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A simple approach for large-scale production of aqueous dispersions of fullerene C60 (nC60) with good stability was developed by
mixing a solution of crystalline fullerene in N-methylpyrrolidone (NMP) with water followed by exhaustive dialysis against water.
Addition of amino acids or sugars at low concentration before dialysis increases the stability of the dispersion. Measurement of the
size and j-potential of particles in nC60 showed that their average diameter is 100 nm and charge about –30 mV. IR spectra of the
dried dispersions showed the presence of a broadband characteristic for C��O bond. Changing the solvent NMP to pyridine does
not significantly affect the spectral characteristics of the resulting dispersion. Our data suggest that the fullerene molecule in nC60 is
associated with MP and water molecules, and obviously is partially hydroxylated. The proposed method is promising for the
preparation of aqueous solutions of endofullerenes.
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1. Introduction

Since the discovery of a preparative synthesis of the fullerene
C60 in 1990 (1), numerous C60-based compounds have been
synthesized and some of them appeared to display a pro-
nounced biological activity including antiviral, antibacterial,
antioxidant, neuroprotective and radioprotective ones (2–6).
This is attributable primarily to the unique structural and
electronic properties of the C60 molecule that represents itself
as a hydrophobic spherical cage with strong electron-acceptor
ability and polarizability. The behavior and properties of
aqueous fullerene dispersions are evidently of great interest
from the viewpoint of their use in biological research and
medical application. In particular, some studies have shown
that aqueous dispersions of pristine fullerene C60 are capable
of modulating a cytokine response and reduce an allergic
inflammation (7–9). Many researches showed that C60 has no
acute toxicity while the toxic effects sometimes observed
could be attributed partly to chemicals used for preparation
of C60 solutions (10). In particular, recent experiments carried
out on rats indicated that a fullerene aqueous dispersion

exhibited no chronic toxicity upon intragastrical routes of
administration, and no statistically significant differences in
hematological and biochemical parameters of control and
treated rats were found after single and multiple administra-
tions (11).

It is known that the crystalline fullerene (fullerite) is
completely not soluble in aqueous medium (final concentra-
tion is less than 0.1 ng/ml) without a special treatment
(12,13), and individual molecules of C60 are typically not
present in water. In this connection, a simple and mild
method for preparation of aqueous fullerene solutions has
been a challenge for chemists for more than 15 years. Till
date, well-known preparative procedures for production of
water fullerene dispersions are based on the transfer of
organic solution of C60 (in benzene, toluene or tetrahydrofu-
ran) into the aqueous phase by using ultrasound treatment or
long-term stirring or sonication in pure water and often com-
bined with grinding in mortar ((14–16), see review in (17)).
Other methods used include chemical attaching of hydro-
philic groups to the fullerene cage, in particular, hydroxyl-
ation of the latter resulting in fullerenol, and charge-transfer
complexation with hydrophilic polymers or surfactants (18).
It was found that aerobic conditions and, especially in the
presence of ozone, resulted in formation of epoxide on the
surface of fullerene nanoparticles thereby increasing their
hydrophylicity. However, the concentration of C60 solutions
prepared by this method is rather low (19).
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As a rule, aqueous fullerene-containing solutions (disper-
sions) have typically a color that ranges from yellow to red-
dish-brown depending on concentration, and C60 molecules
always assembled in hydrated negatively charged clusters
whose dimensions may vary over a wide range, from few up
to 1000 nm. The charge is known to play an important role
in stabilization of C60 dispersions, and changes in pH and
especially ionic strength can lead to the cluster aggregation
and precipitation of the fullerene material. It should be noted
that dried C60 dispersions irreversibly lose their solubility.
Relatively low yields of fullerene conversion from the crystal-
line state to the solution, a necessity for prolonged stirring/
sonication and heterogeneous process conditions, are the
main causes of poor reproducibility and high cost of these
methods. In addition, one of their drawbacks is that a sonica-
tion procedure used to accelerate C60 dissolution can some-
times lead to aggregate formation (20). On the other hand,
commonly used aromatic solvents and tetrahydrofuran are
toxic substances, and we do not know for certain whether
they are completely removed from the dispersions due to their
specific p-stacking and dispersion interaction with the C60

molecules (21,22).
In the present work, we describe a simple method for the

preparation of stable C60 nanodispersions (nC60) suitable for
its application in biomedical purposes. The protocol designed
includes a dissolution of crystalline fullerene in N-methylpyr-
rolidone (NMP), dilution of this solution with distilled water
or aqueous solution of an amino acid (or other low molecular
natural substance) used as a stabilizing agent (SA) with subse-
quent exhaustive dialysis against deionized water. Thus, the
protocol excludes the use of toxic organic solvents as well as
sonication, durable mixing, and heating, with all these opera-
tions being performed at room temperature.

2. Materials and Methods

2.1 Materials

Fullerene C60 (99.9%, SES Research, catalog 600–9969,
USA) and NMP (99%, Panreac) were used without further
purification; L-amino acids and other reagents were from
Fluka and Sigma-Aldrich; dialysis tubes 6–8 kDa were from
Spectra/Por (Spectrumlabs) and disposable sterile acetate
0.45 and 0.22 micron syringe filters (ArtChemicals.com) were
used for filtration of fullerene dispersions.

2.2 Aqueous Fullerene C60 Dispersions (nC60)

Twenty milligrams of crystalline C60 were dissolved in 25 ml
of NMP using a magnetic stirrer (up to 24 hr) and then the
resulting dark brown-purple solution was mixed with distilled
water (from 12.5 to 100 ml) or with a solution of 40 mg of
SA (see Table 1) in 100 ml of deionized water. The dark-red
transparent solution obtained was stirred for 1 hr and then
subjected to exhaustive dialysis (cutoff 6–8 kDa) against
deionized water (5 l £ 4 changes). The dialysis solution was
filtered through 0.45 mm filter resulting in a clear transparent
solution with brownish-yellow color (Figure 1). The ratio

NMP:H2O or SA solution can be varied from 1:2 to 1:10
without fullerene precipitation. The solutions prepared were
stored at 10�C protected from light.

2.3 Fullerene Extraction with Hexane from the nC60

(“Hexane Test”)

An aliquot (10 ml) of nC60 was mixed with 5 ml of n-hexane
by using vortex in a test tube for 1 hr. Then, the mixture was
left to settle for 30 min to allow a phase separation and there-
after the hexane phase was transferred to a quartz cell. The
C60 concentration in the extract was estimated on the basis of
its UV-VIS absorbance at 328 nm (e D 52.5 £ 10¡3 (23)).

2.4 Spectroscopy Measurements

UV-VIS absorption spectra were recorded on a double beam
spectrophotometer Cary 100 (Agilent Technologies) in the
range of 190–800 nm using a 1-cm quartz cell. Concentra-
tions of C60 solutions were measured using the Beer’s law and
the experimental calibration. A direct correlation between
the optical density and the concentration of C60 in the range
of 1–50 mg/l at 340 nm was established giving e340 D 46452.
Fourier-transformed infrared spectroscopy (FTIR) spectra
was recorded on a Bruker Alpha IR spectrometer (attenuated
total reflectance (ATR) measurements) using freeze-dried or
vacuum-dried samples of C60 dispersions or the samples pre-
pared from the C60 dispersions deposited on an ultrafiltration
membrane PLTK Dia NMWL 30 kDa (Millipore). In the
latter case, the spectrum of the sample on a membrane is sub-
tracted from one of the membranes. Mass spectra were
recorded on MicroflexTM LT MALDI-TOF (Bruker Dalton-
ics) using the samples taken as aqueous C60 solutions. Values
of relative peak intensity were obtained by measuring of peak
areas.

2.5 Size of Nanoparticles and j-Potential

Measurements of ξ-potential and nanoparticle sizes were per-
formed using dynamic light scattering (DLS) on a Zeta Sizer
Nano ZS instrument (Malvern Instruments, Worcestershire,
UK).

2.6 Electron Microscopy

Measurements were taken on a Transmission Electron
Microscope (TEM) equipped with a high-efficient autoemis-
sion cathode Libra 200 (Carl Zeiss) at an accelerating voltage
of 200 kV. For the TEM analysis (images and electron dif-
fraction pattern of selected areas) the nC60 dispersions
(»100 mg/ml) were applied on a copper grid SPI � with sup-
porting formvar-carbon film and then dried under air at
room temperature for 4 h. Prior to measurements, the sample
in holder (Model 655, Gatan) was exposed to vacuum for 2–
2.5 hr.
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3. Results

3.1 Preparation of Aqueous Fullerene Dispersion

In this work, we have select NMP as a suitable organic sol-
vent for initial dissolution of crystalline fullerene C60 (fuller-
ite) due to its high hydrophility and very low toxicity taking
into account the medical aspect (24). According to (25), a
solubility of C60 in NMP is approximately 0.8 mg/ml, and
in the very beginning of dissolution the solution has purple-
cherry color but after storage it turns brown-cherry. Our
first attempts to prepare an aqueous solution of C60 by using
prolonged stirring and sonication of a mixture of NMP solu-
tion with water appeared to be practically unsuccessful
because stability of the dispersion obtained significantly var-
ied from bath to bath as judged by the formation of the C60

precipitate, and the resulting C60 content was very low.
However, to our surprise, it was found that a saturated C60/
NMP solution can be diluted with water at almost any ratio
without formation of any sediment and further it can be dia-
lyzed against distilled water to form a clear stable solution.
The time required for complete dissolution of NMP may be
as much as 10–20 hr (upon stirring using magnetic plates)
and the resulting solution upon dilution with water can be
immediately dialyzed to remove NMP and any low molecu-
lar weight impurities (cutoff is 6–10 kDa). The volume of

water used for mixing with solution of C60 in NMP prior to
a dialysis significantly affects the final concentration of C60

and only to a slight extent the particle size in nC60. The
lesser the water, the higher the resulting concentration of
C60 but here there is a certain limit due to the osmotic pro-
cess. A maximal concentration of C60 in the solution pre-
pared amounted up to 170 mg/l (calculated e340 D 46,450)
at a volume ratio of NMP solution to water equal to 2:1. At
lower water content, the mixture becomes very muddy even
after dialysis. However, we found that the dialysis against a
concentrated solution of a high molecular polymer (e.g.,
dextran, polyvinylpyrrolidone) allowed a dramatic increase
in the concentration of fullerene in dialysate. Anther way to
increase the C60 concentration is vacuum evaporation; how-
ever, the maximum concentration that can be achieved with-
out formation of flocks is 800–850 mg/l. Our efforts to
concentrate the dispersion by ultrafiltration were unsuccess-
ful due to adsorption of fullerene on the membrane.

During mixing the NMP/C60 solution with water, we
observed a change in color of the resulting solution from
dark to green-brown and then to brown that may serve as an
indication of possible emergence of free radicals. The nC60

prepared after dialysis represents itself as a clear solution
with pH 5–6 and color from yellow to brownish-orange with
light opalescent indicating its colloid nature. This solution is
rather stable because no precipitation was observed even after

Table 1. Effect of stabilizing agent (SA) on the resulting C60 dispersion
a

SA Appearanceb SA Appearance

Ala, Leu, Tyr, Trp, Phe, Gly, Pro,
Met, Acpe, His, Gln, Thr, Arg-
Lys-Glu, L-Rhamnose, D-
Glucose, Glycerol, Tris (base),
PVP (10 kDa), PEG (1 kDa),
without SA

Transparent solution Asp, Glu, Arg, Lys/HCl, Lys, Cys,
Lys-Trp-Lys (KWL), spermine,
spermine/HCI,
polyethyleneimine, acetic acid,
benzoic acid, p-aminobenzoic
acid, succinic acid, gelatin, BSAd

Settleable aggregates

aSolution of C60 (20 mg) in NMP (25 ml) were diluted with 100 ml of deionized water or SA (20 mg in 100 ml of water) followed by exhausted dialysis against
deionized water.
dBSA—bovine serum albumin.
eAcp—e-aminocaproic acid.

Fig. 1. Aqueous fullerene dispersions (from left to right): nC60–Thr, nC60–Rhamnose, nC60–RKD (tripeptide), nC60–His, and
nGd@C82.

794 Andreev et al.
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at least 12 months storage at 10�C, and it easily passes
through microfilters.

As noted, our first experiments with the use of the previous
technique sometimes led to unstable solutions of C60 and
emergence of loose precipitates after dialysis. In this connec-
tion, we put forward the hypothesis that increased stability of
C60 in water may be reached by a weak noncovalent complex-
ation of fullerene to amphiphilic molecule, but without a sur-
factant, and in this case a good candidate for such a role may
be natural amino acids. It should be noted that recently pub-
lished theoretical calculations performed by other researchers
predict the possibility of such interaction (26). To select
potential stabilizing agents (SA), we checked the efficiency of
almost all natural amino acids (L-form) and a number of
other agents, as peptides, proteins, saccharides, organic acids,
and bases. Stock solution of C60 in NMP (0.8 mg/ml) was
diluted with aqueous solution of SA (0.4 mg/ml) at a volume
ratio of 1:4 and the resulting mixture exhaustively dialyzed
against deionized water. A list of SAs and some characteris-
tics of the dispersions obtained are given in Table 1 (designa-
tions: samples of fullerene dispersions prepared with SA are
denoted as nC60-SA, without SA as nC60). Different SAs
exhibited dramatically different effects: neutral and hydro-
phobic amino acids as well as saccharides all had a stabilizing
effect leading to formation of clear stable solutions (stability
was kept at least for 12 months), and their absorption spectra
contained the peaks typical for aqueous C60 dispersions
obtained by the solvent exchange procedure (Figure 1). At
the same time, all the substances bearing positive or negative
charges in aqueous media at neutral pH, such as basic and
acidic amino acids, organic acids, including even more hydro-
phobic aromatic acids, resulted in emergence of loose sedi-
ments during dialysis. The incorporation of SA exerted some
effect on particle size in nC60 evaluated as the degree of filter-
ability through microfilter (0.45 mm) by measuring of the
optical density (at 340 nm) before and after filtration. Use of
amino acids, such as Tyr, His, Thr, and Met resulted in the
dispersions with 100% passing.

3.2 Effects of pH and Electrolytes

The nC60 samples obtained after dialysis always had pH in
the range of 5.8–6.8, whereas if the pH dropped up to 3—4, a
marked formation of the precipitates began. This process,
however, was reversible because the increase in pH led to dis-
solution of the precipitates. At the same, increasing the ionic
strength with sodium chloride to concentrations of 10–

40 mM at neutral pH also led to aggregation, and the salt
concentration at which the precipitation started was depen-
dent on the nature of the SA (data not shown). These findings
allow us to conclude that the nC60 dispersions prepared
exhibited the behavior well known and typical for colloid sol-
utions of C60 (17,27,28).

3.3 Particle Size and Charge

A hydrodynamic particle size of six diluted C60 samples
(10 mg/ml) measured by DLS appeared to average between
100 and 120 nm with polydispersity index (PI) of 0.17–0.37
indicating that the latter depends on the SA used. The
ξ-potential measured for all nC60 samples was practically the
same, –28 mV, while the nC60–Ala particles exhibited slightly
more negative value (Table 2). It should be emphasized that
these parameters, namely size and ξ-potential, are very close
to the ones for C60 dispersions obtained by other methods
(13).

3.4 Elemental Analysis

Elemental analysis of some selected freeze-dried nC60s
(Table 3) showed the presence of nitrogen in all the samples
analyzed (about 1–2%) that is obviously explained by an
association of C60 and NMP molecules. This fact is also con-
firmed by the results of FTIR spectroscopy of dried nC60,
indicating that the band at 1650–1670 cm¡1 is apparently
related to the amide carbonyl group of NMP. Calculations
on the molar ratio of NMP to fullerene displayed the value
0.6–1.3, while a calculation of the ratio H2O to C60 based on
the hydrogen content gave values from 5 to10. However, it
must be noted that the presence of hydrogen in a sample may
also be associated with the hydroxylation, the difference
between the masses OH and H2O is minimal, and therefore in
Table 3 we present the ratio C60:H2O/OH. It also remains
unclear whether NMP is associated with all the C60 molecules
or only with these on the surface of C60 nanoparticles.

3.5 UV-VIS Absorption Spectra

Absorption spectra of all obtained nC60 samples are charac-
terized by three intense maxima at 219, 265, and 344 nm and
weak broadband between 400 and 500 nm, and they practi-
cally did not differ from those described by other authors
(17,31,32). Unlike spectral characteristics of C60 in hexane
(bands at 213, 257, and 328 nm and small sharp peak at

Table 2. The size and j-potential of selected nC60 measured by DLS method

nC60-SA Concentration mg/L Average size nm PDI jmV

nC60 10.8 103 0.177 ¡28.4
nC60-Ala 10.9 110 0.176 ¡36.0
nC60-rhamnose 10.7 124 0.172 ¡27.2
nC60-RKD 10.1 100 0.210 ¡27.3
nC60-His 10.0 112 0.377 ¡28.7
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405 nm (29)), the observed bands of nC60 are broader and less
intense (Figure 2) and, in addition, a peak at 407 was absent
and instead a broadband at 450 nm appears. According to
the opinion of some authors, the last peak may be caused by
the aggregation of C60 molecules (see review (17)). As noted
earlier, a disappearance of free fullerene molecules in solution
can be tested by the extraction of fullerene into the solvent
not capable of mixing with NMP, for instance, such as hex-
ane (20). In our case, the “hexane test” revealed the spectral
changes inherent in nonaggregated molecules of C60, namely
a blue shift of peak from 343 nm to 328 nm as well as emer-
gence of a weak band at 405 nm (Figure 2A) suggesting the
presence of some number (approximately 8% of total
amount) of single fullerene molecules in nC60. However, this
does not mean that these molecules are not associated with
the NMP. Such a conclusion follows from the fact that the
solution of C60 in NMP stored for 6 days and strongly diluted
with hexane displayed the spectrum practically analogous to
that of pristine C60 dissolved in hexane (data not shown). It is
evident that the C60 must interact with NMP forming the
charge-transfer complex (30) and the latter may most likely
be transferred into hexane.

3.6 FTIR

Figure 3 shows ATR-FTIR spectra of dried nC60 samples
prepared by freeze-drying or depositing on an ultrafiltration
membrane. For comparison, the spectra of crystalline C60

(finely milled in a mortar) and NMP are also shown. Two IR
vibration bands of free C60 molecules are clearly revealed in
all spectra as narrow peaks at 1182 and 1428 cm¡1 typical
for C–C bonds although these are partly overlapped by other
features. In addition, the spectra contain additional vibration
bands in the ranges 3500–3200 and 1650–1660 cm¡1 as well
as a broadband at 1000–1100 cm¡1 due to the obvious pres-
ence of O–H, C D O, and C–O groups, with the first two ones
referring to bound and residual free water and NMP, respec-
tively. At the same time, the presence in the spectra of the lat-
ter band is difficult to explain, for instance, they are unlikely
due to the presence of amino acids (SA) since the ninhydrin
test of nC60 samples were always negative. It should be noted,

Table 3. Elemental analysis of freeze-dried nC60 and estimated
content of NMP and H2O/OH

Dispersion N % E% =% Calculated molar ratio

NMP:C60 H2O/OH:C60

C60-Ala 1.89 73.93 2.13 1.31 6.84
C60-Thr 0.91 82.65 — 0.57 5.27
C60-rhamnose 2.33 75.05 1.43 1.60 4.51
nE60 1.75 77.27 1.50 1.29 10.22

Fig. 2. (A) UV-VIS absorption spectra of nC60 (red) and hexane
extract of nC60 (black); (B) absorption spectrum of nE60–Gln.

Fig. 3. FTIR spectra of crystalline C60 (A), freeze-dried nC60-His
(B) and d nC60-Thr (C) depositing on an ultrafiltration
membrane.

796 Andreev et al.
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namely this fact, that the obvious presence of OH groups,
had attracted special attention in an earlier work related to
studies of aqueous C60 dispersions (33). It was speculated
that the intense band at 1100 cm¡1 is caused by the presence
of alcohol groups at the surface of the C60 nanoparticles, but
the mechanism responsible for their origin needs clarification.
One of the possible proposed explanations is the oxidation
occurring at prolonged sonication of C60 suspension
(28,32,34). The acoustic cavitation phenomenon leads to col-
lapse of bubbles in a liquid medium due to the extremely high
temperatures (>5000 K) and pressures (>20 MPa), and
sonolysis of the water molecules to H and OH radicals
(35,36). However, in this work, though sonication or heating
is not used, nonetheless all the samples are characterized by
the presence of bands at 1000–1100 cm¡1. In addition, the
use of anerobic conditions (argon atmosphere) did not
change the spectral profile of the dried nC60 samples. Earlier
experiments on hydroxylation of fullerene catalyzed by qua-
ternary ammonium hydroxides showed that this reaction
presents as a very slow reaction in the absence of oxygen, but
even in this case (reaction under argon) it also produces full-
erol with 10 hydroxyl groups per C60 molecule (37). We sug-
gest that in our case, hydroxylation of fullerene also may
occur since the mass spectra of nC60 samples provided some
evidence for fullerene hydroxylation.

3.7 Mass Spectrometry

It is known that many fullerene-based adducts are thermally
unstable and hence there is a need for a mild ionization
method as a matrix-assisted laser desorption/ionization
(MALDI) which allows to identify molecular ions with mini-
mal fragmentation. Using this mode, we showed all the tested
samples have common patterns showing the C60 molecular
ion (m/z 720), dominant in all of the observed spectra. The
spectra showed no attachment of amino acids, at the same

time minor peaks were observed indicating the addition of
oxygen atoms and/or hydroxyl groups. Note that these small
peaks do not reflect impurities in starting substance since
they are absent in the spectrum of crystalline C60. Some of
these peaks appeared to be closely matched with the mass of
polyhydroxylated C60, as m/z 806–808 (C(OH)5), 907
(C(OH)11), 924 (C(OH)12), 1077 (C(OH)21) (Table 4). It is
noteworthy, there is certain regularity, and we see the peaks
that correspond to a certain amount of OH groups attached
to C60: 1, 5, 6, 7, 11, 12, and 21. Thus, the data obtained by
mass spectrometry and FTIR spectroscopy indicate,
although indirectly, that fullerene hydroxylation occurs. It
should be noted, that in the case of a high degree of hydroxyl-
ation, its UV spectrum would look like a smoothed curve and
also four strong characteristic bands would be visible in the
IR spectrum (at 3400, 1630, 1400, and 1080 cm¡1). There-
fore, we assume that the data perhaps indicate the hydroxyl-
ation of C60 molecules lying only in the surface layer of
nanoparticles.

3.8 Transmission Electron Microscopy (TEM)

TEM images of dried nC60s are shown in Figure 4 (A, B, C,
D). Large agglomerates of about 500 nm consisting of small
particles with the size of about 20 nm were observed. Their
microstructure appears to be similar to that of dried amor-
phous gels but there are the areas containing the orderly
packed C60 structures as evidenced by the diffraction images,
their size varies from 2–5 to 150–200 nm (data not shown).
However, we do not know yet, whether fullerene crystals are
present initially in nC60 dispersions or they are formed during
sample preparation as a result of drying solutions on carbon
grid. However, taking into account the information accumu-
lated on aqueous C60 dispersions, we assume that the disper-
sions obtained in this work initially contain the particles with
ordered arrangement of C60 molecules.

Table 4. List of prominent peaks in mass spectra of nC60 dispersions

Sample Supposed structure Observed mass Predicted mass Relative peak intensity %

nC60 C60 720.0 720 100
C60(OH)1 736.9 737 14.6
C60(OH)5 806.7 805 13.8
C60(OH)6 823.5 822 13.8
C60(OH)7 839.5 839 16.9

C60 720 720 100
C60(OH)1 736.9 737 11.5
C60(OH)5 806.7 805 11.9
C60(OH)11 906.7 907 9.7
C60(OH)12 923.4 924 32.5

nC60-Gln C60 720 720 100
nC60-Tyr C60(OH)5 806.5 805 38.3

C60(OH)6 822.4 822 22.3
C60(OH)11 906.5 907 82.9
C60(OH)12 923.3 924 147
C60(OH)21 1076.0 1077 14.6
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3.9 Effect of NMP Replacement

It should be noted that the role of NMP in the nC60 forma-
tion is not entirely clear, and we would like to explore
whether the replacement of NMP to another solvent, but
oxygen-free, can lead to C60 dispersion with similar proper-
ties. With this in mind, we chose pyridine as the good solvent

(solubility for C60 is »0.3 mg/ml) to prepare nC60 using the
same protocol as described earlier for NMP. Note, earlier it
was shown that the fullerene dissolved in pyridine/water mix-
ture forms monodispersive chemical inert 30 nm nanopar-
ticles, and the absorption spectrum of the freshly prepared
C60/pyridine solution is almost identical to that of C60 in n-
hexane (38).

Fig. 4. TEM images of nC60 dispersions dried on a copper grid: (A) nC60, (B) nC60–His , (C) nC60–His, (D) nC60–RKD.

Fig. 5. UV-VIS (A) and FTIR (B, freeze-dried dispersion) spectra of nC60 obtained after dialysis of C60 solution in water/pyridine
mixture.
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The aqueous dispersion prepared by us by using pyridine
represented a yellow strongly opalescent solution (nC60/Pyr).
Its absorption spectrum (Figure 5) was very similar to that of
nC60 described earlier but there was a slight red shift at about
5–6 nm. The FTIR spectrum showed sharp peaks character-
istic for C60 (1428, 1182, 576, and 525 cm¡1) and additive
peaks at 2921, 2849 (C-H modes), low intensive broadband
at 1500–1700, and more intensive band at 1000–1150 cm¡1

with distinguished peaks at 1097 and 1043 cm¡1 (Figure 5B).
Its mass spectrum, besides a main peak at 720, displayed
minor peaks, which could be interpreted as products of C60

hydroxylation, C60(OH)11 and C60(OH)12. These observa-
tions suggest that C60 dispersions prepared for the dialysis
method were similar and apparently did not depend on the
structure of the organic solvent.

4. Discussion

This work suggests a new attainable and financially viable
approach to produce stable aqueous fullerene solutions with-
out the need for ultrasonic treatment and suitable for bio-
medical applications. The method is evidently also suitable
for preparation of higher fullerene and endofullerene aqueous
solutions.

The solvent used NMP which is known to have low toxic-
ity by oral, dermal, and inhalation routes. In medicine, it has
a long track record as a constituent in medical devices
approved by the European Commission and FDA and thus
can be considered as safe (39). Importantly, the exposure of
nC60 at 100�C for 1 hr did not lead to any noticeable visual
changes except that of a slight reduction in the size of par-
ticles in nC60 (data not shown). On the other hand, freezing
and thawing of nC60 samples leads to sedimentation.

According to our findings, natural amino acids and some
other substances (SA) possess certain stabilizing effect on C60

dispersion, although the essence of stabilization mechanism is
not known. It is possible that they in some way affect the C60

cluster reorganization in C60 dispersion. Based on the spectral
and elemental analyses, we can speculate that the process
underlying C60 solubilization can involve a formation of the
complexes of C60 molecules or their clusters with NMP fol-
lowed by partial hydroxylation of the nanoparticle surface
that is capable of stabilizing the nC60 aggregates. It is also
obvious that these aggregates were surrounded by a firmly
bound water envelope; the water is not removed on drying
under high vacuum. The bond between C60 and NMP has a
noncovalent character as evidenced by the results obtained
by absorption, fluorescent, and electrooptical spectroscopy
(30), while both NMR data and theoretical calculations pro-
vided evidence for the formation of the donor–acceptor bond
between the NMP keto-group and the fragment of a C60 mol-
ecule (40). In addition, the C60/NMP complex extracted
from the solution and dissolved in methylene chloride was
found to be characterized by all the features inherent in the
C60 absorption spectrum which confirms a noncovalent link-
age of fullerene in its new electronic state and also exhibits
additional peaks at 435 and 460 nm typical for another
donor–acceptor complex of C60 with the polymeric analog of

NMP, PVP (30). Some theoretical calculations showed that
fullerene C60 may attach covalently saturated molecules,
including H2O molecules, even in the absence of photoactiva-
tion, and this process can take place under mild conditions
due to the lowering of the energy barrier at the six-membered
transition state involving two molecules of water (41).

Acknowledgments

The authors thank Prof. Lebedev V.T.(Konstantinov Institute
of Nuclear Physics, St. Petersburg) for providing Gd@C82

sample and Dr. O. Maksimenko (Nanosystem Ltd., Moscow)
for providing DLS measurements. TEM studies were con-
ducted on the equipment purchased under the Development
Program of Lomonosov Moscow State University.

Funding

This work was supported by grant #14.604.21.0059
(RFMEFI60414X0059) from the Ministry of Education and
Science of Russian Federation.

References

1. Kratschmer, W., Lamb, L. D., Fostiropoulos, K., and Hoffman, D.
R. (1990) Solid C60: a new form of carbon. Nature, 347: 354–356.

2. Bianko, A., Da Ros, T., Prato, M., and Toniolo, C. (2001) Fuller-
ene-based amino acid and peptides. J. Pep. Sci., 7(4): 208–219.

3. Bosi, S., Da Ros, T., Spalluto, G. and Prato, M. (2003) Fullerene
derivatives: an attractive tool for biological applications. Eur. J.
Med. Chem., 38: 913–923.

4. Pantarotto, D., Briand, J. P., Prato, M. and Bianco, A. (2004)
Translocation of bioactive peptides across cell membranes by car-
bon nanotubes. Chem. Commun., 1: 6–17.

5. Piotrovskii, L. B. and Kiselev, O. I. (2006) Fullerenes in Biology. St.
Petersburg: Rostok, in Russian.

6. Gilmore, J. L., Yi, X., Quan, L., and Kabanov, A. V. (2008) Novel
nanomaterials for clinical neuroscience. J. Neuroimmune Pharma-
col., 3(2): 83–94.

7. Dellinger, A., Zhou, Z., Lenk, R., MacFarland, D., Conrad, D.,
and Kepley, C. L. (2009) Fullerene nanomaterials inhibit phorbol
myristate acetate-induced inflammation. Exp. Derm., 18(12): 1079–
1081.

8. Satoh, M., Matsuo, K., Kiriya, H., Mashino T., Hirobe, M., and
Takayanagi, I. (1997) Inhibitory effect of a fullerene derivative,
monomalonic acid C60, on nitric oxide-dependent relaxation of
aortic smooth muscle. Gen. Pharmacol., 29(3): 345–351.

9. Roursgaard, M., Poulsen, S. S., Kepley, C. L., Hammer, M., Niel-
sen, G. D., and Larsen, S. T. (2008) Polyhydroxylated C60 fullerene
attenuates neutrophilic lung inflammation in mice. Basic Clin. Phar-
macol. Toxicol., 103(4): 386–388.

10. Gharbi, N., Pressac, M., Hadchouel, M., Szwarc, H., Wilson, S. R.,
and Moussa, F. (2005) [60] Fullerene is a powerful antioxidant in
vivo with no acute or subacute toxicity. Nano Lett., 5(12): 2578–
2585.

11. Hendrickson, O. D., Morozova, O. V., Zherdev, A. V., Yaropolov,
A. I., Klochkov, S. G., Bachurin, S. O., and Dzantiev, B. B. (2015)
Study of distribution and biological effects of fullerene C60 after
single and multiple intragastrical administrations to rats. Full.,
Nanotubes Carbon Nanostruct., 23(7): 658–668.

Study of Fullerene Aqueous Dispersion Prepared by Novel Dialysis Method 799

D
ow

nl
oa

de
d 

by
 [

N
ew

 Y
or

k 
U

ni
ve

rs
ity

] 
at

 0
2:

31
 2

3 
M

ay
 2

01
5 



12. Ruoff, R. S., Tse, D. S., Malhotra, R., and Lorents, D. C. (1993)
Solubility of fullerene (C60) in a variety of solvents. J. Phys. Chem.,
97: 3379–3383.

13. Bezmel’nitsyn, V. N., Eletskii, A. V., and Okun’, M. V. (1998) Full-
erenes in solutions. Phys. Usp., 41: 1091–1114.

14. Deguchi, Sh. and Mukai, S. A. (2006) Top-down preparation of dis-
persions of C60 nanoparticles in organic solvents. Chem. Lett.s, 35
(4): 396–397.

15. Andrievsky, G. V., Kosevich, M. V., Vovk, O. M., Shelkovsky, V.
S., Vashcenko, L. A. (1995) On the production of an aqueous colloi-
dal solution of fullerenes. J. Chem. Soc., 12: 1281–1282.

16. Mchedlov-Petrossyan, N. O. (2010) Fullerene C60 solutions: colloid
aspect. Chem. Phys. Technol. Surf., 1(1): 19–37.

17. Mchedlov-Petrossyan, N. O. (2013) Fullerenes in liquid media: an
unsettling intrusion into the solution chemistry. Chem. Rev., 113(7):
5149–5193.

18. Torresa, V. M., Posac, M., Srdjenovicc, B., and Simplicioa, A. L.
(2011) Solubilization of fullerene C60 in micellar solutions of differ-
ent solubilizers. Colloids Surf. B: Biointerfaces, 82: 46–53.

19. Murdianti, B. S., Damron, J. T., Hilburn, M. E., Maples, R. D.,
Koralege, H. R. S., Kuriyavar, S. I., and Ausman, K. D. (2012) C60

oxide as key component of aqueous C60 colloidal suspensions.
Environ. Sci. Technol., 46: 7446–7453.

20. Avdeev, M. V., Aksenov, V. L., and Tropin, T. V. (2010) Models of
cluster formation in solutions of fullerenes. Russ. J. Phys. Chem. A,
84: 1273–1283.

21. Konarev, D.V., Litvinov, A.L., Kovaltvsky, A.Yu., Drichko, N.V.,
Coppens, R.N., and Lubovskaya, R.N. (2003) Molecular com-
plexes of fullerene C60 with aromatic hydrocarbons: crystal struc-
tures of (TPE)2C60 and DPA¢C60. Synth. Metals, 133–134: 675–
677.

22. Shukla, M. K. and Leszczynski, J. (2009) Fullerene (C60) forms sta-
ble complex with nucleic acid base guanine. Chem. Phys. Lett., 469:
207–209.

23. Bemasson, R. V., Bienvenue, E., Dellinger, M., Leach, S., and
Setat, P. (1994) C60 in model biological systems. A visible-UV
absorption study of solvent-dependent parameters and solute aggre-
gation. J. Phys. Chem., 98: 3492–3500.

24. N-Methyl-2-pyrrolidone. (2001) World Health Organization, the
collective views of an international group of experts. http://www.
who.int/ipcs/publications/cicad/en/cicad35.pdf

25. Semenov, K. N., Charykov, N. A., Keskinov, V. A., Piartman,
A. K., Blokhin, A. A., and Kopyrin, A. A. (2010) Solubility of
light fullerenes in organic solvents. J. Chem. Eng. Data, 55: 13–
36.

26. de Leon, A., Jalbout, A. F., and Basiuk, V. A. (2008) Fullerene–
amino acid interactions. A theoretical study. Chem. Phys. Lett.,
452: 306–314.

27. Mchedlov-Petrossyan, N. O. (2011) Fullerenes in molecular
liquids. Solutions in “good” solvents: another view. J. Mol.
Liquids, 161: 1–12.

28. Chen, K. L., Smith, B. A., William, P. B., and Fairbrother, D. H.
(2010) Assessing the colloidal properties of engineered nanopar-
ticles in water: case studies from fullerene C60 nanoparticles and
carbon nanotubes. Environ. Chem., 7: 10–27.

29. Bensasson, R. V., Bienvenue, E., Dellinger, M., Leach, S., and Seta,
P. (1994) C60 in model biological systems. A visible-UV absorption
study of solvent-dependent parameters and solute aggregation. J.
Phys. Chem., 98: 3492–3500.

30. Yevlampieva, N. P., Biryulin, Yu. F., Melenevskaja E. Yu., Zgon-
nik, V. N., and Rjumtsev, E. I. (2002) Aggregation of fullerene C60

in N-methylpyrrolidone. Colloids Surf. A, 209: 167–171.
31. Andrievsky, G. V., Klochkov, V. K., Karyakina, E. L., and Mched-

lov-Petrossyan, N. O. Studies of aqueous colloidal solutions of ful-
lerene C60 by electron microscopy. Chem. Phys. Lett., 300: 392–396

32. Pospí�sil, L., G�al, M., Hromadov�a, M., Bulí�ckov�a, J., Kolivo�ska,
V., Cva�cka, J., Nov�akov�a, K., Kavan, L., Zukalov�a, M., and
Dunsch, L. (2010) Search for the form of fullerene C(60) in aqueous
medium. Phys. Chem. Chem. Phys., 12(42): 14095–14101.

33. Labille, J., Masion, A., Ziarelli, F., Rose, J., Brant, J., Villieras, F., Pel-
letier, M., Borschneck, D., Wiesner, M. R., and Bottero, J. Y. (2009)
Hydration and dispersion of C60 in aqueous systems: The nature of
water-fullerene interactions.Langmuir, 25(19): 11232–11235.

34. Chen, K. L., and Elimelech, M. (2009) Relating colloidal stability
of fullerene (C60) nanoparticles to nanoparticle charge and electro-
kinetic properties. Environ. Sci. Technol., 43: 7270–7276.

35. Avivi, S., Mastai, Y., and Gedanken, A. (2000) A new fullerene-like
inorganic compound fabricated by the sonolysis of an aqueous solu-
tion of TlCl3. J. Am. Chem. Soc., 122(18): 4331–4334.

36. Suslick, K. S., Hammerton, D. A., and Cline, R. E. (1986) The
sonochemical hot spot. J. Am. Chem. Soc., 108(18): 5641–5642

37. Li, J., Takeuchi, A., Ozawa, M., Li, X., Saigo, K., and Kitazawa,
K. (1993) Fullerol formation catalyzed by quaternary ammonium
hydroxides. J. Chem. Soc., Chem. Commun., 23: 1784–1785.

38. Mrzel, A., Mertelj, A., Omerzu, A., Copic, M., and Mihailovic D.
(1999) Investigation of encapsulation and solvatochromism of full-
erenes in binary mixtures. J. Phys. Chem. B., 103: 1256–1260.

39. Opinion on NMP. Scientific Committee on Consumer Safety (2011)
http://ec.europa.eu/health/scientific_committees/consumer_saf
ety/docs/sccs_o_050.pdf

40. Karpenko, O.B., Trachevskij, V. V., Filonenko, O. V., Lobanov, V.
V., Avdeev, M. V., Tropin, T. V., Kyzyma, O. A., and Snegir, S. V.
NMR study of non-equilibrium state of fullerene C60 in N-methyl-
2-pyrrolidone. Ukr. J. Phys., 8: 860–863.

41. Shestakov, A. F. (2008) Reactivity of fullerene C60. Russian J. Gen.
Chem., 78(4): 811–821.

800 Andreev et al.

D
ow

nl
oa

de
d 

by
 [

N
ew

 Y
or

k 
U

ni
ve

rs
ity

] 
at

 0
2:

31
 2

3 
M

ay
 2

01
5 

http://www.who.int/ipcs/publications/cicad/en/cicad35.pdf
http://www.who.int/ipcs/publications/cicad/en/cicad35.pdf
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_050.pdf
http://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_050.pdf

