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Hypothesis: Quatsome nanovesicles, formed through the self-assembly of cholesterol (CHOL) and
cetyltrimethylammonium bromide (CTAB) in water, have shown long-term stability in terms of size
and morphology, while at the same time exhibiting high CHOL-CTAB intermolecular binding energies.
We hypothesize that CHOL/CTAB quatsomes are indeed thermodynamically stable nanovesicles, and
investigate the mechanism underlying their formation.
Experiments: A systematic study was performed to determine whether CHOL/CTAB quatsomes satisfy the
experimental requisites of thermodynamically stable vesicles. Coarse-grain molecular dynamics simula-
tions were used to investigate the molecular organization in the vesicle membrane, and the characteris-
tics of the simulated vesicle were corroborated with experimental data obtained by cryo–electron
microscopy, small- and wide-angle X-ray scattering, and multi-angle static light scattering.
Findings: CHOL/CTAB quatsomes fulfill the requisites of thermodynamically stable nanovesicles, but they
do not exhibit the classical membrane curvature induced by a composition asymmetry between the
bilayer leaflets, like catanionic nanovesicles. Instead, CHOL/CTAB quatsomes are formed through the
association of intrinsically planar bilayers in a faceted vesicle with defects, indicating that distortions
in the organization and orientation of molecules can play a major role in the formation of thermodynam-
ically stable nanovesicles.
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1. Introduction

The potential of quatsomes has been demonstrated in recent
years in a variety of medical applications, for example as scaffolds
for creating bright and homogeneous bioimaging and biosensing
probes [1–6], inducing the rupture of biofilms [7,8], delivering
the recombinant human epidermal growth factor in the treatment
of complex wounds [9,10], and delivering small RNAs to treat neu-
roblastoma [11]. Quatsomes can be functionalized easily by modi-
fying the cholesterol moiety [6,12], and their applicability for
intravenous administration has been demonstrated in mice [13].
Over years of use, quatsomes have exhibited remarkable stability
in terms of size and morphology, unlike conventional lipid vesicles
such as phospholipid liposomes, which led us to investigate its
molecular origin.

The organization of amphiphilic molecules in a vesicle-forming
self-assembly process can yield thermodynamically stable struc-
tures [14–16]. The most prominent example of such stable struc-
tures is catanionic vesicles, which are formed by mixtures of
cationic and anionic surfactants [17–20]. The theoretical require-
ments for such stability have been reported to include the presence
of a mixed component system exhibiting composition asymmetry
between the two bilayer leaflets, thereby yielding spontaneous
membrane curvature [21–23]. Recently, theoretical works have
described spontaneous membrane curvature arising from asym-
metric lipid densities in the two leaflets, but such lipid distribu-
tions are thought to be metastable equilibrium states that
eventually relax to symmetric lipid densities in both leaflets
through flip-flops between the leaflets [24,25]. Also asymmetric
ion concentrations across the membrane have been shown to pro-
voke membrane curvature [26,27]. While quatsomes are a mixed
component system, it is not known whether they possess such
composition asymmetries and spontaneous membrane curvature,
related to the mechanism underlying their formation.

In this work, we pursue two interrelated objectives: i) shed light
on the mechanism of formation of CHOL/CTAB quatsomes, and ii)
determine whether quatsomes are a thermodynamically stable
vesicle system. To gain insight into the molecular organization
within the quatsome membrane, we performed coarse-grain
molecular dynamics (MD) simulations of a full CHOL/CTAB vesicle
with an equimolar composition of CHOL and CTAB. We contrasted
the characteristics of the simulated vesicle, such as the vesicle
diameter, bilayer thickness and disordered liquid-like membrane
organization, with experimental observations obtained using
cryo–electron microscopy (cryo-EM), small- and wide-angle X-
ray scattering (SAXS and WAXS), and multi-angle static light scat-
tering. Furthermore, we checked whether quatsomes satisfy the
experimental requisites to be classified as thermodynamically
stable vesicles.
2. Materials and methods

2.1. Materials

5-Cholesten-3b-ol (CHOL, purity � 95%) was obtained from
Panreac AppliChem (Barcelona, Spain). Cetyltrimethylammonium
bromide (CTAB, ultra for molecular biology, purity � 99%) was pur-
chased from Sigma-Aldrich (Madrid, Spain). All chemicals were
used without further purification. The water used was pre-
treated with the Milli-Q Advantage A10 water purification system
(Millipore Ibérica, Madrid, Spain). Ethanol (HPLC grade) was
obtained from Teknokroma (Sant Cugat del Vallès, Spain), and car-
bon dioxide (purity� 99.9%) was supplied by Carburos Metálicos S.
A. (Barcelona, Spain). 3-b-DOXYL-5a-cholestane was purchased
from Santa Cruz Biotechnology (USA).
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2.2. Methods for molecular dynamics simulations

Our MD simulations were performed using GROMACS software
[28–31] version 2018 and the implicit solvent MARTINI coarse
grain force field, known as Dry-MARTINI [32]. All the technical
details and protocols of the simulations are described below.

Models and Force Field. The cholesterol and CTAB molecules
were modelled using the Dry-MARTINI [29] coarse-grain force
field, as shown in Fig. S1. For cholesterol molecules several models
compatible with the MARTINI force field are available in the liter-
ature. In this work, we employed the model developed by the
MARTINI developers [32]. For CTAB we applied the model devel-
oped in our group and detailed in Ref. [33].

Building of the initial configuration for MD simulations. In our sim-
ulations, we consider as initial condition a pre-built vesicle, to be
thermalized and equilibrated in an extended MD run. The initial
coordinates for the vesicle were generated using the CHARMM-
GUI input generator Martini Maker tool [34,35]. Using this tool,
we generated a vesicle with an initial radius of 20 nm and 1:1
cholesterol / surfactant composition. As the CTAB molecule is not
available in the CHARMM-GUI tool, our strategy was to select
another surfactant molecule with a similar number of Martini
beads and then replace the topology of the surfactant molecules
by that of CTA+ surfactant before energy minimization (we chose
the dodecylpyridinium chloride (DPC) surfactant). The system ini-
tially generated with CHARMM-GUI was a spherical vesicle with
2054 cholesterol molecules and 2054 surfactant molecules. After
manually substituting the topology of DPC surfactant molecules
by CTA+ surfactant, we randomly added 2054 MARTINI anions to
neutralize the system charge using the insert-molecules tool from
GROMACS package. The system built in this way contained 28756
beads in a cubic simulation box of 31.8 nm length in the three axes.
The initial configuration of the system is shown in Fig. S9. This ini-
tial structure was energy minimized and thermalized before per-
forming the production runs following the default protocols from
CHARMM-GUI.

Protocols for the MD simulation. The equations of motion were
solved with a time step of 20 fs. In all our simulations, the temper-
ature was maintained constant (303 K) using the Bussi-Donadio-
Parrinello thermostat [36]. We employed periodic boundary condi-
tions in all directions. We observed that an adjustment of the vesi-
cle geometry occurs during the first 100 ns, with the development
of planar bilayers and defects form the initially spherical vesicle. In
Fig. S10-right, it is clearly observed how the vesicle layers are
deformed in comparison with the initial configuration. After this
initial time, we performed a production run of 1000 ns and no fur-
ther changes in the geometry or diameter of the vesicle were
observed. The estimated equilibrium diameter is �18-19 nm (see
Fig. 1). The analysis of the simulations was performed using the
VMD software [37], and custom scripts to obtain the radial profiles
reported in Fig. 1.

2.3. Quatsome production

Quatsome production using ultrasounds (US). Unless otherwise
stated, quatsomes were prepared according to the following proce-
dure: For all preparations, the CTAB concentration was kept con-
stant �10 times above its critical micelle concentration (CMC), at
a value of 10 mM. An equimolar ratio of cholesterol was used, i.e.
10 mM. Desired amounts of cholesterol and CTAB were weighted
in a flask (38.7 mg and 36.4 mg, respectively), and subsequently
suspended in 10 mL of Milli-Q water. Using a Vibracell Sonifier
titanium probe working at 20 kHz and a power amplitude of 40%
(max. 500 W) (Sonic and Materials Corporation, USA), the resulting
dispersion was sonicated at 298 K for 4 minutes, until a homoge-
nous dispersion was obtained.
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2.4. Experiments to demonstrate the thermodynamic stability

Quatsome production by CO2-based processing. Quatsome pro-
duction via CO2-based processing (DELOS-SUSP methodology)
[12,38] consisted of loading a 7.5 mL high-pressure autoclave with
a solution of 72.8 mg cholesterol in 2.88 mL ethanol. The solution
was heated to the working temperature of 308 K (controlled by an
external heating jacket) and then pressurized with compressed
CO2 (using a thermostated syringe pump, model 260D, ISCO Inc.,
Lincoln, US) at a molar fraction of XCO2 = 0.6 until reaching a work-
ing pressure of 10 MPa, which produced a volumetric expanded
organic solution of cholesterol (a co-solvent behavior of CO2 is
observed until Xi = 0.76). The pressurized organic phase was left
to equilibrate during one hour at constant pressure. Finally, the
CO2-expanded organic phase was depressurized to atmospheric
pressure over 24 mL of Milli-Q water containing 68.6 mg of CTAB.
To maintain the pressure in the reactor constant during depressur-
ization, N2, pressurized to the working pressure, was used as
embolus to push down the expanded solution. The membrane
component concentration, prior to process losses, was 5.3 mg/mL
(7 mM cholesterol and 7 mM CTAB), and the dispersant contains
a volume fraction of 10 % ethanol.

To remove ethanol and excess CTAB, quatsome suspensions
were diafiltered using a KrosFlo Research IIi TFF System (Spectrum
Labs from Repligen Corporation; Waltham, Massachusetts, USA)
equipped with a mPES MicroKros filter column (100 kDa molecular
weight cut-off and a surface area of 20 cm2), at a feed flow rate of
15 mL/min and a transmembrane pressure of about 1.5 psi, unless
otherwise noted. Samples were diafiltered applying six cycles of
recircularization to ensure the full elimination of all hydrophilic
components that were not incorporated in the vesicle membrane.

Spontaneous formation of quatsomes. For the spontaneous forma-
tion of quatsomes, we started with CTAB micelles in water and
gradually added cholesterol dissolved in ethanol (EtOH). After mix-
ing both, the molarity of CTAB and cholesterol was 7 mM each and
the final volume fraction of EtOH 10.7 %. As a first step, stock solu-
tions of CTAB and cholesterol were prepared and equilibrated at
313 K, i.e. well above the Krafft temperature (TK = 298 K) to assure
CTAB micelle formation and also to improve the solubility of
cholesterol. In particular, an aqueous solution of CTAB was pre-
pared at 7.8 mM (� 7.8 CMC), dissolving 16.25 mg CTAB in 5.7
mL H2O, and a cholesterol solution in ethanol was prepared at 66
mM by dissolving 17.25 mg cholesterol in 0.68 mL EtOH. Subse-
quently, the cholesterol stock solution was added gradually, in
drops of 5 lL, to the aqueous solution containing CTAB micelles,
under mild stirring (at the lowest speed that allowed constant stir-
ring, � 60 rpm) and while remaining in the 313 K bath. To allow
complete equilibration, the sample was left at 313 K with mild stir-
ring for 48 hours.

Reversibility of quatsome formation. To conduct the reversibility
experiments, we used quatsomes prepared by DELOS-SUSP. Sam-
ples were diafiltered to remove ethanol and excess CTAB. First,
we determined the EtOH concentration that entails the complete
disintegration of the quatsome membrane and the solubilization
of the membrane components. EPR spectra (see below) of quat-
somes tagged with the nitroxide spin label 3-b-DOXYL-5a-choles
tane in their membranes indicated the complete membrane disin-
tegration at EtOH volume fractions of � 50 % (Fig. S5C). Conse-
quently, we fixed the volume fraction of EtOH in the dispersant
to 60 % and checked if the reformation of quatsomes occurred upon
ethanol evaporation at low pressure. For this, first we determined
the evaporation rate of an EtOH-H2O mixture at low pressure,
monitoring the changes in the density of the liquid with a pyc-
nometer. We have found that the volume fraction of EtOH was
reduced by 6 % per minute at 55 mbar, 311 K and under a slow
rotation of the flask. Next, we evaporated the EtOH from the sam-
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ple containing CTAB and cholesterol using the same experimental
conditions. Aliquots were taken at EtOH volume fractions of 30 %,
20 % and 0 %, and all samples were characterized by means of
dynamic light scattering (DLS) and cryogenic transmission electron
microscopy (cryo-TEM) Fig. S6C.

Note that in the spontaneous formation and DELOS-SUSP pro-
cesses the presence of some EtOH helps in the vesicle formation
process by avoiding the formation of cholesterol crystals, thus
facilitating the formation of CHOL/CTAB synthons. However, quat-
some vesicles can also be prepared in pure water, i.e. in the
absence of any EtOH, as shown in the preparation by ultrasounds,
where cholesterol crystals are broken apart through the applica-
tion of mechanical energy, also facilitating the formation of
CHOL/CTAB synthons. We therefore conclude that while the pres-
ence of EtOH may help to reach the equilibrium state, equilibrium
can be reached likewise in the absence of EtOH. The temporal sta-
bility of quatsomes in pure water indicates that this system is
stable for years and completely free of precipitates. These experi-
mental observations are in agreement with free energy calcula-
tions [39], which have shown a slight preference of a cholesterol
molecule to transfer into a 1:1 bilayer membrane (DG = �55 kcal/-
mol) instead of a cholesterol nanocrystal (DG = 50 kcal/mol).

Coexistence in equilibrium with neighboring single-phase regions
in phase diagrams, i.e. with thermodynamically stable CTAB micelles
and cholesterol crystals. To demonstrate the coexistence of quat-
somes with CTAB micelles and cholesterol crystals in equilibrium,
different molar ratios of CTAB and CHOL were sonicated, following
the protocol described above. The CTAB concentration was kept
constant �10 times above its critical micelle concentration
(CMC), at a value of 10 mM, and was either mixed with half the
cholesterol concentration (5 mM) or with 3/2 of the cholesterol
concentration (15 mM). Furthermore, Isothermal titration
calorimetry experiments were performed (see below).
2.5. Quatsome characterization

For all characterizations, quatsome preparations were left to
stabilize at 298 K for at least 1 week before characterizations were
carried out.

Cryo-transmission electron microscopy (cryo-TEM). The morphol-
ogy of quatsomes was studied by cryo-TEM using twomicroscopes.
Some samples were examined in a JEOL JEM-2011 TEM (JEOL LTD.,
Tokio, Japan) operating at 120 kV. The samples were vitrified by
plunge-freezing in liquid ethane, and storage in liquid nitrogen
until loaded onto a cryogenic sample holder (Gatan 626 CTH,
Gatan, USA). The working temperature was kept below 98 K.
Images were recorded on a Gatan 724 CCD camera under low-
dose conditions using the Digital Micrograph 3.9.2. Software pack-
age (Gatan Inc.). Other samples were examined using a Tecnai 12
G2 TEM (FEI, USA). Images were recorded on an UltraScan 1000
2k x 2k high resolution CCD camera (Gatan, UK) at up to 50x nom-
inal magnifications, under low dose conditions, following lab pro-
tocols [40].

Quantitative analysis of the vesicles’ diameters (Fig. 2A) was
performed using the ImageJ freeware software. To obtain a statis-
tically relevant size distribution, we have determined the diameter
of � 8700 spherical vesicles that originated from different experi-
mental batches, all produced under identical experimental condi-
tions, following the protocol for quatsome production by
ultrasounds (detailed above). The resolution of the vesicle diame-
ter in cryo-EM images was � 2 nm. A Gaussian was fitted to the
diameter histogram (bin size 3.5 nm), leaving the mean and stan-
dard deviation as fit parameters. The indicated errors of the mean
and standard deviation are the standard error of the fit for each
parameter.
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High-performance liquid chromatography (HPLC). For the deter-
mination of the molar ratio of membrane components we have
used quatsomes prepared by US and CO2-based processing. Quat-
somes were diafiltered in H2O to eliminate any excess CTAB not
incorporated in the quatsome membrane. All quatsomes systems
were disrupted completely before their injection in the HPLC col-
umn. With this objective, 1 mL of diafiltered samples (in duplicate
or triplicate, as indicated) were lyophilized using a LyoQuest -85
freezedryer (Telstar), with a first freezing step at 193 K for four
hours and a subsequent sublimation step at low pressure (0.05
mbar) and increasing temperature. After that, a known volume of
organic solvent was added to the lyophilized samples. For the
detection of cholesterol and CTAB in the quatsomes we have used
an HPLC (1100 series, Agilent Technologies, Santa Clara, CA)
equipped with an Evaporative Light Scattering Detector, ELSD
(1260 infinity ELSD, Agilent Technologies, Santa Clara, CA). Due
to the distinct chemical nature of CTAB and cholesterol we fol-
lowed two different methods with different columns. Cholesterol
separation was carried out using a C18 Symmetry� (5 lm; 4.6 �
150 mm) column (Waters Cromatografía S.A.) at room temperature
with an ELSD nebulization temperature of 313 K and evaporative
temperature of 353 K. The mobile phase for the cholesterol was a
mixture of methanol with water (95:5) (mobile phase A) and for-
mic acid in isopropanol (0.1% HCOOH) (mobile phase B) using gra-
dient flow conditions. For the separation of CTAB we used an
InfinityLab Poroshell 120 EC-C18 (4 lm; 4.6 � 100 mm) column
(Agilent Technologies) at 308 K with an ELSD nebulization temper-
ature of 313 K and evaporative temperature of 363 K. The mobile
phase was a mixture of 50 mM ammonium acetate pH = 3.6 acetic
acid (mobile phase A) and acetic acid in methanol (1% HAcO) (mo-
bile phase B) using gradient flow conditions. In the accuracy test of
matrix validation, recoveries between of 96–104 % were achieved.
The precision, estimated through the relative standard deviation
(RSD) in the measurements, was always < 5 %. For both quatsome
production methods, the molar ratio between cholesterol and
CTAB showed only small deviations from the equimolar ratio
(Table S1).

Small-angle X-ray scattering (SAXS). Small-angle X-ray scattering
measurements of quatsomes prepared by ultrasounds were per-
formed at the optimized Bruker AXS NanoStar instrument [41,42]
at Aarhus University. It uses an Excillum Ga metal jet source oper-
ated at 200 W [43] and an optimized collimation section with an
octagonal homebuilt scatterless pinhole [44,45] in front of the
sample. A homebuilt flow-through cell with an automated sample
handler was used for measurements of the samples in a reusable
2.0 mm Ø quartz capillary, which was thermostated using a Peltier
element. Typical acquisition time was 2 hrs. The data are displayed
as a function of the modulus of the scattering vector q = 4p sin(h)/k,
where 2h is the scattering angle and k the wavelength of the X-
rays.

Note that the recorded SAXS data in most cases are quite noisy
at low q as the vesicles are nearly overall contrast match in SAXS
due to the positive-negative electron density contributions to the
cross-section structure of nearly the same magnitude. Further-
more, the displayed data are obtained after subtraction of a rela-
tively large background signal from the solvent.

To obtain quantitative information on the vesicle structure from
SAXS data, a model of bilayer vesicles with a core-shell structure
including overall size polydispersity was fitted to the data using
least-squares methods [46]. The cross-section structure was
described by three layers, where the central one described the
scattering from the electron-poor hydrocarbon part and the two
others describe the electron-rich quaternary ammonium groups
and counter ions on both sides of the core. To obtain good fits to
the data, the sharp box-like cross-section profile was smeared by
a Gaussian of width ri by multiplying the intensity by exp(-q2
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ri
2).[47] The instrumental smearing of the data due to finite colli-

mation and detector resolution was also estimated and included in
the fit by smearing with a resolution function [48]. Fitting of the
SAXS data with form factors for structures that deviate from the
spherical shape was not considered, since the facet-related ‘slip
of phase’ of the oscillations at high q will barely be observable,
as polydispersity smears out the oscillations at higher q [49]. To
obtain the outer diameter, the bilayer width (i.e. 5 nm) was added
to the diameter for the central plane.

Multi-angle static light scattering (MALS). The molecular weight
(Mw) of CHOL/CTAB quatsomes was estimated from MALS mea-
surements in aqueous solution at 298 ± 0.1 K. Samples were placed
in a thermostatic cell compartment of a Brookhaven Instrument
BI200-SM goniometer, and the temperature was controlled to
within 0.1 K using a thermostatic recirculating bath. Upon irradia-
tion with a 100 mW solid-state laser (Quantum-Ventus MPC 6000)
tuned at k = 532 nm the scattered light intensity was measured
using a Brookhaven BI-9000 correlator. Measurements were taken
at various scattering vectors q = 4p n k0

�1 sin (h/2), where n is the
refractive index of the solution, k0 is the wavelength of the incident
light, and h is the scattering angle. Static light scattering data were
corrected for the background scattering of the solvent and normal-
ized by using toluene as calibration liquid. All samples were fil-
tered through 200 nm cellulose acetate (MiniSart) syringe filters
to remove dust or contaminants. The refractive index increment
dn/dc of quatsomes in aqueous solution was determined at 303
K and k = 620 nm with a (SEC 3010) Brookhaven Instrument differ-
ential refractometer. The MALS data (Fig. S4) were analyzed by
means of the Zimm plot method and taking into account the mea-
sured dn/dc values [50].

Wide-angle X-ray scattering (WAXS). WAXS measurements of
quatsomes prepared by ultrasounds were performed at the X33
beamline of the EMBL at 298 K. A sample to detector distance of
1.2 m was used (q range around 3.8–17.5 nm�1), and the wave-
length of the beamline was 1.5 Å. WAXS patterns were recorded
using a Pilatus 300K-W 2D Photon counting detector. Eight pat-
terns of 30 s each were acquired per sample. Two duplicate mea-
surements of the same batch were performed.

Dynamic light scattering (DLS). The hydrodynamic quatsome
diameter was determined using a dynamic light scattering ana-
lyzer combined with non-invasive backscatter technology (Mal-
vern Zetasizer Nanoseries, Malvern Instruments, UK). The optimal
quatsome concentration for DLS measurements was determined
by performing dilutions in Milli-Q water. 10 to 1000-fold dilutions
of the as-prepared quatsome suspensions yielded overlapping size
distributions, eliminating multiple scattering events observed for
undiluted samples. Consequently, all reported data were acquired
at 10-fold dilutions. Three consecutive measurements were per-
formed on each sample. Averaged scattering-intensity weighted
particle size distributions were determined using the software pro-
vided by Malvern, and then converted to number distributions by

scaling with R�4. The average hydrodynamic diameter d
�
hyd was cal-

culated from the discrete number distribution n(di), taking into
account the variation of the step length on the logarithmic scale:

d
�
hyd ¼

P
di � nðdiÞ � diþ1 � di�1ð Þ=2P

nðdiÞ � diþ1 � di�1ð Þ=2
Electron paramagnetic resonance (EPR). For EPR experiments,

CHOL/CTAB quatsomes containing the commercial spin probe 3b-
DOXYL-5a-cholestane radical at a mol fraction of 1% were pro-
duced by DELOS-SUSP, adding the spin probe to the organic phase
in the high-pressure autoclave, together with the cholesterol.

EPR spectra were obtained with an X-Band (9.7 GHz) Bruker
ELEXSYS E-500 spectrometer equipped with a ST8911 microwave
cavity, a Bruker variable temperature unit, a field frequency lock
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system Bruker ER 033 M and a NMR Gaussmeter Bruker ER 035 M.
The modulation amplitude was kept well below the line width, and
the microwave power was well below saturation. We started with
the sample of 10% vol. EtOH and then diluted step by step (30%,
40%, 45% vol.) until reaching the 50% in vol. All samples were pre-
viously degassed with Ar and measured in a flat quartz EPR cell.
The same acquisition parameters were used: microwave power:
2.49 mW; modulation amplitude: 2.0 G; modulation frequency:
100 KHz; receiver gain: 60; time constant: 20.48 ms; conversion
time: 40.96 ms; sweep width: 150 G; 15 scans.

Isothermal titration calorimetry (ITC). ITC experiments were per-
formed with a MicroCal VP-ITC System (Malvern Panalytical, UK).
The sample cell contained a volume of 1.4 mL of quatsomes, pre-
pared by ultrasounds, with a concentration of CTAB and cholesterol
of 50 lM each, thus establishing an equimolar ratio of CHOL/CTAB
at the beginning of the experiment. Subsequently, every 300 sec-
onds 5 lL of a CTAB 0.7 mM solution were injected with a syringe,
and the heat exchanged per injection was monitored. Blanks con-
sisted in adding 5 lL of the 0.7 mM CTAB solution to H2O every
300 seconds, as well as adding H2O to the quatsomes at the above
stated concentration. Note that the critical micellar concentration
(CMC) of CTAB is approximately 0.9 mM.

Conductivity. The electric conductivity was measured with a
HannaHI5521 (Hanna Instruments,USA)usinga four-ringplatinum
probe electrode HI76312 (Hanna Instruments, USA). For pure CTAB,
a micellar suspension of 5 mM was prepared, and sequentially
diluted up to 0.5 mM by adding Milli-Q water (resistivity of 18.2
MX*cm). For measurements on CHOL/CTAB quatsomes, sequential
dilutions of two different quatsome batches were prepared by add-
ing Milli-Q water. Measurements were performed at different time
points up to three days after diluting. For all conductivity measure-
ments the temperature was maintained within ± 0.3 K.
2.6. Calculation of the average number of molecules per vesicle

Calculation from MALS data. The average molecular mass of
quatsomes was determined by multi-angle light scattering, yield-
ing mQS ¼ 13.3 ± 0.8 � 106 g/mol. With a molecular mass of CHOL
and CTAB of mCHOL ¼ 386.65 g/mol and mCTAB ¼ 364.45 g/mol,
respectively, and assuming an equimolar composition, the mean
number of molecules per vesicle is N ¼ mQS

ðmCHOLþmCTABÞ=2 = 35 ± 2 � 103.

Scaling the simulated vesicle size to the experimentally observed
average size. The average bilayer volume Vexp

bilayerwas calculated for
an outer vesicle radius R of RSAXS = 23.15 nm and a total bilayer
thickness t of tSAXS = 5 nm, both mean values obtained from SAXS:

Vexp
bilayer ¼ 4

3p RSAXS
3 � RSAXS � tSAXSð Þ3

� �
:

The bilayer volume of the simulated vesicle was equally calcu-
lated, with an outer vesicle radius RCGMD = 9 nm and a bilayer thick-

ness of tCGMD = 4 nm: V sim
bilayer ¼ 4

3p RCGMD
3 � RCGMD � tCGMDð Þ3

� �
:

Scaling the number of molecules in the simulated vesicle
NCGMD ¼ 4108 to the average volume obtained experimentally, we

obtain N ¼ NCGMD
Vexp

VCGMD
= 44 ± 4 � 103 molecules.
3. Results and discussion

To gain insight into the molecular organization within the quat-
some membrane, we performed molecular dynamics (MD) simula-
tions of a full CHOL/CTAB vesicle with an equimolar composition of
cholesterol and CTAB (see SI, Fig. S1). We used the implicit solvent
Martini coarse-grain force field for lipids [32] and surfactants [33]
(nicknamed ‘‘Dry Martini”), which has been successfully employed
in previous simulations to determine lipid properties, including
vesicle formation and fusion [32,51]. The Dry Martini approach
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employs a simplified representation of the molecules, wherein on
average every 3–4 heavy atoms are replaced by a coarse grain
building block (a ‘‘bead”) with specific chemical interactions para-
metrized from thermodynamic data. This method enables full vesi-
cle simulations to be conducted with molecular resolution up to
the microsecond time scale, well beyond the possibilities of previ-
ous atomistic simulations performed on this system [3,39,52].

Our simulations of a 1:1 CHOL/CTAB mixture comprising 4108
molecules at 303 K during � 1 ls predict a vesicular structure,
which evidently deviates from a perfectly spherical object. Our
results (Fig. 1A–C) clearly indicate that the vesicle is formed
through the assembly of planar bilayers, joined together via small
defects that provide curvature to the structure, eventually generat-
ing a closed vesicle. Cryo-TEM, the best method to directly exam-
ine the vesicle morphology at high resolution [40], confirms the
presence of these facets and associated slight deviations from a
perfectly spherical vesicle shape (Fig. 1D and Fig.S2 (SI)). These
deviations become even more evident upon major irradiation, in
contrast to phosphatidyl serine liposomes of similar size, which
remain round even upon excessive irradiation of > 200 e�/Å2 that
turned the ice crystalline (see SI, Fig. S3). These results substantiate
the presence of facets in quatsomes and show that these are differ-
ent from planar faces present in any vesicle due to thermal fluctu-
ations [53] or in the gel phase.

Importantly, the simulations indicate a uniform distribution of
the two components within the leaflets (Fig. 1A), i.e. the absence
of any segregation or aggregation of the two components. More-
over, each leaflet contained exactly an equimolar ratio of choles-
terol and CTAB (Fig. 1B), and no composition asymmetry existed
between the inner and outer leaflet, suggesting that the bilayer
curvature did not result from composition asymmetry between
the two leaflets. The CHOL/CTAB synthon (bimolecular amphiphile)
was found to be present throughout the whole vesicle, maintaining
its stable arrangement in the planar regions [39] and exhibiting
strong deformations in the defect regions. However, even in the
defect regions no segregation of cholesterol or CTAB molecules
was observed, and the equimolar ratio was still maintained. On
the other hand, on the timescale of the simulation, we found an
asymmetric lipid density in the two leaflets, containing 871 syn-
thons in the inner leaflet and 1183 synthons in the outer leaflet.

Overall, our results suggest that the bimolecular CHOL/CTAB
synthon forming the membrane [39] has a tendency to form planar
bilayers, which in turn form a closed vesicle due to the presence of
defect regions that exhibit strong deformations in the molecular
orientation of cholesterol and CTAB but no segregation of these
two components. This mechanism of vesicle formation is different
from that proposed thus far for stable vesicular systems, such as
catanionic vesicles, which is based on compositional asymmetry
leading to membrane curvature [21,22,54]. Experimentally, we
found a �10 % deviation from an equimolar composition of the
entire vesicular system using high-performance liquid chromatog-
raphy (see SI, Table S1), which is small compared with the devia-
tions used to produce stable catanionic vesicles, which are
generally > 50 % [14,54,55]. In accordance with these results, the
size distribution obtained through analyzing the vesicle diameter
in cryo-TEM images of more than 8600 vesicles from different
experimental batches, despite being roughly Gaussian, exhibited
a non-Gaussian tail towards larger sizes (Fig. 2A), thereby pointing
towards a vesicle formation mechanism that is not dominated by a
spontaneous bilayer curvature resulting from composition asym-
metries [54].

It is important to highlight that the characteristics of the simu-
lated vesicle were consistent with several experimental observa-
tions: a) The vesicle diameter of �18–19 nm (Fig. 1C)
corresponds to the smaller quatsomes observed using cryo-TEM
(Fig. 2A). b) The bilayer thickness of �4 nm (including the surfac-



Fig. 1. Molecular composition of bilayer leaflets and supramolecular organization. (A–C) Coarse-grain MD simulation of a CHOL/CTAB quatsome vesicle, at a concentration of
0.1 mM of each component. (A) Snapshot of an equilibrated (303 K) full quatsome vesicle and a cross-section thereof. The head groups of the CTA+ and cholesterol are
depicted as blue and orange balls, respectively (Br� counterions are omitted for clarity), and their tails are depicted as cylinders. (B) Radial distribution of vesicle components.
Left: radial density profile with .(r) calculated as the number of head group beads per nm3. Right: accumulated (integrated) number of molecules of each component as a
function of the radial distance averaged over all equilibrium configurations. The peaks R1 and R2 in the CTA+ head group distribution are also indicated, which correspond to
the inner and outer radii of the vesicle, respectively, and the minimum, indicated by an arrow, corresponds to the center of the bilayer. The diameter of the simulated vesicle is
estimated as � 18–19 nm, taking into account the size of the CTA+ head group bead (0.47 nm). (C) A detailed snapshot depicting the internal molecular organization of CTA+

and cholesterol of a 7 Å wide slice of the simulated quatsome vesicle, exposing regions with perfectly ordered planar bilayers (see the enlarged portion of the image) and
disordered joining regions, with a 1:1 ratio of the two components. (D) Cryo-TEM image of quatsome vesicles depicting the faceting and deviations from a completely
spherical shape (scale bar represents 20 nm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tant head groups) (Fig. 1C) is concordant with the value of 4.3 nm
obtained in all atomic MD simulations [39] and �5 nm obtained
experimentally using small-angle X-ray scattering (SAXS)
(Fig. 2B). c) The ratio of molecules per bilayer volume is propor-
tional to the experimentally observed value: Scaling the bilayer
volume to the average volume obtained experimentally [56], the
simulated vesicle would contain 44 ± 4 � 103 CTAB and cholesterol
molecules, close to the mean value of ca. 35 ± 2 � 103, which is
obtained experimentally from the molecular weight of
13.3 ± 0.8 MDa determined using multi-angle light scattering (see
SI, Fig. S4). d) The molecular organization observed in Fig. 1C is
consistent with disordered liquid-like packing, which is also
observed experimentally using atomic force microscopy and
wide-angle X-ray scattering (see SI, Fig. S5) [3,52].

Because CHOL/CTAB quatsomes exhibit a completely different
mechanism of vesicle formation than previously proposed for ther-
modynamically stable vesicle systems [54,21–27], we aimed to
confirm that quatsomes satisfy the experimental requisites of ther-
modynamically stable vesicles [14], as follows:

i) Thepreparation route does not affect the vesicle size.Regardless of
whether quatsomes were prepared through applying ultrasounds
(US) or compressed CO2 (DELOS-SUSP methodology) [12,38], small
unilamellar vesicles (insets in Fig. 2A and 3A) with similar size dis-
tributionswere obtained (Fig. 3A). The somewhat larger polydisper-
sity observed using DLS in comparison with the narrow vesicle size
distributionobtainedusing SAXS (Fig. 2B) and cryo-TEMimage anal-
ysis (Fig. 2A) was likely due to the large impact of few larger vesicles
(visible in cryo-TEM images, Fig. 2A) on the scattered light intensity I
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(I � d4). Furthermore, the inter-technique variation in size was
within the expected range [58].

ii) Quatsome size and polydispersity remain stable over time. Quat-
some vesicles maintained their size distribution and unilamellar
morphology for years, as observed usingDLS and cryo-TEM (Fig. 3B).

iii) Quatsome formation is reversible upon the change of an exter-
nal factor. Quatsome rupture and reformation can be controlled
through varying the volume fraction of ethanol in water. When
adding EtOH to a quatsome suspension, vesicle rupture occurred
at EtOH volume fractions > 30%, which is evident from the analysis
of size distribution and cryo-TEM images (see SI, Fig. S6A–B). Com-
plete membrane disintegration took place at volume frac-
tions � 50%, as demonstrated through the electron paramagnetic
resonance spectra of quatsomes containing the 3b-DOXYL-5a-cho
lestane radical as spin probe (see SI, Fig. S6C), exhibiting the typical
signal corresponding to freely moving nitroxyl radicals (in contrast
to the characteristic signature of restricted radical movement
observed at low ethanol volume fractions). Upon subsequent etha-
nol evaporation, quatsome reformation occurred once the EtOH
volume fraction was � 30% again (Fig. S6A), and at 0% EtOH, we
mainly observed small unilamellar vesicles (inset in Fig. 3C) that
exhibited a size distribution that overlapped with the distribution
obtained prior to the addition of EtOH (Fig. 3C).

iv) Quatsomes are generated spontaneously. Quatsome vesicles
are formed in the absence of any energy input, simply through
the gradual addition of cholesterol dissolved in EtOH to an aqueous
solution of CTAB micelles. This procedure yielded small unilamel-
lar vesicles (inset in Fig. 3D) that were similar in size to those



Fig. 2. Relevant geometric characteristics of CHOL/CTAB quatsomes. (A) Vesicle diameter distribution, determined by analyzing cryo-TEM images of 8600 vesicles from
various experimental batches, and the Gaussian fit yielding a mean diameter d

�Gauss

TEM = 31.4 ± 0.2 nm and a standard deviation of rGauss
TEM = 3.4 ± 0.2 nm. The arithmetic mean

diameter of the entire ensemble is slightly larger, i.e. d
�arith

TEM = 43.2 ± 0.2 nm (mean ± standard error of the mean), due to the presence of few larger vesicles. Inset:
Representative cryo-TEM image (scale bar represents 50 nm). (B) SAXS data of CHOL/CTAB quatsomes at a concentration of � 6 mM of each component, indicating the
scattered intensity as a function of the modulus of the scattering vector q. The broad bump originates from the presence of a three-layer cross-section of the vesicle bilayer,
and the oscillations [57] are attributed to the remarkably narrow vesicle size distribution of the overall size, and are generally not observed for conventional vesicles of this
size owing to the polydispersity in their size. Fitting the data using a model of bilayer vesicles with an overall size polydispersity [46] yielded an average outer quatsome
diameter of dSAXS = 46.3 ± 0.3 nm and a standard deviation of rSAXS = 1.56 ± 0.02 nm. From the fit to the SAXS data, the thickness of the bilayer membrane was found to be
approximately 5 nm, which is concordant with the values obtained in previous atomistic simulations [39]. Note that instrumental smearing was included when fitting the
data; the green curve represents the model without smearing and the red curve represents the model with smearing. The SAXS data did not display any signs of multi- or
oligo-lamellarity, which would appear as relatively broad additional peaks on top of the main peak. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Experimental evidence indicating that CHOL/CTAB quatsomes are thermodynamically stable. Hydrodynamic diameter distribution of quatsomes under different
experimental conditions (with indicated arithmetic mean hydrodynamic diameters¯dhyd ± 1 SD from at least two separate measurements), obtained using dynamic light
scattering (DLS) at a concentration of � 0.6 mM of each component, and corresponding cryo-TEM images in the inset (scale bars represent 100 nm). (A) Quatsomes obtained
using different preparation routes, i.e. through the application of ultrasound (black line) and the depressurization of a CO2-expanded liquid (red line). (B) Temporal stability of
quatsomes over three years. Inset: Cryo-TEM image of quatsomes that have aged for three years, and photograph of the corresponding quatsome suspension, which was
completely free of precipitate. (C) Quatsomes as-prepared through the depressurization of a CO2-expanded liquid (red line), and after ethanol-induced quatsome rupture and
subsequent reformation upon ethanol removal (dark blue line). (D) Quatsomes produced through spontaneous formation (dark yellow), i.e. upon gradual addition of a
cholesterol solution in EtOH to an aqueous solution containing CTAB micelles, compared to quatsomes formed through the application of ultrasound (black line). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Average values for different structural features of CHOL/CTAB quatsomes in water at 298 K.

Molecular weight
(MDa) a

Average outer diameter
(nm) b

Molar ratio CHOL/
CTAB c

Lipid phase in the bilayer d Equilibrium concentration with CTAB monomers
(lM) e

13.3 ± 0.8 46.3 ± 0.3 1.11 ± 0.01 Disordered liquid-like
packing

< 5

a)Obtained from MALS measurements (Fig. S4).
b)Obtained from SAXS measurements (Fig. 2B).
c)Obtained from HPLC measurements (Table S1).
d)Obtained from WAXS measurements (Fig. S5).
e)Obtained from conductivity measurements (Fig. S8).

Table 2
Formation mechanisms of thermodynamic stable nanovesicles.

Mechanism
of
nanovesicle
formation

Supramolecular
organization of
nanovesicle bilayer

Experimental
examples of
thermodynamically
stable nanovesicles
reported

References

Spontaneous membrane
curvature

Composition
asymmetry between
leaflets

Yes

[54,21–23]
Spontaneous membrane

curvature
Asymmetry in lipid
density between
leaflets

No

[24–25]
Spontaneous membrane

curvature
Asymmetric ion
concentrations across
the membrane

No

[26–27]
Association

of
intrinsically
planar bilayers

Defect regions with
distortions in the
orientation of bilayer
molecules

Yes

This work
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obtained through the application of ultrasound (Fig. 3D). The small
differences in size may indicate a partially different molecular
organization in the vesicular membrane, related to the similar free
energies of a cholesterol molecule transferred into a 1:1 bilayer
membrane (DG = �55 kcal/mol) or a cholesterol nanocrystal
(DG = –50 kcal/mol) [39], relevant at the later stages of the vesicle
formation process [59]. These results suggest that the quatsome
formation per se does not require any energy supply, but an addi-
tional energy input facilitates the formation of CTAB-cholesterol
synthons that build up the vesicle membrane.

v) Quatsomes coexist in equilibrium with neighboring single-phase
regions in phase diagrams, i.e. with thermodynamically stable CTAB-
rich colloidal assemblies and cholesterol crystals. The prolonged coex-
istence of the vesicular quatsome phase with thermodynamically
stable CTAB-rich assemblies or cholesterol crystals was observed
when cholesterol and CTAB were mixed in non-equimolar ratios;
excess of CTAB (e.g. a molar ratio CHOL/CTAB of 1:2) led to the
coexistence of CTAB-rich assemblies and quatsomes, as observed
using cryo-TEM and isothermal titration calorimetry experiments
(see SI, Fig. S7A–C), while an excess of cholesterol (e.g. a molar
ratio CHOL/CTAB of 3:2) yielded both unilamellar vesicles and
cholesterol crystals (see SI, Fig. S7D).

Finally, to illustrate the resistance of quatsome nanovesicles
towards dilutions, we have measured the concentration at which
monomerically dissolved CTAB is in equilibrium with the CHOL/
CTABquatsome, and found it tobe<5lM(seeSI, Fig. S8, andTable1),
which is more than two orders of magnitude lower than the critical
micelle concentration of CTAB of � 1 mM. Therefore, importantly,
the quatsome vesicles are more resistant to dilution than micelles,
an important requirement for their use as drug delivery systems
[60]. This is consistent with the practically equimolar ratio of CHOL
and CTAB even after multiple diafiltrations (Table 1), which implic-
itly shows that the monomerically dissolved CTAB in equilibrium
with the quatsome is practically zero. Moreover, it suggests that
the chemical potential of CTAB in the quatsome is much lower than
that in the puremicelle, i.e., CTAB in the quatsome is thermodynam-
ically more stable than in the micelle, likely due to the formation of
the stable CHOL/CTAB synthon.

4. Conclusions

The data presented here points out that i) CHOL/CTAB quat-
somes are thermodynamically stable nanovesicles, and ii) CHOL/
CTAB quatsomes are formed through the association of intrinsi-
cally planar bilayers in a faceted vesicle with defects. High inter-
molecular binding energies between CHOL and CTAB hinder the
segregation of these two components in the vesicle membrane,
and a stable nanovesicle is formed in the absence of major compo-
sition asymmetries between the two bilayer leaflets, with a stably
persisting lipid density asymmetry.

In particular, coarse-grain molecular dynamics simulations of a
complete CHOL/CTAB quatsome demonstrated the absence of spon-
taneous membrane curvature related to composition asymmetries
between the two bilayer leaflets, and instead the presence of planar
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bilayer regions joined through defect regions that exhibit strong
deformations in themolecular orientation of themembrane compo-
nents. Experimental observations obtainedwith cryo-TEM imaging,
SAXS, HPLC, MALS, and WAXS, substantiate the simulated results,
and further demonstrate a very high vesicle-to-vesicle homogene-
ity, distinguishing CHOL/CTAB quatsomes from other common
nanovesicular structures [61–62]. At the same time, we demon-
strate that quatsomes show all the experimental features of a ther-
modynamically stable vesicle system, with a particularly relevant
preparation-route-independent size distribution that is stable over
time (monitored along three years). For this demonstration,wehave
employed different experimental techniques for quatsome produc-
tion (ultrasound application, depressurization of a CO2-expanded
liquid, spontaneous formation) and characterization (DLS, ITC, EPR).

With this data at hand, we propose a novel mechanism under-
lying the formation of thermodynamically stable nanovesicles,
which is based on distortions in the orientation of bilayer mole-
cules in the absence of any segregation of membrane components
between the two bilayer leaflets. This mechanism of vesicle forma-
tion is different from that proposed thus far for stable vesicular
systems (Table 2), based on spontaneous membrane curvature
due to composition asymmetry between the two bilayer leaflets
[54,21–23], and facilitates the long-term stability of asymmetric
lipid densities in the two leaflets, in the absence of the relaxation
to symmetric lipid densities through flip-flops between the leaflets
described previously [24–25]. In the future, it will be of interest to
study the ion distribution across the quatsome membrane, and
determine its role in the vesicle stabilization [26–27].

This comprehensive study provides a conceptual framework
demonstrating that CHOL/CTAB quatsomes form a stable phase,
and it goes well beyond previously published data describing the
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structure of these nanovesicles [39] and their use, for example for
bioimaging [1–5] and wound healing [9,10]. Furthermore, the
study addresses fundamental principles related to the formation
of thermodynamically stable nanovesicles with well-defined
physico-chemical characteristics and an infinite shelf life, of partic-
ular relevance in the development of nanovesicle based products,
for example in the pharmaceutical and cosmetics fields.
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