
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 132.68.141.97

This content was downloaded on 29/05/2017 at 10:23

Please note that terms and conditions apply.

Cubosomes for in vivo fluorescence lifetime imaging

View the table of contents for this issue, or go to the journal homepage for more

2017 Nanotechnology 28 055102

(http://iopscience.iop.org/0957-4484/28/5/055102)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Targeted lipid-polyaniline hybrid nanoparticles for photoacoustic imaging guided photothermal

therapy of cancer

Jinping Wang, Ran Yan, Fang Guo et al.

A multi-functional nanoplatform for tumor synergistic phototherapy

Huijuan Zhang, Xiaojing Jiao, Qianqian Chen et al.

Serum-stable quantum dot--protein hybrid nanocapsules for optical bio-imaging

Jeong Yu Lee, Dong Heon Nam, Mi Hwa Oh et al.

Poly(D, L-lactide-co-glycolide) nanoparticles as delivery agents for photodynamic therapy:

enhancing singlet oxygen release and photototoxicity by surface PEG coating

Ester Boix-Garriga, Pilar Acedo, Ana Casadó et al.

Lactobionic acid-conjugated TPGS nanoparticles for enhancing therapeutic efficacy of etoposide

against hepatocellular carcinoma

Altansukh Tsend-Ayush, Xiumei Zhu, Yu Ding et al.

Encapsulation of palladium porphyrin photosensitizer in layered metal oxide nanoparticles for

photodynamic therapy against skin melanoma

Zih-An Chen, Yaswanth Kuthati, Ranjith Kumar Kankala et al.

Cathepsin B-degradable, NIR-responsive nanoparticulate platform for target-specific cancer therapy

Sam P Tarassoli, Alejandra Martinez de Pinillos Bayona, Hayley Pye et al.

Diagnosing gastrointestinal stromal tumours by single photon emission computed tomography using

nano-radiopharmaceuticals based on bevacizumab monoclonal antibody

Thais Braga Ligiero, Cristal Cerqueira-Coutinho, Marta de Souza Albernaz et al.

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/28/5
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/0957-4484/27/28/285102
http://iopscience.iop.org/article/10.1088/0957-4484/27/28/285102
http://iopscience.iop.org/article/10.1088/0957-4484/27/8/085104
http://iopscience.iop.org/article/10.1088/0957-4484/25/17/175702
http://iopscience.iop.org/article/10.1088/0957-4484/26/36/365104
http://iopscience.iop.org/article/10.1088/0957-4484/26/36/365104
http://iopscience.iop.org/article/10.1088/1361-6528/aa66ba
http://iopscience.iop.org/article/10.1088/1361-6528/aa66ba
http://iopscience.iop.org/article/10.1088/1468-6996/16/5/054205
http://iopscience.iop.org/article/10.1088/1468-6996/16/5/054205
http://iopscience.iop.org/article/10.1088/1361-6528/28/5/055101
http://iopscience.iop.org/article/10.1088/2057-1976/2/4/045017
http://iopscience.iop.org/article/10.1088/2057-1976/2/4/045017


Cubosomes for in vivo fluorescence lifetime
imaging

Stefania Biffi1,10, Laura Andolfi2, Claudia Caltagirone3, Chiara Garrovo1,
Angela M Falchi4, Vito Lippolis3, Andrea Lorenzon5, Paolo Macor6,
Valeria Meli3, Maura Monduzzi3, Marc Obiols-Rabasa7, Luca Petrizza8,
Luca Prodi8, Antonella Rosa4, Judith Schmidt9, Yeshayahu Talmon9 and
Sergio Murgia3,10

1 Institute for Maternal and Child Health—IRCCS ‘Burlo Garofolo’, Trieste, Italy
2 IOM-CNR, Area Science Park, Basovizza, Trieste, Italy
3Department of Chemical and Geological Science, University of Cagliari, and CSGI, I-09042 Monserrato
(CA), Italy
4Department of Biomedical Science, University of Cagliari, I-09042 Monserrato (CA), Italy
5Animal Care Unit, Cluster in Biomedicine (CBM scrl), Trieste, Italy
6Department of Life Sciences, University of Trieste, Italy
7Division of Physical Chemistry, Department of Chemistry, Lund University Getingevägen 60, SE-22240
Lund, Sweden
8Department of Chemistry ‘G. Ciamician’, University of Bologna, Bologna, Italy
9Department of Chemical Engineering, Technion—Israel Institute of Technology, Haifa 3200003, Israel

E-mail: stefania.biffi@burlo.trieste.it and murgias@unica.it

Received 22 September 2016, revised 21 November 2016
Accepted for publication 30 November 2016
Published 29 December 2016

Abstract
Herein we provided the first proof of principle for in vivo fluorescence optical imaging
application using monoolein-based cubosomes in a healthy mouse animal model. This
formulation, administered at a non-cytotoxic concentration, was capable of providing both
exogenous contrast for NIR fluorescence imaging with very high efficiency and chemospecific
information upon lifetime analysis. Time-resolved measurements of fluorescence after the
intravenous injection of cubosomes revealed that the dye rapidly accumulated mainly in the
liver, while lifetimes profiles obtained in vivo allowed for discriminating between free dye or dye
embedded within the cubosome nanostructure after injection.

S Online supplementary data available from stacks.iop.org/NANO/28/055102/mmedia

Keywords: liquid crystalline nanoparticles, fluorescence lifetime probe, fluorescence optical
imaging in vivo

(Some figures may appear in colour only in the online journal)

1. Introduction

Spontaneous self-assembly of lipids in water permits the
formulation of liquid crystalline nanoparticles of the inverted
type, showing inner nanostructure characterized by lipid
bilayers wrapped on triply periodic minimal surfaces of cubic
symmetry [1–4], a beautiful three-dimensional organization
now completely disclosed by cryo-electron tomography [5].

Discovered in the eighties, such nanoparticles are universally
known as cubosomes [6, 7]. They are considered an emerging
platform for a wide range of nanomedicine applications by
virtue of unique features [8]. These include a high hydro-
phobic volume (higher than liposomes) [9], the possibility of
simultaneously hosting both diagnostic agents and ther-
apeutics (cubosomes are also proposed as theranostic tools)
[9–11], storage stability, and a viscosity similar to water,
which is a fundamental characteristic for bolus delivery [12].
Recently, they were successfully tested as carriers for
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antimicrobial peptides [13], and their superior efficacy in the
siRNA delivery (cuboplexes) with respect to traditional
lipoplexes was also demonstrated [14]. The necessary col-
loidal stability of cubosome formulations is typically
achieved by using polyethylene oxide (PEO)-polypropylene
oxide (PPO)-polyethylene oxide triblock copolymers (Pluro-
nics) as stabilizing agents, although other kinds of stabilizers
have been proposed [14–18]. As a consequence, cubosomes
are surrounded by a PEO corona that, similarly to stealth
liposomes, should retard clearance of these nanoparticles
from the bloodstream via the mononuclear phagocytic system
by inhibiting opsonization [19, 20]. Furthermore, their surface
can be decorated with targeting residues to properly address
cubosomes toward specific tissues [21, 22]. Despite their
remarkable potential as nanocarriers, to the best of our
knowledge, so far, no papers have appeared describing the
successful exploitation of cubosomes for in vivo imaging.
Several authors have demonstrated that the hexagonal coun-
terpart of cubosomes (namely, hexosomes) can be effectively
labeled with radiotracers (such as 99Tc) [23, 24] or MRI
contrast agents (paramagnetic nitroxide lipids) [12, 25], pro-
viding valuable imaging tools for in vivo diagnostics. Com-
pared with traditional structural and functional imaging
modalities, fluorescence optical imaging (FOI) offers several
advantages, requiring a relatively simple instrumental setup,
and showing high signal-to-noise ratios in vivo, owing to the
development of novel synthetic fluorescent probes with high
brightness and photostability in the near infrared spectral
region (NIR, 650–900 nm) [26–29]. Therefore, innovative
FOI methods hold promise as radiation-free, portable, and
potentially cost-effective screening technology extremely
useful in imaging studies in vivo [30]. In particular, time-
domain optical imaging (TD-OI) technology allows for NIR
fluorescence lifetime analysis, which is based both on the
specificity of fluorescence probes and the sensitivity of their
emission lifetime, related to environmental characteristics
[31–36]. In this context, here we provide the first proof of
principle for FOI application using monoolein (MO)-based
cubosomes in vivo in a healthy mouse animal model.

2. Materials and methods

2.1. Cubosomes preparation and characterization

Cubosomes were prepared by dispersing melted MO (1-
monooleoylglycerol, 98.1 wt%, Danisco A/S, DK-7200,
Grinsted, Denmark) in an aqueous solution of Pluronic F108
(PF108, PEO132−PPO50−PEO132, Sigma-Aldrich) using an
ultrasonic processor UP100H, provided by Dr Hielscher, with
a 0.9 cycle and 90% amplitude for 10 min. To obtain fluor-
escent cubosomes, the fluorophore Cy5.5-C14 was dispersed
in the melted MO with the help of an ultrasonic bath before
dispersion in Pluronic F108. Typical sample volume sample
was 4 ml with 96.4 wt% of water, 3.3 wt% of MO, and 0.3
wt% of Pluronic F108. After loading, cubosome dispersion
was purified from the non-encapsulated dye by dialysis as
follows: 2 ml were loaded into a dialysis tubing cellulose

membrane (14 kDaMW cutoff, Sigma-Aldrich) and dialyzed
against water (1000 ml) for 2 h (by replacing the water after
1 h). Loading efficiency (E%), expressed as percentage of the
amount of the dye present in the formulation before dialysis,
was determined by UV–vis spectroscopy after disruption of
cubosomes (dialyzed and not dialyzed) with acetonitrile.
Cy5.5-C14 content was quantified before and after purification
by a Thermo Nicolet Evolution 300 UV–vis spectro-
photometer at 679 nm. The molar concentration of Cy5.5-C14

in the cubosomes sample after dialysis was 2.7×10−4, with
E%=75. Dynamic light scattering (DLS) measurements for
the determination of nanoparticle size and ζ-potential were
performed at 25 °C using a ZetaSizer Nano ZSP (Malvern
Instruments Ltd, Worcestershire, UK). To confirm that
injection did not alter the physicochemical characteristics of
the formulation, DLS measurements were also performed
after the cubosome formulation was passed through a 30 G
needle (the same used for cubosome intravenous (i.v.)
administration for in vivo tests). Characterization of the
nanoparticles’ internal structure at 25 °C was conducted by
small-angle x-ray scattering (SAXS) using a Ganesha 300XL
(SAXSLAB ApS, Skovlunde, Denmark). The lattice para-
meter a of the cubic phases was determined using the relation
a=d(h2+k2+l2)1/2 from linear fits of the plots of 1/d
versus (h2+k2+l2)1/2, where d =2π/q. q is the measured
peak position, and h, k, and l are the Miller indices. The a
value is the average (±SD) value calculated from the five
Bragg peaks discernible in the diffractogram (see figure 1(b)).
The morphology of the nanoparticles was observed at 120 kV
acceleration voltage in an FEI Tecnai T12 G2 transmission
electron microscope at about −175 °C in the low-dose ima-
ging mode to minimize electron beam radiation damage.
Images were digitally recorded with a Gatan US1000 high-
resolution charge coupled device (CCD) camera.

2.2. Photophysical measurements

Cubosome solutions were diluted with Milli-Q® water. UV–
vis absorption spectra were recorded at 25 °C by means of a
Perkin-Elmer Lambda 45 spectrophotometer. Quartz cuvettes
with an optical path length of 1 cm were used. Corrected
fluorescence emission and excitation spectra (450W, Xe
lamp) were obtained with a modular UV–vis-NIR spectro-
fluorometer (Edinburgh Instruments FLS920) equipped with
both a Hamamatsu R928P photomultiplier tube (for the
500–850 nm spectral range) and an Edinburgh Instruments Ge
detector (for the 800–1600 nm spectral range). Luminescence
quantum yields (uncertainty±15%) were recorded on air-
equilibrated solutions and cyanine IR-125 (Acros Organics)
in ethanol (Φ=0.132) [37]. The same instrument connected
to a PCS900 PC card was used for the time-correlated single
photon counting (TCSPC) experiments (excitation laser
λ=640 nm). Corrections for instrumental response, inner
filter effects, and phototube sensitivity were performed [38].
Fluorescence anisotropy measurements were performed on an
Edinburgh FLS920 equipped with Glan–Thompson polar-
izers. Anisotropy measurements were collected using an
L-format configuration, and data were corrected for
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polarization bias using the G-factor. Four different spectra
were acquired for each sample combining different orienta-
tion of the excitation and emission polarizers: IVV, IVH, IHH,
IHV (where V stands for vertical and H for horizontal; the first
subscript refers to the excitation polarizer and the second
subscript refers to the emission polarizer). Spectra were used
to calculate the G-factor and anisotropy r: G=IHV/IHH, and
r=(IVV−GIVH)/(IVV+2GIVH). The calculated G value
was 1.85.

2.3. Cytotoxicity experiments

Mouse 3T3 fibroblasts (ATCC collection) were grown in
phenol red-free Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, USA) with high glucose, supplemented
with 10% (v/v) fetal bovine serum, penicillin (100 Uml−1),
and streptomycin (100 μg ml−1) (Invitrogen) in a 5% CO2

incubator at 37 °C. The cytotoxic effect of the nanoparticle
formulation was evaluated in 3T3 fibroblasts by 3(4,5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide
(MTT) assay [39]. 3T3 cells were seeded in 96-well plates at
a density of 2×103 cells/well in 100 μl of serum-containing
media. Experiments were conducted two days after seeding,
when cells had reached 70% confluence. Cubosomes were
added to the cells at different concentrations (corresponding
to 20, 30, 40, 55, 83, and 165 μg ml−1 of MO) in 100 μl of
serum-free medium, and incubated at 37 °C for 4 h. The cell
culture medium was then removed from each well of the 96-
well plates; an 8 μl portion of MTT solution (3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)
(5 mg ml−1 in H2O) was added to cells in fresh medium and
left for 2 h at 37 °C. The medium was aspirated, 100 μl of
Dimethyl sulfoxide (DMSO) was added to the wells, and
color development was measured at 570 nm with an Infinite
200 auto microplate reader (Infinite 200, Tecan, Austria). The

absorbance is proportional to the number of viable cells. All
measurements were performed in quadruplicate and repeated
at least three times. Results are shown as the percent of cell
viability in comparison with non-treated control cells. Eva-
luation of statistical significance of differences was performed
using GraphPad INSTAT software (GraphPad software, San
Diego, CA, USA). Comparison between groups was assessed
by one–way analysis of variance (one–way ANOVA) fol-
lowed by the Bonferroni multiple comparisons test.

2.4. Hemolytic assays

These assays were done as previously described [40]. Briefly,
hemolytic activity was performed by mixing different
amounts of cubosomes in veronal buffer with 50 μl of 10%
human erythrocytes suspended in a final volume of 250 μl.
After incubation at 37 °C for 30 min, red cell lysis was cal-
culated by measuring the OD415. Hemolytic activity was
expressed as a percentage of lysis±SD.

2.5. Animal model and treatment

Pathogen-free female BALB/c mice (4 to 6 weeks old) were
purchased from Harlan Laboratories (San Pietro al Natisone,
Italy). Mice were housed in a controlled environment and
maintained with ad libitum food and water. Mice were treated
intravenously with 150 μl of cubosomes solution, corresp-
onding to ∼0.4 nmol Cy5.5-C14 and 50 μg MO. Mice were
followed by optical image acquisition over time to evaluate
the probe biodistribution and accumulation in specific organs.
Animals were also subjected to blood samples for plasma
collection.

Figure 1. (a) Cryo-TEM image and (b) SAXS pattern at 25 °C of the cubosome formulation loaded with the Cy5.5- C14 dye. Miller indices
are shown on top of the corresponding Bragg peak.
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2.6. In vivo and ex vivo time-domain optical imaging analysis

Experimental animals were anesthetized with isoflurane at
1.8–2.0 volume %, shaved in the abdomen to avoid laser
scattering caused by fur, placed in the small animal time-
domain Optix MX2 preclinical NIRF-imager (Advanced
Research Technologies, Montreal, CA), and maintained under
vaporized isoflurane for the entire imaging session. Two-
dimensional regions of interest were selected and laser power,
integration time, and scan step size were optimized according
to the emitted signal. A blank image was acquired before i.v.
administration of cubosomes to record background signal
intensity. After i.v. treatment the animals were monitored at
multiple time points. In all imaging experiments, a 670 nm
pulsed laser diode with a repetition frequency of 80MHz and
a time resolution of 12 ps light pulse was used for excitation.
Fluorescence emission was collected at 700 nm and optical
imaging results were analyzed by reporting fluorescence
intensity values in normalized counts (NCs), representing the
photon count for unit excitation laser power and unit exposure
time, allowing comparison among different images. The
fluorescence lifetime results were obtained by fitting every
fluorescence decay curve corresponding to each pixel mea-
sured by the Optix system using the Levenberg Marquet least
squares method [41]. For ex vivo imaging, the last in vivo
whole body imaging session was followed by euthanasia of
animals. Explanted organs were collected, washed in PBS,
and analyzed with the same Optix system. Then, explanted
organs were snap-frozen in isopentane and dry ice, and cooled
at −80 °C for tissue analysis.

2.7. Ex vivo tissue analysis

For fluorescence microscopy, sections of 7 and 12 μm
thickness were cut from frozen organs with a cryostat at
−20 °C. Glass slides were kept at 4 °C in the dark, and
Vectashield Mounting Medium with 4’,6-diamidino-2-phe-
nylindole (DAPI) (Vector Laboratories, Burlingame, CA),
diluted 1:1 with PBS, was used to stain cell nuclei. Fluor-
escent images were acquired by using an inverted microscope
with a CCD camera (DVC-1412AM monochrome digital
camera quantum effeciency >62% at 550 nm) and 10X, 40X,
and 63X objective lenses (NA 1.63) with immersion oil.

2.8. Ethical statement

All animal procedures were conducted to minimize animal
pain and suffering. All experimental procedures were per-
formed in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and in compliance with Eur-
opean (86/609/EEC) and Italian (D.L.116/92) laws. Proto-
cols for mice experimentation were approved by the
Institutional Animal Care and Use Committee of the Cluster
in Biomedicine (CBM) of the Area Science Park of Trieste
and by the Italian Ministry of Health (DM 17/2001-A dd. 02/
02/2011).

3. Results and discussion

To favor its encapsulation within the MO bilayer, a Cyanine
5.5 was modified by adding a long hydrocarbon chain (Cy5.5-
C14, see supplementary data for details). The fluorescent
cubosome formulation was easily prepared by dispersing MO
and Cy5.5-C14 in a Pluronic F108 (PF108) aqueous solution.
Physicochemical characterization of the formulation was
performed by DLS, TEM at cryogenic temperature (cryo-
TEM), and SAXS. According to DLS results, the formulation
was a homogeneous dispersion (polydispersity index of 0.12)
of nanoparticles characterized by a mean diameter of
144±1 nm (see figure S1) and a ζ-potential of –21 mV.
Nanoparticle morphology, as seen by cryo-TEM, revealed the
co-existence of cubic-shaped and quasi-spherical objects both
displaying an inner structure made of a dark matrix and
alternate bright spots (figure 1(a)), as usually observed in
bicontinuous cubic liquid crystalline nanoparticles (cubo-
somes). The nature of the liquid crystalline phase was
assessed by SAXS. The diffraction pattern was characterized
by at least five Bragg peaks with relative positions
√2:√3:2:√6:√8 (figure 1(b)), confirming that the inner
nanostructure was made of a bicontinuous cubic double dia-
mond phase (space group Pn3m), having a lattice parameter
of 89.1±0.4 Å. Such a value is about 10% smaller than that
recorded in pristine cubosomes (not containing the fluorescent
probe) obtained using the same components [21]. This fact
implicitly indicates that, although the nanostructure is
retained, accommodation of Cy5.5-C14 within the lipid
bilayer alters the MO effective packing parameter [42],
inducing a slightly higher curvature at the MO/water inter-
face, and a consequential decrease in the lattice parameter.

Photophysical characterization of the dye and cubosome
formulation was performed by UV–vis and fluorescence
spectroscopy. As shown in figure S2 and reported in table S1,
the free dye Cy5.5-C14 showed, in EtOH, an absorption band
centered at 685 nm (ε=140 000M−1 cm−1) with a shoulder
at 650 nm (ε=14000M−1 cm−1). A strong emission at
709 nm was observed (Φ=0.27). Once encapsulated inside
the cubosomes (Cy5.5-C14@cubosomes, aqueous dispersion),
both the absorption (λabs=696 nm and 665 nm) and emis-
sion bands (λemis=719 nm) of the dye were slightly red-
shifted (figure S3), probably due to the more apolar
environment experienced by the fluorophore inside the
nanoparticles with respect to EtOH. Moreover, a significant
difference was recorded between the r value of the free dye
and the encapsulated dye (r=0.008 and r=0.100 for
Cy5.5-C14 and Cy5.5-C14@cubosomes, respectively). This
difference is caused by the reduced mobility of the fluor-
ophore inside the nanoparticles, and gives another proof of
the internalization of Cy5.5-C14 inside the cubosome
formulation.

Before in vivo evaluation as a diagnostic tool, the for-
mulation was tested in vitro for its toxicity. Indeed, several
recent in vitro investigations drew attention to the potential
cytotoxicity of cubosomes and, particularly, to their hemo-
lytic properties [43, 44]. Remarkably, some evidence shows
that stabilization of these kind of nanoparticles by means of
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lipid-PEG conjugates may reduce their cytotoxicity [23, 45].
Accordingly, the proposed formulation was investigated for
its cytotoxicity against 3T3 cells and erythrocytes. Several
experiments reported in the literature evidenced that the
cytotoxicity of cubosomes strongly depends on the cellular
line investigated. However, the minimum dose reported of
MO-based cubosomes necessary to induce cytotoxicity is
around 20 μg ml−1 of MO [10, 46–48]. The formulation here
tested was found to induce no cytotoxicity in 3T3 cells up to
55 μg ml−1 of MO (figure 2(a)).

Modifying a standard hemolytic assay [49] and using 109

erythrocytes (figure 2(b)) [50, 51], incubation of Cy5.5-
C14@cubosomes with human red blood cells evidenced the
capacity of inducing direct lysis of erythrocytes in a dose-
dependent manner. These results are in line with experiments
previously reported [48, 52], and evidenced that our proposed
cubosomes formulation did not provoke lysis of erythrocytes
below 62 μg ml−1 of MO.

Consequently, in vivo experiments were performed using
a MO concentration of about 50 μg per ml of plasma. After
in vivo injection of Cy5.5-C14@cubosomes into the tail vein
(i.v.) of a healthy mouse, distribution of the fluorophore was
monitored using TD-OI. This technology was useful in
understanding the lifetime distribution, and provided a con-
venient route of analyzing the biodistribution and plasmatic
elimination of a fluorescent cubosomes formulation after i.v.
administration in mice. Optical imaging was performed twice
during the first day, then every 24 h for the next two days.
Results showed that, following injection, Cy5.5-
C14@cubosomes were rapidly taken up by the liver
(figure 3(a)).

To further investigate the extent of Cy5.5-
C14@cubosomes and/or free dye accumulation in organs and
tissues, mice were sacrificed 48 h after injection of cubosomes
for ex vivo TD-OI analysis of explanted organs (i.e., kidneys,
thymus, heart, spleen, brain, lungs, stomach, intestine, and
liver). This approach excludes any potential influence due to
autofluorescence and scattering within the body and fur,
thereby increasing both specificity and sensitivity of the probe
detection. Ex vivo evaluation of organs 48 h post-injection

showed that the highest fluorescence intensity was localized
in the liver and stomach, emphasizing that Cy5.5-C14 is
excreted through these organs (figure 3(b)).

Fluorescence lifetime information is complementary to
intensity measurement and can be used to improve signal-to-
background contrast and provide environment-sensing cap-
ability. Some biological events not available from fluorescent
intensity images can be monitored directly from the fluores-
cence lifetime map. Fluorescence decays of Cy5.5-
C14@cubosomes and Cy5.5-C14 were measured in vitro, and
single-exponential models were appropriately fitted. Cy5.5-
C14 clearly changed its fluorescence lifetime properties once
loaded in the cubosomes formulation (figure 3(c)).

This provided the possibility to discriminate in vivo
between the Cy5.5-C14@cubosomes and the free dye based
on distinct lifetime profiles. Whole body imaging analysis a
few minutes after i.v. injection revealed a diffuse distribution
of cubosomes throughout the body of the mouse and, after the
first 6 h, a strong signal decreasing over time and associated
with the free dye, was clearly detectable mainly in the liver
and intestine (figure 3(d)).

Cy5.5-C14@cubosome plasmatic elimination after single
i.v. administration was investigated by analyzing the fluor-
escence signal of plasma samples at different times post-
injection. An exponential time decay of the average intensity
suggested an underlying first-order kinetic (figure S4). Cir-
culating profiles of the nanoparticles obtained from these
experiments evidenced a half-life of approximately 2 h. This
result is in good agreement with that reported on similar MO-
based nanoparticles radiolabeled with a tracer molecule [12].

To cross-validate the results obtained in vivo and ex vivo,
localization of Cy5.5-C14 within the liver was confirmed by
fluorescence microscopy examination of tissue cryo-sections
obtained from the explanted organ 48 h after Cy5.5-
C14@cubosomes injection (figure 4). Close examination of
the liver cryo-sections revealed the presence of several
spherical fluorescent aggregates (indicated by the arrows)
with size in the micrometer range, which could reasonably be
identified as lipid droplets (cytoplasmic organelles involved
in neutral lipid storage). Here, it is worth noticing that MO-

Figure 2. (a) Viability, expressed as % of the control, induced by incubation for 4 h with different concentrations of cubosomes
(corresponding to 20–165 μg ml−1 of MO) in 3T3 fibroblasts by MTT assay. Data are expressed as a mean±standard deviation (SD) of
three independent experiments involving quadruplicate analyses for each sample; ***=p<0.001 versus control. (b) Hemolysis test of
human red blood cells incubated with different amounts of cubosomes in a standard hemolytic assay using 10% erythrocytes. Data were
expressed as % of lysis±SD.
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based nanoparticles (cubosomes, or vesicles) are readily
internalized after exposure to cells, causing growth in the size
and number of lipid droplets [21, 46, 53]. Moreover, given the
high hydrophobic nature of Cy5.5-C14, following nano-
particle disassembly after cellular internalization, the released
dye should preferentially stain structures of this kind in the
cells.

4. Conclusions

Cubosomes belong to a special class of nanoparticles char-
acterized by the liquid crystalline nature of their nanos-
tructure, and numerous recently published papers
demonstrated their potential as diagnostic/theranostic tools.
Here, an innovative cubosomes formulation loaded with an

NIR-emitting imaging dye to confer that these nanoparticles’
fluorescent properties are useful for in vivo TD-FOI applica-
tions was investigated. Physicochemical analysis performed
by SAXS confirmed the reverse cubic bicontinuous structure
of the nanoparticles, and photophysical analysis proved that
the fluorescence profile of the dye is retained after its
encapsulation within the cubosomes, with a substantial
increase in fluorescence lifetime. After intravenous adminis-
tration at a non-cytotoxic concentration, TD-FOI analysis
evidenced the diffuse distribution of the cubosomes
throughout the whole body of the mouse and their intestinal
and hepatic elimination with a first-order kinetic. Finally, we
showed that the lifetime contrast could be used to distinguish
cubosome fluorescence from free dye fluorescence and from
nonspecific background signals.

Figure 3. (a) Whole body fluorescence intensity distribution of a representative healthy mouse that received an i.v. injection of cubosomes
(150 μl, corresponding to ∼0.4 nmol Cy5.5-C14 and 50 μg MO), displayed in NCs. Following injection, cubosomes were rapidly taken up by
the liver. (b) In accordance to in vivo results, ex vivo analysis clearly showed that the highest signal of fluorescence emission was associated
with the liver. 1. Lungs and heart; 2. Brain; 3. Thymus; 4. Stomach; 5. Intestine; 6. Kidney; 7. Liver; 8. Spleen. (c) In vitro fluorescence
lifetime analysis with equimolar aliquots of the cubosome formulation and the control NIR-dye. Samples were placed on a paper substrate
before lifetime analysis. Fluorescence lifetime maps were created from temporal point-spread function data acquired using the TD-FOI
imaging system. (d) Representative in vivo fluorescence lifetime maps of whole body mice injected with cubosomes. Images were taken a few
minutes and 6 h after the injection.
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Because of its high sensitivity, FOI has been increasingly
applied in assessing tissue pathology, such as in image-guided
surgery, and for sentinel lymph node fluorescence mapping.
In this respect, several intraoperative NIR fluorescence sys-
tems are now available for preclinical and clinical studies, and
some have been approved by the FDA for use in humans [54].
In addition, fluorescence lifetime imaging is a powerful tool
in investigating the molecule microenvironment, and has been
widely used in modern microscopy. A combination of
environmental sensitivity and chemical properties renders
fluorescence lifetime as a separate yet complementary
approach to conventional fluorescence intensity analysis.
However, despite its significant impact in the context of
microscopy, fluorescence lifetime imaging in vivo for appli-
cations in medical research has been delayed until the avail-
ability of a commercial time-domain imager.

From a molecular imaging perspective, it was here noted
that cubosomes have great application potential in medicine
as fluorescence and lifetime probes. For this purpose, more
progress of fluorescent cubosomes toward in vivo applications
will depend on the introduction of targeting properties that
will increase the specificity of the cubosomes to be used for
both imaging and therapeutic applications.
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