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The spontaneous colloidal nanostructures formed in water by the zwitterionic phospholipid DMPC (1,2-
dimyristoyl-sn-glycero-3-phosphocholine) with the cationic detergent DTAC (n-dodecyltrimethylammo-
nium chloride) were investigated at a fixed DMPC concentration and variable detergent:lipid total molar
ratios (D:L). Apparent (neutral-sphere-equivalent) hydrodynamic diameters (Ue) of liposomes and
micelles were obtained by dynamic light scattering (DLS). Fluorescence lifetime imaging microscopy
(FLIM), using chlorophyll-a as a probe, showed the morphology of giant vesicles and threadlike micelles.
Micro-differential scanning calorimetry (micro-DSC) detected the presence of bilayers, in vesicles and
discoidal micelles (disks). Pure DMPC liposomes are multilamellar and polydisperse (Ue � 100–
10,000 nm). As D:L increased, smaller vesicles were found, due to the bigger spontaneous curvature of
the bilayer: at D:L = 1, ULVs (unilamellar vesicles; Ue � 100 nm) appeared and, at D:L = 2–10, ULVs coex-
isted with disks (Ue � 30 nm). Bilayers totally disappeared at D:L P 15, giving rise to spheroidal (Ue � 2–
16 nm) and threadlike (Ue � 100–10,000 nm) micelles. A quasi-equilibrium structural diagram for the
DMPC–DTAC–water system shows equivalent diameters of the scattering nanoparticles as a function of
D:L. The results obtained herein for the system DMPC–DTAC show the role of electrostatic interactions
in the formation of the mixed structures.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Phospholipid liposomes (or vesicles) are commonly used as
models of cell membranes and, in the pharmaceutical and cosmetic
industries, as nano-containers for drug delivery [1–3].

Micelle-forming surfactants (detergents) have been widely used
as solubilizing agents for isolation, purification, and reconstitution
of cell membrane components, especially membrane proteins.
Liposome solubilization has been explained using a three-stages
model [4,5]. In stage I, the detergent molecules are incorporated
into the vesicle bilayers, up to a critical concentration. Above this
concentration, the system enters into stage II, where detergent-sat-
urated mixed vesicles coexist with the first mixed micelles. Finally,
in stage III, vesicle solubilization is complete and only mixed mi-
celles exist in the system.

In reality, lipid solubilization by a detergent may be more com-
plex, because the morphological changes of the process depend on
both the total and relative amounts of lipid and detergent in the
mixture, and on the preparation method [6]. On the other hand,
ll rights reserved.
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a variety of mixed colloidal aggregates, such as ruptured vesicles,
curved bilayer fragments, and discoidal micelles, have also been
found as more or less stable intermediates by cryo-transmission
electron microscopy (cryo-TEM) [7–15] and micro-DSC [16]. To
fully understand the whole solubilization process, a detailed char-
acterization of these colloidal nanostructures is needed.

In a previous paper, the structural changes occurring in the
DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) liposome
solubilization by the cationic detergent DTAC (n-dodecyltrimethyl-
ammonium chloride), at a fixed phospholipid concentration and
variable detergent:lipid (D:L) total molar ratios, were studied
mainly by micro-differential scanning calorimetry (micro-DSC)
[16]. Thermodynamic parameters and membrane fluidities of bi-
layer-containing structures were determined for pure and mixed
liposomes, curved bilayer fragments, and discoidal micelles (disks).
Spheroidal and cylindrical mixed micelles were detected by dy-
namic light scattering (DLS). However, the size and morphology
of these nanostructures were not systematically studied.

The main purpose of the present work is the determination of
mean hydrodynamic diameters of the spontaneous colloidal nano-
structures formed in the DMPC–DTAC aqueous system, as a func-
tion of the total D:L molar ratio. Spherical micelles and vesicles
differ in sizes by orders of magnitude, showing a very distinct scat-
tering behavior: indeed, micelles (<5–10 nm in diameter) make
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Nomenclature

DMPC 1,2-dimyristoyl-sn-glycero-3phosphocholine
DTAC n-dodecyltrimethylammonium chloride
DTA+ n-dodecyltrimethylammonium cation
Chl-a chlorophyll-a
D detergent (usually, DTAC)
L lipid (usually, DMPC)
DLS dynamic light scattering
DSC differential scanning calorimetry
(Cryo-)TEM transmission electron microscopy (of cryogenated

samples)
FLIM fluorescence lifetime imaging microscopy
MLV(s) multilamellar vesicle(s)
ULV(s) unilamellar vesicle(s)
Disk(s) discoidal (mixed) micelle(s)

Thread(s) treadlike or wormlike (mixed) micelle(s)
CMC critical micelle concentration
D diffusion coefficient (for spherical particles in diluted

media)
Dapp apparent diffusion coefficient
Rapp apparent hydrodynamic radius
U hydrodynamic diameter
Uapp apparent hydrodynamic diameter
Ue neutral-sphere-equivalent hydrodynamic diameter
s fluorescence lifetime
f zeta potential
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clear aqueous solutions, whereas vesicles (with variable sizes, usu-
ally >100 nm in diameter) produce more or less turbid dispersions
in water. Disks (that are flat, circular, bilayer fragments resulting
from vesicle rupture) typically have intermediate sizes (�20–
40 nm in diameter) between those of spherical micelles and vesi-
cles. These differences make DLS an adequate tool to distinguish
these nanostructures.

In addition, we wanted to obtain the morphology of the colloi-
dal structures found, which could not be provided by DLS alone
especially when two of more structures coexisted in solution. Mor-
phology is important to identify structures, for example, to
distinguish multilamellar from unilamellar vesicles. To this end,
fluorescence lifetime imaging microscopy (FLIM) was used to
visualize colloidal shapes. Finally, to confirm the presence of bi-
layer-containing structures, vesicles and disks, and distinguish
them, micro-DSC was employed.

FLIM is an imaging technique that can report on photophysical
events which are difficult or impossible to observe by fluorescence
intensity imaging. Providing contrast according to the fluorescence
decay times, it is independent of environmental influences, such as
aggregation, quenching by other molecules, energy transfer, or
scattering effects [17–19].

Fluorescence lifetime images of giant vesicles (MLVs, ULVs) and
cylindrical (threadlike) micelles in solution were obtained with
chlorophyll-a (Chl-a) as the fluorescent probe. FLIM images com-
plement DLS data about these colloidal structures, showing their
shape; but we must be aware of the different scales of observation:
by DLS, mean equivalent diameters varying from �1–2000 nm
(that is, in the nano-scale) were obtained, whereas structures cap-
tured by FLIM were the largest of each type, with sizes varying from
�1–20 lm (thus, in the micro-scale).

The results described herein for the model system DMPC–DTAC
(zwitterionic lipid–cationic detergent) can contribute to a better
understanding of lipid–detergent interactions in spontaneous col-
loidal structures.
2. Experimental

2.1. Materials

The lipid DMPC (>99% pure) was purchased from Sigma–Aldrich
and from Avanti Polar Lipids. The detergent DTAC (>98% pure) was
obtained from TCI Europe. Chloroform (99.8% pure) was purchased
from Sigma–Aldrich. All these compounds were used without fur-
ther purification. Bi-distilled water was purified with the Millipore
Milli-Q system. Chlorophyll-a, extracted from spinach and sub-
stantially free of chlorophyll-b, was purchased from Sigma. Chl-a
stock solutions were prepared in diethyl ether (Sigma–Aldrich,
>99.8% pure) and stored at �7 �C, protected from light. The purity
and concentration of the samples were routinely checked by UV–
visible absorption.

2.2. Samples preparation

Lipid–detergent emulsions, with a final lipid concentration of
0.75 mM and different total (analytical) D:L molar ratios, were pre-
pared as follows. The appropriate amounts of DMPC and DTAC
were co-dissolved in chloroform, and the mixture was dried under
a stream of nitrogen to form a thin film on the walls of an 8 mL
glass flask. Drying was completed overnight, on a vacuum line.
The mixture was dispersed in purified water at 40 �C using a slow
manual agitation with glass spheres, to obtain mostly the sponta-
neous structures. Samples were incubated for 2 h in a water bath
at 40 �C.

Pure DMPC emulsions were prepared in the same way, with a
final lipid concentration of 0.75 mM (for the micro-DSC and FLIM
measurements) or 0.15 mM (for DLS measurements). The use of a
more dilute solution in the latter case resulted from the much lar-
ger size of pure DMPC liposomes (as compared to the mixed struc-
tures), because the scattering intensity of the 0.75 mM DMPC
solution was too strong for DLS measurements.

For the FLIM measurements, a small volume (<0.2% v/v) of a
stock solution of Chl-a (in diethyl ether) was injected into freshly
prepared DMPC or DTAC–DMPC mixtures. Samples were then
equilibrated for at least one hour at room temperature (24–25 �C).

2.3. Dynamic light scattering

DLS measurements were performed with a light scattering
equipment (Brookhaven Instruments Corp.) composed of a BI-
200SM goniometer and a BI-9000AT autocorrelator, using as light
source a He–Ne laser (632.8 nm, 35 mW), model 127 from Spectra
Physics, and an avalanche photodiode detector. Measurements
were carried out in glass cylindrical cells submerged in decaline
(that matches the refractive index of glass). The scattered light
was detected at a scattering angle of 90�.

Samples were freshly prepared into cleaned cells using filtered
solvents (with pore diameter of 450 nm for organic solvents and
100 nm for water), and analyzed at 20 �C, after equilibration for
at least �15 min at the same temperature. Consecutive measure-
ments were made for each sample to test their reproducibility.
However, for several mixtures, especially for those in which differ-
ent structures coexisted, a time evolution was observed (depending
also on temperature), and structural equilibrium was not reached
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during the course of the experiments (see the Supplementary
material).

The autocorrelation traces as a function of the delay time were
fitted by the 2nd order cumulants expansion method [20], the reg-
ularized Laplace inversion of the time–intensity–autocorrelation
function, CONTIN [21,22], and the multi-exponential sampling pro-
gram (EXPSAM v3.0) [23], included in the BI–ZP software package
from Brookhaven. The former algorithm calculates mean ideal-
sphere-equivalent hydrodynamic diameters and polydispersity
indexes; whereas the latter two give intensity-weighted size distri-
bution profiles. These profiles were generally obtained by the
CONTIN algorithm, but, because the Laplace inversion is an ill-con-
ditioned problem (becoming worse as the number of peaks ob-
tained in the size distribution function increased), they were
checked by EXPSAM. For 1 or 2 peaks, the results obtained by CON-
TIN and EXPSAM were essentially the same within the experimen-
tal error (estimated from 3 or more consecutive measurements on
the same solution). For 3 or more peaks, the CONTIN and EXPSAM
data usually differed somewhat: this likely means that CONTIN is
not robust enough to discriminate more than two peaks. Neverthe-
less, for large D:L ratios (D:L > �15) the structures changed in time
(in a scale of hours), caused by growing of threadlike micelles from
spherical ones (see the Supplementary material , #2).

From each time–intensity–autocorrelation function obtained in
DLS experiments, the mean apparent diffusion coefficient (Dapp) of
the mobile scattering particles can be obtained. For polydisperse
particles, the real diffusion coefficient (D) is very difficult (even
impossible) to obtain from Dapp. Only for monodisperse spherical
particles, Dapp and D coincide [24]. Then, apparent hydrodynamic
diameters (Uapp) of the particles can be obtained through the
Stokes–Einstein equation:

Uapp ¼ 2Rapp ¼ kBT=ð3pg0DappÞ ð1Þ

In Eq. (1), Rapp is the apparent (sphere-equivalent) hydrody-
namic radius, kB the Boltzmann constant, and g0 the solvent
viscosity at temperature T. This procedure also does not consider
inter-particle interactions, being only valid for dilute and neutral
scattering centers.

For non-spherical particles (disks, threadlike micelles), Uapp is a
sphere-equivalent hydrodynamic diameter (denoted Ue), giving
only qualitative information on the particles size.

In the system studied, the lipid DMPC is zwitterionic and the
detergent DTAC is cationic. Thus, inter-particle interactions among
colloidal structures containing DTAC may not be negligible, except
probably for mixed vesicles, which contain very low DTAC
amounts and exist in much lower concentrations than micelles.

Inter-particle interactions for ionic micelles in aqueous media
are relatively strong owing to their high surface charge density.
To obtain the real size of micelles, several DLS studies have used
extrapolation procedures to ideal conditions [25–27]; however, a
simple treatment to obtain the true micelle sizes is not available.
2.4. Micro-differential scanning calorimetry

Micro-DSC experiments used a MicroCal VP-DSC microcalorim-
eter (MicroCal Inc., Northampton), and were performed in the tem-
perature range from 5 to 35 �C, with a scan rate of 1 �C min�1 in
both heating and cooling cycles, as described previously [16].

Thermodynamic parameters were obtained by numerical inte-
gration of the peaks and/or by the ‘‘non-two-state’’ model, with
the Origin 7.0 software. Integration of each peak yields its area
(or calorimetric enthalpy DH), thermal mid-point (or transition
temperature Tm), and width of the curve at half-height (T1/2). The
non-two-state model can fit one or more transitions, each one with
its own complete parameter set: the thermal mid-point Tm, the
calorimetric (DH) and van’t Hoff (DHvH) enthalpies, and the change
in heat capacity at constant pressure (DCp). The van’t Hoff enthalpy
is determined by the peak shape: the sharper the transition the lar-
ger is DHvH, and vice versa. The ratio DHvH/DH gives the size of the
cooperative unit (CU), defined as the number of entities (mole-
cules) undergoing the transition simultaneously.

2.5. Fluorescence lifetime imaging microscopy

FLIM images were acquired in a Microtime 200 microscope
from Picoquant GmbH (Berlin, Germany), using the time-corre-
lated single-photon counting technique. The instrument includes
an inverted microscope Olympus IX 71 and provides image resolu-
tion up to 50 nm per pixel; the final resolution depends on the
wavelength k of the incident light, being �k/2. The sample holder
is positioned on an XY stage E-710 Digital PZT controller with scan-
ning range of 100 � 100 lm2 with 1 nm resolution. A more de-
tailed description of the instrument is found elsewhere [28–30].
The excitation light from a pulsed diode laser of 638 nm (with a
pulse width of 54 ps and a repetition rate of 20 MHz) was focused
by a water immersion objective 60� with 1.2 NA (UPLSAPO 60XW,
Olympus). Fluorescence was collected by the same microscope
objective, passed through a dichroic mirror and an appropriate
bandpass emission filter (695AF55 Omega optical), and was fo-
cused through a pinhole (50 lm) onto a single-photon counting
avalanche photodiode (SPAD).

A small drop (20 lL) of each aqueous sample containing Chl-a
was spread on the microscope coverslip at 25 �C, and directly im-
aged. Samples were not dried to prevent disruption (or morphol-
ogy alteration) of the colloidal structures, and care was also
taken to block solvent evaporation. Immediately after deposition,
no colloidal particles could be found; about 1 h later, very big (mi-
cro) structures, which settled down in the drop solution, were visu-
alized: it was the case of giant vesicles (MLVs, ULVs) and
cylindrical (threadlike) micelles. Images were acquired directly
from this solution, at 5–10 lm above the surface of the coverslip.

We assume that Chl-a, at lM concentration, does not influence
the structures of the giant amphiphile aggregates, which showed
the expected morphologies in FLIM images. (The same assumption
cannot be used for smaller aggregates, which were not detected by
FLIM.)
3. Results and discussion

We found that small DMPC liposomes, especially those with
mean diameters around or less 100–400 nm, cannot be produced
at controlled size by extrusion (see the Supplementary material,
#1). This is a consequence of their non-spontaneous curvature,
which makes them quite unstable: consequently, they would spon-
taneously revert into multilamellar aggregates again. For this rea-
son, to prepare the pure DMPC and DMPC–DTAC mixtures we did
not use extrusion (neither sonification), so that only spontaneous
structures were formed.

Figs. 1, 3, and 5 (that will appear bellow) illustrate the distribu-
tion of apparent (neutral-sphere-equivalent) hydrodynamic diame-
ters Ue, as the total D:L molar ratio increases. These DLS data are
discussed separately in sections 3.1, 3.2, and 3.3, for low, interme-
diate, and high D:L ratios, and, whenever needed, are supported
by micro-DSC and/or FLIM results.

3.1. Pure DMPC liposomes and DMPC–DTAC mixtures with low
detergent:lipid molar ratios, D:L 6 1

Pure DMPC liposomes in water are spherical and slightly
negatively-charged (zeta potential f � �11 ± 1 mV [31]) possibly



Table 1
Main-transition temperature Tm, calorimetric enthalpy DH, and size of the cooper-
ative unit CU for the chain-melting transition of pure DMPC and DTAC–DMPC
liposomes with D:L = 0.33–1, calculated by peak integration of DSC thermograms.
[DMPC] = 0.75 mM.

Sample Tm (�C) DH (kcal mol�1) 10�2 � CU

Pure DMPC 23.56 ± 0.01 6.2 ± 0.1 �2.0
D:L = 0.33 23.14 ± 0.02 7.5 ± 0.1 �1.3
D:L = 0.67 22.75 ± 0.04 6.2 ± 0.1 �1.2
D:L = 1.00 22.37 ± 0.01 7.6 ± 0.1 �0.6
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because of adsorption of OH� ions near the more external, cationic,
choline groups of the liposomes. Their hydrodynamic diameters
were directly calculated from diffusion coefficients by the
Stokes–Einstein equation (Eq. (1)). For D:L 6 1, we also assumed
that the diffusion of vesicles, which contain low DTAC amounts,
is not significantly influenced by electrostatic inter-particle
interactions.

Fig. 1A shows the probability distribution function of Ue values
for pure, non-extruded, DMPC liposomes. These vesicles are large
and polydisperse, with diameters �100–10,000 nm, in agreement
with their expected multilamellar structure (MLVs).

DTAC–DMPC mixtures with D:L � 0.67–1 (Fig. 1B and C) show
the spontaneous formation of smaller and less polydisperse vesicles
than the pure DMPC liposomes. Two main populations were typi-
cally obtained. At D:L = 0.67, both populations, major
(Ue � 900 nm) and minor (�240 nm), correspond to large vesicles,
likely MLVs. However, at D:L = 1, the major population (�110 nm)
probably consists in unilamellar vesicles (ULVs), whereas the min-
or population (�300 nm) is still due to MLVs.

The incorporation of DTA+ long ions into the zwitterionic DMPC
bilayers causes the rupture of the MLVs outer layers. Being a sin-
gle-chained surfactant, DTA+ increases the bilayer spontaneous
curvature, decreasing the vesicle size. On the average, when the
D:L ratio increases, less bilayers remain intact, as compared to pure
DMPC liposomes. The first ULVs, with Ue � 110 nm, seem to ap-
pear at D:L � 1.

DLS results agree with thermodynamic data obtained from mi-
cro-DSC (Table 1). Indeed, with the increase in D:L (0 ? 1), both
the chain-melting temperature Tm and the size of the cooperative
unit CU decrease. The first observation means that DTA+ ions incor-
porate into DMPC liposomes, resulting in more fluid DMPC–DTA+

bilayers; the second one may be explained by the decreased vesicle
size and/or by the heterogeneity produced in the DMPC bilayer by
the insertion of DTA+ ions.

FLIM images of Chl-a inserted in these vesicles (Fig. 2) also con-
firm the above findings. Panel A shows that pure DMPC liposomes
are mostly multilamellar: The well-defined outside layer contains
the pigment mainly in the monomeric form (the red color corre-
sponds to s � 5–6 ns, the typical lifetime of the Chl-a monomer
in diethyl ether), whereas the inside layers (green–brownish) con-
tain mostly Chl-a aggregates, which have s � 0.2–1 ns. Panel B,
for mixed liposomes at D:L = 1, shows a completely distinct pat-
tern: The major population of the larger vesicles are ULVs, with a
well-defined exterior layer (labeled by Chl-a monomers) and a void
(aqueous) black interior. Some ULVs show smaller vesicles inside.
Finally, much smaller vesicles containing aggregated forms of
B
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Fig. 1. Typical distribution profiles of hydrodynamic diameters of pure DMPC liposomes
scattering angle of 90�. [DMPC] = 0.15 mM in A and 0.75 mM in B and C.
Chl-a (green–bluish dots) cannot be resolved, because their size is
smaller than the FLIM final resolution, �320 nm.

Note that, to use FLIM data, it was assumed that the morphol-
ogy of a certain type of colloid is independent of its size: indeed,
each structure usually maintains the same basic shape, regardless
of its polydispersity.

FLIM images therefore support DLS data: for pure DMPC, mostly
MLVs are formed; at D:L = 1, the major vesicle population are ULVs.

DLS results also agree with previous cryo-TEM data in a related
lipid–detergent system, DDAB–DTAC (DDAB being the synthetic li-
pid didodecyldimethylammonium bromide), which showed that
mixed vesicles are smaller (i.e., have higher curvature) than pure
DDAB vesicles [9].

In a global view, DLS, micro-DSC, and FLIM data show that even
small amounts of the detergent DTAC produce a drastic effect on
the structure (size, polydispersity, number of bilayers, and bilayer
fluidity) of DMPC–DTAC liposomes.
3.2. DMPC–DTAC mixtures with intermediate detergent:lipid molar
ratios, D:L = 2–10

DLS data for mixtures with D:L = 2–10 (Fig. 3) show the coexis-
tence of two types of scattering centers, a major (Ue � 90–110 nm)
and a minor (�25–35 nm) population, with relatively low polydis-
persities. The former (more intense) population still corresponds to
DMPC–DTAC vesicles, whereas the latter one was attributed to pla-
nar bilayer fragments (discoidal micelles, or disks). The stabilization
of the liposome size at Ue = 100 ± 10 nm (peak value), regardless of
the D:L ratio, suggests that vesicles attained their smallest sponta-
neous size (or largest curvature), a strong indication that they are
unilamellar (ULVs) [32].

The micro-DSC analysis in this D:L range also reveals the coex-
istence of two types of structures displaying a bilayer chain-melt-
ing transition (Fig. 4). Mixed liposomes (that are bigger than disks
and have a more fluid bilayer) should correspond to the more
C
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(A) and DMPC–DTAC liposomes (B and C) obtained by DLS (CONTIN) at 20 �C, at a
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Fig. 2. FLIM images of Chl-a in DMPC liposomes (A) and in a DTAC–DMPC mixture at
D:L = 1 (B), measured in solution�1 h after drop deposition. In A, we see mainly MLVs
(1) and a few vesicles containing other vesicles (2). In B, ULVs (with a black interior)
(3) constitute the major population; a few of them contain other vesicles (4). The
lifetime-scale color code is shown below. (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)

Fig. 4. (A) Consecutive micro-DSC heating thermograms for a DTAC–DMPC sample
with D:L = 2; (B) Peak decomposition of a few selected curves with the non-two-
state model with two peaks. The arrows indicate the time evolution of the
thermograms, with the first scan shown in black/blue and the last scan in light
gray/blue. The colloidal nanostructures attributed to each peak, ULVs and disks, are
pictured in B, in a 2–D section (with the DMPC molecules in black and the DTAC
molecules in blue). Figure adapted from reference [16]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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cooperative peak, with a smaller Tm, whereas disks (being the
smallest and most rigid structures) correspond to the less cooper-
ative peak with a higher Tm [16].

Vesicles and disks grow in time, as seen by the very slow but con-
tinuous increase in scan number (or time) of the transition enthalpy
of both peaks (Fig. 4B). This indicates that they are being formed
from other colloidal structures that do not display a chain-melting
transition, likely detergent–lipid spherical micelles. The micro-DSC
data therefore suggest an initial coexistence in solution of ULVs,
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Fig. 3. Typical distribution profiles of neutral-sphere-equivalent hydrodynamic diameter
mixtures at the indicated D:L values, containing ULVs and disks. [DMPC] = 0.75 mM.
disks, and spherical micelles. As time evolves, micelles are con-
verted (at least partially) into ULVs and disks, which are the domi-
nant structures at D:L = 2–10. Because of the very slow conversion
dynamics, in each heating/cooling cycle the system can be consid-
ered in a metastable, quasi-equilibrium, state [16].

Disks are probably formed from vesicle rupture and subsequent
flattening of the resultant bilayer fragments [16]. This structural
rearrangement leads to the segregation of the two components,
the lipid at the main (central) part and the detergent at the rim,
protecting the lipid hydrophobic chains from contact with water
[33].
C
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s, obtained by DLS (CONTIN) at 20 �C, at a scattering angle of 90�: (A–C) DMPC–DTAC
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Fig. 6. FLIM images of Chl-a in DTAC–DMPC mixtures, measured in solution�1 h after
drop deposition, at D:L = 15 (A) and 33 (B). Big threadlike micelles are seen in A, and
smaller ones in B. Much smaller spherical micelles are not distinguishable in the
images. The lifetime-scale color code is shown below. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)
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Stability studies were performed by DLS in a mixture containing
vesicles and disks, at D:L = 2 (see the Supplementary material, #2).
It was found that a thermal energy input (sample incubation at a
temperature above Tm) has the effect of converting structures with
lower entropy of mixing (disks) into others with higher entropy of
mixing (vesicles). Among the two nanostructures, vesicles are usu-
ally the most stable and remain in solution below and above Tm,
whereas disks tend to survive only at rather low temperatures, to
compensate for the effect of low entropy of mixing [33].

Spherical micelles cannot be directly observed by micro-DSC, be-
cause their chains do not freeze. DLS measurements in mixtures with
D:L = 2–10 (Fig. 3) were also unable to detect these small particles,
because the scattering intensity is dominated by vesicles. The calcu-
lated intensity-weighted (or z-average) diameter distribution tends
to underestimate small particles in the presence of bigger ones.

No structures were detected by FLIM in this D:L range, meaning
that ULVs and disks likely maintain the rather small sizes
(Ue � 100 and 30 nm, respectively) and low polydispersities found
by DLS. These sizes cannot be resolved by FLIM, being much smal-
ler than the detection limit, �320 nm.

3.3. DMPC–DTAC mixtures with high detergent:lipid molar ratios,
D:L P 15

Apart from the expected small spherical micelles, which could
only be found in samples with D:L P 20, very big assemblies were
also detected by DLS in mixtures with D:L P 15 (Fig. 5). Indeed,
these samples were transparent when prepared, becoming turbid
afterward (�1–2 h after preparation).

It is not likely that vesicles still appear at such high D:L values,
because at much lower D:L ratios they were already reduced to a
smaller, almost monodisperse, distribution. Also, no bilayer
chain-melting transition was found by micro-DSC, at these high
D:L values. Therefore, we have proposed that these very big aggre-
gates were cylindrical (threadlike or wormlike) micelles [16]. In-
deed, this type of micelles has been frequently observed by cryo-
TEM in phospholipid–detergent mixtures [7,10–14].

Threadlike micelles (briefly, threads or worms) are very slow-dif-
fusing species, with sizes lying near the upper detection limit of
DLS. Because of the charge and non-spherical form of threads (not
even a definite one, due to their large conformational freedom),
the evaluated neutral-sphere-equivalent hydrodynamic diameters
Ue can only be regarded as a rough approximation of the size of
these micelles. Typical Ue values ranged from�100 to�10,000 nm.

In these samples, DLS measurements were not reproducible, be-
cause they depended on the time elapsed after preparation. Indeed,
threads were found to grow slowly (in hours), apparently from the
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Fig. 5. Typical distribution profiles of neutral-sphere-equivalent hydrodynamic diameter
mixtures at the indicated D:L values, containing spherical and threadlike micelles. [DMP
aggregation and fusion of spherical micelles. Their formation was
followed by DLS in a sample with D:L = 20 (see the Supplementary
material, #3).

FLIM images confirm these findings, because a few threadlike
structures could be captured: at D:L = 15, with lengths around 5–
10 lm (Fig. 6A); and at D:L = 33, with lengths around 1–3 lm
(Fig. 6B). These sizes are comparable to the largest ones obtained
by DLS (�1–10 lm Fig. 5), near the upper resolution limit of the
D:L=20
C
D:L=33
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s, obtained by DLS (CONTIN) at 20 �C, at a scattering angle of 90�: (A–C) DMPC–DTAC
C] = 0.75 mM.



Table 2
Neutral-sphere-equivalent hydrodynamic diameters Ue of DMPC–DTAC colloidal
structures, obtained by DLS (CONTIN) at 20 �C. Peak values are indicated, except for
highly polydisperse populations where extreme values are given. [DMPC] = 0.15 mM
for pure DMPC liposomes, and 0.75 mM for mixtures.

Sample Ue (nm)

Vesicles Micelles

MLVs ULVs Disksd Threadse Spheres

DMPC 100–10000a

D:L = 0.7 �900b; �240c – – – –
D:L = 1 �300c �110b – – –
D:L = 2 – �90b �30c – –
D:L = 4 – �100b �25c – –
D:L = 10 – �110b �35c – –
D:L = 15 – – – 30–400a,b; >950a,c –
D:L = 20 – – – 100–800a,b 11c

D:L = 33 – – – 100–400a,c; >1800a,b 5.6c

a Polydisperse results.
b Major distribution.
c Minor distribution.
d Disks appeared only after samples stood for �1 h at 20 �C.
e Growing structures (their sizes depend slightly on time of measurement).
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technique. The cross-diameter of these threads seems to be much
larger than a spherical mixed micelle diameter (�5–10 nm, see
Table 2 on section 3.4 below) because of the broad detection limit
of the FLIM technique, �320 nm. Spherical micelles, which should
be present in both Fig. 6A and B, were not resolved because of the
same reason.

Micro-DSC was unable to detect threadlike micelles in DMPC–
DTAC mixtures [16], because, similarly to spherical micelles,
threads do not present a chain-melting transition: the pronounced
curvature of a cylindrical micelle, in a section perpendicular to its
long axis, does not allow the freezing of their non-aligned hydro-
phobic chains. On the other hand, threads were easily found by
DLS, being very slow diffusion particles. This is caused by their
giant size and irregular shape—often compared to a ‘‘living’’ poly-
mer in a ‘‘good’’ solvent [15]. Threads (or worms) have been also
studied by steady and dynamic rheology measurements, and their
solutions frequently show interesting viscoelastic properties with
peak viscosity values several orders of magnitude larger than the
viscosities of pure components [15,35–40]. This behavior has been
attributed to an entanglement of the very long cylinders, easily ob-
served by cryo-TEM [7,10–15].
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Threads were not obtained in pure DTAC, even at 250 mM
(more than 10 times its CMC of �22 mM [40]); instead, only small
spherical micelles were detected.

However, the presence of DMPC strongly favors their formation
by two (related) effects: (i) The effective packing parameter within
the mixed aggregates (composed of single- and double-chained
amphiphiles) is larger than that of the DTA+ ions in pure spherical
micelles, favoring cylindrical over spherical structures; (ii) In the
DMPC–DTA+ cylinders (composed by a zwitterionic lipid and a cat-
ionic detergent) there is a strong screening of electrostatic repulsive
forces between the DTA+–DTA+ headgroups, as compared to that
observed in pure DTAC micelles. An indirect confirmation of the
importance of this electrostatic screening is the complete absence
of threadlike micelles in the system DDAB–DTAC in pure water
(this bicationic system has no screening of electrostatic repul-
sions), in spite of the easy detection, by cryo-TEM, of the much
smaller mixed spherical micelles [9].

Electrostatic screening is found in several amphiphile systems
that typically form wormlike micelles, such as catanionic surfac-
tant systems [15,34,37] or long-chained surfactants (C12–22) in
the presence of salts or other ionic additives [35,36,38,39]. The for-
mation of these micelles in the DMPC–DTAC system therefore
shows the importance of electrostatic attractive forces between
the cationic DTA+ headgroup and the anionic phosphate group of
the zwitterionic DMPC, as compared to the DTA+–DTA+ repulsive
forces in the (globally cationic) DMPC–DTA+ cylinders.

3.4. DMPC–DTAC–Water structural diagram

Table 2 summarizes neutral-sphere-equivalent hydrodynamic
diameters Ue of the main colloidal structures found by DLS. Fig. 7
presents a structural diagram of the DMPC–DTAC aqueous system,
obtained by plotting Ue values as a function of the total D:L molar
ratio. The nanostructures are pictured in the diagram, for easier
identification. Note that this diagram corresponds to long-lived
stable or metastable species, because inter-conversion dynamics
among most of these structures are very slow.

Upon solubilization of DMPC liposomes by DTAC, three main
stages were detected, which can be related to the three-stages sol-
ubilization model [4,5].

At low D:L molar ratios (�0–1), we observe the transition from
metastable MLVs of pure DMPC, which are big and polydisperse, to
spontaneous ULVs of DMPC�DTAC, which are smaller and less poly-
ULVs

Disks

Spheres

Threads

Stage II Stage III

AC:DMPC
DTAC

ted from DLS data at 20 �C. The neutral-sphere-equivalent hydrodynamic diameters
ese structures are pictured in the figure with the DMPC molecules in black and the

nd, the reader is referred to the web version of this article.)



R.F. Correia et al. / Journal of Colloid and Interface Science 379 (2012) 56–63 63
disperse. This transition is multi-stepped as D:L increases, and in-
volves, as intermediates, mixed multilamellar liposomes of succes-
sively smaller size and polydispersity. This D:L range thus
corresponds to stage I of the solubilization model [4,5].

The molar range of D:L � 2–10 is the coexistence domain of
spontaneous ULVs and disks. These structures show almost con-
stant apparent hydrodynamic diameters, Ue � 100 ± 10 and
�30 ± 10 nm, respectively, and low polydispersities. Spheroidal
micelles (spheres) should also be present (an indirect result from
micro-DSC), as expected for stage II of the model [4,5].

Finally, the higher molar ratios studied (D:L P 15) correspond
to the domain of spheres and threads. Because bilayer structures
(liposomes and disks) were completely solubilized, this D:L range
corresponds to stage III of the model [4,5].
4. Conclusions

Detergents are commonly used for lipid and protein solubiliza-
tion [41–43], but their study has been mostly limited to obtain crit-
ical detergent/lipid ratios at phase boundaries [8,44,45]. Additional
work is still required to investigate the effect of detergents on lip-
ids. Such studies may provide useful information on the structures
and transitions in biological membranes.

This paper showed that, by the combination of three sensitive
techniques not usually used for the above purpose, DLS, micro-
DSC, and FLIM, it was possible to characterize the colloidal struc-
tures formed at different solubilization stages of mixing DMPC
liposomes with the cationic detergent DTAC. As DTAC was succes-
sively added, a gradual, multi-step, transition from pure DMPC ves-
icles (MLVs) to mixed ULVs and disks, and, finally, to spherical and
threadlike micelles was found, covering a rich variety of spontane-
ous nanostructures. The size, polydispersity, shape, and bilayer flu-
idity of most of these structures were obtained.

A quasi-equilibrium structural diagram for the DMPC–DTAC
aqueous system was constructed from DLS data, by plotting equiv-
alent hydrodynamic diameters of the scattering nanoparticles as a
function of the total D:L molar ratio. Bilayer-containing structures
(MLVs, ULVs, and disks) were analyzed in terms of membrane
fluidities, transition enthalpies, and size of cooperative units by mi-
cro-DSC. Finally, the morphology of a few micro-sized structures
(MLVs, ULVs, and threadlike micelles) was accessed by FLIM.

The results described in this work can contribute to a better
understanding of the interplay of lipid–detergent electrostatic
and/or hydrophobic interactions in spontaneous colloidal struc-
tures, namely, liposomes, disks, spherical and threadlike micelles.
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