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Fluorescent particles are of great interest in biotechnology for
use as probes for bioimaging, diagnosis, and drug delivery in
vivo or in vitro. For instance, fluorescent semiconductor
quantum dots have been widely used because of their broad
absorption, narrow photoluminescence (PL), and high photo-
stability.[1] Fluorescent silica nanoparticles (SNPs) have also
been developed with enhanced fluorescence and improved
photobleaching for biological applications.[2] Recently,
carbon-based fluorescent materials, such as carbon nano-
particles[3] and carbogenic quantum dots,[4] have been inves-
tigated as alternative fluorescent nanomaterials. By varying
their size or charge, these nanomaterials exhibit multicolor
coding fluorescence. Herein, we report a new platform of
fluorescent nanoparticles based on a fullerene–silica hybrid
prepared by a reverse microemulsion method. The fullerene–
silica nanoparticles (FSNPs) are of uniform size, simple to
prepare, and exhibit bright PL, high photostability, easy
penetration into live cells, and low cytotoxicity, all of which
are essential properties for biological applications.

Fullerenes have been explored for decades for applica-
tions in optoelectronic devices and drug-delivery systems
owing to their unique structural, optical, and electrical
properties.[5] Because of difficulties such as the low solubility
and easy aggregation of fullerenes, these applications require
functionalization with organic/inorganic composites including
polymers, metals, and ceramics.[6–9] In this work, a reverse
microemulsion method with a nonionic surfactant was used,
for the first time, to form fullerene–silica hybrid materials
(Figure 1a). C60 fullerenes were encapsulated in a micro-
emulsion with the help of the cosurfactant n-hexanol, and

were then incorporated into the silica network by the addition
of triethyl orthosilicate (TEOS) as a silica precursor and
ammonium hydroxide (NH4OH) as a catalyst.[10] The scanning

electron microscopy (SEM) image in Figure 1b shows that the
FSNPs are spherical and monodisperse, with an average
diameter of (61.5� 6.0) nm (for 226 samples).

Under excitation by laser light at 488 nm, the FSNP
solution showed a strong and moderately broad PL spectrum
centered at 600 nm (Figure 2a). The FSNPs exhibited blue-
shifted PL compared to the fluorescence of a C60 film
(lmax,FL = 720 nm). On the other hand, no significant PL
intensity was observed in the SNP solution under the same
laser excitation. The PL intensity of the FSNPs increased
linearly with fullerene content, as shown in the plot of PL
intensity versus increasing fullerene concentration for FSNP
synthesis (Figure 2 b and c).

To quantify the brightness of the PL from the FSNPs, we
measured the PL quantum yield and the molar extinction
coefficient of the FSNP solution. The PL quantum yield of the
FSNP solution was determined to be 3.5 � 10�3 for 350 nm

Figure 1. a) Schematic diagram of the synthesis of FSNPs. b) SEM
image of as-prepared FSNPs. Inset: size distribution of the FSNPs.
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excitation by comparing it with the fluorescence of quinine
sulfate (QS), which has a known quantum yield in 0.1n H2SO4

(FF = 0.54).[11] This value is 35 times higher than the quantum
yield of the solution containing intact fullerene (FF = 1 �
10�4).[12] The molar extinction coefficient of the FSNP was
determined to be 3.4 � 108

m
�1 cm�1 at 350 nm from the

measured absorbance and estimated concentration of the
FSNP solution, by assuming that each FSNP is a 61-nm sphere
with the same density as silica (2.2 gcm�3). This value
corresponds to an absorption cross section of 5.6 � 108 cm2,
which is about 600 times larger than that of a fullerene
molecule. Because the FSNP has a large absorption cross
section, the PL intensity from a single FSNP is very high.
From the product of the absorption cross section and the PL
quantum yield, a single FSNP is estimated to be 2.1 � 104 times
brighter than a single fullerene molecule when excited by
350 nm light. A single FSNP is also 400 times brighter than a
single QS dye molecule under 350 nm excitation and ten times
brighter than an Alexa Fluor 488 dye molecule under 494 nm
excitation. Because this new photoluminescent material is on
the nanometer scale, this particle is expected to play an
important role in bioassays, in which very small quantities of
molecules or particles must be detected.

To assess the prospects of FSNPs as a bioimaging material,
we tested their photostability, cell permeability, and cytotox-
icity. We observed the PL image of the FSNPs in macrophage
(RAW 264.7) cells, human epithelial carcinoma cells (HeLa),
estrogen receptor negative cells (SKBr3), and human umbil-
ical endothelial cells (HUVEC) by treating them with 40–
160 mgmL�1 (0.24–0.96 nm) FSNP solutions (Figure 3a,b and
Figures S1 and S2 in the Supporting Information). Confocal
PL images of the cells were analyzed by 4’,6-diamidino-2-
phenylindole (DAPI) staining to identify the nuclear regions.

As shown in Figure 3a and b, the bright red spots indicating
FSNPs were observed with 492 nm excitation and detection of
PL at a wavelength greater than 617 nm. FSNPs were
efficiently incorporated into RAW 264.7 and HeLa cells in
all concentration ranges of FSNP solutions tested. Moderate
internalization of FSNPs into SKBr3 and HUVEC cells was
observed at the concentration range of 80–160 mg mL�1 (0.48–
0.96 nm). The photoluminescent spots were observed only in
the cytoplasmic area of the cell, and the PL intensity at the
central region corresponding to the nucleus was very weak.
Confocal section images on the FSNP-incorporated cells also
exhibited higher PL in the cytoplasmic region (Supporting
Information, Figure S3). The PL images of the FSNPs were
dimmer at both (upper and lower) sides of the cell membrane
than those at the cell center, where the DAPI images for
nuclei were also bright. These results indicate that the FSNPs
easily penetrated the cell but did not enter the nuclei. This is
consistent with the results of previous studies on the
interaction of living cells with nanomaterials, in which genetic
disruption did not occur.

As a comparative analysis, Alexa 488-labeled streptavidin
(Alexa 488-SA) in the concentration range of 8–32 mg mL�1

(730–3000 nm) was used for cell staining. As shown in

Figure 2. a) PL spectra of FSNPs and C60 film excited by the 488 nm
Ar+ laser line (excitation powers were 5 and 750 mW for FSNPs and C60

thin film, respectively). b) PL spectra of the FSNP solution with various
C60 concentrations irradiated by 5 mW of 488 nm laser light (the
concentrations of the FSNP solutions were the same). c) Integrated PL
intensity of the FSNP solution with various C60 concentrations for
FSNP synthesis. Figure 3. Photostability and cytotoxicity of the FSNPs. a) PL image of

FSNPs incorporated in macrophages (RAW 264.7) under
(492�18) nm excitation and >617 nm detection during the initial
stage of irradiation. b) PL image of the same cells after continuous
irradiation with (492�18) nm light for 600 s. c) Fluorescence image of
macrophage cells stained by Alexa 488-SA at the initial stage of
irradiation (lex = (492�18) nm, ldet>525 nm). d) Fluorescence image
of the same cells after continuous irradiation by (492�18) nm light
for 600 s. e) Plot of the TNEP from individual nanoparticles (FSNPs)
or molecules (Alexa Fluor 488) to compare photostabilities. f) Cell
viability (WST-1) assay of the FSNPs taken up by a macrophage (RAW
264.7) as a function of added particle concentration.
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Figure S1b in the Supporting Information, Alexa 488-SA was
efficiently incorporated only into the RAW 264.7 cells, which
are phagocytic cells. Moderate cell incorporation was
observed with HeLa cells, and a very low degree of
incorporation occurred with SKBr3 and HUVEC cells, but
only at a very high concentration (3000 nm). This comparative
study showed that the FSNPs exhibited better cell perme-
ability than Alexa 488-SA, and this would allow for efficient
cell imaging in the cytoplasmic region.

Continuous excitation by light during cell imaging
revealed a high photostability of the FSNPs in the cytoplasmic
region of the cells. When cells stained with FSNP solution
(Figure 3a,b) or Alexa Fluor 488 (Figure 3c,d) were contin-
uously irradiated by 492 nm light, the fluorescence image
produced by the Alexa Fluor 488 dye completely disappeared
after 10 min, whereas the PL image of the FSNP-incorporated
cells still exhibited moderate intensity. This result indicates
that the FSNPs in live cells have a higher photostability than
Alexa Fluor 488, which is considered a superior alternative to
fluorescein owing to its brightness and photostability.

The photostability of FSNPs was quantitatively compared
to that of Alexa Fluor 488 by using a single-molecule
detection technique.[13] The total numbers of emitted photons
(TNEP) from individual FSNPs and from the Alexa dye were
measured and compared. For this experiment, every photo-
luminescent spot was continuously irradiated with 488 nm
laser light, and the PL intensity was monitored until it
dropped to background fluorescence levels. Then, the back-
ground fluorescence was subtracted and the PL intensity over
time was integrated quantitatively. A plot of occurrence
versus TNEP is shown in Figure 3e. The FSNPs emitted about
eight times more photons on average than Alexa Fluor 488.
This result means that FSNPs are about eight times more
stable than Alexa Fluor 488.

The cytotoxicity of FSNPs was tested with a water-soluble
tetrazolium salt (WST-1) assay, according to the standard
protocol.[14] Cell death or viability reduction was not observed
after the addition of the FSNPs to the cell culture solution, up
to a concentration of 100 mgmL�1 for 3 days (Figure 3 f). This
result confirms a recent report that observed no significant
cytotoxic effect of fluorescent SNPs at concentrations below
0.1 mgmL�1.[15] Because a cell image could be clearly
observed with 40 mgmL�1 FSNP solution (Figure 3a), the
assay results indicate that FSNPs can image live cells for a
long period of time without causing damage. Note that the
cytotoxicity of water-soluble quantum dots results in slow
damage to various cells up to a concentration of 100 mg mL�1

and that it induces cell death at a concentration of
200 mgmL�1.[16] FSNPs are therefore a novel photolumines-
cent material suitable for the bioimaging of live cells. They
offer high brightness, prolonged photostability, no blinking
behavior, and very low cytotoxicity.

It is surprising that FSNPs emit bright PL because neither
fullerene nor SNPs emit PL at a considerable intensity. To
deduce the origin of the bright PL, we analyzed the chemical
structure and composition of the FSNPs with several mea-
surement techniques. We compared the absorption spectra of
FSNPs and SNPs in ethanol solutions (Supporting Informa-
tion, Figure S4). The absorption spectrum of the FSNP had a

higher absorbance than that of the SNP over the whole
wavelength region. Furthermore, absorption bands at 225,
254, and 355 nm were observed only in the FSNP absorption
spectrum, although the intensities were very weak. These
bands can be attributed to the incorporated fullerenes whose
absorption peaks appear at 210, 254, and 326 nm in solution
(Supporting Information, inset of Figure S4). The band shift
indicates that the electronic energy levels of fullerene have
been altered by chemical-bond changes.

The FTIR spectrum of the FSNPs exhibited absorption
bands corresponding to aromatic C=C stretching (1509 cm�1),
C-O-Si (ns at 954, nas at 1070 cm�1), and Si-O-Si (d at 468, ns at
800, nas at 1080–1200 cm�1; Supporting Information, Fig-
ure S5). Although the absorption bands associated with Si
were also observed in the SNP spectra, the aromatic C=C
stretching band was observed exclusively in the FSNP
spectrum. In the X-ray photoelectron spectroscopic analysis,
the FSNPs showed three kinds of carbon peaks: C=C�C
(284.2 eV, 59 %), C�O (285.9 eV, 34%), and C(O)�O
(287.7 eV, 7 %). The X-ray photoelectron spectrum of the
SNPs also showed three carbon peaks for C=C�C (284.2 eV,
8%), C�O (285.9 eV, 64%), and C(O)�O (287.7 eV, 28 %;
Supporting Information, Figure S6 f). In the spectra of both
the FSNPs and SNPs, peaks at 104.0 (Si 2p) and 532.4 eV
(O 1s) corresponding to SiO2 were observed. We could not
find any peak at 100.4 eV in the X-ray photoelectron
spectrum of the FSNPs, which corresponds to the Si�C
bond, meaning that the fullerenic carbon was linked to the
silica network by oxide bonds such as C-O-Si.[17]

Elemental analysis (EA) was performed on the SNPs and
a series of FSNPs with various amounts of added C60 to
evaluate the fullerene content in the FSNPs. The carbon
contents in FSNPs increased with the fullerene concentration
in the microemulsion solution used for synthesis (Supporting
Information, Figure S7a). This result demonstrated that
fullerenes were incorporated into the silica network in a
dose-dependent manner, although the increase of carbon
content in the FSNPs was not linearly dependent on the
amount of added C60 as in the PL intensity measurement
(Figure 2c). The nonlinear dependence of carbon content on
the added C60 might be attributable to the difference in
nanostructures of carbon–oxygen–silica networks among
different batches of FSNPs. To assess the structural hetero-
geneity of carbon–oxygen–silica networks, thermogravimetric
analysis (TGA) was performed on the SNPs and the series of
FSNPs (Supporting Information, Figure S7 b). In the TGA
graph, the SNPs lost weight at a temperature of 100 8C for
water release, 453 8C for the release of unhydrolyzed ethyl
groups, and 560 8C for silanol group release. From this result,
the carbon content observed in the EA of SNPs could be
interpreted as resulting from the unhydrolysed ethyl groups
from the silica precursor. The TGA graph of the FSNPs also
exhibited weight loss behavior similar to that of the SNPs
below 560 8C. However, it showed an additional weight loss in
the range of 580 to 1200 8C; the TGA graph for the FSNPs was
stabilized over 1200 8C. This result indicates that fullerenic
carbon atoms linked with silica were incorporated into the
FSNPs.[18] The above results suggest that fullerene forms
chemical bonds with silica through a C-O-Si linkage, which is
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known to be a source of PL in the visible range.[19, 20] Structural
defects may form in the silicate network owing to the
insertion of carbon atoms from fullerene molecules.

As the nanoparticles underwent thermal decomposition at
1000 8C during EA, we compared the weight loss up to
1000 8C with the EA results. The weight loss was greater than
the carbon content, since the decrease in weight originated
not only from the carbon loss but also from the loss of solvents
and silanol groups. Although it was not highly linearly
dependent, the increase in weight loss correlated with the
increase in the amount of added C60 (Supporting Information,
Figure S7 c). Furthermore, the weight losses were linearly
dependent on the carbon content obtained by EA (Support-
ing Information, Figure S7 d). This result indicated that
nanostructural variation among different batches of FSNPs
gave rise to the increased uncertainty in the quantification of
carbon or thermally decomposable species. Since the EA and
TGA techniques used in these experiments were commonly
based on thermal decomposition, the two results could be
correlated with each other.

In summary, we have synthesized highly photolumines-
cent, fullerene-based SNPs by the reverse microemulsion
method. The nanoparticles were spherical with a homoge-
neous diameter of � 60 nm. These particles showed excellent
properties for bioimaging applications, such as high lumines-
cence, easy penetration into live cells, remarkable photo-
stability, and nontoxicity to cells. The origin of red PL from
the FSNPs might be defects formed in the silica network by
fullerenic carbon atoms. Although defects in the silica
network have previously been reported to be responsible
for PL in the visible wavelength region, this result is the first
to utilize the PL source as a bioprobe in the homogeneous
particulate form. Because the silica surface of FSNPs can be
easily modified with biomaterials, this novel material is an
excellent candidate for a live-cell imaging agent.

Experimental Section
C60 fullerene (99%) was purchased from SES Research (Houston,
TX, USA). All chemical solvents and reagents were purchased from
Sigma–Aldrich (St. Louis, MO, USA).

FSNPs were synthesized by the modified reverse microemulsion
method.[10] Various concentrations of C60 fullerene (0.5–4 mg in 2 mL
toluene) were added to microemulsion solutions composed of
cyclohexane (5 mL), hexanol (2 mL), distilled water (0.5 mL), and
Triton X-100 (1.7 mL). The pinkish solution turned a red-brown color
within 5 min after the injection of ammonium hydroxide (28 wt%,
60 mL) followed by TEOS (100 mL). The mixture was stirred for 20 h
to allow nanoparticle formation. Then ethanol (20 mL) was added to
stop the reaction, and the resultant particles were suspended in an
ethanol solution. The nanoparticle solution was centrifuged at
10000 rpm. After removal of the supernatant, the sediment was
resuspended in ethanol (20 mL) as a washing step. After two more
washing steps of centrifugation, supernatant removal, and resuspen-
sion in ethanol and one washing step with water resuspension, the
nanoparticles were dried overnight in an oven at 60 8C.

The size and structure of the FSNPs were analyzed by field-
emission SEM (FEI, Sirion, Netherlands) and TEM (JEOL, JEM
2100F, Japan) at accelerating voltages of 5 and 200 kV, respectively.
For measurement of the PL spectrum and the single-dot PL study,
light at 488 nm from an Ar+ laser (35 LAP 321, Melles Griot) was
used. A detailed description of the PL setup can be found else-

where.[13] The PL quantum yield of the FSNPs was determined by a
standard procedure based on the measurement of UV/Vis absorption
with a spectrophotometer (Beckman Coulter, DU-800, USA) and the
PL spectra with a spectrofluorometer (Perkin–Elmer, LS55, UK).
Images of live cells were acquired with a fluorescence microscope
(Applied Precision, DeltaVision, USA). To obtain IR spectra, each
sample was ground with KBr powder and the transmittance of each
resulting pellet was measured with an FTIR spectrophotometer
(Brucker Optics, IF66, USA). The high-resolution X-ray photo-
electron spectra were measured by using an X-ray photoelectron
spectroscope (ThermoVG, Sigma Probe, UK) with a resolution of
0.4 eV. The X-ray source was monochromatic AlKa. EA was per-
formed with an element analyzer (Thermo Finnigan, Italy), and
carbon contents were obtained by averaging the results of triplicate
measurements. TGA graphs were recorded with thermogravimetric
analyzers (Netzsch, TG209F3, Germany and Setsys 16/18, Setaram,
France).
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