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N
anocarriers are nanoscale
materials that can carry therapeu-
tic payloads to biogenic sites. Such

materials include nanoparticles, lipopro-
teins, micelles, dendrimers, nanoshells,
functionalized nanotubes, and polymeric
microspheres, all of which are of great inter-
est for applications in therapeutic drug de-
livery.1 Of these nanocarrier materials,
phospholipid-based liposomes have been
studied the most extensively;2 liposomes
have been successfully utilized not only in
drug delivery but also in a variety of other
biomedical applications including diagnos-
tic imaging,3,4 gene therapy,5 and biosens-
ing.6 Nevertheless, the structure of conven-
tional phospholipid liposomes substantially
limits their applications. In particular, the
self-assembly of phospholipids in aqueous
solution creates a hydrophilic interior com-
partment in the resulting liposomes.

Though these compartments can encapsu-
late �mM concentrations of hydrophilic
drugs,7 they are insufficient for the encap-
sulation of hydrophobic molecules. Several
hydrophobic-interior nanocarriers have
been reported,8�12 but none of these nano-
carriers have progressed to clinical testing,
and they suffer from low payload capacities
and restricted bioavailability of their encap-
sulated hydrophobic molecules.13,22 There-
fore, fundamental studies aimed at synthe-
sizing and understanding a nanocarrier
system that is capable of carrying large
amounts of hydrophobic molecules should
be undertaken.

One promising alternative to phospho-
lipid liposome nanocarriers is a nanocarrier
composed of carbon nanostructures. Two
allotropes of carbon, the nanotube and the
fullerene, have recently received much at-
tention as potential components in biologi-
cal applications. Some discrepancy exists in
the literature regarding the potential toxic-
ity of fullerenes in vivo. For example, studies
by Oberdörster et al. indicated that water-
solubilized C60 fullerenes can be somewhat
cytotoxic in living organisms;14,15however,
the tetrahydrofuran solvent used during the
solubilization procedure might have con-
tributed to the observed toxicity. In con-
trast, Gharbi et al. have reported that un-
derivatized C60 fullerenes exhibit no
cytotoxicity in rodents.16 Moreover, the
aqueous solubility and biocompatibility of
fullerenes may be further increased by co-
valently modifying their surfaces with vari-
ous hydrophilic functional groups. Such
modified fullerenes have been used to cre-
ate vesicular17 and spherical
structures.18�20 Notably, Hirsch et al. have
synthesized a set of water-soluble, am-
phiphilic fullerene compounds21�25 that
self-assemble in aqueous solution to form
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ABSTRACT We report the preparation and preliminary in vitro studies of nanocarriers termed “buckysomes,”

which are self-assembled, spherical nanostructures composed of the amphiphilic fullerene AF-1. By inducing AF-1

self-assembly at an elevated temperature of 70 °C, dense spherical buckysomes with diameters of 100�200 nm

were formed, as observed by electron microscopy and dynamic light scattering. The amphiphilic nature of AF-1

results in the formation of many hydrophobic regions within the buckysomes, making them ideal for embedding

hydrophobic molecules to be tested in a drug delivery scheme. After confirming the cellular internalization of

buckysomes embedded with the hydrophobic fluorescent dye 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindo-

carbocyanine perchlorate, we embedded paclitaxel, a highly hydrophobic anticancer drug. The in vitro therapeutic

efficacy of the paclitaxel-embedded buckysomes toward suppression of MCF-7 breast cancer cell growth was

compared to that of Abraxane, a commercially available, nanoparticle-albumin-bound formulation of paclitaxel.

Notably, the paclitaxel-embedded buckysomes demonstrated a similar efficacy to that observed with Abraxane in

cell viability studies; these results were confirmed microscopically. Moreover, negative control studies of MCF-7

viability using empty buckysomes demonstrated that the buckysomes were not cytotoxic. The results of our studies

suggest that buckysomes prepared from self-assembly of AF-1 at 70 °C are promising nanomaterials for the

delivery of hydrophobic molecules.

KEYWORDS: paclitaxel · AF-1 · buckysome · self-assembly · amphiphilic
fullerene · drug delivery
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spherical vesicles referred to as “buckysomes,” which

are similar to conventional phospholipid liposomes

both in size and in their vesicular morphology.23 One

such amphiphilic fullerene capable of forming bucky-

somes is the molecule AF-1, which consists of a C60

fullerene modified with a Newkome-like dendrimer

unit containing 18 carboxylic acid groups. Five other

positions on the fullerene are occupied by dodecyl ma-

lonates, which are positioned octrahedrally to the den-

dritic group (see Figure 1 in ref 26).

In a recent collaborative effort with Dr. Hirsch and

colleagues, we have extensively characterized vesicular

spherical buckysomes formed by self-assembly of AF-

1.26 We observed both unilamellar and multilamellar

vesicles with diameters of 50�150 and �400 nm, re-

spectively, similar in size to some phospholipid lipo-

somes. The bilayer thickness of the vesicular bucky-

somes is �6.5 nm, as evidenced by transmission

electron microscopy (TEM) and cryogenic electron

microscopy (cryo-EM) images. Importantly, we ob-

served that by varying the experimental conditions for

AF-1 self-assembly (e.g., pH, buffer composition) addi-

tional morphologies are attained, including nanoscale

rods, micellar structures, and complex networks of

tubes.26 These findings motivated us to optimize the

self-assembly conditions for AF-1 with the goal of creat-

ing buckysome nanocarriers for hydrophobic molecule

delivery, and herein we report the preparation of dense,

spherical buckysomes possessing internal hydrophobic

pockets that effectively encapsulate hydrophobic mol-

ecules. These structures were created by inducing AF-1

self-assembly at a temperature of 70 °C, and their mor-

phology differed markedly from the vesicular structures

previously observed for buckysomes formed from AF-1

self-assembly at room temperature. (Although these

new structures do not possess the vesicular morphol-

ogy characteristic of traditional buckysomes, we will re-

fer to them as “buckysomes” throughout this report.)

The morphology of the buckysomes was characterized

by means of TEM, cryo-EM, and freeze-fracture micros-

copy, as well as dynamic light scattering. To demon-

strate the buckysomes’ uptake and release of hydro-

phobic materials, we encapsulated the hydrophobic

fluorescent probe 1,1=-dioctadecyl-3,3,3=,3=-
tetramethylindocarbocyanine perchlorate (DiI) in the

buckysomes. The internalization of DiI-loaded bucky-

somes in cells was monitored with fluorescence

microscopy.

We then loaded the buckysomes with paclitaxel, a hy-

drophobic anticancer drug approved by the U.S. Food

and Drug Administration (FDA) for the treatment of a va-

riety of tumors resulting from breast, ovarian, and head/

neck cancers.27,28 Previous studies have explored the en-

capsulation of paclitaxel in liposome-based

formulations29,30 to alleviate patient discomfort associ-

ated with traditional nonaqueous methods of paclitaxel

administration,31,32 but the liposomes’ uptake by phago-

cytes and poor physical stability have considerably hin-

dered the development of such lipid-based nanocarri-

ers.33 To evaluate the buckysomes as a possible

alternative nanocarrier for paclitaxel, we assessed the

therapeutic efficacy of paclitaxel-embedded buckysomes

(PEBs) toward MCF-7 breast cancer cell growth both

through cell viability assays and optical microscopy. These

results were compared to those obtained using Abrax-

ane, a nanoparticle-albumin-bound form of paclitaxel

manufactured by AstraZeneca and currently used for can-

cer treatment. We found that PEBs were nearly as effec-

tive as Abraxane for preventing MCF-7 cell growth at the

paclitaxel concentrations tested. Differences in cell inter-

nalization between PEBs and Abraxane are also discussed.

Our findings demonstrate that buckysomes prepared un-

der the experimental conditions described herein show

much promise for use as nanocarriers for the delivery of

paclitaxel and other hydrophobic molecules.

RESULTS AND DISCUSSION
Preparation and Electron Microscopy Characterization of

Buckysomes. In a previous study,26 we described the ef-

fects of pH and various aqueous buffers (solvent) on the

self-assembly of AF-1 into buckysomes. Cyro-EM im-

ages of these previously prepared buckysomes reveal

Figure 1. (A) Cryo-EM image showing the solid, dense spherical structures obtained upon self-assembly of AF-1 monomers at an el-
evated temperature of 70 °C; scale bar � 100 nm. (B) Freeze-fracture micrograph (scale bar � 200 nm) and (C) transmission electron
micrograph (scale bar: � 500 nm) confirm the spherical morphology of the buckysomes in panel A and also indicate a similar size pro-
file. All three images were obtained from the same buckysome sample.
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the formation of vesicular nanostructures by instanta-
neous self-assembly. Both unilamellar and multilamel-
lar vesicular structures were formed from AF-1 self-
assembly at room temperature in 10 mM citrate buffer
at pH 7.4.

In the present study, we explored the effects of vary-
ing the temperature used during AF-1 self-assembly.
Buckysomes were prepared at an elevated tempera-
ture of 70 °C in the present study, in contrast with the
room-temperature conditions used in the previous
study. All other variables in the self-assembly process in-
cluding pH, buffer composition, and method of prepa-
ration remained unchanged. We note that for both the
room-temperature and elevated-temperature prepara-
tions, the self-assembly of AF-1 into buckysomes was
rapid and spontaneous, requiring only the hydration of
dry AF-1 with citrate buffer and brief vortex cycles over
a span of 10 min (see Materials and Methods). The re-
sulting buckysomes required no extrusion or other iso-
lation procedures typically used during preparation of
conventional phospholipid liposomes. Importantly, the
self-assembly of AF-1 occurred readily in aqueous solu-
tion at physiological pH and did not require the use of
any organic solvents, as opposed to conventional lipo-
some preparations, which typically require dissolution
of precursor lipids in chloroform or other organics to
create a lipid film, followed by removal of the organic
solvent prior to hydration of the film in aqueous sol-
vent. In agreement with our observations of AF-1 self-
assembly in aqueous solution, Hirsch et al. have previ-
ously noted that the dendritic headgroups of
amphiphilic fullerenes have a much greater hydration
capacity than do phospholipids.22

The samples prepared at elevated temperature were
analyzed by three different complementary micro-
scopic techniques: cryo-EM, freeze-fracture micros-
copy, and TEM. A representative cryo-EM image is
shown in Figure 1A. This type of electron microscopy
was used because it preserves the native three-
dimensional structure of samples.34 Notably, the im-
age in Figure 1A shows spherical structures that differ
substantially from the vesicular structures previously
observed for room-temperature self-assembly. These
new structures were 100�200 nm in diameter with a
dense interior. Freeze-fracture microscopy images (Fig-
ure 1B) complement the cryo-EM data by showing
spherical structures of similar size. (The few rodlike
structures apparent in the image are fused buckysomes,
which are sometimes formed during freeze-fracture
microscopy sample preparation.) In addition, the
negative-stain TEM image in Figure 1C reveals struc-
tures of the same size as those observed in Figures 1A
and B.

Importantly, the dark contrast observed in the inte-
rior of the structures in Figure 1A likely corresponds to
the presence of densely assembled aggregates of AF-1
monomers,35,36 indicating that the self-assembly pro-

cess at 70 °C did not produce the bilayered vesicular
buckysome structures observed in room-temperature
self-assembly. We have performed tilt measurements at
�45° and �45° using cryo-EM and found this dark con-
trast to be uniform inside the spherical buckysomes
(data not shown). This observation again indicates that
the interior is composed of a dense network of AF-1 ag-
gregrates. Since all other experimental parameters
were maintained constant between the two prepara-
tions, the elevated temperature must have induced the
changes in buckysome morphology observed here.
The exact mechanism by which the elevated self-
assembly temperature promoted the formation of
these dense buckysomes remains unclear at present.
Though the temperature-dependent self-assembly of
modified fullerenes has not been extensively explored
in the literature, the effects of temperature on lipid
polymorphism, in particular changes induced in lipo-
some structures as a result of increasing temperature,
have been reported.37,38 Additionally, the increase in
entropy induced by increasing the self-assembly tem-
perature might also contribute to the buckysomes’ for-
mation, as such thermodynamic changes are known to
influence lipid bilayer and vesicle formation.39

The orientation of AF-1 monomers within these
dense buckysomes is also unknown, and could be one
of many possible morphologies, as amphiphilic
fullerenes have been shown to self-assemble into many
different types of structures. For example, a previous re-
port by Hirsch et al.25demonstrated that an amphiphilic
fullerene derived from AF-1 can form double-layered
aggregates as well as globular micelles. Because we
have previously demonstrated that AF-1 can form a va-
riety of micellar structures,26 we propose here that the
filled interior contains a complex arrangement of sev-
eral micellar subunits, though it is unclear at this point
whether these micellar subunits are spherical or sheet-
like. Hydrophobic pockets within these micellar sub-
units most likely provide a favorable environment for
small hydrophobic molecules to reside in (vide infra).

Alternatively, the buckysomes’ interior could possi-
bly contain compressed mutliple bilayers, similar to
those observed in spherulite structures.40 However,
our freeze-fracture images do not support this theory,
because these images do not feature concentric pat-
terns of bilayers. To elucidate the three-dimensional in-
terior structure of the dense buckysomes, we plan to
further characterize them by means of cryo-electron
tomography41�43 as well as small-angle neutron scat-
tering combined with small-angle X-ray scattering.44 By
labeling buckysomes with hydrophobic gold particles
to perform energy dispersive X-ray spectroscopy map-
ping,45 additional structural details can also be re-
vealed. Regardless of the actual orientation of AF-1
monomers, the interior of the buckysome structures
prepared at elevated temperature should contain many
hydrophobic regions due to the presence of the
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densely aggregated, amphiphilic fullerenes. We hypoth-
esized that these hydrophobic regions might serve as
pockets for the encapsulation of hydrophobic mol-
ecules, and to test this hypothesis we embedded both
a hydrophobic dye and the hydrophobic drug paclitaxel
within the buckysomes (vide infra).

Cellular Internalization of Buckysomes Embedded with a
Hydrophobic Fluorescent Dye. One promising application of
our dense buckysomes is their use as nanocarriers to
deliver hydrophobic drugs. An example of such a hy-
drophobic drug is paclitaxel, a taxane that is an effec-
tive choice for chemotherapy in treating breast, ovarian,
and other types of cancer.27,28 Paclitaxel promotes the
polymerization of tubulin and therefore disrupts normal
microtubule dynamics. This disruption affects the cell
division process in tumor cells, inducing programmed
cell death.46 However, paclitaxel is an extremely hydro-
phobic drug and poses severe delivery problems in bio-
logical systems. Previously, paclitaxel delivery has been
achieved using polyethoxylated castor oil (Cremophor
EL), but due to unwanted side-effects caused by the
castor oil solvent,31,32 water-soluble paclitaxel carriers
are more desirable. To this end, lipid-based formula-
tions of paclitaxel have been investigated,29,30 but the
development of such formulations has been limited by
their poor physical stability and uptake by phagocytes,
as noted above. A more effective alternative to lipid-
based paclitaxel formulations is the FDA-approved,
water-soluble compound Abraxane, which contains pa-
clitaxel bound to human serum albumin in a nanoparti-
cle colloid.47 Clinical trials have clearly established that
Abraxane has several therapeutic advantages over Cre-
mophor EL, including a lack of side effects, rapid infu-
sion rate, and high paclitaxel maximum tolerated
dose.48

Like Abraxane, our buckysomes are water-soluble,
and their hydrophobic character permits their explora-
tion as potential nanocarriers for the delivery of pacli-
taxel and other hydrophobic molecules. For this reason,
we sought to evaluate the ability of the buckysomes
prepared at elevated temperature to uptake hydropho-
bic molecules, with the ultimate goal of assessing the
buckysomes’ potential as a nanocarrier for hydropho-
bic drugs. To determine whether hydrophobic drugs
such as paclitaxel could be embedded into our bucky-
somes and subsequently internalized into cells, we first
embedded the hydrophobic fluorophore DiI into the
buckysomes and monitored its internalization in vitro.
Mouse macrophages were incubated with DiI-
embedded buckysomes and later fixed and stained. Fig-
ure 2 shows brightfield (panels 1 and 2) and corre-
sponding fluorescence (panels 3 and 4) images of the
macrophages. Panel 1 shows the morphology of the
fixed macrophages without fluorescence. Panel 2 is a
superimposed brightfield image showing 4=,6-
diamidino-2-phenylindole (DAPI) and DiI staining. The
internalization of DiI-embedded buckysomes is clearly

confirmed in panel 2. Panel 3 shows DAPI fluorescence

the macrophage nuclei, and panel 4 shows that DiI was

internalized in the cytoplasm of the macrophages, as in-

dicated by the close proximity of intense DiI fluores-

cence (red) to the location of the nuclei (blue) in panel

3. These results served as proof-of-concept that bucky-

somes embedded with hydrophobic molecules could

be internalized by cells. Conventional liposomes of simi-

lar size and overall structure to our buckysomes are

known to be internalized by cells through endocytosis

that is not receptor-mediated,49�52 and we believe

that our buckysomes were internalized by the

macrophages through a similar entry mechanism.

To further confirm that the buckysomes were inter-

nalized by cells and not merely cell-associated, we incu-

bated 6-aminofluorescein-labeled buckysomes with

A431 epidermoid carcinoma cells. The cells were then

fixed and counterstained with wheat gluten AlexaFluor

594, which binds specifically to lipophilic regions (i.e.,

cell membranes), and Hoescht 33342 nuclei stain. The

resulting fluorescence image (Figure 3A) clearly shows

internalization of the fluorescein-labeled buckysomes

(green) inside the cells (cell membranes are red and nu-

clei are blue). The intense pink spot at the lower right

of the image is an artifact most likely caused by a lipid-

rich region in the cell membrane. Notably, no change in

localization of the buckysomes was observed following

several washes with phosphate-buffered saline. These

results, in combination with the DiI-embedded bucky-

some data described in Figure 2, suggested that pacli-

taxel might be successfully embedded in the bucky-

somes, and that the resulting PEBs might be intern-

alized by cancerous cells.

Figure 2. Fluorescence micrographs of fixed and stained mouse mac-
rophages, which were exposed with DiI-embedded buckysomes. The
cells were washed several times with PBS before counterstaining nu-
clei with DAPI: (1) phase contrast image; (2) brightfield image showing
superimposed DAPI and DiI emission; (3) DAPI emission at 460 nm,
showing the location of macrophage nuclei; (4) DiI emission at 570 nm,
showing the presence of DiI-embedded buckysomes inside the cyto-
plasm. The scalebar is 20 �m in all four images.
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Notably, the observation that buckysomes were in-
ternalized by both cells and macrophages in vitro might
suggest that the nanocarriers would be internalized by
macrophages in vivo, thus reducing the amount of
therapeutics available for treatment of cancerous cells.
However, we note that the in vitro macrophage studies
conducted here differ markedly from conditions that
would be encountered in vivo. More specifically, the
macrophages used here were subjected to incubation
with a high concentration of buckysomes for 18 h, with-
out fluid motion or other disturbance (see Methods
and Materials). In contrast, both the macrophages and
drug-loaded buckysomes would be in constant, rapid
motion in blood serum under in vivo conditions. We be-
lieve that this markedly reduced “contact time” be-
tween the two species would substantially hinder the
uptake of buckysomes by macrophages in vivo, and we
are currently outlining in vivo studies in murine models
to confirm this hypothesis. Furthermore, the size of lipo-
somes is well-known to influence their in vivo circula-
tion time, and in particular liposomes larger than 200
nm are considered to be cleared faster by the reticu-
loendothelial system than are smaller liposomes.53 Be-
cause our PEBs have an average size of around 128 nm

(see Supporting Information, Figure 1), we can expect
them to avoid macrophage uptake to some degree in
vivo. The size range of our PEBs is also appropriate for
exploiting the enhanced permeability and retention ef-
fect in solid tumors.54

Following the successful cell internalization of the
DiI-embedded buckysomes, we proceeded to embed
paclitaxel into the buckysomes. High performance liq-
uid chromatography (HPLC) data (see Supporting Infor-
mation) showed that the molar ratio of AF-1/paclitaxel
was 1:3 with a maximum percentage encapsulation of
53%. Figure 3B is a TEM image of PEBs, demonstrating
that the morphology of the PEB structures remained
the same as that of the empty buckysomes shown in
Figure 1C. This microscopic evidence was confirmed
with dynamic light scattering experiments, which indi-
cated an average PEB diameter of 128 � 5 nm (see Sup-
porting Information). Since the morphology of the
PEBs did not appear to differ substantially from that of
the empty buckysomes (i.e., those without paclitaxel
embedded), we expected that the PEBs would be inter-
nalized by cells in a manner similar to that observed
for the fluorescein-labeled, empty buckysomes.

In Vitro Cell Viability of MCF-7 Cells Treated with PEBs. To de-
termine the efficacy of PEBs as an anticancer nanocar-
rier, we performed in vitro cell viability assays with
MCF-7 breast cancer cells using the trypan blue dye ex-
clusion method. Upon cell death, the cell membrane
becomes permeable, thereby allowing the trypan blue
dye to enter and stain the nonviable cells, which are
analyzed with a cell viability analyzer. Abraxane was
used as a positive control, and empty buckysomes as
well as citrate buffer containing no buckysomes were
used as negative controls. MCF-7 cells were incubated
with the samples for different time intervals ranging
from 24�96 h at 37 °C. We did not see any pronounced
cell suppression at 24 h (data not shown), and normal
cell death was prevalent at 96 h (data not shown). How-
ever, the effect of paclitaxel on cell growth was clearly
seen at 48 and 72 h (Figure 4). In the negative control
studies (Figure 5, columns A and B), the concentrations
of citrate buffer and AF-1 were 0.48 mM and 59.53 �g/
ml, respectively. The number of viable cancer cells in-
creased between 48 and 72 h in both negative control
studies, consistent with normal cell growth during this
time period. Importantly, the empty buckysomes (B) did
not hinder cell growth as compared to the buffer (A),
demonstrating that the bucksyomes themselves were
not cytotoxic. These results are in agreement with our
previous studies, in which we established that vesicu-
lar buckysomes are not cytotoxic.26

For cell viability studies with PEBs and Abraxane
positive controls, the final concentrations of paclitaxel
incubated with the cells were 28.6 (Figure 4, columns C
and D), 143 (columns E and F), and 714 ng/ml (col-
umns G and H). Compared to the viability results ob-
tained in the negative control studies, MCF-7 cell

Figure 3. (A) Fluorescence microscopy of A431 human epi-
dermoid carcinoma cells incubated with 6-aminofluorescein-
labeled buckysomes (green) for 18 h, showing cell internal-
ization. Cells were fixed and counterstained with Hoescht
33342 (nuclei; blue) and AlexaFluor 594 (membranes; red).
The image shown here is that of fluorescein (518 nm), Hoe-
scht (461 nm), and Alexa-Fluor (618 nm) emissions superim-
posed. The scale bar is 10 �m. (B) TEM image of paclitaxel-
embedded buckysomes (PEBs). The PEBs were visualized
with 1% uranyl acetate staining. The scale bar is 200 nm.
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growth was suppressed when paclitaxel was delivered
using either PEBs (C, E, and G) or Abraxane (D, F, and H).
The decrease in cell viability was more prominent at
72 h and with the highest concentration (714 ng/ml)
of paclitaxel in both PEBs and Abraxane formulations.
Interestingly, the results obtained with PEBs and Abrax-
ane were quite comparable. However, the mode of cell
internalization might differ between these two nano-
carriers. Unlike the buckysomes, which are likely inter-
nalized by means of non-receptor-mediated endocyto-
sis as described above, Abraxane transports paclitaxel
across endothelial cells and to tumor sites by glyco-
protein-mediated endothelial cell transcytosis of the
paclitaxel-bound albumin.55�58

During the course of the MCF-7 cell viability assay
(Figure 4) we simultaneously monitored the cells’ mor-
phological changes using optical microscopy. The im-
ages (Figure 5) clearly correlated with the results ob-
tained in the viability studies. MCF-7 cells grow in
aggregates in vitro,59 and no marked difference was ob-
served in the cell density between the buffer (Figure 5,
panel 1) and empty buckysome (panel 2) negative con-
trols. These observations again confirmed that the
empty buckysomes were not cytotoxic. The images in
panels 1 and 2 differ remarkably from those observed
upon delivery of 714 ng/ml of paclitaxel by both the
PEBs (panel 3) and Abraxane (panel 4) at 72 h. In both
of these panels, MCF-7 cells are more sparse in appear-
ance, indicating that the delivered paclitaxel hindered
the cell division process. We observed similar results at
48 h (data not shown).

CONCLUSION
In summary, we have developed a new

fullerene-based nanocarrier capable of deliver-
ing hydrophobic molecules. Using AF-1, a
water-soluble modified fullerene that has pre-
viously been shown to self-assemble intro ve-
sicular buckysomes, we prepared new bucky-
some structures through self-assembly at 70
°C in an aqueous environment. These new
buckysome structures were spherical with di-
ameters of 100�200 nm and contained hydro-
phobic interiors composed of densely aggre-
gated AF-1 monomers. The buckysomes’
physical and structural properties were ideal
for the encapsulation of hydrophobic mol-
ecules. Paclitaxel, an extremely hydrophobic
anticancer drug, was chosen as a model deliv-
ery molecule after we visualized the internal-
ization of buckysomes inside cells using fluo-
rescence tracking of an embedded
hydrophobic molecular dye. We successfully
loaded paclitaxel into the buckysomes and
monitored their structure and stability with
different types of electron microscopy. Prelimi-
nary in vitro cell viability assays indicated that

the paclitaxel-embedded buckysomes were comparable

with Abraxane for suppressing MCF-7 breast cancer cell

growth. The viability data was well supported by continu-

ous microscopic observation of live cell growth. In at-

tempts to further optimize the hydrophobicity and en-

capsulation efficiency of the buckysomes’ interiors, we

plan to explore the modification of AF-1 with lipid chains

of varying length. Future studies are also aimed at func-

tionalizing the buckysomes’ surfaces with targeting mol-

ecules to promote site-specific delivery. Our current work

suggests that PEBs might be an exciting prospect for

nanocarrier-based in vivo cancer therapy, and we are cur-

rently investigating the therapeutic efficacy of PEBs in a

mouse tumor model.

Figure 4. Trypan blue dye-based cell viability assay of MCF-7
cells. Samples were incubated for a period of 48 (gray bars)
and 72 h (black bars) at 37 °C. Negative controls were 0.48
mM citrate buffer (A) and empty buckysomes (B). The con-
centration of paclitaxel in the PEBs was 28.6 (C), 143 (E), and
714 ng/ml (G). The comparative positive control was Abrax-
ane, with identical paclitaxel concentrations in columns D, F,
and H, respectively.

Figure 5. Microscopic visualization of the morphology of live MCF-7 cells incubated with
citrate buffer (1), empty buckysomes (2), PEBs (3), and Abraxane (4) for a 72-h time period.
The concentration of paclitaxel in images 3 and 4 is 714 ng/ml. These images were col-
lected from the same samples used in the assay shown in Figure 4. The scale bars in all
four images are 250 �m.
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MATERIALS AND METHODS
Buckysome Preparation: The globular fullerene amphiphile AF-1

was synthesized as previously described.24 To create bucky-
somes with a dense, hydrophobic interior, AF-1 (1.5 mg/mL)
was hydrated in 10 mM citrate buffer (pH 7.4) for 10 min at 70
°C. During this process, the mixture was subjected to four vor-
tex cycles with a Vortex Genie 2 (G-560, Scientific Industries, Inc.,
Bohemia, NY) at setting “10” for 30 s. The four vortex cycles
were separated by equal time intervals.

To investigate the buckysomes’ encapsulation of hydropho-
bic molecules, the hydrophobic fluorescent probe 1,1=-
dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine perchlorate
(DiI, Invitrogen, 10 �g) was added to 1.5 mg/mL AF-1 in 10 mM
citrate buffer (pH 7.4) and vortexed under the conditions de-
scribed above. Excess DiI was separated from the entrapped DiI
by means of size exclusion chromatography on a Sephadex G-75
(Sigma-Aldrich, St. Louis, MO) column. The absorbance was mea-
sured at 550 nm (Tecan Systems Inc., San Jose, CA) to quantify
the amount of DiI encapsulated in the buckysomes. To prepare
paclitaxel-embedded buckysomes (PEBs), 0.6 mg/mL paclitaxel
was sonicated (Cole-Parmer sonicator (model no. 08849�00),
Vernon Hills, IL) for 1 min in 10 mM citrate buffer (pH 7.4). AF-1
was quickly added to this solution at a concentration of 1.5 mg/
mL, and PEBs were prepared from the resulting solution using
the method described above.

To visualize buckysome internalization in cells, the bucky-
somes were coupled to 6-aminofluorescein (no. 07985, Fluka-
Sigma-Aldrich, St. Louis, MO) using the following procedure. A
400 �L portion of a buckysome solution was incubated with 100
�L each of 0.25 M N-ethyl-N=- [3- dimethylaminopropyl]carbodi-
imide (EDC; Fluka) and 0.25 M N-hydroxysulfosuccimide (sulfo-
NHS; Pierce, Rockford, IL) for 2 h at room temperature. The pH
was adjusted to 7.0 using 0.5 M NaOH. To this solution, 300 �L
of 6-aminofluorescein (1 mg/mL prepared in dimethyl sulfoxide)
was added, and the mixture was incubated overnight at room
temperature. The unbound 6-aminofluorescein was separated
from 6-aminofluorescein coupled to the buckysomes by size ex-
clusion chromatography on a Sephadex G-75 column. The frac-
tions were analyzed by fluorimetry (Tecan Systems Inc., San Jose,
CA) for 6-aminofluorescein emission at 520 nm.

The prepared buckysomes were analyzed by cryogenic elec-
tron microscopy (cryo-EM), negative-stained transmission elec-
tron microscopy (TEM), and dynamic light scattering (DLS). High
performance liquid chromatography (HPLC) was performed on
the PEB samples to measure the final concentration of paclitaxel
embedded in the buckysomes.

Transmission Electron Microscopy. The buckysomes were visual-
ized using uranyl acetate negative staining. A 400 mesh copper
grid coated with carbon film and stabilized with Formvar (no.
01754-F, Ted Pella Inc., Redding, CA) was coated with poly-L-
lysine (MW 100�140 kD, Polysciences, Inc., Warrington, PA) prior
to sample staining. A 5 �L portion of buckysome sample solu-
tion was placed on the grid for 5 min, and excess sample was
blotted with filter paper. The samples were then stained with a
1% solution of uranyl acetate for 1 min and allowed to dry. Analy-
sis of the stained grids was performed with a JEOL JEM-1010
transmission electron microscope (Tokyo, Japan) at an accelerat-
ing voltage of 80 kV. The images were captured with an AMT Ad-
vantage digital CCD camera system.

Cryogenic Electron Microscopy. A 5 �L drop of a buckysome solu-
tion was frozen in liquid ethane on a 400 mesh copper grid
coated with ultrathin 3 nm carbon (no. 01824, Ted Pella Inc., Red-
ding, CA). Vitrobot (FEI, Holland) was used for automated cryo-
genic freezing of the grids (1-s hang time, 1 blot, room tempera-
ture). The data were collected with a TVIPS (Gauting, Germany)
F415 4 K � 4 K slow-scan CCD camera on an FEI (Eindhoven, Hol-
land) Tecnai G2 TF30 Polara electron microscope operating at
300 kV and at liquid nitrogen temperature by means of a low-
dose protocol. The postmagnification value was 1.615 and the
CCD pixel size was 15 �m. The micrographs were processed with
EMAN v1.7 software (Baylor College of Medicine, Houston, TX).

Dynamic Light Scattering. DLS measurements were performed
using a Malvern Nano-ZS zetasizer (Malvern Instruments Ltd.,
Worcestershire, United Kingdom). The Nano-ZS employs nonin-
vasive back scatter (NIBS) optical technology and measures real-

time changes in intensity of scattered light as a result of par-
ticles undergoing Brownian motion. The samples were
illuminated by a 633 nm He�Ne laser and the scattered light
was measured at an angle of 173° using an avalanche photo-
diode. The size distribution of the buckysomes was calculated
from the particle diffusion coefficient according to the
Stokes�Einstein equation. The average diameter and the poly-
dispersity index of the buckysomes were calculated by CONTIN
analysis software.

High Performance Liquid Chromatography. The paclitaxel was re-
leased from the PEBs by diluting the PEBs 1:10 with ethanol.
The ethanol�PEB mixture was then analyzed for paclitaxel con-
tent using reverse-phase HPLC with UV detection by injecting 50
�L aliquots of the mixture onto a Waters modular HPLC system
(Waters Corporation, Milford, MA). The HPLC system consisted of
a controller (model no. 600), an autosampler (model no. 717
plus) and a photodiode array detector (model no. 2996). Chro-
matographic separations were achieved by means of a Waters
Symmetry C18 (3.5 �m) column (4.6 mm � 75 mm, part no. WAT
066224). The mobile phase consisted of nanopure water (18 M�-
cm) and HPLC grade acetonitrile mixed at varying ratios through-
out the separation. Specifically, 24% acetonitrile in water was
used for 2 min, followed by a linear gradient to 58% acetonitrile
over 6 min, then a linear gradient to 70% acetonitrile over 1 min,
then a linear gradient to 34% acetonitrile over 1 min and held
for 5 min, then a linear gradient to 24% acetonitrile over 2 min
and held for 3 min. The mobile phase was delivered at 1 mL/min
and UV detection was performed at 227.5 nm. The mobile phase
was degassed by bubbling helium gas prior to and during the
analysis. Data were acquired and processed using Empower 2
(build 2154) software from Waters Corporation.

In Vitro Imaging Using Fluorescence Microscopy. A431 cells were
grown in 8-chamber tissue culture slides and exposed to
6-aminofluorescein-buckysomes for 18 h at 37 °C in a 5% CO2 en-
vironment. After two washes with Dulbecco’s phosphate-
buffered saline (Gibco), cells were fixed in 4% paraformalde-
hyde (Sigma-Aldrich) for 20 min and washed twice with Dulbec-
co’s phosphate-buffered saline. The cells were fixed and counter-
stained with an Image-iT LIVE plasma membrane (AlexaFluor
594) and a nuclear (Hoescht 33342) labeling kit (Invitrogen, Carls-
bad, CA). To visualize the hydrophobic probe DiI, macrophages
were exposed to DiI-embedded buckysomes for 18 h at 37 °C in
a 5% CO2 environment. After two washes, the cells were fixed
with 4% paraformaldehyde and mounted in ProLong Gold anti-
fade reagent with 4=,6-diamidino-2-phenylindole (DAPI; Invitro-
gen). The chambers were removed and the slides were dried. Im-
ages of fixed cells were acquired with an Olympus IX71 inverted
microscope (Olympus America Inc., Center Valley, PA) and a Re-
tiga 2000R Camera (Q Imaging, Burnaby, BC, Canada). Images
were processed using Compix SimplePCI software (Compix Inc.,
Sewickley, PA).

Cell Culture for Cytotoxicity Studies. MCF7 breast cancer cells (HTB-
22), mouse macrophage-like monocytes (TIB-67) and A431 hu-
man epidermoid carcinoma cells (CRL-1555) were obtained from
American type Culture Collection (ATCC, Manassas, VA). MCF7
cells were grown in Eagle’s minimum essential medium (EMEM;
ATCC) supplemented with 10% fetal bovine serum (Gibco), 0.01
mg/mL bovine insulin (Sigma-Aldrich, St. Louis, MO), and 1% an-
tibiotics which included 2 mM L-glutamine, 100 �g/mL penicil-
lin, and 100 U/mL streptomycin (Sigma-Aldrich). Macrophages
and A431 cells were grown in Dulbecco’s Modified Eagle’s Me-
dium (DMEM; ATCC) supplemented with 10% fetal bovine serum
and 1% antibiotics. All cells were grown at 37 °C in a 5% CO2

environment.
Cytotoxicity Studies. MCF-7 cells were seeded in triplicate into

tissue-treated 12-well plates (Bector Dickinson, Franklin Lakes,
NJ) totaling 1.0 � 105 cells/well and allowed to attach overnight.
Abraxane (Abraxis Bioscience Inc., Los Angeles, CA) was pro-
vided as a gift from The University of Texas M.D. Anderson Can-
cer Center, Houston. Abraxane and PEBs containing 0.0286,
0.1429, and 0.7143 �g/mL paclitaxel were added to the cells.
For control studies, empty buckysomes and plain citrate buffer
(pH 7.4, 0.476 mM) were also added to cells. The final concentra-
tion of AF-1 was 59.52 �g/mL in both the controls (PEBs and
the empty buckysomes). The cells were incubated in two sepa-
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rate groups for 48 and 72 h. After the desired time intervals,
cells were harvested using 0.25% trypsin-EDTA (Gibco). The cell
viability was then determined with a Beckman Coulter Vi-Cell XR
system (Beckman Coulter, Fullerton, CA).
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