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We report on the effect of fullerenes (C60) on the stability of nanostructured lipid emulsions. These (oil-
in-water) emulsions are essentially aqueous dispersions of lipid particles exhibiting self-assembled
nanostructures at their cores. The majority of previous studies on fullerenes were focused on planar
and spherical lipid bilayer systems including pure lipids and liposomes. In this work, fullerenes were
interacted with a lipid that forms nanostructured dispersions of non-lamellar self-assemblies. A range
of parameters including the composition of emulsions and sonication parameters were examined to
determine the influence of fullerenes on in-situ and pre-stabilized lipid emulsions. We found that fullere-
nes mutually stabilize very low concentrations of lipid molecules, while other concentration emulsions
struggle to stay stable or even to form at first instance; we provide hypotheses to support these
observations. Interestingly though, we were able to encapsulate varying amounts of fullerenes in
sterically stabilized emulsions. This step has a significant positive impact, as we could effectively control
an inherent aggregation tendency of fullerenes in aqueous environments. These novel hybrid
nanomaterials may open a range of avenues for biotechnological and biomedical applications exploiting
properties of both lipid and fullerene nanostructures.

� 2016 Published by Elsevier Inc.
1. Introduction

Fullerenes, since their discovery [1,2] have been considered as
exciting materials for research and for the exploration of their
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Fig. 1. Composition of nanostructured emulsions: (a) Chemical structures of
Dimodan U/J (a lipid) and tri-block copolymer F127 (a stabilizer). Schematic
diagrams shown near structures depict hydrophobic parts (yellow) and hydrophilic
(blue) parts of molecules. (b) In presence of water, lipid molecules self-assemble
into cubic nanostructure (Pn3m phase) which is fragmented into sub-micron sized
particles that are stabilized using the F127 stabilizer [20]. Lipid cubic phase is
usually highly viscous (shown on left) but the o/w emulsion has water-like fluidity
(shown on right) improving their handling and applicability. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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novel applications [3–5]. However, they are sparingly soluble to
almost insoluble in water (solubility < 10�9 mg/L) [6] and toxic to
cells [3]. These aspects turn into major bottlenecks for employing
fullerenes in biotechnological applications. Some synthetic che-
mists, working in this direction, have been able to functionalize
fullerenes and obtain their water-soluble derivatives [4,7]. How-
ever, in order to understand the biological activity of fullerenes
and their potential therapeutic role, it is important to investigate
their interactions with cellular membranes [8] than just solubility
studies.

Considerable theoretical (simulation-based) [9–13] and experi-
mental [8,14] efforts have been taken to investigate fullerene inter-
actions with biological as well as artificial membrane systems.
These reports mainly involved studies with planar lipid bilayers,
spherical micelles or vesicles. In this work we have taken a differ-
ent approach and exploited dispersions of a lipid that forms non-
lamellar self-assemblies. The main motivation behind this was
twofold, (1) lyotropic liquid crystalline self-assemblies of non-
lamellar (hexagonal and cubic) types, are highly attractive for
biotechnological applications [15,16], hence studying their interac-
tion with fullerenes may outline the possibilities of developing
novel hybrid nanomaterials similar to carbon nanotube-lipid
hybrids we developed recently [17–19], and (2) due to their unique
structure fullerenes could act as stabilizers for nanostructured lipid
emulsions, by which an elegant properties of both – fullerenes and
lipid nanostructures could be utilized for novel applications.

Non-lamellar self-assemblies employed in this work were pre-
pared from a mixture of monoglyceride lipids. Due to their amphi-
philic (amphi means two; i.e. both hydrophilic and hydrophobic)
character, these lipids undergo spontaneous self-assembling in
presence of aqueous medium [15]. The self-assemblies take forms
of 0, 1, 2, or 3 dimensional structures like, for example, inverse
micelles, lamellar phase, hexagonal phase and cubic phases,
respectively [15]. However, due to viscoelastic nature and variable
domain consistency, some of these phases especially cubic ones,
are hard to manipulate for certain applications. One of the best
solutions researchers have found over this is to fragment these
self-assemblies into a particle form using high energy input such
as ultra-sonication [20–22]. This procedure is usually performed
in presence of external stabilizers which shield fragmented parti-
cles and prevent their subsequent aggregation. Resulting disper-
sions are analogous to classical oil-in-water (o/w) emulsions but
the oil phase, in this case, is replaced by a lipid self-assembly
(Fig. 1). Structural organization of lipid self-assemblies in the bulk
(non-dispersed form) and emulsions (dispersed form) is usually
determined using small angle X-ray scattering (SAXS) and trans-
mission electron microscopy (TEM) techniques [23–25]. Depend-
ing on the type of internal self-assembly, the nanostructured
emulsions are recognized as cubosomes for cubic nanostructures,
hexosomes for hexagonal nanostructures and so on [15,26–28].
The general term ‘isasomes’ meaning internally self-assembled parti-
cles (somes) is also often used in this context [26,27,29]. These
emulsions exhibit a water-like fluidity desired for a range of
high-throughput application including carrier systems for pharma-
ceutical and biomedical technologies [26,27,30,31].

A wide range of stabilizers are employed for stabilizing afore-
mentioned lipid nanoparticle emulsions [26]. Surfactant based sta-
bilizers are more popular but solid particles have also been
exploited with a varying level of success [26]. Emulsions stabilized
by solid particles are termed generally as Pickering [32] or
Ramsden-Pickering [33] emulsions. Clay platelets [34], food hydro-
colloids [35,36] and silica nanoparticles [37] are among such stabi-
lizers, but in our recent work [18] we have employed carbon
nanotubes (CNTs) for stabilizing nanostructured lipid particles.
Pristine single-walled (SW) CNTs and functionalized multi-walled
(MW) CNTs were employed successfully to stabilize internally
self-assembled lipid particles [18]. More interestingly, concentra-
tions of CNT-stabilizers were very low (<10 lg/ml). The lipid coat-
ing [18,19] onto CNTs is believed to reduce their potential
cytotoxicity given the fact that lipids are already among essential
biomolecules in cells. The ‘fullerene’ is another carbon allotrope
like CNTs, hence it is worth examining for stabilizing properties
of nanostructured emulsions similar to CNTs [18]. Moreover, this
study is also important in terms of understanding the interaction
of fullerenes with a different (non-lamellar) type of model lipid
membranes, which, to our knowledge has never been studied
before.
2. Materials and methods

2.1. Materials

Powdered buckminsterfullerene (C60) and pluronic� F127
(PEO99-PPO67-PEO99) were obtained from Sigma-Aldrich Co. Ltd
(Dorset, UK) and used without further treatment. Dimodan U/J�

(DU) was generously provided by Danisco, Denmark; it is a com-
mercial lipid containing distilled monoglycerides. Water was puri-
fied using Barnstead Nanopure, Thermoscientific (USA).
2.2. Preparation of surfactant-stabilized (pre-stabilized)
nanostructured lipid particles (Fig. 1)

Pre-stabilized lipid emulsions were prepared as follows:
500 mg of molten lipid (DU) was dispensed into 20 ml glass vial
followed by addition of aqueous solution of 9.5 ml 0.5 wt.% F127
surfactant. Final emulsion had 5 wt.% lipid; this concentration
was used throughout the current work, unless mentioned specifi-
cally; also wt. (weight)% is represented with only % sign. The above
mixture was ultra-sonicated (Sonics & Materials Vibra-Cell
VCX750, Jencons, UK) with 1 s pulses and 1 s delay times for (total)
20 min using 30% (of the maximum) power. Final liquid crystalline
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phase within lipid particles is usually Pn3m cubic phase (Fig. 1) and
the particle size ranges in submicron to micron scales [26].

2.3. Lipid emulsification using fullerenes

A stock solution of fullerene (C60) powder was prepared by dis-
persing 1.6 mg of C60 in 50 ml water. Probe ultra-sonication for
2 min at 35% (of the maximum) power facilitated the C60 disper-
sion in water. Fullerene dispersion stayed practically stable during
the experimental time. This solution was subsequently diluted
with water to obtain 1, 5, 10, 20, 25 and 30 lg/ml concentrations
of C60 in water. About 9.5 ml of each of these dilutions were mixed
with 500 mg of molten DU and subjected to further sonication at
higher power (40%) for 2 min with an uninterrupted pulse (it
should be noted that 40% power with continuous sonication
worked better than 30% and 35% powers tested on similar disper-
sion systems). Resulting dispersions were analysed for the
stability.

3. Results and discussion

3.1. Fullerenes as stabilizers?

Upon absorption of water, DU forms cubic Pn3m nanostructure,
which gets fragmented into sub-micron sized lipid particles due to
sonication energy and consequential heating [20]. This results in a
turbid (white) solution exhibiting water-like fluidity (Fig. 1). If no
stabilizer is added during the preparation, an emulsion gradually
destabilizes due to aggregation of nanostructured lipid particles.
Surfactant molecules, like F127 stabilize the particles’ interfaces
via steric stabilization [21] whereas solid particles like clay and sil-
ica stabilize via Pickering stabilization [32,37,38]. Some surfactant
emulsions are co-stabilized by more than one type of mechanisms
[39,40]. In our recent work we stabilized lipid based emulsions
using a range of CNTs. The stabilization appears to occur via Pick-
ering or a combination of the two mechanisms [17,18]. In case of
fullerenes, we found that 25 and 30 lg/ml solutions of C60 stabilize
the lipid particles into an o/w emulsion; however, lower C60 con-
centrations resulted in their aggregation. We have shown earlier
that, the optimum ratio between lipid and stabilizer molecules is
sometimes necessary for the final stability of emulsions [18]. Too
little CNTs produced emulsions with lipid aggregates while too
many CNTs contained aggregates with an excess of CNTs. Similar
aggregates were also seen for fullerene concentrations lower than
20 lg/ml (Fig. 2) dispersions. These aggregates assembled into
rather big dark coloured lumps made of both fullerenes and lipids
together. Spontaneous aggregation and clustering of fullerenes in
Fig. 2. Stabilizing nanostructured lipid emulsions using fullerenes (C60): Mixtures of
concentrations as follows: (a) 30 lg/ml, (b) 25 lg/ml, (c) 20 lg/ml, (d) 10 lg/ml and
successfully, however lower C60 concentrations struggled to form under similar expe
aggregates as visible in samples (c–e) (indicated by arrows). (For interpretation of the ref
article.)
aqueous media has been discussed by several researchers
[7,14,41,42]. Agglomeration and surface adhesion has also been
demonstrated with surfactant micellar systems, cellular mem-
branes as well as model lipid bilayers [6,8,12,14].

We observed that the aggregation phenomenon expedites upon
cooling of emulsions to room temperature while it is further accel-
erated by vigorous shaking, either manually or mechanically. In
this context, the emulsions which were stable under hot conditions
(>60 �C), prepared from 25 and 30 lg/ml of C60 (Fig. 2), also desta-
bilized upon cooling and vigorous shaking. Initially formed small
clusters perhaps act as nuclei or templates for subsequent aggrega-
tion into large masses [10]. The stability of lipid particle disper-
sions was further examined by modulating the concentration of
fullerenes and ultra-sonication parameters (power and time); rep-
resentative results are discussed below. High concentrations of C60

(3 mg/ml) and ultra-sonication (1 s on 1 s off) times of 5, 10 and
15 min at 35% power resulted in partially stable emulsions but
they also contained small sized lipid + fullerene aggregates (see
Supplementary material Fig. SI01). The latter, upon gentle shaking
agglomerated into a viscous lumps as noted earlier.

The viscous large aggregates (lumps) formed in each of the
unstable/partially stable emulsions were harvested using a thin
spatula on an absorbent paper and inspected for aesthetic proper-
ties. The size of lumps varied from �2 mm to �120 mm (�diame-
ter) for a range of emulsions created using C60, whereas the colour
also differed from emulsion to emulsion (Fig. 3). The lump (for
30 lg/ml dispersion), allowed to stand overnight at room temper-
ature displayed white dots. Apparently due to extreme hydropho-
bicity of fullerenes, the excess water (C60 solubility < 10�9 mg/L
[6]) is expelled from the lump producing lamellar liquid crystals
exhibiting minimal water content [43]. The remaining bulk part
contains lipid cubic phase [43], which can be validated from char-
acteristic high viscosity [43] and transparent colour due to its iso-
tropic nature. Transparent cubic phase is also apparent from
optical micrographs and visible inspection of lumps as shown in
Fig. 3. The presence of lamellar nanostructure in white dots was
further verified using wide angle X-ray scattering (WAXS) tech-
nique (D2 Phaser, Brucker, UK) which displayed typical broad peak
at 4.5 Å confirming fluid lamellar (La) nanostructure while other
peaks (indicated by blue arrows in Fig. 3d) elucidated crystalline
lamellar (LC) polymorph. Upon heating above 60 �C for a few min-
utes (and cooling down to room temperature), the white dots got
molten and the whole ensemble acquired almost uniform translu-
cent colour (Fig. 3e) depicting the existence of a cubic phase. How-
ever, during this process some spiky/spherulite structures were
formed presumably due to the recrystallization - governed by com-
bined association of fullerenes and lipids. The aggregates looked
5% lipid and 9.5 ml distilled water were emulsified in presence various fullerene
(e) 5 lg/ml. Emulsions with (a) 30 lg/ml and (b) 25 lg/ml C60 were produced
rimental conditions. Unstable emulsions displayed dark coloured fullerene-lipid
erences to color in this figure legend, the reader is referred to the web version of this



Fig. 3. Analysis of C60-lipid aggregates: (a) Lipid-fullerene aggregates harvested from an unstable emulsions depicted two different morphologies in the form of discrete
white dots and dark coloured continuous phase. Optical micrographs (b and c) also validate this observation (scale bars indicate 100 lm) where apparent transparent phase
consists isotropic cubic nanostructure while spiky structures/sphetulites represent lamellar nanostructure. (d) WAXS studies support the existence of lamellar nanostructure:
a broad peak of fluid lamellar phase (La) at 4.5 Å and other peaks of crystalline lamellar nanostructure (LC) shown by arrows. (e) Molten aggregates do not show white dots
and appear darker (more brown) for higher fullerene concentrations demonstrating fullerene encapsulation therein. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Emulsions with fullerene and F127 together: Emulsions prepared from 5%
lipid, 0.5% F127 and varying concentrations of fullerenes (a) 3 lg/ml, (b) 30 lg/ml
and (c) 300 lg/ml were stable for more than three weeks. High concentration of
fullerene (in c) gave brown tinge to the emulsion. (d) �1 mg of fullerene powder
mixed with pre-stabilized emulsion (using F127) did not show detectable influence
on the emulsion characteristics; in contrast, remain separated as can be seen from
the bottom of the sample vial.(For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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more dark (brown) with increasing fullerene concentrations
(Fig. 3e). This is attributable to the increased encapsulation of full-
erenes. Observations of ‘brown’ instead of ‘black’ fullerene colour
might be due to a molecular level complex formed of a fullerene
and a lipid, which, however needs further confirmation using other
characterization techniques and not discussed here anymore.

3.2. Mutual stabilization at very low lipid concentration

Very low concentration of lipid (0.1 wt.%) in pure water forms a
milky dispersion, while (30 lg/ml) fullerene forms greyish brown
solution subjecting to the sonication at 35% power (5 min at inter-
mittent pulse) (Fig. SI02). The mixtures of these show increasing
brown colour when the concentration of fullerenes was increased
(Fig. SI02). Lumps or destabilization were not observed in these
mixtures demonstrating that lipids and fullerenes act as mutual
stabilizers to each other at such a low concentrations.

3.3. Encapsulation of fullerenes in sterically stabilized emulsions

The pluronic F127 is known for its efficient stabilization of lipid
nanostructured particles [20,26], hence we decided to investigate
the combined effect of fullerenes and F127 in the current work.
For this, 500 mg lipid and 9.5 ml of 30 lg/ml solution of C60 were
mixed together followed by addition of F127 powder (to make
total concentration of 0.5% F127 in the final mixture). Ultra-
sonication power of 35% for 10 min with intermittent pulses was
adequate to form an aesthetically stable emulsion (Fig. 4). Emul-
sions with other concentrations of fullerenes (3 and 300 lg/ml)
were also stable for long time (observed for about three weeks).
High concentration of fullerenes imparted a brown tinge to the
emulsion (Fig. 4). A little sedimentation of fullerenes was observed
for an emulsion made from 300 lg/ml concentration after about
two days. The stability of these combined emulsions depicts that
the stabilizing role of F127 dominates the destabilization character
of fullerenes; in other words, the fullerenes have no detectable
influence on the stability of nanostructured lipid particles.

F127 is a long tri-block copolymer (PEO99-PPO67-PEO99) that
stabilizes lipid particles via steric stabilization [44] holding the
nanostructured self-assembly in their cores (Fig. 1). Intuitively,
fullerenes encapsulate among these nanostructured cores during
ultrasonication procedure. Clearly noticeable rise in dark colour,
as a function of the concentration of fullerenes, in in-situ emulsions
reveals increasing encapsulation of fullerenes (Fig. 4). The possibil-
ity of fullerene adhesion at outer surfaces of lipid particles is prac-
tically low, simply because the fullerene-driven aggregation and
destabilization of emulsions as seen for sole (no F127) fullerene-
lipid dispersions (Fig. 2c –e) was absent here. Strong interaction
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forces of F127 molecules presumably seize the interface and form a
steric cage around lipid particles averting fullerenes sticking to the
particle surfaces. This was validated by a special experiment where
a pre-stabilized emulsion (stabilized with F127 alone, see section
2.2 for more details) was topped with 1 mg of fullerene powder
and allowed to stand for 48 h at room temperature. Subsequently
the mixture was shaken vigorously using a bench-top vortex unit.
Despite of these treatments there was no noticeable change in
milky-white emulsion colour as anticipated due to the fullerene
entrapment within lipid particles (Fig. 4d). Fullerenes were visibly
sedimented at the bottom of the vial (Fig. 4d). The experiment thus
demonstrates that the fullerene encapsulation was only possible
during in-situ ultrasonication.

3.4. Potential pathways of fullerene-lipid stabilization and aggregation

Fullerene-C60 is entirely made of carbon, where each of the car-
bon atoms binds to three other adjacent atoms via SP2 hybridiza-
tion [45] making it extremely hydrophobic and insoluble in
biologically relevant solvents [6]. Micellar systems formed by
amphiphilic molecules like surfactants and lipids offer greater pos-
sibility of solubilizing them [6]. However, an inherent aggregation
of fullerenes is almost unavoidable; nonetheless it can be limited
to a certain sized clusters [6]. As revealed earlier, we were able
to stabilize a dilute lipid solution (0.1 wt.% lipid) using 5, 10 and
30 lg/ml fullerenes without forming visible fullerene (or
fullerene-lipid) clusters (supplementary Fig. SI02). This mutual sta-
bilization is presumed to involve hybrid micelles (Fig. 5a) formed
by decoration of (a) fullerene molecules and/or (b) small aggre-
gates of fullerenes by lipids [10]. The fullerene or aggregates are
decorated, in principle, by hydrophobic lipid chains (facing fullere-
nes) while hydrophilic head groups face an aqueous environment
[10]. Stabilization may also occur due to the spontaneous penetra-
tion of fullerenes in lipid bilayers, which ideally form a part of lipo-
somes (vesicles) [8,46] (Fig. 5a). Fullerene insertion in bilayers was
previously investigated by several researchers [6,8–10,12–14].

Aforementioned low (0.1%) lipid dispersions were stable, but 5%
lipid dispersions prepared using various fullerene concentrations
faced severe destabilization which can be attributed partially to
the following aspects: (1) self-aggregation of fullerenes in aqueous
media [7,42,47], (2) adhesion of fullerenes to lipid membranes
[8,10,46], (3) penetration of fullerenes [8] and/or small clusters
[10] in membranes, (4) apparent high viscosity of liquid crystalline
phase and (5) layer-by-layer growth of above aggregates during
cooling and/or vigorous shaking where initial clusters act as tem-
plates (or nuclei) for the adhesion of additional layers [10]. How-
ever, these aspects need further confirmation with detail
investigations. Based on our current observations we contemplate
Fig. 5. Pathways of emulsions (a) stabilization and (b) destabilization: (a) Dilute lipid-fu
small fullerene clusters and/or fullerene penetration in bilayers. (b) Destabilization of (hi
structured particles comprised of lipid coated (i) fullerene/fullerene aggregates and/or (
at least two pathways of destabilization - driven by an agglomera-
tion of hierarchically structured particles, which, in turn are
formed by amassing lipid coated (i) fullerene/fullerene aggregates
and/or (ii) fullerenes decorated fullerene-containing lipid nanos-
tructure (Fig. 5b). These hypotheses are supported by some repre-
sentative evidences: Lipid wrapping on the fullerene surface was
also discovered by Zhang et al. [10]; whereas Drasler et al. demon-
strated the stabilization of MLV (multi-lamellar vesicle) bilayers by
adhesion of fullerene clusters [8]. The agglomeration is apparently
driven by strong hydrophobic forces among others, as depicted by
the coexistence of (less hydrated) lamellar (Fig. 3) together with
(well-hydrated) cubic nanostructure; the latter is solely antici-
pated for pure lipid in water system at room temperature [43].

Despite of the above results, we have been successful in limiting
the aggregation phenomenon by intercalating fullerenes in lipid
particles during their steric stabilization. The steric stabilizer
(F127) potentially blocks an aggregation of fullerenes on the sur-
face of lipid particles. However, some of the fullerenes (and/or full-
erene small clusters) categorically enter and stay within lipid
particles while the self-assembled lipid nanostructure is frag-
mented using ultrasonication energy. Fullerene entrapment can
be confirmed by noticeable increase in the darkness of emulsions
with an increase in fullerene concentration (Fig. 4). Further cluster-
ing of fullerenes, in this manner, almost vanished due to their
encapsulation among lipid particles that remain kinetically stabi-
lized by F127 molecules for rather long period. The difference in
polydispersity determined by dynamic light scattering supports
this observation (supplementary Fig. SI03): mere C60-dispersions
show wide range of particle size distribution while C60-F127 com-
bined emulsions show rather narrow size distribution. The particle
size in the C60-dispersion was as high as 10 lm whereas particle
size of C60-F127 combined emulsions stayed around and below
1 lm.
4. Conclusions

We investigated an effect of fullerene - C60 on dispersed non-
lamellar lipid system, for the first time. We found that aqueous dis-
persions of low concentration of lipid (0.1 wt.%) were mutually sta-
bilized by fullerenes but higher lipid concentrations inclined
towards destabilization. Aggregation of fullerenes in water
[42,47] is believed to be the primary cause of destabilization but
the interaction with self-assembled lipid nanostructure and strong
hydrophobic forces are presumed to promote it further [6,10].
Large aggregates are believed to nucleate from small clusters
[48] formed by lipid coating on fullerenes or fullerene self-
assemblies triggering the destabilization. For this we propose at
llerene dispersions are envisaged to be stabilized by lipid wrapping on fullerenes/
gh lipid containing) emulsions is possibly driven by agglomeration of hierarchically
ii) fullerenes decorated fullerene-containing lipid nanostructure.
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least two aggregation mechanisms as depicted in Fig. 5b: (i) lipid
coated fullerene/fullerene aggregates and (ii) fullerene decorated
fullerene-containing lipid nanostructure – this ensemble may get
enclosed by lipids, facing their head-groups towards water
(Fig. 5b). However, to validate proposed pathways these systems
need to be investigated in greater details.

Although fullerenes themselves are not efficient stabilizers for
high lipid emulsions, we were able to produce novel hybrid emul-
sions using an external stabilizer, albeit in presence of fullerenes.
These sterically stabilized lipid particles were laden with various
amounts (3, 30 and 300 lg/ml) of fullerenes. As the fullerenes
are encapsulated by lipid particles their apparent aggregation
was highly suppressed. This can be primarily attributed to the
overcoming of the hydrophobicity of fullerenes while preserving
the system stability. With these in-situ emulsions we claim to have
developed ‘novel hybrid nanomaterials’ where an elegant proper-
ties of both lipid particles as well as fullerenes are blended
together in their application point of view. Moreover, the fullerene
toxicity is anticipated to be reduced due to apparent coating with
biocompatible lipid molecules (similar to our earlier work on coat-
ing of CNTs [18]).

To summarize, the current studies were focussed on three dif-
ferent lipid-fullerene systems: (1) dilute lipid solutions (0.1% lipid)
- mutually stabilized by fullerenes, (2) 5% lipid dispersions – destabi-
lized, owing to the fullerene-lipid aggregation and (3) fullerenes
loaded sterically stabilized 5% lipid emulsions – successful encapsu-
lation of fullerenes by capping their aggregation and development of
novel hybrid materials containing lipid nanostructures as well as
fullerenes. Although detailed characterization and toxicity studies
are required further, these novel nanomaterials are highly promis-
ing for a range of biotechnological and biomedical applications.
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