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Solubilization of [60]fullerene in water is a major challenge for bio-
logical and medical applications. To this purpose in this communi-
cation we describe for the first time a new dispersing system based
on a peptide topological template. The presence of two carboben-
zyloxy groups on the peptide side chains allows n—=n interactions
with [60]fullerene leading to the formation of stable supramolecu-
lar nanocomposites by means of mechanochemical methods. In
particular, by high speed vibration milling colloidal dispersions
(mean particle diameter 63 nm) containing up to 1.3 mg mL™! of
[60]fullerene were obtained. Its presence in water was verified
through UV-Vis and MALDI-TOF measurements, while its concen-
tration was determined by thermogravimetric analysis.

After the discovery of [60]fullerene, the third allotropic form
of carbon, many scientists were attracted by this fascinating
spherical cage and the challenge to study and exploit its pro-
perties in different scientific areas. Pristine fullerene is an
excellent electron acceptor extensively used in organic solar
cells.>? On the other hand, it also plays an important role in
biological and medical applications as an enzyme inhibitor,
an antiviral agent or for DNA cleavage and photodynamic
therapy.”® However, the use of the buckyball in these fields
has been hampered by its poor solubility in water. On the
basis of this, there have been several attempts to overcome the
natural hydrophobicity of [60]fullerene. One of the possible
strategies is the dispersion of [60]fullerene in the form of
aggregates (nCgp). It has been suggested that colloidal disper-
sions of nCg, in water may be the main form of fullerene in
aquatic systems,’ therefore, toxicity and biological studies
using these dispersions are of high importance. Stable col-
loidal dispersions of [60]fullerene can be obtained by the so-
called solvent exchange method in which [60]fullerene is trans-
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ferred from THF, acetone or toluene into water.'? These
methodologies led in general to traces of these highly toxic
organic solvents in the aqueous solution; only in one report
THF traces could be eliminated by gamma irradiation,” and
therefore are not suited for biological or medical applications.
Sonication'"” or stirring in water'® for long periods of time,
weeks or even months, without the addition of any organic
solvent has been performed, but as in the solvent-exchange
method, the concentration of fullerene achieved in the col-
loidal solution is very low. Covalent functionalization with suit-
able hydrophilic substituents leads to water-soluble fullerene
derivatives,'” but disruption of the r-system may modify its
properties and consequently the biological activity. For this
reason, non-covalent approaches have been attempted. In par-
ticular, complexation of [60]fullerene with host molecules,
such as y-cyclodextrin, calixarene, cucurbituril and so on, has
been proposed for molecular solutions of [60]fullerene.'®"’
However, these hosts are expensive and difficult to synthesize
and, on the other hand, for biological and medical appli-
cations the use of biocompatible molecules is highly desirable.
Stable dispersions of [60]fullerene have been obtained using
biocompatible molecules to stabilize the aggregates, as carbo-
hydrates®® and proteins.”" In this context, we have recently
reported a lysine-based hydrogelator which is able to solubilize
[60]fullerene, multi-walled carbon nanotubes (MWCNTSs) and
graphene in water via a mechanochemical approach.*” In this
hydrogelator the presence of two 9-fluorenylmethoxycarbonyl
(Fmoc) groups ensured n—n interactions with [60]fullerene and
two free amines ensured the solubility in water. Stable col-
loidal dispersions of [60]fullerene aggregates were obtained at
a concentration of 0.8 mg mL ™.

In this communication we report the dispersion of [60]full-
erene in water through non-covalent functionalization with a
cyclic decapeptide 1 (Fig. 1a). Peptide 1 has been inspired by
the peptide topological templates described by Mutter.”>>*
These templates present two distinct spatially independent
functional domains: four side chains are pointing outwards
one face of the cyclic molecule and other two are pointing to
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the opposite face. In our case, one domain will be used to
interact with [60]fullerene, and the other domain to control
the solubility.

Decapeptide 1 contains six lysines (K) and two Pro-Gly (P-G)
B-turns arranged in a f sheet secondary structure (Fig. 1a). The
amino group of the side chain is in its free form in the case of
the four lysines of one spatial domain, while it is carbobenzyl-
oxy-protected in the case of the two lysines belonging to the
spatial domain of the opposite face. The four free amino
groups act as hydrophilic functionalities and the two carbo-
benzyloxy groups (Z) as functional ligands for n—r interactions
with [60]fullerene.

Standard Fmoc mediated solid phase peptide synthesis
(SPPS) protocols were used to synthesize the linear deca-
peptide 2, which was then cyclized using (benzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate (pyBOP) as
the coupling reagent (for details see ESIf). Finally, treatment
with trifluoroacetic acid (TFA) removed the tert-butyloxycarbo-
nyl (Boc) groups to give 1. The structure of 1 was confirmed by
NMR, IR and MS (see ESIt). Peptide 1 proved to be soluble in
water at acidic and neutral pH of up to 20 mg mL™". At this
concentration, when NaOH (1 M) was added, a transparent
stable hydrogel was obtained. Transmission electron microscopy
(TEM) images of the xerogel showed the formation of stripes of
up to 4 um long (Fig. 1b). We can presume that in these stripes
the molecules are arranged in a fB-sheet like hydrogen bond
intermolecular network where the hydrophobic part of the mole-
cule is buried inside the supramolecular structures, whereas the
hydrophilic part should be in contact with the solvent.

With the aim to compare different methodologies, the 1/Cq
nanocomposites were obtained by sonication in water, manual
grinding and high speed vibration milling (HSVM). Sonication
in water has been traditionally used to obtain inclusion com-
plexes of [60]fullerene with different hosts,”® whereas the
mechanochemical methodologies are less usual but had
demonstrated their utility in covalent and non-covalent
functionalization of the highly insoluble carbon nano-
structures.”® We applied a high-power sonication tip for 1 hour
on a suspension of [60]fullerene and 1 in mmQ water (0.3 mL
mg ™' Cgp). The resulting mixture was then centrifuged first at
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(a) Structure of 1. (b) TEM images (uranyl stained) of the xerogel obtained from 1.

4000 rpm to remove insoluble parts and then at 14 000 rpm to
eliminate larger aggregates. Finally, it was filtered through a
45 pm membrane. In the manual grinding methodology the two
solids were grinded in an agate mortar for 20 min, whereas in
the case of the HSVM the solids were placed in a stainless-steel
milling cup with five stainless-steel mixing balls and milled at
a frequency of 30 Hz for 10 minutes. The resulting solids were
suspended in mmQ water (0.3 mL mg~" Cg,), stirred for 1 h at
room temperature and then treated as described above. In a
first set of experiments a 1/Cg, ratio = 2: 1 was used, but most
of the [60]fullerene remained insoluble. However, using a 4: 1
ratio colored solutions were obtained, indicating the presence
of fullerene in water. We obtained a reddish-amber solution
for the HSVM sample, gold-amber for the manual grinding
sample and pale yellow for the sample obtained using soni-
cation (Fig. 2a). The difference in the color intensity indicates
qualitatively that the sample obtained from HSVM displays the
higher concentration of [60]fullerene.

The presence of fullerene in the solutions was further con-
firmed by UV-Vis spectroscopy. The absorption spectra of the
samples obtained by mechanochemical methods clearly show
three new absorption maxima at 262, 341 and 434 nm plus a
weak absorption at 622 nm (Fig. 2a). This profile is similar to
those reported previously for fullerene aggregates (nCg) dis-
persed in water and indicates that the fullerene cage has
remained chemically intact during the process.”’”®* MALDI-TOF
experiments showed only the peak of [60]fullerene at m/z 720
(Fig. 2b and Fig. S20, S21 in the ESIY), further confirming that
no chemical modifications have taken place during the process.

The concentration of [60]fullerene in the solutions was
determined by thermogravimetric analysis (TGA) from the rela-
tive lyophilized samples. In all cases three main weight losses
at 186, 268 and a last one from 545 to 700 °C (TGA analysis
under nitrogen) were observed: the first two losses are attribu-
ted to the cyclic decapeptide while the third one includes also
a weight loss due to the degradation of fullerene (Fig. 3 and
Fig. S18, S19 in the ESIf). Comparing with the TGA data of 1
alone, the results indicate that we were able to solubilize 1.3,
0.7 and 0.1 mg mL™" of Cg, by HSVM, manual grinding and
the sonication procedure, respectively. Therefore HSVM with
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(a) UV-Vis spectra of aqueous solutions of 1 (black) and 1/C¢o nanocomposites obtained by HSVM (red), manual grinding (blue) and soni-

cation (pink). Inset: picture of the solutions obtained by HSVM (a), manual grinding (b) and sonication (c). (b) MALDI-TOF mass spectrum of the solu-

tion obtained by HSVM.

100
90
80
70
60
50 1
40
30
20
10

—— [60]fullerene

Weight (%)

T T 1
400 600 1000

Temperature (°C)

T
200 800

Fig. 3 TGA analysis (under a nitrogen atmosphere) of [60]fullerene, 1
and the 1/Cgq solution obtained by HSVM.

peptide 1 allows us to obtain the higher concentration of
[60]fullerene and our procedure is far superior to other
methods reported to date in the literature for the dispersion of
[60]fullerene in the form of aggregates.'* 220>

The non-covalent interaction between decapeptide 1 and
[60]fullerene was confirmed by circular dichroism (CD) spec-
troscopy. In the CD spectra weak Cotton effects could be
observed in the absorption region of fullerene indicating a
transfer of chirality from the chiral decapeptide to the
“achiral” fullerene due to a close interaction (Fig. 4). It is most
likely that the non-covalent interaction between 1 and [60]full-
erene consists mainly of n-n interactions between the n-cloud
of fullerene and the aromatic Z group of the peptide.

Particle size of nCg, aggregates has been proved to affect
strongly the biological properties of its dispersions.’®*° For
this reason we investigated the particle size of the dispersions
obtained by HSVM by dynamic light scattering (DLS), a well-
established technique used to determine the size of proteins,
micelles and nanoparticles in solution. In Fig. 5 we report
our results on the size distribution of the solution obtained by
HSVM before and after centrifugation at high speed (14 000 rpm,
5 min). An opaque solution was obtained upon centrifugation
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Fig. 4 CD spectra of aqueous solutions of peptide 1 (dotted line) and
1/Cgo obtained by HSVM (solid line).

at 4000 rpm that showed two different populations of nano-
particles in the intensity distribution (Fig. 5A). An additional
centrifugation at 14 000 rpm removed the larger aggregates
leading to a transparent solution that showed a single popu-
lation of aggregates with a mean particle size of 63 nm that is
smaller than those reported in the literature for dispersions of
Ceo in water obtained by solvent-exchange methods.*® Further
centrifugation cycles did not cause any change in the DLS
measurements. TEM images showed the presence of aggregates
of spherical shape with diameters ranging from 20 to 60 nm
(Fig. 6), confirming DLS measurements.

Recently, different authors have shown that in colloidal dis-
persions of nCg, the spectral properties of the dispersions
depend on the particle size of the nCg, aggregates.'>>*! In
particular, the position of the band found at 330-360 nm is a
linear function of the hydrodynamic diameter (Z,.). From the
different equations reported in the literature, eqn (1) obtained
by Deguchi et al. for colloidal dispersions of nCe, with particle
size between 30 and 200 nm stabilized by surfactants™ is the
most appropriate, since the system used by the authors is the
one resembling better the conditions presented in this paper.

(1)

Amax (360) = (0.065 + 0.009) Zuy + (337.1 + 1.4)

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 DLS of the aqueous solutions of 1/C¢o nanocomposites obtained by HSVM: (a) upon centrifugation at 4000 rpm, (b) upon centrifugation at

14 000 rpm.

Fig. 6 TEM images of the colloidal dispersion of 1/Cgg obtained by HSVM.

Introducing in this equation the mean particle size value
observed by DLS (63 nm) a predicted value of 341.1 nm is
obtained for Ay.x (360), which is in complete agreement with
the experimental value found by UV-Vis spectroscopy (341 nm).

The zeta potential measured by DLS for the colloidal dis-
persion obtained by HSVM had a positive value of 24.7 mV,
which demonstrates the formation of positively charged sur-
faces around the nCq, aggregates by peptide 1.

This journal is © The Royal Society of Chemistry 2015

Another important factor for biological and medical appli-
cations is the stability of the dispersion of [60]fullerene aggre-
gates. The high value of zeta potential is the first indication of
the high stability of the dispersion, as at large zeta potential
values the electrostatic repulsions should prevent further
aggregation of the nCg, nanoparticles. We were delighted to
find that solutions were stable for months (at least two
months) on storage at room temperature and no precipitation
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of any solids was observed. The mean particle size of the aged
solutions found by DLS measurements was similar to the one
encountered for the freshly prepared samples, hence no aggre-
gation of the nanoparticles occurred on time. Moreover, the
solutions could be lyophilized and the resulting powders could
be stored at room temperature for weeks and then re-dissolved
in water without aggregation or precipitation and no significant
changes were observed in DLS measurements (see Fig. S22 in
the ESIt). Dispersions were stable in physiological solution, and
no precipitation was observed in the presence of 1% NaCl even
after 24 h of the addition of salt. Due to the presence of four
charged ammonium groups we expected the solutions to be
sensitive to pH changes. The dispersions were stable at neutral
and acidic pH. In contrast, addition of the base leads to the pre-
cipitation and not to the hydrogel formation as observed for
peptide 1 alone. This is probably due to a concentration lower
than 20 mg mL™" of peptide in the 1/Cg, solutions.

In conclusion, we have synthesized a cyclic decapeptide 1
and, using high speed vibration milling, we were able to
obtain efficiently water soluble 1/C¢, nanocomposites without
the aid of organic solvents. Highly homogeneous dispersions
of [60]fullerene aggregates in water with concentrations of up
to 1.3 mg mL™" were achieved when a 1/Cg, ratio 4:1 was
used. We are currently working on the use of the colloidal dis-
persions of [60]fullerene obtained in this work in biological
and medical applications, as appropriate functionalization of
the topological template could allow the introduction of recog-
nition sites or any other functionality of interest.
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