the endoplasmic reticulum and to a lesser extent with the lysosomes and
mitochondria of mast cells(19). A cumulative assessment of these reports suggests that
subcellular localization of derivatized-fullerenes is dependent on the nature of
functionalization and possibly the type of cells investigated. Both observations are attractive
avenues for further study, as there is the potential to target cancer cells and specific
subcellular locations of interest by fullerene cage modification.

The synthesis and characterization of highly water-soluble, non-ionic and functionalized
derivatives of Cgg have been previously reported(20). Our current investigation pertains to
the cellular transport of a malonodiserinolamide-derivatized fullerene Cgg (Cgo-ser) in liver
cancer cells. In order to study the processing of Cgo-ser by liver cancer cells, Cgg-ser has
been covalently attached to the fluorophore, promofluor 633 (to produce Cggser-PF) with an
emission spectrum at >600 nm to produce minimal interference with cell auto-fluorescence
and absorption by the Cg core. The conjugate was synthesized using an amide-linkage to
protect against hydrolases within the cell (Figure 1, S1 and S2). Using laser-scanning
confocal microscopy and flow cytometry, we investigate the cellular localization and
mechanism of uptake of Cgg-serPF in liver cancer cells. Furthermore, we evaluate the
biodistribution of these nanoparticles in a mouse model of liver cancer.

MATERIALS & METHODS

Synthesis and characterization of Cgp-serPF conjugate

Cgo-ser has been prepared as described previously(15). Cgg-serPF has been synthesized and
purified according to the procedure described in the Supporting Information. A scheme is
represented in Figure 1.

Materials, cell culture and cell lines

We obtained the Hep3B cell line from American type culture collection (ATCC) and the
Huh-7 cell line was a kind gift from Dr. Felipe Samaniego (M.D. Anderson Cancer Center).
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Cells were maintained in MEM cell culture media and 10% fetal bovine serum,
supplemented with sodium pyruvate, non-essential amino acids and penicillin G /
streptomycin (GIBCO). The cells were grown in 150cm? flasks placed in a humidified
incubator at 37°C with 5% CO», before experimental use. The following inhibitors were used
(all from Sigma-Aldrich, Milwaukee, WI); Chlorpromazine (50uM), di-methyl amiloride
(DMA, 100uM), Methyl B-cyclodextrin (MBCD, 10mM), Nystatin (50uM), Dynasore
(80uM), Thapsigargin (0.5uM).

Cytotoxicity studies

Cytotoxicity was assessed using propidium iodide staining. Promidium iodide is extruded
from viable cells. After varying duration and concentrations of exposure to Cgg-ser, Cgg-
serPF, or PF633, cells were trypsinized and washed with PBS. Approximately 0.3ml of PI/
RNase solution was added to cells (BD Pharmingen, San Diego, CA). Cells were incubated
on ice for 15 minutes and analyzed using Flow cytometry (BD LSR II, BD Biosciences, San
Jose, CA).

Laser-scanning confocal microscopy analysis

For confocal microscopy experiments, cells were grown on #1.5 round cover slips in 12-well
plates at approximately 50,000 cells per well. After 24 hours sub-confluent monolayers were
observed. Cells were washed with phosphate-buffered saline (PBS) once and then incubated
at the desired concentration of Cgg-serPF for varying duration. At the end of incubation
period, cells were washed with PBS and fixed in 1% Paraformaldehyde for 30 minutes, then
washed again and stained with 4’, 6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad,
CA). The cover slips were placed on microscopy slides with a drop of Gold anti-fade
reagent (Invitrogen) and sealed. Imaging was performed with Olympus Laser-scanning
FV500 microscope using a 60x oil objective and a Z-stack resolution set at 100nm. Fixed
cells were excited with a 405nm laser and a red 633nm HeNe laser and emission recorded at
470nm and 660nm respectively in sequential steps to prevent bleed-through and photo-
bleaching. Images were analyzed in Slidebook (v5.0)

Nuclear extraction and flow cytometry analysis

After incubation with Cgo-serPF for varying duration cells were washed with PBS and re-
suspended in ice-cold nuclei extraction buffer (sucrose (320mM), MgCI2 (5mM), Hepes
(10mM), Triton (1% v: v) was mixed and pH adjusted to 7.4), vortexed for 10 seconds, and
incubated on ice for 10 minutes. Nuclei were then pelleted at 2000g for 5min and re-
suspended in wash buffer (same as nuclei extraction buffer but without triton). This was
repeated twice and nuclear extraction was confirmed by bright-field microscopy and trypan
blue staining. The extracted nuclei were then stained with propidium iodide for 15 minutes
before flow cytometry analysis. Single-parameter (nuclear localization studies) and multi-
parameter (cell cycle studies) flow cytometry analysis was performed using a BD LSR 11
FACS (Beckton Dickinson, Franklin Lakes, NJ). For Cgg-serPF detection, nuclei or cells
were excited with 640nm SORP Red Laser and emission was recorded at 635-684nm. For
DNA content measurements, propidium iodide fluorescence was recorded at 570-597nm
after excitation with a 561nm laser. To measure internalization of Cgg-serPF, approximately
1 million cells were incubated with or without pharmacological inhibitors for 45 minutes on
ice in cell culture media as described above. Cgy-serPF was then added and cells were
restored to 37°C. Aliquots (50uL) were removed at various time points and fluorescence
was measured as described above. At t = 0 min, cells exposed to the conjugate were
immediately assessed to calculate the background signal due to passive adsorption of Cgg-
serPF.
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Animal experiments

A mouse model of liver cancer was generated using 4 wk old CB17 SCID mice. Animals
were anesthetized using isoflurane and a transverse incision was made in the upper abdomen
under sterile conditions. Approximately 1.5 million Hep3B cells were injected in the liver in
a 10uL volume (Hamilton Syringes). Hemostasis was restored using gentle pressure and
silver nitrate cautery. Biodistribution experiments were conducted 4 weeks after injection.
Cgo-serPF was injected in the dorsal tail vein. Animals were sacrificed at various time points
starting at 16 hours and tissues were harvested for fluorescence imaging and histology.
Fluorescence imaging was performed on harvested tissues immediately, with Xenogen
optical in vivo imaging system (IVIS 200, Caliper Life Sciences, Hopkinton, MA) and using
Cy5.5 excitation (615-665nm) and emission (695-770nm) filter set.

RESULTS

Ceo-serPF localization in liver cancer cells

Laser-scanning confocal microscopy was used to study fluorescently labeled Cgg-serPF
uptake in human liver cancer cells. We exposed Hep3B and Huh7 cells to varying
concentrations of Cgg-serPF for 2 hours and the cells were fixed for imaging. As shown in
figure 2 and S3, a dose-dependent uptake was observed in a linear fashion. We observed that
at lower concentrations, 78+8 % of the total fluorescence intensity from each cell localized
to the cytosol. However, at higher concentrations this proportion decreased to approximately
50%. Conversely, nuclear uptake increased from 22+ 8% at 1 pug/ml to 47+ 5% at 100 pg/ml.
Similar observations were obtained with Huh-7 cells. Since the relative physical dimensions
of the nucleus and cytoplasm vary in each cell, we calculated the sum fluorescence intensity
per um3 from the nucleus and the cytoplasm of each cell. As shown in figure 2A (bottom,
left), Cgo-serPF preferentially accumulated in the nucleus, reaching concentrations up to
three times that in the cytoplasm at higher incubation concentrations. In order to evaluate the
integrity of the conjugate within the nucleus, we measured fluorescence-decay of free
PromoFluor-633 dye and Cgg-serPF conjugate in separate experiments. The half-life of the
free PromoFluor was 54 seconds and that of Cgg-serPF was 146 seconds in the nucleus. The
fluorescence decay observed is comparable to the decay observed when the compounds are
loaded in Sephadex microbeads and subjected to photo-bleaching (Figure S4). These
findings imply that the Cgg-serPF conjugate remains intact in the cellular environment.

In order to quantify the proportion of cells with uptake in the nucleus, nuclei were extracted
from unfixed cells after a two-hour exposure to Cgp-serPF. The nuclear extraction procedure
resulted in a yield of >97% as determined through microscopic analysis after trypan blue
staining and a decrease in forward scatter on flow cytometry. As shown in figure 2B, 88%
and 87% of the nuclei extracted from Hep3B and Huh7 cells were positive for Cgg-serPF,
respectively. This data is consistent with confocal microscopy observations that the majority
of nuclei were observed to emit varying intensity of fluorescence signal above background.

We investigated whether nuclear localization could occur because of membrane
permeabilization caused by cytotoxicity of the conjugate. Propidium iodide is a fluorescent
cell impermeant dye that fluoresces after intercalating with nucleic acids in membrane-
damaged cells. Our data demonstrated that Cgg-ser, PF or Cgp-serPF (each at 100ug/ml) did
not cause cytotoxicity or permeabilization of membranes after 4 hours of exposure, while
0.3% (v:v) triton was sufficient to permeabilize the membranes after 15 minutes of exposure
(Figure S5).
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Dynamics of cellular uptake of Cgg-serPF

The kinetics of cellular entry of Cgg-serPF was studied using flow cytometry. Live Hep3B
and Huh7 cells were exposed to Cgg-serPF for varying durations under different conditions
to elucidate the mechanism of uptake. As shown in figure 3, cellular uptake is a time-
dependent process reaching a maximum at about 3 hours. The cellular uptake of Cgp-serPF
is also energy-dependent as incubation at 4°C significantly inhibited its entry into the cells.
In order to investigate if conjugation of the promofluor to Cgg-ser alters the cellular uptake
mechanism, we pre-incubated the cells with Cgg-ser at a 100-fold higher concentration for 1
hour. This process significantly inhibited the uptake of Cgg-serPF in both liver cancer cell
lines. These findings suggest a common pathway for cellular entry of Cgg-ser and Cgg-serPF.

Prior studies have reported association of Cgg-derrivatives with several proteins by non-
covalent interactions(21-23), so we determined if serum proteins aid in the cellular uptake of
Cgo-ser. The experiments were repeated with and without serum proteins and the rate of
internalization was calculated over the first 2 hours of exposure to the Cgg-serPF. As shown
in figure 3B, the rate of Cgo-serPF internalization reaches a plateau at a concentration of 10
ug/ml, suggesting a saturation of the cell’s internalization mechanism. Cells suspended in
serum-free media demonstrated delayed internalization Kinetics, indicating that association
of Cgg-serPF with proteins facilitates cellular entry. Next, the subcellular localization of
Cgo-serPF after internalization was investigated. Time-lapse confocal microscopy images
showed that upon entry Cgo-serPF can be seen as punctate aggregates within the cytoplasm,
resembling endocytotic vesicles, which progressively increase in intensity over the course of
the first hour. Intense nuclear localization of Cgg-serPF was observed later at 2-4 hours after
treatment.

Pathway of cellular uptake

Several energy-dependent pathways have been characterized in living cells that are
responsible for trans-membrane exchange of materials. We thus evaluated the major uptake
mechanisms that are of known significance in non-immune eukaryotic cells namely,
clathrin-mediated endocytosis, lipid raft/caveolae-mediated endocytosis, and
macropinocytosis(24). These pathways have been characterized based on their differential
sensitivity to pharmacological inhibitors. Concentrations of inhibitors that yield maximum
inhibition without unwanted toxicity were utilized as published in prior reports and
summarized in a recent review(25).

Internalization of Cgg-serPF by liver cancer cells was found to be pan-sensitive to various
inhibitors suggesting multiple pathways of uptake (Figure 4). First, the role of
macropinocytosis in Cgo-serPF internalization was investigated. Macropinocytosis involves
formation of large F-actin coated vacuoles that require polymerization of the cell’s actin
machinery. The size of vacuoles, thus formed, is relatively large (>0.2 um) and the vacuoles
are inherently leaky allowing internalized cargo to escape into the cytosol(26). Dimethyl
amiloride (DMA) has been shown to inhibit constitutive and stimulated macropinocytosis in
a variety of eukaryotic cells(27, 28). We observed that Cgg-serPF uptake was sensitive to
inhibition by DMA in Hep3B and Huh?7 cells, indicating that the internalization is partially
dependent on macropinocytosis. Both clathrin and lipid-raft/caveolae-mediated uptake is
dynamin-dependent while macropinocytosis is dynamin-independent(29, 30). Dynamin
guanosine triphosphatase (GTPase) plays a critical role in pinching-off of the invaginations
that form as a result of dynamin-dependent clathrin or caveolin-mediated processes(31).
Dynasore is a small molecule GTPase inhibitor selective for dynamin(32). The data
demonstrated significant, although incomplete, inhibition of Cgg-serPF internalization by
dynasore, implying that the uptake is also dependent on dynamin in part. In order to pinpoint
the mechanism of dynamin-dependent uptake, cells were pre-incubated with a specific
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inhibitor of clathrin-mediated uptake, chlorpromazine, or inhibitors of caveolin/lipid-raft-
mediated uptake such as methyl-p-cyclodextrin (MBCD) or nystatin(33, 34).
Chlorpromazine inhibition of clathrin-mediated endocytosis involves the loss of clathrin-
adapter protein 2 complex, which is vital in invagination of clathrin-coated vesicle(35). Our
results showed that while internalization of Cgg-serPF was significantly inhibited in Hep3B
cells by chlorpromazine, it was minimally inhibited in Huh7 cells. Conversely, inhibitors of
lipid-raft/caveolin pathway were ineffective in inhibiting uptake of Cgg-serPF in Hep3B
cells while a significant inhibition was seen in Huh7 cells, suggesting a role for caveolin-
mediated uptake. Irrespective of the internalization pathway, 2-4 hours after internalization
the compartmentalized Cggp-serPF conjugate escapes the endocytotic vesicles and 47+ 5% of
the total internalized conjugate localizes to the nucleus.

Mechanism of nuclear entry of Cgg-serPF

During mitosis, the nuclear envelope is dissolved and reformed to allow division of nuclei.
In an asynchronous sub-confluent culture of Hep3B and Huh?7 cells, the proportion of cells
undergoing mitosis at a given time is small (<30%) compared to those in GO/1 or S phase.
Since a large majority of cells accumulate Cgp-serPF in the nucleus within two hours of
exposure, it is unlikely that the localization of Cgg-serPF to the nucleus is highly dependent
on the cell cycle phase. Nonetheless, we investigated this possibility. Hep3B or Huh-7 cells
untreated or treated with Cgg-serPF for two hours were evaluated based on their DNA
content after extracting their nuclei. As shown in figure 5B, the relative distribution of
nuclei in various phases of cell cycle is similar in treated and untreated cells. Relative
change in the geometric mean fluorescence intensity after treatment with Cgg-serPF in G0/1,
S and G2/M phases was also similar (not shown) to suggest that nuclear localization is
independent of the cell cycle phase.

The nuclear envelope is a complex double membrane structure that compartmentalizes the
genetic material within the cell. Transport of water-soluble materials across this double layer
is tightly regulated by the nuclear pore complex (NPC)(36). Molecules that are smaller than
25 kDa can pass through NPC by passive diffusion. Larger molecules however, require
active transport(36). Both passive and active diffusion through NPC is calcium
dependent(37). Calcium ions are actively pumped within the double layer through Ca2*-
ATPase located in the endoplasmic reticulum. The double layer of nuclear envelope is
contiguous with the peri-nuclear endoplasmic reticulum. Inhibition of Ca2*-ATPase by
thapsigargin depletes calcium stores in the endoplasmic reticulum and within the nuclear
envelope. Loss of calcium induces a steric block of the central and peripheral channels
within the NPC(37). In our experiments, cells treated with thapsigargin showed complete
inhibition of nuclear uptake of the Cgp-serPF NPs. As shown in figure 5A, a signet ring-like
appearance of fluorescence is seen around the nucleus representing internalized NPs in the
cytosol with complete blockade of nuclear entry. It is not clear from this experiment if the
transport of Cgg-serPF is active or passive, since thapsigargin blocks both. However, while
Cgo-serPF is small enough (2.8 kDa) to navigate through the NPC by passive diffusion,
active transport by association of Cgg-serPF with cytosolic proteins that have nuclear
localization signals cannot be excluded.

In order to test this hypothesis, we subjected the cells to hyperthermia at 42.5°C in the
presence of Cgg-serPF for 2 hours and nuclear uptake was assessed in isolated nuclei using
flow cytometry (Figure 5C). This thermal dose has no effect on cell viability (data not
shown). Nuclear protein content increased by 10-40% during hyperthermia as various
adaptive processes are initiated and the cell prepares to respond to the heat shock(38). This
increased protein content is secondary to re-localization of several cytosolic proteins, e.g.
hsp70, to the nucleus through the nuclear pore complex(39). In the hyperthermia
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experiment, nuclear uptake of Cgg-serPF was enhanced from 80% to ~100% which supports
the role of active transport through the NPC in association with cellular proteins.

Biodistribution of Cgg-serPF in vivo

The data thus far suggest that Cgg-serPF NPs by virtue of their high water solubility and
association with proteins can cross multiple cellular barriers. An obvious and direct
implication of these findings is in non-viral gene therapy, and the drug-delivery design of
cancer therapeutics. We sought to investigate the biodistribution of Cgg-serPF in a murine
orthotopic Hep3B xenograft model of primary hepatocellular carcinoma. Fluorescence was
measured from multiple organs at various time points after systemic administration of 5 mg/
kg Cgp-serPF.

The data shown in figure 6 demonstrates the relative biodistribution of Cgg-serPF in various
tissues. At 16 hours, the NPs primarily localized in the renal tissue, suggesting a
predominant renal mechanism of clearance from the body. This was consistent with visual
observations of change in color of the urine within 15 minutes of injection. The NPs also
concentrated in the liver and the malignant liver tumor, which peaked at 48 hours and 16
hours after injection, respectively. A delayed uptake in the liver and a more delayed
presence in pancreatico-biliary tree most likely represents delayed hepatic clearance of the
redistributed NPs eliminated from the tissues. We also found significant uptake of Cgg-serPF
in the brain. This uptake of untargeted Cgg-serPF is an exciting prospect for the use of
fullerene agents as a drug delivery vector across the blood brain barrier, which will certainly
require further study. Finally, these nanoparticles tend not to sequester in the spleen. One of
the major challenges of nanovector-mediated drug delivery is evasion of the reticulo-
endothelial system. It is likely that Cgp-serPF NPs, by docking with serum proteins and by
their small size (3-4 nm), are masked from immune detection. While Cgg-serPF NPs are
rapidly cleared after systemic administration because of their small size, a significant portion
is retained and traverse most biological tissues including altered and tightly-regulated
vascular beds of tumor and brain, respectively. Our efforts to study nuclear uptake in vivo in
these tissues were met with challenges because of weak fluorescence and a poor signal to
noise ratio on confocal microscopy.

DISCUSSION

Several aspects of this investigation merit further discussion. The key finding of this study is
that Cgo-serPF localizes to the nucleus of liver cancer cells. Although two reports have
previously described nuclear localization of pristine fullerenes when administered in gallic
acid (40, 41) or tetrahydrofuran-stabilized colloidal suspensions (41), their biological
application as nanovectors is limited because of the inhomogeneity of the preparations and
the toxic nature of these fullerene materials. The present work is the first report that
describes the nuclear localization, with mechanistic details, of a non-cytotoxic, water-
soluble derivative of Cgy. Nuclear entry of nanovectors has far reaching potential since the
nucleus is the intended target for most conventional cancer drugs and gene therapy. The
findings of this study suggest that Cgy-serPF exploits the cell’s native mechanisms that
transport proteins across various biological barriers. By docking with such proteins,
fullerene-derivatized NPs such as Cgg-serPF can persist in tissue for more than a week,
evading immune recognition by the reticulo-endothelial system and entering the nucleus
through the tightly-regulated nuclear pore complex.

Regarding cellular uptake, our findings are consistent with several prior studies that have
implicated energy-dependent endocytotic pathways in the uptake of functionalized-
fullerenes. Individual Cgg-ser molecules are not sufficiently small to navigate across
numerous ion-channels of the cell. Such an equilibration would be rapid, requiring only
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minutes. The effective hydrodynamic diameter of individual Cgp-serPF NPs (3-4 nm)
precludes that possibility, since our study failed to show significant uptake in either cell line
at 30 minutes after incubation with the NPs. Route of entry in the cell often correlates with
the eventual subcellular location within the cell. For instance, Li et al. documented
localization of functionalized-fullerenes to the lysosomes after well-characterized clathrin-
mediated uptake and not through caveolin-mediated pathway(18). However,
macropinocytosis was not assessed using pharmacological inhibitors in the Li study. Data
for an amine-derivatized Cg-Texas Red conjugate demonstrated uptake in mast cells.
However the results suggested that the process is susceptible to a variety of endocytosis
inhibitors(19). In the present investigation we utilized the quantitative assessment of
geometric mean fluorescence intensity to sample more than 5000 cells over the course of
three hours in the presence or absence of various inhibitors. In our studies, it was noted that
Cgo-serPF uptake was also sensitive to a variety of inhibitors, demonstrating that the cellular
uptake of Cgg-serPF is dependent on multiple pathways that may vary in different cell lines
and types. For instance, in Hep3B cells Cgg-serPF internalization was predominantly
through macropinocytosis and dynamin-dependent clathrin-mediated uptake and not through
a lipid-raft or a caveolae-mediated pathway. Conversely, the uptake in Huh-7 cells was
mediated through macropinocytosis and a dynamin-dependent, caveolin-mediated pathway
but not through a clathrin-mediated pathway. These findings reflect biologically relevant
underlying differences in the two cell lines. For instance, different cell lines vary in their
membrane content of caveolin or clathrin(42, 43). Although we currently have no data on
comparative analysis of membrane content of these structures, taken together, these findings
suggest that cancer cell entry by Cgo-serPF is non-specific and follows both dynamin-
dependent and independent pathways. Since mammalian cells utilize multiple pathways to
internalize different protein cargo, this could be explained on the basis of non-specific
association of Cgg-serPF with various proteins. Our data certainly suggests that the presence
of proteins assists the entry of Cgp-serPF into cells. Finally, it is important to note that
regardless of the uptake mechanism, we found that Cgg-serPF eventually localized to, and
concentrated in, the nucleus.

Since entry into the nucleus is independent of the phase of the cell cycle, Cgg-serPF must
permeate through an intact nuclear envelope. Targeting approaches to deliver NPs to the
nucleus of cells have taken advantage of the small size of NPs, or modifying them by
conjugation with membrane-penetrating peptide sequences such as TAT or nuclear
localization signals(44, 45). The dimensions of individual Cgg-serPF particles are
comparable to 2.1nm CdTe quantum dots that demonstrated passive, as well as active, entry
into the nucleus(46). Although CdTe quantum dots were found to associate with positively
charged histones upon nuclear entry, the docking of Cgp-serPF onto proteins for nuclear
entry is a unique phenomenon that will require further study. The data demonstrates that
upon entry in the nucleus, Cgg-serPF NPs accumulate, forming aggregates in association
with chromatin. Unlike quantum dots, the location of these aggregates appears independent
of the location of nucleoli (which stain lightly with DAPI). This fullerene aggregation may
hinder elimination of Cgg-serPF from the nucleus. Indeed, concentration-dependence of
nuclear accumulation suggests that elimination of Cgg-serPF aggregates from the nucleus
fails to match the rate of nuclear entry at higher incubation concentrations.

It is possible that Cgg-ser and its fluorophore conjugate, Cgo-serPF, differ in their transport
dynamics and hence their subcellular localization. Our efforts to detect Cgp-ser using a
commercially-available anti-Cgg antibody (Santa Cruz Biotechnology) was unsuccessful
because of the lack of affinity of this antibody for Cgp-ser. Competitive inhibition using a
100-fold higher concentration of Cgg-ser however, strongly suggests that Cgp-serPF uptake
in cancer cells follows pathways similar to that of Cgp-ser.
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CONCLUSIONS

We have demonstrated that a water-soluble, non-ionic derivatized-fullerene can localize to
the nucleus and permeate into a wide variety of tissues, including malignant liver tumors and
brain. These findings should have far reaching implications in designing nanovector-based
drug delivery systems and diagnostic imaging agents that aim to exploit the unique
combination of small nanoscale size, lipophilicity, and molecular topology of the fullerene
cage. Future studies, already underway, will examine [60]fullerene derivatives of different
structure and charge, with a special emphasis on nuclear envelope and brain-blood barrier
transport.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis of fullerene[60] serinol malonate pentakis-adduct — PromoFluor-633
conjugate (6)

(i) Hinig’s base, in dry CH,Cl,, =20 °C — RT, 6 h. (ii) Cgg, CBr4, DBU, 4 h. (iii) 3, CBry,
base P1-t-Bu, 24 h. (iv) 1M HCI in dioxane: water = 99:1, RT, 48 h. (v) PF-633 carboxylic
acid, EDC, HOBt Hydrate, MES buffer, 30 min.
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Figure 2. Cgg-serPF NPs localize to the nucleus liver cancer cells

Panel A. Confocal microscopy image of Hep3B cells and Z-stack through the nucleus at the
point depicted by the arrow. Intensity profiles through line 1, 2, and 3 are also represented,
demonstrating colocalization with DAPI. Concentration of Cgg-serPF in the nucleus
increases relative to cytoplasm as the cells are exposed to increasing concentrations of Cgg-
serPF. Panel B. Nuclear uptake is confirmed by flow cytometry after extraction of nuclei
demonstrating uptake in the majority of cells.
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Figure 3. Internalization dynamics of Cgg-serPF in liver cancer cell lines

Panel A. Cellular uptake of Cgg-serPF in Hep3B and Huh7 cells is inhibited at 4°C (green)
or by 1-hr pre-incubation with Cgy-ser, 10x (red) or 100x (orange), at 37°C in comparison
with controls (blue). Panel B. Rate of internalization in Hep3B cells demonstrates saturation
kinetics at 10ug/ml in control cells at 37°C (o) and is inhibited by incubation at 4°C (m) or
by removal of serum proteins at 37°C (A), or at 4°C (V). Panel C. Time course of entry of
Cgo-serPF into the nucleus of Hep3B (left) and Huh7 (right) cells
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Figure 4. Pathways of cellular uptake for Cgo-serPF

Panel A. Cgp-serPF internalization in Hep3B cells is susceptible to inhibitors of

Page 15

macropinocytosis (DMA) and dynamin-dependent, clathrin-mediated pathway (dynamin and
chlorpromazine). Panel B. Uptake of Cgg-serPF in Huh7 cells is inhibited by inhibitors of
macropinocytosis (DMA) and dynamin-dependent, caveolin/ lipid-raft-mediated pathway

(Dynamin, nystatin and MBCD).
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Figure 5. Mechanism of nuclear uptake

Nuclear uptake of Cgg-serPF in Hep3B and Huh?7 cells is inhibited by thapsigargin (TG),
panel A and is independent of cell cycle kinetics, panel B. Nuclear uptake of Cgg-serPF is
enhanced under hyperthermic conditions (42.5°C), panel C, suggesting active and passive
transport across the nuclear pore complex.
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Figure 6. Relative biodistribution of Cgg-serPF in an animal model of primary liver cancer and
in vivo nuclear localization

Panel A. Fluorescence images from tumor (T), Liver (L), Intestine (1), Pancreatobiliary (P),
Spleen (S), Kidney (K), Brain (B), bisected heart (H), and Lungs (Lu) of a mouse bearing an
orthotopic liver tumor generated after injecting Hep3B cells into the liver. Panel B. Relative
tissue distribution of Cgg-serPF in mouse tissues, demonstrating accumulation in most
tissues at 16-hours and predominantly in the kidney, liver, and liver cancer. (n=3) Panel C.
Pharmacokinetics of fullerene uptake in select tissues, suggesting early renal clearance and a
delayed hepatic clearance. Cgg-serPF localizes to the brain and tumor within 16 hours and
persists for more than one week (one mouse per time point represented).
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