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Low-toxicity metallosomes for biomedical
applications by self-assembly of organometallic
metallosurfactants and phospholipids†

M. Marı́n-Garcı́a, a N. Benseny-Cases, b M. Camacho, c J. Suades *d and
R. Barnadas-Rodrı́guez *a

A new and convenient strategy for the preparation of metallosomes

has been developed by mixing organometallic metallosurfactants

and phospholipids. These aggregates show the characteristic proper-

ties of liposomes (stability upon dilution and low toxicity) and the

toxicity is at least ten-fold lower than that of the metallosurfactant

aggregates without phospholipids.

The preparation and study of nanomaterials by self-assembly in
aqueous medium is an increasingly relevant topic. Supramolecu-
lar structures for a wide range of applications can be obtained
from simple molecules, which can be easily modified to modulate
the properties of the aggregates in order to yield new materials
with designed properties. Surfactants that contain a metal atom in
the molecular structure are named metallosurfactants (MTSs) and
they are attractive molecules due to the fact that they can lead to
characteristic supramolecular aggregates (micelles, vesicles, etc.),
and simultaneously they contain metallic atoms. The presence of
the metal makes it possible to use these aggregates in a broad
range of applications such as catalysis, optoelectronics, and
biomedicine.1 Although in most of the reported MTS the metallic
atom is located in the polar group of the molecule, we have
recently reported organometallic MTSs wherein the metallic
fragment is embedded in the hydrophobic part of the molecule.2

These MTSs render mostly unilamellar vesicles in water if the MTS
concentration is higher than the critical value. However, dilution
of these suspensions leads to disaggregation of the vesicles, which
is a drawback of using them in in vivo applications. To circumvent

this disadvantage we considered the possibility of obtaining mixed
systems with phospholipids. In particular, we used soybean
phosphatidylcholine (SPC), a natural non-toxic phospholipid that
is known to form the so-called liposomes, that is, dilution-stable
closed vesicles with entrapped water (Scheme 1), and which are
used for several medical applications.3 Our hypothesis is that
mixed systems of MTS and phospholipids (Scheme 1) could lead
to new supramolecular aggregates with a higher biocompatibility
and with useful properties for biomedical applications. Since
these new systems contain metallic atoms in the liposome
membrane, they can be classified as a new kind of metallo-
some.4 In this article, we report the study of the viability of the
preparation of metallosomes by mixing SPC with two organo-
metallic MTSs, the molybdenum pentacarbonyl Mo(CO)5L
(PCO) or the molybdenum tetracarbonyl complex Mo(CO)4L2

(TCO) (L = Ph2PCH2CH2SO3Na). It is known that the liposome
membrane allows the inclusion of a wide variety of lipophilic or
amphipathic substances such as, drugs and proteins. Thus, the
incorporation of a bilayer-forming metallosurfactant into a
phospholipid bilayer was considered to be a rational choice.
The simplest procedure to obtain mixed vesicles involves the

Scheme 1 Representation of vesicles obtained with a pure phospholipid
or with a metallosurfactant, and when they are mixed.
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preparation of a homogeneous dry thin film of the substances
by rotary evaporation of an organic solution, subsequent addi-
tion of aqueous medium and finally vortexing. Under these
conditions the system spontaneously generates the most stable
aggregates formed by intimate mixing of these substances. In
our case, and as determined by dynamic light scattering (DLS)
analysis, a progressive increase of the MTS/SPC molar ratio
produced a significant change in the size distribution of the
aggregates (Fig. 1A and B). As expected, pure SPC ([MTS] = 0)
forms liposomes with a diameter of 1000 nm or greater but,
when they are prepared with MTS, the size of the aggregates
decreases with increasing MTS concentration. Thus, the lipo-
some bilayer is affected by the presence of the MTS, which is
indicative of the interaction of the MTS with the liposome
membrane. It should be noted that there is a break point at
about 3 and 10 mM for TCO (Fig. 1A) and PCO (Fig. 1B),
respectively. Beyond these concentrations, very small aggre-
gates are formed which, based on their size (about 10 nm), are
compatible with the formation of micellar or bicellar struc-
tures. In fact, the addition of Triton X-100 to the suspensions
at solubilising concentrations causes the disruption of the
vesicles and the formation of mixed micelles of about one
order of magnitude smaller (Fig. S1, ESI†). In contrast, when
the surfactant is added to the small aggregates, there is only a
decrease of a few nanometers in size (Fig. S1, ESI†). In
addition, all the former aggregates showed physical stability

at room temperature and 4 1C for at least 15 days, as deter-
mined by DLS (Fig. S1, ESI†).

The nature of the aggregates was also studied by other
independent techniques. Cryo-TEM images reveal the presence
of mostly unilamellar vesicles in the first range of the MTS/SPC
ratio, and the presence of very small structures in the second
(Fig. 1C). The existence of unilamellar vesicles can be explained
by the incorporation of a negative substance into the liposome
bilayer. Z-potential measurements (Table S1, ESI†) show
that the incorporation of MTS into the liposome increases the
negative charge of the resulting aggregates. This negative
charge causes intermembrane repulsions and, consequently,
promotes the formation of unilamellar aggregates. The results
obtained with the previous techniques are congruent and
indicate that, first, despite the differences of size and shape,
MTS and SPC co-aggregate in a bilayer arrangement and,
second, that at a given critical ratio, these differences collapse
the membrane and beyond this point only mixed small structures
are formed.

The stability of both mixed vesicles and small aggregates
upon dilution was checked by DLS measurements. The pro-
gressive dilution (two orders of magnitude) of concentrated
samples showed no change in the size of the aggregates, either
vesicles or small aggregates, formed with TCO or PCO (Fig. 1D).
Moreover, this stability was maintained for, at least, 24 hours
(Fig. S2, ESI†). The same stability upon dilution was observed
when the MTS/SPC vesicles were previously extruded using
membranes with a pore size of 100 nm (Fig. S2C and D, ESI†).
Different controls were employed. The negative ones were suspen-
sions of SPC liposomes (extruded through 100 or 1000 nm pore-
membranes), which, as expected, showed no vesicle disaggregation.
The positive control was a bicellar suspension (an initial diameter
of about 20 nm), which is known to disaggregate upon dilution and
form micron-sized liposomes (Fig. S3, ESI†).5

At this point, our results show that MTS/SPC systems allow
stable aggregates that contain metal atoms in their hydrophobic
domain to be obtained. The MTS to SPC molar ratio modulates the
type and size of these aggregates, since vesicles (metallosomes) and
small structures of about 10 nm can be obtained. Thus, it is
possible to obtain large metallosomes of hundreds of nanometers
with an aqueous compartment that, in turn, can also entrap water
soluble substances. In order to obtain a homogeneous vesicle
distribution with controlled size, these metallosomes can be down-
sized by several standard methods, as is the case of liposomes
(extrusion, homogenization, etc.).6 Moreover, the presence of
phospholipids opens the way for the preparation of surface
modified aggregates by derivatization.7 At the same time, the
sulphonate group of MTS enables these metal-containing struc-
tures to incorporate, for example, polymers with amino groups,
as is the case of chitosan, since a strong interaction between
both the groups has been described.8 Thus, a broad spectrum of
possibilities is on the horizon of these new metal structures.

One of these opportunities is the use of MTS as carbon
monoxide releasing molecules (CORMs). It has been shown
that the local delivery of CO has important uses in medicine.9,10

In our case, the metal atom (Mo) of the MTS is linked to several

Fig. 1 (A and B) Size distribution of (A) TCO/SPC aggregates (red circles)
and (B) PCO/SPC aggregates (green circles) as a function of the concen-
tration of MTS obtained by DLS analysis (n Z 3). The molar concentration
of SPC was kept constant at 3 mM. The area of the symbols is proportional
to the percentage of vesicles of a given diameter. (C) Cryo-TEM images of
mixed systems of MTS and SPC. (D) Size of the aggregates as a function of
the relative concentration upon dilution mixed systems constituted by
TCO/SPC 6 : 18 mM/mM (red circles) and 6 : 3 mM/mM (red squares) and
PCO/SPC 6 : 18 mM/mM (green circles) and 6 : 1.8 mM/mM (green
squares). The given concentrations correspond to the initial concentra-
tions (normalized concentration = 1).
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CO groups and these molecules are good candidates to release
CO under certain conditions. Therefore, a study was carried out
on the PCO and TCO metal complexes, as well as their respective
metallosomes and small aggregates, as CORMs. Since there is
controversy about some classical assays for the detection of CO
release,10,11 in order to circumvent these problems we have
detected the release of CO from PCO and TCO aggregates with
SPC into a CaF2 infrared cell. First, as a reference, the cell was
filled with CO, and the well-known vibration–rotation spectrum
of CO was obtained (inset a, Fig. 2). After eliminating the CO, the
required volume of the samples was placed into the cell so that
the infrared beam passed through the unfilled part when main-
tained in a vertical position. When the sample was kept in the
dark, the acquired spectra showed no presence of CO (inset a,
Fig. 2). However, after illuminating the samples with visible or
UVA light, the presence of CO in the gas phase was clearly
detected. Thus, our MTS can be classified as photo-CORMs, and
the release of CO can be modulated via light irradiation. Once
the release of CO was confirmed, its evolution was monitored by
FTIR spectroscopy using dry aliquots of samples taken during
irradiation. Fig. 2 shows the spectra corresponding to TCO/SPC
1 : 3 mol/mol before and during irradiation with UVA. As can be
observed, there is a noticeable change in the CO bands centered
at 2019, 1921 and 1888 cm�1, as a result of the release of CO.
Similar spectra with other characteristic CO bands were obtained
in the case of PCO mixed systems (Fig. S4, ESI†). These changes
in the CO bands were characterized using the normalized area
ratio between the MTS CO bands (2071 cm�1 and 2019 cm�1 for
PCO and TCO, respectively) and the SPC CO band at 1730 cm�1,
since this group is not altered during irradiation. Inset b in Fig. 2
(PCO mixed systems) indicates that the type of molecular
assembly has no influence on CO release. It is also noticeable
that not only UVA irradiation triggers CO release, but the gas is
also produced upon illumination with visible light.

Finally, two types of tests were carried out to characterize the
interaction of the MTS/SPC aggregates with biological systems.

First, their 24 h-toxicity was checked by the XTT assay using human
fibroblast cell cultures. The results are shown in Fig. 3, providing
evidence that all the vesicular structures (metallosomes) are much
less toxic than the corresponding small aggregates or the free forms
of the MTS, and that PCO is more toxic than TCO when it is added
as free MTS or as small aggregates.

Notably, metallosomes with TCO and PCO show no toxicity
in the studied range, with their behaviour being equivalent to
that of pure liposomes. The maximum MTS concentration
of these systems is 1000 mM, that is, 10 and 20 times the
maximum non-toxic concentrations, respectively, of TCO and
PCO systems constituted of small aggregates.

The second study was carried out to check the ability of the
mixed MTS/SPC systems to act as an efficient drug delivery system.
The objective was to detect the presence of MTS in cells treated with
formulations containing TCO at 250 and 1000 mM, and PCO at 100
and 1000 mM. The cells were analyzed by micro-FTIR microscopy
using synchrotron radiation (ALBA synchrotron, MIRAS beamline,
Spain). The characteristic CO vibration band of the MTS was
detected in the cells incubated at 1 mM of TCO or PCO (both as
metallosomes or small aggregates), and a low intensity band was
also observed in some cells treated with TCO metallosomes at
250 mM. Fig. 4 shows the results for the TCO/SPC metallosomes
normalized to the total protein content of the samples (amide I
band at 1650 cm�1), providing evidence of the presence of the MTS
in the cells. Thus, it is clear that metallosomes are able to interact
and to deliver their content to the cells.

In conclusion, we have demonstrated that the simple mixing
of MTS and phospholipids leads to the formation of stable
metallosomes. The reported new nanosystems are stable upon
dilution and, although the incorporation of metal into cells has
been observed by synchrotron radiation, a drastic decrease in
cell toxicity is also shown in comparison with free MTS. Due
to its simplicity and versatility, this new approach could be
applied to the preparation of other metal based pharmaceuticals
with low toxicity.

Fig. 2 Infrared spectra of TCO/SPC 1 : 3 mol/mol under irradiation with
UVA (365 nm) at 0 (black), 85 (blue) and 300 min (magenta). Inset a:
Spectra of the free space of an infrared cell partially filled with a suspension
of PCO/SPC 1 : 3 mol/mol kept in the dark for 60 min (black dotted line),
and under irradiation for 60 min with UVA (black continuous line) or visible
light (cyan continuous line). Inset b: Changes in the relative area of the
peak at 2070 cm�1 of PCO/SPC 1 : 3 mol/mol (circles) and 10 : 3 mol/mol
(squares) upon illumination with UVA (black) or visible light (cyan).

Fig. 3 Human dermal fibroblast cell viability after exposure for 24 h (n Z 2),
to TCO (red) or PCO (green) administered in free form (dashed) or mixed
with SPC as vesicles (plain) or small aggregates (dotted). The MTS to SPC
molar ratio was 1 : 3 for TCO and PCO vesicles; 6 : 3 for TCO/SPC small
aggregates; and 10 : 3 for PCO/SPC small aggregates. Pure SPC liposomes
(white) were used as blanks and in these incubations SPC concentrations
were the same as those of the respective treatments of mixtures of SPC
and MTS.
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Fig. 4 Infrared spectra of fixed cell cultures of fibroblasts after incubation
with a cell culture medium (black) or TCO/SPC 1000 : 3000 mM/mM
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