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Nanostructuring Lipophilic Dyes in Water Using Stable
Vesicles, Quatsomes, as Scaffolds and Their Use as Probes

for Bioimaging

Antonio Ardizzone, Siarhei Kurhuzenkau, Silvia Illa-Tuset, Jordi Faraudo, Mykhailo Bondar,
David Hagan, Eric W. Van Stryland, Anna Painelli, Cristina Sissa, Natalia Feiner,

Lorenzo Albertazzi, Jaume Veciana,* and Nora Ventosa*

A new kind of fluorescent organic nanoparticles (FONSs) is obtained

using quatsomes (QSs), a family of nanovesicles proposed as scaf-

folds for the nanostructuration of commercial lipophilic carbocyanines
(1,1’-dioctadecyl-3,3,3’,3'-tetramethyl-indocarbocyanine perchlorate (Dil),
1,1"-dioctadecyl-3,3,3’,3’-tetramethyl-indodicarbocyanine perchlorate (DiD),
and 1,1’-dioctadecyl-3,3,3’,3'-tetramethyl-indotricarbocyanine iodide (DiR)) in
aqueous media. The obtained FONs, prepared by a CO,-based technology,
show excellent colloidal- and photostability, outperforming other nanoformu-
lations of the dyes, and improve the optical properties of the fluorophores in
water. Molecular dynamics simulations provide an atomistic picture of the
disposition of the dyes within the membrane. The potential of QSs for bio-

Fluorescent organic dyes are widely inves-
tigated as fluorescent probes in micros-
copy, thanks to their tunable optical and
physicochemical properties via chemical
modification of their structure.!l Good flu-
orescent probes for microscopy should be
bright and highly photostable; water sol-
uble; and chemically stable in buffers, cell
media, or body fluids; as well as capable
of site-specific labeling and showing bio-
compatibility.Z Small organic molecules
can be highly fluorescent, although they
may suffer poor solubility in aqueous
media (particularly so for red and infrared

logical imaging is demonstrated by performing superresolution microscopy
of the Dil-loaded vesicles in vitro and in cells. Therefore, fluorescent QSs
constitute an appealing nanomaterial for bioimaging applications.
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dyes),’!l limiting their use for bioappli-
cations.! Loading an organic dye into a
nonfluorescent nanocarrier, arranged as
fluorescent organic nanoparticle (FON),
offers an interesting strategy to bring
organic dyes in aqueous media, since the obtained FONs have
in general good brightness, photostability, and biocompat-
ibility.>~%! These nanostructures also have well-known physico-
chemical properties and can be loaded or grafted with bioactive
compounds and/or targeting agents, to produce multifunc-
tional nanoparticles for theranostic applications.[%

Small unilamellar vesicles (SUVs), e.g., liposomes, with sizes
of =100 nm, are intensively investigated supramolecular nano-
structures for such purposes.’!12l Indeed, their membranes
offer opportunities for an efficient functionalization and for this
reason they find various biological applications, including drug
delivery, labeling, and bioimaging.'"'>! In spite of extensive
studies on SUVs, only a few works have been focused on their
capability to nanostructure organic dyes.['>"'’] Moreover, there
is a strong interest toward new vesicular formulations, made by
nonlipid components, able to overcome the intrinsic instability
of liposomes that hinders their biomedical applications.['®]

Here we present quatsomes (QSs), a new class of excep-
tionally stable SUVs with sizes smaller than 100 nm, formed
by the self-assembly in water of cetyl trimethylammonium
bromide (CTAB) and cholesterol in a 1:1 ratio, as effective col-
loidal nanostructures for loading lipophilic and water-insoluble
organic dyes resulting in highly stable and bright FONs.[!%]
Dye-loaded QSs can be prepared by a one-step method using
compressed CO,, named depressurization of expanded liquid
organic solution-suspension (DELOS-SUSP), showing several
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advantages over conventional routes for the preparation
of functionalized vesicles. Indeed, it is a green technology
leading in a single step to the formation of multifunctional
nanovesicles with superior structural homogeneity.?22 As
dye models, we used lipophilic fluorophores with long alkyl
chains, which can be integrated into QS membrane exploiting
hydrophobic interactions between the chains of the dyes and
the hydrophobic compartment of the double-layer mem-
brane. Specifically, we use three water-insoluble carbocyanine
dyes with two 18-carbons aliphatic chains, 1,1’-dioctadecyl-
3,3,3’,3"tetramethyl-indocarbocyanine ~ perchlorate  (Dil),
1,1’-dioctadecyl-3,3,3",3’-tetramethyl-indodicarbocyanine
perchlorate (DiD), and 1,1"-dioctadecyl-3,3,3",3'-
tetramethylindotricarbocyanine iodide (DiR) (Figure 1).2324
Our experimental results are supported by molecular dynamics
(MD) simulations which gave information on the configuration
of the dyes within the membrane, and we finally explore the
potential of the dye-loaded QSs for biological imaging using
dye-loaded QSs as probes for stochastic optical reconstruction
microscopy (STORM), an innovative superresolution micro-
scopy technique.[?’]

DiD-loaded QSs with DID loadings, L = molespp/
(molescrag + moleScholesterol)s Tanging from 0.6 x 1073 to
6.6 x 107 (Table S1, Supporting Information) were prepared
using the DELOS-SUSP methodology.?!] The physicochemical
properties of the resulting vesicles with L = 1.3 x 1073 (D-QS-2)
are here compared with those of other DiD-loaded QSs
obtained by other methods generally used for the preparation of
loaded vesicles, such as incubation (D-QS-2-IC),?%! sonication
(D-QS-2-SON),l' and thin-film hydration (D-QS-2-TFH).l?’]
The normalized UV-vis absorption spectra of DiD-loaded QSs
prepared by different routes are shown in Figure 1 for compar-
ison along with the spectra of solvated DiD in ethanol (EtOH)
and nanoparticles of pure DiD (D-NP) in water, obtained by the
DELOS-SUSP method but without using the surfactant (see the
Supporting Information). Absorption spectra of DiD-loaded QSs
obtained by DELOS-SUSP (D-QS-2) and by thin film hydration
(D-QS-2-THF) are very similar to the spectra of solvated DiD
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Figure 1. A) Schematic representation of the DELOS-SUSP method for the preparation of QSs loaded with dyes (Dil, DiD, and DiR).
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in EtOH, showing a narrow band with well-resolved vibronic
structure. All other samples show broad spectra with the
appearance of intense features on the blue wing of the band,
pointing to the formation of H-aggregates, 23?428 in line with
the well-known tendency of cyanines to aggregate.?-30 The
similarity of spectra of DiD-loaded QSs prepared by DELOS-
SUSP and TFH methods suggests that the dye molecules are
well dispersed as isolated species inside the QS membrane.
However, as shown in CryoTEM images (Figure S2, Supporting
Information), D-QS-2 vesicles are much more homogeneous
in terms of size and lamellarity than D-QS-2-TFH. DiD-loaded
QSs showed several advantages over other DiD-based FONS,
such as D-NP and DiD-loaded CTAB micelles (D-MIC), in
terms of both optical and colloidal properties. DiD-loaded
QSs are colloidally stable during months, with no appreciable
changes in size distributions (Table S1, Supporting Informa-
tion), neither in absorption nor in emission spectra over a
2 month period (Figure 2A). On the other hand, the absorp-
tion of D-NP decreases steadily following the aggregation of the
nanoparticles (Figure S3, Supporting Information). Figure 2B
compares visible absorption and emission spectra of D-QS-2
and D-NP. The luminescence of D-NP is completely quenched,
in line with the formation of H-aggregates, while the fluores-
cence spectrum of D-QS-2 is very similar in shape to that of
solvated DiD in EtOH. The stability upon dilution of D-QS-2
and D-MIC is compared in Figure S4 (Supporting Information).
D-QS-2 maintains its fluorescence at different dilutions, while
fluorescence of D-MIC is lower at the same dye concentration
and it is quenched at concentrations below the critical micellar
concentration of CTAB, suggesting the rupture of micelles and
the formation of nonfluorescent DiD aggregates in water.

The effect of dye loading on the physicochemical proper-
ties of DiD-loaded QSs was also studied by comparing five
different samples with increasing fluorophore loadings with
L=10.6 X107 6.6 x 1073 prepared by DELOS-SUSP. Samples
are listed in Table S2 (Supporting Information) along with
mean size values, measured by nanoparticle tracking analysis.
Mean diameters and CryoTEM images (Figure S5, Supporting

- - - DiD EtOH
---DNP
——D-QS-2

N ——D-QS-2-TFH
——D-QS-2-SON

Normalized absorbance

450 500 550 600 650 700 750 800
Wavelength, nm

B) CryoTEM image

of D-QS-2 and C) absorption spectra of DiD in EtOH, DiD-based NPs, and D-QS prepared by different methods (see the text).
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Figure 2. A) Stability of the D-QS-2 sample in water evaluated by UV-vis absorption and emission spectra (A, = 610 nm) monitored over 2 months.
B) Normalized UV-vis absorption and emission spectra of D-QS-2 and D-NP. C) Relative brightness (Brightness,mpie/Brightnessge o)) versus
loading of the different cyanines-loaded QSs. d) One- (solid line) and two-photon (blue circles) spectra of DiD in EtOH and two-photon spectra of
D-QS-3 (red circles) and D-QS-5 (green circles). The dashed line with the shape of the 2PA spectra is shown as guide to the eye.

Information) show that L does not affect the vesicle size and
morphology. Corresponding absorption spectra in Figure S6A
(Supporting Information) show an increase of the intensity
on the blue wing of the absorption band, suggesting the pro-
gressive formation of nonluminescent H-aggregates in the
QS membrane upon increasing the dye concentration, as con-
firmed by excitation spectra (Figure S6B, Supporting Informa-
tion) whose shape does not change with the dye loading. The
progressive formation of H-aggregates in DiD-loaded QSs with
increasing dye loading also explains the decrease of the extinc-
tion coefficient () (by a factor of =1.8) and of the fluorescence
quantum yield (FQY, from 23% to 7%) (Table S2, Supporting
Information). The marginal loss of FQY in going from solvated
DiD in EtOH (31%) to D-QS-1 (23%) can be ascribed either to
the formation of a very small amount of aggregates and/or to
environmental effects.>¥

Dil- and DiR-loaded QSs (I-QS and R-QS, respectively in
Table S1 in the Supporting Information) were also prepared by
the DELOS method with different loadings to study how the
length of the conjugated bridge of carbocyanines, n, affects
the dye aggregation inside the bilayer. Much as for DiD-loaded
QSs, the increments in absorbance in the blue wing of R-QS
samples point at the formation of H-aggregates (Figure S7B,
Supporting Information). On the contrary, the absorption and
excitation spectra of I-QS do not support the formation of Dil
aggregates in the membrane (Figure S7A, Supporting Informa-
tion). Overall, the length of the conjugated chain (1) of carbocy-
anines strongly affects the brightness (& x FQY) of fluorescent
QSs (Figure 2C). In the case of the shortest chain (Dil), nano-
structuration over QSs results in higher brightness compared

Small 2018, 1703851
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to the dye in EtOH (up to 50% higher), and high values are
maintained even at the highest explored loading (Table S3, Sup-
porting Information). On the contrary, when loaded with DiD
and DiR, the formation of nonfluorescent aggregates deter-
mines a rapid decrease of the FONs’ brightness. Thus, cyanines
with longer conjugated structures experience stronger n—m
interactions upon nanostructuration, as observed in previous
works where cyanines with different polymethine chain sizes
were intercalated into DNA strands.!

Photostability of DiD in EtOH and of DiD-loaded QSs in
water was analyzed by monitoring the evolution over time of the
absorbance under continuous laser irradiation (Figure S9, Sup-
porting Information). Relevant photodecomposition quantum
yields, determined according to the Belfield method,? were
obtained (see Table S2 in the Supporting Information). DiD-
loaded QSs at any of the assayed loadings are more photostable
(=2 orders of magnitude) than micelle-based nanoformulation
of the same dye in water,3%] likely due to the lower photo-
stability of dyes’ aggregates,’>*3°] which are more in number
in the micelles than in QSs. However, DiD-loaded QSs were
found less photostable compared to the solvated DiD in EtOH
and to its hydrophilic analog Cy5 dissolved in water.

Two-photon absorption (2PA) spectra of DiD in EtOH, and
of D-QS-3 and D-QS-5 in water, are shown in Figure 2D. 2PA
bandshapes are in agreement with previous works in literature
on cyanine dyes.’% Indeed, DiD in EtOH and DiD-loaded QSs
in water show a really narrow main 2PA band, as generally
known for cyanines, with values of 2PA cross section around
900 GM. Interestingly, no variations of 2PA bandshapes or of
cross sections were found upon increasing the loading of DiD

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Results from MD simulations for hydrophobic dyes in QSs: A) Dil and B) DiD. For each dye, we show a representative snapshot and the
average atomic density profiles of selected atoms in the direction perpendicular to the QS bilayer. In the snapshots, CTAB molecules, water molecules,
and the dye molecule (emphasized) are shown in CPK representation. Cholesterol molecules and ions are not shown for clarity. The atomic density
profiles indicate the location of two characteristic dye atoms (N from the carbocyanines and terminal C from the alkyl chain), the location of the hydro-
phobic core (C atoms from CTAB), and the hydrophilic head group region (defined by oxygen atoms from cholesterol —OH and nitrogen atoms from
CTAB). The atomic density for dye atoms is multiplied by 100 to help identification of the peaks. The region occupied with water is indicated with a

shadow to help interpretation of atomic density profiles. The snapshots and density profiles were made using VMD.

in QSs or changing the solvent, confirming that there is no
major effect of solvent polarity either on the aggregation state
of the dye or on 2PA cross section when DiD is loaded into
QSs.

We have employed the NAMD software to perform large-
scale MD simulations of Dil- and DiD-loaded QSs in water
in order to obtain an atomistic picture of the incorporation of
these dyes in QS.?” Due to the large number of atoms involved
in the simulations (10*-10°) and the long timescales required
(>200 ns), we considered only a QS patch with a single dye
molecule (Dil or DiD) in water (all technical details of the
MD simulations are summarized in the Supporting Informa-
tion). In Figure 3, we show snapshots from the simulations
and the average atomic density profiles. Both DiD and Dil
have their carbocyanine groups in contact with water, with
their nitrogen atoms located in the hydrophilic region of the
QS bilayer (i.e., inside the QS region delimited by the head
groups of the CTAB surfactants and the —OH groups of the
cholesterol). The carbocyanine groups are on average parallel
to the interface for DiD and almost parallel with a small angle
of =2° for Dil (Figure S11). During the simulations we found
configurations with one of the two quinoline groups of each
carbocyanine located closer to the membrane interior than
the other one (which is closer to water). The aliphatic chains
in both carbocyanines are immersed inside the hydrophobic
layer of the QS, as expected. As shown in Figure 3, the pres-
ence of a dye affects the two leaflets of the QS bilayer. The
distance between the density peaks corresponding to carbo-
cyanine nitrogen atoms and the terminal carbon atom of the
aliphatic chains is about =1.8 nm, compared with the =3.4 nm
size of the hydrophobic layer of the QS. For both dyes we
observe a substantial mobility in the QSs with a motion that
can be described as a 2D Brownian motion (see Supporting
Information for details), as corresponds to ordinary lateral dif-
fusion over the membrane. We obtain a diffusion coefficient of
D=4x10"m?s! for DiD and D = 3.2 x 10! m? 57! for Dil
of a similar magnitude to that of phospholipid molecules in a
lipid bilayer.8]

Small 2018, 1703851 1703851

39,40]

Having extensively characterized promising fluorescent
properties of cyanine-loaded QSs, we then explored their
potential for imaging. In particular, we demonstrated that
thanks to their colloidal and photochemical stability and to the
photophysical properties of the loaded dye QSs can be used as
probes for STORM superresolution microscopy. STORM is an
emerging superresolution technique for biology!?®! and nano-
biotechnology*#? allowing multicolor imaging in vitro or in
cells with nanometric resolution.

Figure 4A shows in vitro STORM imaging of Dil-loaded QSs
(I-QS-1 sample). Dil photophysical properties inside QSs are
suitable for STORM, i.e., they display bright single molecule
blinking upon irradiation, allowing accurate molecule localiza-
tion and reconstruction of superresolved images (Figure 4A,
right). Dil distribution appears to be homogeneous inside
spherical vesicles with subdiffraction size, in agreement with
TEM imaging and spectroscopic characterization (shown in
Figures S7A and S8 in the Supporting Information). The
images have been quantified to extrapolate the average number
of dye localizations and the size of the labeled QSs (Figure 4B).
STORM quantification showed an average size of QSs around
99 nm with a relatively narrow distribution (very few QSs
are larger than 200 nm) in agreement with CryoTEM results.
The localization histogram shows that a large number of Dil
molecules is incorporated in the vesicles (mean value of 193
molecular localizations per QS), demonstrating the ability
of our formulation to nanostructure a controlled number of
dyes into a small vesicle size. The direct visualization and
the determination of the exact position in a living biological
environment are key aspects of imaging and theranostic
agents. For this purpose, Dil-loaded QSs (I-QS-1, diluted at
20 x 10° m CTAB concentration) have been incubated with
HelLa cells, and live cells’ intracellular trafficking has been mon-
itored for 1.5 h using fluorescence microscopy. Figure 4C shows
a snapshot of the video (see Figures S12 and S13) after 1 h of
incubation. QSs are initially bound to the cellular membrane
and subsequently trafficked into cell. This behavior is completely
different when only Dil dye is used at the same concentration

(4 of 6) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. A) Images of Dil-loaded QSs (I-QS-1) obtained by conventional wide-field microscopy and STORM (A =561 nm). B) Distribution of size and
number of localizations per QSs extrapolated from STORM images. C) Snapshot of the video (see the Supporting Information) acquired by fluorescence
microscopy of the internalization of QSs in Hela cells. D) STORM images of QSs internalized in HelLa cells.

since no cell staining was observed (see Figure S10 in the Sup-
porting Information). When using Dil-loaded QSs, after its
administration, cells were fixed and the internalized vesicles
were visualized by STORM, as shown in Figure 4D. The size of
the individually resolved QSs indicates that the vesicles did not
undergo aggregation after internalization in cells in agreement
with the in vitro studies. Moreover, these measurements show
that QSs are still assembled inside cells indicating that their
high colloidal stability allows for cellular imaging applications.
These measurements show that the size, colloidal stability,
and photophysical properties of dye-loaded QSs make them
remarkable candidates as nanostructured probes for biological
imaging. These results together with the capability of QSs to
integrate/encapsulate small drugs or large biomolecules and to
decorate their surfaces with targeting groups?!! open the pos-
sibility of producing in the near-future multifunctional vesicles
for theranostic applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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