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ARTICLE INFO ABSTRACT

Keywords: The scientific relevance of carbon monoxide has increased since it was discovered that it is a gasotransmitter
Cell internalization involved in several biological processes. This fact stimulated research to find a secure and targeted delivery and
Colloid lead to the synthesis of CO-releasing molecules. In this paper we present a vesicular CO delivery system triggered
E;))Sxme by light composed of a synthetized metallosurfactant (TCOL10) with two long carbon chains and a molybdenum-
Metallosome carbonyl complex. We studied the characteristics of mixed TCOL10/phosphatidylcholine metallosomes of
Self-assembly different sizes. Vesicles from 80 to 800 nm in diameter are mainly unilamellar, do not disaggregate upon dilution,

in the dark are physically and chemically stable at 4 °C for at least one month, and exhibit a lag phase of about 4
days before they show a spontaneous CO release at 37 °C. Internalization of metallosomes by cells was studied as
function of the incubation time, and vesicle concentration and size. Results show that large vesicles are more
efficiently internalized than the smaller ones in terms of the percentage of cells that show TCOL10 and the
amount of drug that they take up. On balance, TCOL10 metallosomes constitute a promising and viable approach
for efficient delivery of CO to biological systems.

1. Introduction

The discovery in the mid-20th century that poisonous CO is endog-
enously produced in our bodies leading to other surprising knowledge
sometime later: is not just a degradation product that has to be elimi-
nated, but also a necessary gasotransmitter (such as NO and H»S) that
regulates diverse biological processes [1]. This condition opened the
door for searching for biomedical applications of the gas by means of
controlled exogenous delivery, but this goal included a necessary chal-
lenge that is very difficult to solve: its administration. The most direct
route is inhalation, which can be used only if an extremely accurate
control is carried out both on the dose and on the subject, whose car-
boxyhemoglobin level in the blood must be continuously monitored
during the administration. These mandatory restraints, along with the
systemic and non-specific diffusion of the gas involved in inhalation,

enhanced the search for alternative methods. Thus, most current
research in this field is focused on around the design of safe, efficient and
selective CO delivery systems. In turn, day-to-day scientific works have
allowed the discovery of new gas applications. It is known, for example,
that it has effect on cardiovascular alterations, stem cell regulation,
nociception, cancer processes, microbial growth, inflammation diseases,
and that facilitates organ transplantation, etc. [2-5].

There are alternative delivery strategies to inhalation, in which the
gas is directly transported or contained by different types of delivery
systems. This is the case for aqueous CO-saturated solutions that are
administered as enemas [6], and lipidic shell structures that contain the
gas and release it under ultrasound irradiation [7]. In a similar
approach, a hemoglobin derivative is used as a CO carrier because of its
high affinity for the gas, and after administration, CO is slowly released
[8]. However, most efforts have focused on in the so-called CO-releasing
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molecules (CORMs), chemical structures that bear bonded CO (one or
several groups) or precursors. In these cases, CO release can be triggered
by several factors such as pH, light (then known as photo-CORM), pro-
teins, temperature, solvents, etc [9-11]. From a structural point of view,
there are several families of CORMs, one of which is that composed of
metal-carbonyl complexes. These molecules bear CO linked to a
transition-metal atom and depending on their water solubility, can be
administrated in the bulk or included in other structures/systems (for
example, they can be encapsulated into liposomes [12], included in oral
tablets that also contain a chemical trigger [13], or entrapped in block
copolymer micelles [14]). In all these examples the CORMs maintain
their properties and are part of the cargo of a system that protects them
from environmental conditions until the CO is released.

There is another approach, in which the metal CORM is a constitutive
part of a delivery colloidal system. This is possible because of the
properties of metallosurfactants, that is, molecules with hydrophilic and
hydrophobic domains that contain one or more metal atoms in their
molecular structure. In aqueous media most of these molecules, with or
without the participation of lipids such as phospholipids and/or
cholesterol, form vesicles, known as metallosomes [15-18]. If the met-
allosurfactant contains a transition metal bonded to some CO ligands,
either in the hydrophilic or in the hydrophobic domain, then a metal-
losome with CO releasing properties can be obtained [19,20].

The present work focuses on mixed metallosomes composed of
phosphatidylcholine and a photo-CORM metallosurfactant (TCOL10)
sensitive to 365 nm and visible light which triggers the CO release by
breaking the coordinate CO-Mo bond [21,22]. The hydrophobic domain
of TCOL10 contains a molybdenum carbonyl complex with four CO
groups and two hydrocarbon chains of ten carbon atoms; at the end of
each chain there is a negatively charged sulfonate group and both are
the polar head of the molecule (SupplMat-1). TCOL10 spontaneously
forms pure metallosomes in water, which disaggregate when diluted,
making them unsuitable for biomedical applications. When mixed with
phosphatidylcholine at any molar ratio metallosomes are formed,
however they are very large vesicles, and size reduction is mandatory for
their use in biological systems. However, the stability of smaller vesicles
could be jeopardized because of the very different molecular shapes of
the two components, which makes efficient bilayer packing difficult,
particularly for particles with a small radius. Therefore, the use of mixed
TCOL10/phospholipid metallosomes as CO delivery systems presents
several challenges. For example; to what extent is it possible to obtain
small vesicles and what are their characteristics? Are they stable upon
dilution and undergo physical and/or chemical degradation? Do they
interact with cells? If so, is it possible to describe cellular uptake as
function of vesicle size, concentration, and time of incubation? Are
TCOL10 mixed metallosomes a viable system for CO release to cells?
These and some other important related questions about this particular
system constituted by a metallosurfactant were the starting point of the
work we present here, and they are answered below.

2. Materials and methods
2.1. Lipids, reagents and solvents

Soybean phosphatidylcholine (SPC; 97%; MW 775 Da) was obtained
from Avanti Polar Lipids. The metallosurfactant with CO releasing
properties was obtained according to the synthesis described by Parera
et al.2! Briefly, the ligand with the structure PhyP(CH3)10SO3Na sub-
stitutes piperidine (pip) in the complex cis-[Mo(CO)4(pip)2] and the
reaction leads to a complex that bears four CO groups that are prone to
be released as CO gas, for example, under light irradiation [23]. This
molecule (TCOL10) is a metallosurfactant composed of a hydrophobic
domain (the Mo complex and the two hydrocarbon chains) and two
polar headgrups (sulfonates) located at the end of these chains. The
headgroups confer two negative charges to the molecule at physiological
pH (in fact, over a wide pH range).
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All reagents used were of analytical grade. Dulbecco’s Modified
Eagle Medium (DMEM), fetal bovine serum (FBS) and supplement used
in cell cultures were obtained from Biological Industries Israel Beit
Haemek LTD.

2.2. Vesicle preparation

To obtain SPC liposomes the necessary amount of SPC stock solution
in CHCl3 / methanol 1/1 v/v was added to a glass tube and rotovapo-
rated. Once a thin and dry lipidic film was achieved the tub was kept
under vacuum overnight, protected from light. Next, large and multi-
lamellar liposomes (with no size control) were obtained by the addition
of an aqueous medium to the film and subsequent vortexing. Large
metallosomes (liposomes that contain metal atoms in their structure)
were obtained in the same way but the required amounts of SPC and
TCOL10 organic stock solutions were mixed in a glass tube to produce a
1:3 TCOL10/SPC molar ratio. The volume of aqueous medium added to
the dry lipidic films was adjusted to obtain a final TCOL10 concentration
of 1 mM (and therefore 3 mM of SPC) in the case of the metallosome
suspension and 3 mM for the liposome suspension. The aqueous medium
used was DMEM when the suspensions were prepared to perform cell
assays since this is the cell incubation medium. However, in the vesicle
stability studies PBS was used to avoid any interference from the DMEM
components in the infrared analysis. As regards the size of the vesicles, it
was regulated by progressive extrusion of the large vesicles obtained by
vortex using polycarbonate membranes of the given pores. Extrusions
through 800 (six times), 400 (six times) and 200 nm (two times)
membrane pores were carried out with a stainless screen holder (Swinny
13 mm) using a syringe, while those through 100 (nine times) and 50 nm
(eleven times) were carried out using a Liposofast LF-50 device.

2.3. Vesicle characterization

The size of the vesicles was measured using a dynamic light scat-
tering (DLS) device (Malvern Nano ZS) and the results were expressed as
the diameter of the peaks shown in the volume size distribution, their
corresponding width (range that encloses 68% of the peak) and poly-
dispersity index. Because the nominal upper range of the analysis by the
DLS device is approximately 6 um, optical microscopy was carried out to
verify the existence of vesicles out of this range [24]. To this end, an
aliquot of each suspension was placed on a microscope glass slide and
several pictures were taken with an Olympus BX50 microscope. A cali-
bration slide was used as reference size for the pictures. After equili-
brating their density using Photoshop CS5, the pictures were analyzed
using ImageJ to obtain the number distribution of the visible vesicles.

Cryo-Transmission electron microscopy (cryo-TEM) was used to
characterize the morphology of the vesicles. It was carried out with a
Jeol JEM-2011 microscope at the Microscope Service of the Autonomous
University of Barcelona (UAB).

2.4. Chemical stability of the metallosomes

The chemical stability of the metallosurfactant that forms the met-
allosomes was determined using Fast Fourier infrared spectrometry
(FTIR). This technique allows visualization of the relative amount of CO
groups in TCOL10 to that of SPC through the corresponding absorption
band ratios, which are located at approximately 2020 cm™* and 1735
cm ! respectively. The different location of the absorption peaks of both
carbonyls is due to the nature of the bonds between C and O in TCOL10
and SPC. The bond order of the CO group in TCOL10 is higher than in
SPC; in TCOL10 it can formally be considered a triple bond while in SPC
the CO group is constituted by a double bond. It is known that the
infrared CO band of TCOL10 decreases upon irradiation of the metal-
losomes owing to the release of CO gas, and the monitoring of the pre-
viously stated intensity ratio is a rapid method for determining the state
of the metallosurfactant [25]. Thus, the stability of 800, 200 and 50 nm
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extruded metallosomes was determined in the dark at 37 °C and 4 °C for
30 days. At certain time intervals aliquots of the samples were frozen
(—80 °C) until analysis. Once unfrozen, each collected sample was
placed on CaF infrared windows that were placed in a desiccator pro-
tected from light and the water was removed under high vacuum. The
obtained dry films were analyzed using an Evariant Cary 660 FTIR
spectrometer at the Laboratory of Luminescence and spectroscopy of
Biomolecules at the UAB.

2.5. Cell cultures

The toxicity of the suspensions was tested in human dermal fibro-
blasts using the XTT assay. The cells were seeded in 96 wells culture
plates at a density of 7.5 x 10° cells per well and cultured in DMEM
containing 10% SBF. After 24 h cells were maintained in DMEM 1% SBF
for 24 h before incubation with increasing concentrations of metal-
losomes (and liposomes) diluted in cell culture medium (DMEM with 1%
SBF) for 24 h. After this period, the medium was removed, the cells were
rinsed twice with PBS (0.1 mL) and toxicity was assessed using the XTT
assay according to the manufacturer’s protocol.

The cell internalization assay of metallosomes as function of their
size, concentration and incubation time was carried out using human
fibroblasts cultured on infrared CaF, window (diameter: 2.5 cm, width:
0.5 mm; Crystran Ltd, UK) at 70% confluence, as previously described.?®
Briefly, after 24 h of seeding the cells on the CaF; windows placed in 24
well plates, the different treatments were carried out. After the incu-
bation time the cells were washed three times with PBS, fixed for 30 min
in 4% paraformaldehyde, and quickly rinsed with deionized water. The
culture plates also included one well as a control group (non-treated
cells) and two wells with cells that were incubated with 3 mM SPC li-
posomes of 50 and 800 nm.

2.6. FTIR microscopy internalization assay using synchrotron radiation

The main objective of the present work was to characterize the cell
internalization of metallosomes by evaluating three factors: the size of
the metallosomes (extruded from 800 to 50 nm); their concentration
(from 50 to 1000 pM of TCOL10) and the incubation time (from 2 to 26
h). We carried out an optimized multifactorial experimental design [26].
The levels of the factor combinations were established to fit a centred
star and cube design, and to achieve more accuracy an additional
external centred cube was included at the extreme values of the factors.
The selected absolute values of the factors are shown in Table 1, but to fit
them with the selected experimental design a change of variable was
done by means of the common logarithm. In this way similar increments
are obtained, and the level combinations of the metallosome incubations
are close to the centred star and cube design (SupplMat-2). The 23 factor
combinations used for the different cell incubations are shown in
SupplMat-3.

The windows with fixed cells were analysed by FTIR microscopy
using synchrotron light at the MIRAS Beamline of the ALBA synchrotron
equipped with a Hyperion 3000 microscope coupled with a Vertex 80
infrared spectrometer (Bruker). The infrared spectra of each sample
were obtained with an optical window of 10 x 10 ym and a resolution of
4 cm™ . A total of 256 or 512 scans were accumulated for each analysed
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cell, depending on the observed noise. A mean of 37 spectra for any
incubation condition were obtained. After the acquisition and prior to
the analysis, the spectra showing strong Mie scattering or a low signal-
to-noise ratio were rejected. Subsequently, baseline correction was
performed and the spectra were normalized by the intensity of CO band
of the SPC.

Infrared spectra of a cells show the amide I peak (1680 cm™}) which
corresponds to cellular proteins, and if this cell has internalized metal-
losomes the peak of the characteristic carbonyl groups of TCOL10 (2020
cm™Y) should be detected. Thus, on the one hand, the collected spectra
allow to know the percentage of cells that presented TCOL10 for each
one of the 23 incubation conditions with the metallosomes. And, on the
other hand, the relative amount of TCOL10 in the cells can be obtained
by the ratio between the absorbance of the CO band of the TCOL10 and
that of the amide I band, which is representative of the cellular protein.
This ratio was calculated for those spectra that showed the existence of
the CO band, and was equaled to 0 in the other cases. The percentage of
cells with TCOL10 and the TCOL10 to protein ratio were the responses of
the studied factors, and a full polynomial second-order model (Eq. 1)
was fitted to them:

Response = k + o-D* + 0p-D* 2 +b)-C* + by-C* 2 4 ¢ T* +¢p T 2 +
d,-D*-C* + dy-D*.T* + d3-C* T* )

where k is a constant, D*, C* and T * are the variables defined in Table 1,
and ga;, b;, ¢;, and d; are coefficients that, along with k, are obtained by
stepwise regression.

3. Results and discussion
3.1. Metallosome characterization

In previous studies we worked with supramolecular aggregates
formed by metallosurfactants with chains of two and six carbon atoms
mixed with SPC. To ensure the preparation of the most stable structures
these aggregates were obtained by vortexing. Thus, the formation of
spontaneous aggregates minimizes the packing deficiencies caused by
the structural differences between the two components. As demon-
strated, these differences were able to dramatically change the type of
supramolecular aggregate when the metallosurfactant to SPC molar
ratio was progressively changed: vesicles, large rods, micelles and
bicelles were obtained [25,27]. The subsequent synthesis of TCOL10
aimed to achieve a metallosurfactant with a length similar to that of a
biological monolayer; however, surface tension measurements indicated
that this molecule could adopt a double-loop conformation in in-
terfaces,?! a conformation that makes the length of its hydrophobic
domain about half of that of phosphatidylcholine. Nonetheless, spon-
taneous (and large) TCOL10/SPC mixed vesicles were stable. Because
small delivery systems are mandatory for biomedical applications, in
this work we aimed to further explore the stability of metallosomes
when their vesicular size is reduced, that is, when the geometry of the
supramolecular aggregates is imposed, for example, by extrusion. Fig. 1
shows the results of DLS analysis of SPC liposomes and TCOL10/SPC 1:3
mol/mol metallosomes obtained after extrusion through specific mem-
brane pores, as described in Section 2.2. As can be observed, there is a
strong relationship between the membrane pores and the main peak of

Table 1

Levels of the factors chosen for the cell incubations, their corresponding change of variable (indicated with *) and the increment between two consecutive converted

values.
Diameter / nm D* = Log Diameter A D* [TCOL10] / uM C* = Log [TCOL10] A C* Time / h T * = Log Time AT*
50 1.7 - 50 1.7 - 1 0 -
100 2.0 0.30 100 2.0 0.30 2 0.3 0.30
200 2.3 0.30 250 2.4 0.40 5 0.7 0.40
400 2.6 0.30 500 2.7 0.30 13 1.11 0.59
800 29 0.30 1000 3.0 0.30 26 1.41 0.30
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Fig. 1. a) Diameter of peak distributions of SPC liposomes (green triangle) and TCOL10/SPC 1:3 mol:mol metallosomes (red circles) obtained by extrusion through
800, 400, 200, 100 or 50 nm pores. The size of the symbols is proportional to the population of vesicles of each peak. The error bars indicate the standard deviation of
the peak diameter, and the vertical red rectangles show the width of the peaks of the metallosomes. b) Polydispersity index of the samples. n > 2.

all metallosome suspensions. This is especially true for the case of 800,
400, 200 and 100 nm membrane pores (main peaks located at 790, 436,
161 and 116 nm respectively), however, in the case of the smaller pore
diameter (50 nm) the metallosomes show a peak at approximately 80
nm, which is 60% higher than that of the pore. This difference was much
higher than that observed for SPC liposomes extruded in the same
conditions, with a diameter of approximately 60 nm (which makes the
metallosomes more than 30% larger than the SPC liposomes). Similar
results were found for phosphatidylcholine liposomes by other authors
[28], who showed that extensive repeated extrusions through 50 nm
pore membranes lead to vesicles of 60-70 nm in diameter. The diver-
gence between the extrusion pore diameter and size of the extruded SPC
vesicles occurs when the pore size is close to the geometrical limit of the
liposomes, approximately 20 nm. This is due to the membrane tensions
and packing defects that such a small size causes (an SPC bilayer is about
4 nm thick, which is 40% of the radius of a liposome of 20 nm in
diameter). Thus, the extra size of metallosomes extruded through 50 nm

a) OPTICAL MICROSCOPY

pores has to be a consequence of membrane packing deficiencies origi-
nated by TCOL10 that, in turn, limit the minimum size that a stable
vesicle of this type can achieve. The results suggest that the minimum
diameter of mixed metallosomes should be not far from 50 nm.

The effect of TCOL10 on the membrane is very different in the case of
large metallosomes. Note that they are more effectively downsized when
extruded through 800 nm pores that SPC liposomes Fig. 1a. At this scale,
the membranes are not subjected to the limitation that a small curvature
of the radius generates. Then, the difference between the diameter of the
800 nm extruded SPC liposomes and the TCOL10/SPC 1:3 mol/mol
metallosomes should be attributed to an increased instability of the
metallosomes during size reduction driven by two factors: the afore-
mentioned packing defects and, mainly, the two negative electrical
charges of TCOL10, which favor the formation of small vesicles [29,30].

A second point to be considered in size analysis is the polymodality of
the 400 and 800 nm extruded metallosomes. This is manifested by the
presence of a main vesicle population (similar to the corresponding

NExtr. Extr. 800 Extr. 400

Extr. 200 Blank

=50 pm-

R
=]

Fig. 2. Optical microscopy (a) and cryo-TEM (b) images of non-extruded (NExtr.) metallosomes, and extruded (Extr.) through 800, 400, 200, 100 and 50 nm pore
membranes. In a) the magnification is the same in all the pictures and the scale is shown in the Blank labeled image. In b) the scale bar is in each image.
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extrusion pore) along with two minor populations (Fig. 1a) and high PDI
values (Fig. 1b). The diameters of the larger metallosome populations
were in the upper range of analysis of the DLS device (in the micrometric
range); this fact along with the polymodality of the samples generated
less precise results. Therefore, the extent of the presence of very large
metallosomes was studied by optical microscopy. It should be noted that
the study of the existence of micrometric vesicles in suspensions is not
marginal because the size of the metallosomes is one of the three factors
studied in this work that can modulate cellular uptake. The images
(Fig. 2a) show that there was a dramatic change in the size of the vesicles
after extrusion through the 800 nm and 400 nm pore membranes.
However, the images also show that in these two cases the downsizing
process is not fully effective and metallosomes with a diameter larger
than the nominal pore of the membranes remain in the suspensions (see
the histograms in SupplMat-4). This is not the case for extrusions
through pores equal to or smaller than 200 nm; in these cases, the op-
tical fields show no vesicles and are equivalent to those of the blank
(slide with aqueous medium). Most studies have characterized the size
of extruded vesicles using only the mean diameter obtained by DLS. This
procedure is reliable for suspensions free of micrometric aggregates, but
the existence of these large vesicles can generate errors in the mean
diameter even if they constitute a small part of the population. As
shown, a part of the metallosome population of the samples extruded at
800 nm had a diameter of several micrometers. This size is at the limit or
even falls outside the device analysis range which means that the vesi-
cles were not detected in the last case. In contrast, the large population
of the 400 nm extruded metallosomes is not as large as the previous one
and completely falls inside the device range analysis. These two different
circumstances make the DLS mean diameter of the 800 nm extruded
metallosomes (724 4+ 224 nm) smaller than that of the 400 nm extruded
vesicles (1764 + 522 nm), which is clearly an anomalous description of
the samples. These previous results allow to have a precise description of
the size of the vesicles and indicate that complementary techniques are
necessary to fully describe the samples.

To study the morphology of the metallosomes, the samples were
analyzed by cryo-electron microscopy (cryo-TEM). The cryo-TEM im-
ages (Fig. 2b) showed that in all cases vesicular systems are obtained and
most of them contain one or two membranes. The heterogeneity of the
samples obtained after 800 and 400 nm pore extrusion can also be
observed: small and large (usually dark because they protrude the
vitrified film) vesicles were detected. The heterogeneity is even larger if
it is taken into account that micrometric vesicles are excluded from the
grid during the blotting process because they cannot be retained by the
thin aqueous film of the grid holes [31]. The heterogeneity of 800 and
400 nm extruded samples agrees with the results of optical microscopy
and DLS analysis and indicates that a very broad vesicle size distribution
is obtained during mechanical agitation. Extrusion decreases the het-
erogeneity being its efficiency higher with the decreasing pore diameter.
Thus, DLS, and optical and electron microscopy analyses provide evi-
dence that all extrusions produce vesicular systems that are mainly
unilamellar with the main population having a diameter close to that of
the membrane pore.

3.2. Metallosome stability

The use of metallosomes as CO-releasing aggregates in biological
systems has several advantages over the administration of free CORM
molecules in the bulk. One of them is that the aggregates themselves
contain a large quantity of active CORMs as they are part of the struc-
ture. Furthermore, as a mixed system, they can be decorated and/or
functionalized to have long residence times and selective targeting in the
same manner as liposomes [32,33]. However, the previous advantages
are only valid if the structure of the aggregates is preserved in biological
systems, where they undergo high dilution, and if the release of CO can
be controlled. The first requirement is not met in the case of pure
TCOL10 metallosomes because of the relatively high critical vesicle
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concentration (CVC) of the metallosurfactant (approximately 0.28 mM)
[21]. Therefore, to validate TCOL10/SPC vesicles as a delivery system it
was necessary to characterize the behavior of the mixed TCOL10/SPC
vesicles under dilution. The study was carried out by DLS comparing the
size of the vesicles upon a wide-ranging dilution (up to two orders of
magnitude), both at a short time and 26 h after dilution. The systems
evaluated were metallosomes extruded through 800, 200 and 50 nm
pores, that is, those with a size located at the upper and lower limits of
the size range and central value. The results (SupplMat-5) indicate that
the three types of metallosomes do not disaggregate upon dilution, that
is, TCOL10 is not released and their structure is maintained. Otherwise,
a progressive decrease in the vesicle population of a given size should be
detected, concomitant with the formation of heterogeneous vesicles
formed only by SPC, along with an increase in PDI. This is what is
observed, for example, when bicelles composed of phospholipids and
short-chain surfactants (with relatively high critical micellar concen-
tration) are diluted: the surfactant escapes from the structure to the bulk
(where it exists as monomer) and the remaining phospholipid undergoes
a rearrangement to form large and heterogeneous vesicles [34,35].
Consequently, the aforementioned results indicate that TCOL10 metal-
losomes are stable to dilution more than 10 times below the CVC of the
metallosurfactant and that they will maintain their structure at any of
the time and concentration conditions of the cell incubation shown in
Table 1.

The spontaneous CO release of the metallosomes in the absence of
light and its effect on the structural integrity of the metallosomes
(extruded through 800, 200 and 50 nm pores) were monitored in par-
allel using FTIR (inset Fig. 3) and DLS analysis respectively. With
regards to CO release, there was no effect of the vesicular size, since the
three types of suspensions gave the same results at a given temperature
(SupplMat-6). This is why Fig. 3 shows the means obtained at 4 and
37 °C. At 4 °C TCOL10 was stable, for at least 30 days. Nonetheless, this
was not the case at 37 °C, and the release of CO was detected after a lag
time of approximately four days. Therefore, under dark conditions,
TCOL10 (a photoCORM) undergoes spontaneous temperature-
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Fig. 3. Chemical stability of TCOL10/SPC 1:3 mM/mM metallosomes upon
time, in dark, and at 4 °C (cyan) and 37 °C (red) (mean =+ std, n = 2). Inset:
normalized infrared spectra of a fresh sample (violet) and after incubation at
37 °C for 30 days (orange). The labels indicate the CO peaks of the metal-
losurfactant and phosphatidylcholine used to obtain the relative absorbance
ratio (% Abs 2018/1735) shown in the main figure.
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dependent degradation that, as in the case of other metal carbonyls,
should be triggered, for example, by pH and/or oxygen, and lead to
ligand substitution/exchange [36]. The lag period indicates that
TCOL10 has (at least) two stages of degradation and that temperature
regulates the extent of the slow stage, also called the induction phase.
This behavior has been observed in hydrogels and colloidal suspensions
of polymeric solid particles with or without entrapped drugs, and in
most cases their degradation and/or drug release evolution fit sigmoidal
models [37-40]. One of the most used is the Prout-Tompkins equation
which was developed specifically for the degradation of solids (thermal
decomposition of potassium permanganate crystals), but it shows good
results in other fields [41,42]. One example is the aforementioned
colloidal particles, in which the degradation takes place inside them.
The location of the reactions makes solid colloidal systems comparable
to the degradation of solids originally considered by the mathematical
model. Surprisingly, the model was also successfully applied to char-
acterize events that occur at the particle surface, which also shows a lag
period. [43] Thus, it is not unexpected that the evolution of spontaneous
CO release from metallosomes (i.e. hollow membrane vesicles) shows
characteristics similar to those occurring into solid particles and also on
their surface. The observed lag time can be attributed to a protective
environment of the hydrophobic region of the mixed membrane on the
active part of TCOL10, that is, the Mo-carbonyl complex. The same
evolution has been observed by other authors in linoleate liposomes,
where lipid peroxidation was studied. [44] Furthermore, the induction
phase is not only applied to membrane lipids: several drugs increase
their stability (even in photolysis processes) when entrapped into lipo-
somal membranes. In some cases, the protection is mediated by the
interaction of the drugs with the phospholipids, as in the case of nor-
floxacin [45] and cyanocobalamin [46], while in others the isolation
from the bulk is the main cause [47,48].

The observed release of CO at 37 °C, compared to that at 4 °C, shows
the increase of the rate constant of the chemical degradation of the
ligand. The break of the CO-Mo bonds implies changes in the bulky
hydrophobic part of TCOL10 (constituted by the Mo complex) which, in
turn, can affect membrane packing and vesicle stability. This possibility
was evaluated by DLS analysis of the samples in parallel with FTIR
analysis. At 4 °C only the peaks of the 800 nm extruded metallosomes
show variations (Fig. 4) which are explained by the polymodal character
of the size distribution. The other extruded vesicles (which were
monodisperse) showed a constant size during the 30 days of the study.
With regards to the samples kept at 37 °C, the most remarkable fact was
the appearance of micrometric vesicles (~5 pm) after 7 and 30 days of
incubation of the 50 and 200 nm extruded metallosomes, respectively.
In both cases they were only 10-15% of the total vesicle population and,
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consequently, the original size was the more abundant even after 30
days of incubation at 37 °C. So, the formation of large vesicles takes
place first for the smaller metallosomes, when the CO release is only
approximately 10% (Fig. 3), while for the 200 nm extruded vesicles, this
value has to reach 30%. This early destabilization of the small metal-
losomes can be a consequence of TCOL10 structural changes in mem-
branes that are already stressed under normal conditions.

In summary, the data set of the metallosome stability study provides
conclusive evidence that the mixed TCOL10/SPC 1:3 mol:mol vesicles
meet the stability requirements for their use in biological systems. Their
structure is stable upon dilution and in dark, and they show high
structural and chemical stability at 37 °C (for a total of 4 days). Alto-
gether, these data validate the system for the cell incubation experi-
mental conditions used in the present study, where TCOL10/SPC was
incubated for a maximum of 26 h at 37 °C. Moreover, it has been
demonstrated that at 4 °C in the dark metallosomes maintain their
chemical and physical properties for a minimum of 30 days.

3.3. Metallosome toxicity

The viability of cells incubated with metallosomes for 26 h is shown
in Fig. 5. The results indicate that at 26 h all vesicles had a similar
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Fig. 5. Cell viability of fibroblasts after 26 h of incubation with TCOL10/SPC
1:3 mol:mol metallosomes (n > 2) and with SPC liposomes (n = 2) at a phos-
pholipid concentration equivalent to that of the maximum of the metallosomes.
(Mean =+ sem). The curve was obtained using as ansatz a sigmoidal fit of all the
metallosome data.
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Fig. 4. Peak size distribution of 800 (red circles), 200 (green squares) and 50 nm (blue triangles) extruded TCOL10/SPC 1:3 mM/mM metallosomes upon time
during their incubation at 4 °C and 37 °C. The size of the symbols is proportional to the population of vesicles of a given diameter. (Mean =+ std, n = 2).
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toxicity with a Dsy between 100 and 500 puM. Previous experiments
carried out with mixed systems consisting of SPC and other metal-
lotensioactives of the TCOL10 family (with one or two carbon chains of
two or six carbon atoms) showed a higher toxicity when they formed
very small structures or were unstable to dilution:>>?’ free metal-
losurfactants, bicelles, micelles and non-stable vesicular systems that
disaggregate upon dilution have a Dsy between 70 and 170 uM. On the
contrary, when these molecules form spontaneous and stable large
metallosomes (some micrometers in diameter) they exhibit the same
behavior as that of non-toxic SPC liposomes. Thus, it is apparent that at
26 h the extruded TCOL10/SPC metallosomes have a non-existent
toxicity in the case of very large stable vesicles and, at the same time,
it is smaller than that of the corresponding very small aggregates. In
other words, the downsizing of TCOL10/SPC metallosomes increases
their toxicity to (and interaction with) the cells but into a lesser extent
than the very small metallosurfactant/SPC aggregates. This makes their
toxicity halfway between that of small systems and large spontaneous
vesicles.

3.4. Cellular uptake of metallosomes

The use of an FTIR microscope with a synchrotron light source allows
single-cell spectrum analysis, and owing to the high signal-to-noise
ratio, very small quantities of TCOL10 can be detected. In our case,
we took advantage of both characteristics to determine the influence of
relevant factors such as incubation time, concentration of TCOL10, and
vesicular size on the two responses of the system evaluated, that is, the
percentage of cells that contained TCOL10 and the strength of the
uptake.

The analysis of the CO region of the TCOL10 of 846 spectra (Sup-
plMat-7) indicated that under the experimental conditions located at
non-extreme values of the incubation, there was a bimodal cell behavior.
Under these conditions some cells showed the CO band of TCOL10 with
a similar relative intensity, while in others it was not present at all. This
indicates that, under the given experimental conditions, there were two
cell populations: one prone to interact with the metallosomes and the
other prone not to do so. This is the reason why this behavior was
quantified in terms of the percentage of cells that showed the CO band of
TCOL10 and characterized by fitting Eq. 1 using the diameter of the
main peak of the DLS analysis. The results (SupplMat-8a) indicate that
the three independent variables studied influence the response. Fig. 6
shows contour plots calculated from the fitted equation. As expected, the
percentage increases with the increase of time and concentration and,
more noticeably, it is also affected by the size of the metallosomes. For
example, after 26 h of incubation with 1000 uM of TCOL10, the per-
centage of cells that showed the metallosurfactant in the corresponding
spectrum was approximately 60%, 80% and 100% for 80, 200 and
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800 nm extruded vesicles respectively (in general, the maximum effi-
cacy is achieved by the 800 nm metallosomes). At short incubation times
(1-3 h) it was observed that the TCOL10 concentration had little effect
on the percentage. Complementarily, at low TCOL10 concentrations
(50-100 uM), the effect of incubation time is also low, but it increasesd
with an increase of vesicle size.

Once the percentage was studied, the relative amount of TCOL10
inside the cells was characterized by the CO to amide I intensity ratio.
After fitting the coefficients using the experimental vesicle diameter
obtained by DLS, Eq. 1 (SupplMat-8b) shows that the three studied pa-
rameters also significantly modify the response. As can be seen in Fig. 7a
and b, the relationship between the TCOL10 concentration and the ratio
is not linear and the slope decreases with an increase in the former. In a
general point of view it can be observed that the CO/Amide I ratio in-
creases when vesicle size and concentration increase. With regards to
the vesicle size, at long incubation times (Fig. 7a; 26 h) there was a
prominent effect at low concentrations: the ratio for the 800 nm met-
allosomes was 0.15 while it was approximately O for the 80 nm vesicles.
Note that this difference between both types of vesicles was not as
noticeable at high TCOL10 concentrations. In contrast, Fig. 7b shows
that the previously exposed effect of vesicular size decreases at short
incubation times (5 h).

The influence of incubation time is shown in Fig. 7c and d. At all
TCOL10 concentrations and metallosome sizes, the incubation time
showed a saturation effect. Regarding the influence of vesicular size, it
does not change the ratio at short incubation times, while it is prominent
at long times (26 h), particularly if the TCOL10 concentration decreases
(Fig. 7d).

Finally, the overall effect of metallosome size can be observed in
Fig. 7e and f. In general, the larger the vesicular size (in the studied
range) the higher the ratio obtained, which was particularly true at low
TCOL10 concentrations and short incubation times.

One implication of the previous results is related to the choice of
administration conditions of CO in cell cultures, which can be carried
out in two different ways. On the one hand, there is a combination of
level factors that causes negligible uptake of metallosomes with a
maximum concentration of TCOL10 in the bulk. This situation was
achieved with small vesicles (80 nm) and a maximum value of 200 uM
TCOL10, and allowed approximately 5 h of incubation with no signifi-
cant uptake (see Fig. 7f). Since TCOL10 is a photo-CORM, during this
interval, the release of CO could be triggered by light, and the gas would
reach the cells (it has a high permeability through membranes). On the
other hand, the opposite approach is also possible: a set of experimental
conditions can be chosen to produce a high vesicular uptake at non-toxic
levels. Once the vesicles are internalized, and after removal of the in-
cubation medium, the effect of TCOL10 can be studied both under
illumination and in the dark; in both cases, the gas is released directly
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Fig. 6. Contour plots of the percentage of cells that show TCOL10 in their FTIR spectrum as function of incubation time and TCOL10 concentration when incubated
with 80, 200 and 800 nm metallosomes. [TCOL10]-axis range: 50-1000 uM; Time-axis range: 1-26 h.
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Fig. 7. Surface responses of the CO/Amide I ratio calculated from the model obtained using the cellular FTIR spectra (n = 1215). [TCOL10]-axis range: 50-1000 uM;
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inside the cells. The selection of the method must take into account a
main aspect to be studied in next works: the effectiveness of CO achieved
by diffusion from the medium or by direct release from internalized
vesicles at non-toxic doses in both cases.

Another important issue from the results (both percentage and ratio)
is the vesicle-size dependence found: as it has been shown, in the studied
range the uptake is favored for large vesicles. This is not surprising
because it has also been observed by other authors. In these studies,
suspensions were composed of negative liposomes made of saturated
phosphatidylcholine/cholesterol/dicetylphosphate (size from 100 nm

to 2000 nm) [49] and saturated phospholipid/dicetylphosphate (from
100 nm to 400nm); [50] neutral and negative unsaturated

phospholipids (from unextruded liposomes to 200 nm); [51] and
cationic liposomes of unsaturated phosphatidylcholine/dioleoyl-
trimethylammonium-propane (from 90 nm to 200 nm). [52] If other
types of nanoparticles are considered, such as those with a higher
Young’s modulus (harder and less deformable than liposomes) and/or a
smaller size, a similar behavior is observed. This is true for chitosan
particles (150-500 nm) [53] and Ag nanoparticles (5-100 nm). [54] It is
also possible to find literature that is not entirely coincident. This is the

case of Chuard et al., [55] who studied liposomes from 50 to 400 nm and
found a maximum internalization for the 100 nm vesicles. However, in
this study, vesicle uptake was mediated by disulfide groups located at
the liposomal bilayer, and a specific mechanism of internalization,
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different from that of previous cases, should be involved.

From a mechanistic point of view, the dependence of vesicle size on
the uptake should be related to the number of collisions per unit of time
between vesicles and cells. In this context, it can be assumed that given a
certain vesicular membrane composition the driving force for its inter-
nalization does not change with vesicular size, since the vesicle surface
chemistry and size do not change. In other words, if the type of inter-
action between vesicles and cells depends solely on their molecular
components due to their surface interactions at short distances, thus, the
greater the number of collisions between them, the greater the uptake.
Column 2 of SupplMat-9 shows the relative number of unilamellar
vesicles obtained from those with a diameter of 800 nm. This is the case
for the extrusion of unilamellar liposomes and metallosomes in the
present work, since they are mainly unillamellar, particularly those of
small diameter (Fig. 2b). The values were calculated considering the
relationship between the surface of the reference vesicle (which is pro-
portional to the number of molecules) and the total surface of the new
ones, that is:

dnry, = npdar? 2
where rggg is the radius of the vesicles with a diameter of 800 nm, r; is the
radius of the vesicles with a diameter i, and n; is the number of vesicles of
diameter i. From Eq. 2, the number of vesicles generated is:

r 2
o = (ﬂ) @
Ti

As can be seen, at a constant lipid concentration the downsizing
process increases the number of vesicles that interact with cells and,
therefore, favors their uptake. However, because the vesicular mass is
proportional to its surface (not to the volume), during the size reduction
the amount of matter that the obtained vesicles contain decreases
exactly in an inverse manner to their number (column 3, SupplMat-9).
Then, the relative mass contained in a vesicle with diameter i (m;) to
that of an 800 nm diameter (mgg) is:

N2
mi/mSOO = (r:;()) ()]

Consequently, at this point, although the downsizing generates more
vesicles, which favors the uptake (via an increase in the number of in-
teractions), the amount of matter internalized should be the same for all
vesicular sizes shown in SupplMat-9. However, a decrease in the vesicle
size implies faster movement into the bulk according to the Stokes-
Einstein law for diffusion in solution, which states that the diffusion
coefficient is inversely proportional to the particulate radius (or diam-
eter). Column 4 of SupplMat-9 shows this.

Thus, the mechanistic approach showed that vesicle internalization
should increase with decreasing vesicle size, a completely opposite
prediction to the results obtained in our uptake experiments and in the
works cited above. This means that this approach is incomplete and the
existence of other factors that reverse the prediction must be considered.

There are two possible additional factors: those affecting the vesicles
and those affecting the cells. With regards to the vesicle factors, a larger
diameter implies a larger contact area between vesicles and cells, which
should favor uptake. Furthermore, it has been shown that a reduction in
vesicle size (from 150 to 20 nm) progressively increases membrane ri-
gidity. [56,57] Some authors have shown by theoretical approaches how
vesicle elasticity modulates the internalization process; [58,59] for
example, soft vesicles have a high internalization rate after adhesion to
the surface has taken place. [60] Relating now to cellular aspects, it is
known that cells have different uptake mechanisms. The general term
endocytosis includes phenomena such as pinocytosis, phagocytosis, or
clathrin and caveolin mediated events, [61,62] which also determine
the final destination of internalized particles (i.e. lysosomes, endosomes,
cytosol).[50,63] Activation of these processes takes place depending,
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among other factors, on the size of the vesicles, and globally the over-
lapping range of action of each one implies that they allow the uptake of
particles from about 2 nm to several micrometers (approximately, three
internalization pathways ranges are described: till 100 nm, from 100 to
250 nm, and until 5 micrometers). [64] Thus, the different metal-
losomes studied in the present work could be internalized by different
mechanisms due to their size range, which is one order of magnitude
(from approximately 80 to 800 nm); that is, their cellular affinity is
modulated by their size. Thus, the exposed vesicular factors (soft vesi-
cles, and a large contact area between vesicles and cells) and cellular
factors (specific internalization mechanism) can be considered as the
main driving force that favor the internalization of large metallosomes
found in our study, in opposition to the diffusion effect.

4. Conclusions

The metallosurfactant photoCORM TCOL10 can form mixed vesicles
with SPC at a 1:3 molar ratio and the size of the structures can be
effectively regulated by extrusion. However, probably due to the double
loop conformation of TCOL10 and its impact on the packing of the
membranes, the metallosomes show a minimum diameter achievable
that is larger than that of pure SPC liposomes. If they metallosome size
ranges from 80 to 800 nm in diameter, they are stable to dilution and
show chemical and physical stability in dark at 4 °C during, at least, 30
days. However, at 37 °C they showed a spontaneous CO release after a
lag time of approximately 4 days and the concomitant formation of a
population of large vesicles is also observed. As regards their biological
properties, the down-size process makes metallosomes more toxic than
very large vesicles with the same composition but less than the very
small aggregates formed by pure metallosurfactant. The internalization
of metallosomes by cell cultures was effectively characterized as func-
tion of incubation time, concentration of TCOL10 and vesicular size: the
TCOL10 concentration showed a non-linear relationship with cellular
uptake; the incubation time showed a saturation effect; and large par-
ticles (800 nm) were more efficiently internalized by the cells than the
small ones. The characterization of the system allows two different ap-
proaches for CO delivery to the cells: one from the bulk avoiding the
cellular uptake and triggering CO release by light; and the second from
inside the cells, by means of controlled metallosome internalization. The
data indicates that the TCOL10/SPC metallosomes can be considered as
a promising CO delivery system for their use in biomedical applications.
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