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The solubilization mechanism of lipid membranes in the presence of Triton X-100 (TX-100) is

investigated at molecular resolution using molecular dynamics (MD) simulations. Thanks to the large

time and length scales accessible by the hybrid particle–field formulation of the models employed here,

the complex process of membrane solubilization has been studied, with the goal of verifying the three

stage model reported in the literature. DPPC lipid bilayers and vesicles have been studied at different

concentrations of the TX-100 detergent employing coarse grained (CG) models. Systems up to

B600.000 beads, corresponding to more than 2 millions heavy atoms, have been simulated. Moreover,

in order to clarify several experimental pieces of evidence, both slow and fast detergent partition

scenarios have been investigated. Flat and curved (vesicles) lipid bilayer surfaces, interacting with

TX-100, have been considered to study the curvature effects on the detergent partition rate in the

membrane. Shape and conformational changes of mixed DPPC/TX-100 vesicles, as a function of TX-100

content, have also been studied. In particular, high curvature surfaces, corresponding to a higher local

TX-100 content, promote a membrane rupture. In flat lipid surfaces, on the time scale simulated the detergent

partition is almost absent, following a different pathway of the solubilization membrane mechanism.

1. Introduction

Membrane solubilization (MS) by interaction with detergents is
a crucial step in several technological applications of critical
importance, among which is the characterization of integral
membrane proteins. The use of detergents that are able to

extract proteins from their native membrane and isolate them
in vesicles1–5 allows the study of macromolecular interactions
with other proteins as well as the study of the same systems in
protomeric and self-associated states.6 Studies using detergents
for the isolation of proteins in specific membrane domains
have so far allowed important physiological understanding in
processes such as surface signaling,7 cell adhesion,7–10 and
intracellular sorting.11–13

MS is also crucial in targeted drug delivery processes, where
control over liposome solubilization and membrane poration
mechanisms constitutes some essential knowledge for the
release of the compounds of interest.14

As claimed by several authors,1,2,15–21 the solubilization of
lipid bilayers is a complex mechanism that depends both on
the detergent type and concentration, and on the phase state of
the lipid membrane.16,17 Experimentally, MS is characterized by
two measurable values of the detergent/lipid molar ratio
(R).15,20 The first value is the saturation limit (Rsat

e ) representing
the detergent/lipid ratio at which mixed micelles begin to form,
still in the presence of a stable lipid bilayer.22–24 The second is
the solubilization limit (Rsol

e ), at which complete membrane
solubilization occurs, and the whole lipid content is found in
mixed lipid/detergent aggregates.22–24 Both quantities contribute
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to determine the best experimental conditions needed to solubilize
a lipid bilayer, and they depend on temperature and on the lipid
phase present at a given temperature.22 In particular, in ref. 22 it
was shown how the solubilization of DPPC is a relatively slow
process below the gel to liquid-crystalline transition temperature
(Tm). In the gel phase, in fact, the detergent function of TX-100 is
reduced and the TX-100 concentration required for solubilizing
DPPC decreases with temperature up to Tm, where the liquid-
crystalline phase transition occurs. However, at temperature
values higher than 296 K, Rsat

e and Rsol
e values become comparable

with those of the fluid phase.22

Thus, the TX-100/DPPC ratio is not the only parameter that
controls the solubilization process. TX-100 interacts with DPPC
bilayers also depending on the physical state of the lipid (gel or
fluid) which in turn depends on the temperature.22,25 In
particular, the gel-fluid transition temperature (Tm) is also
influenced by the TX-100 concentration; in fact, according to
Goni and co-workers,21 increasing the amount of TX-100 the
DPPC Tm decreases by a few degrees. In particular, Goni’s work
can be considered as the pioneering study on the mechanism of
biological membrane solubilization by some detergents, still
playing a prominent role in this field and providing important
information. Since the late eighties, complex processes such as
the solubilization of sonicated unilamellar vesicles have been
investigated with turbidity measurements.26 Although several
studies show, as expected, evidence of fast solubilization of
TX-100 in the lipid phase,3,27–32 some show solubilization of
TX-100 also in the gel phase of different phosphatidylcholines.
In some cases, the solubilization in the gel state required less
detergents than in the liquid-crystalline one.25,33

Triton X-100 is one of the most studied detergents in the
field of membrane solubilization, and it is largely used as a
reference for comparing the solubilization activity of other
detergents, as recently reported in ref. 34, where the effects of
the surfactant electric charge and of its alkyl chain length on
the solubilization process have been tested.

Different phosphotidylcholine solubilization states in the
form of large unilammellar vesicles have also been investigated
by TX-100 as a surfactant and grouped according to their
chemical properties,35 finding a moderate decrease in the
TX-100/lipid solubilization ratio as the chain length increases
in saturated phospholipids, or an increment of this ratio when
double bonds are introduced, especially for cis-isomers.

Recent studies of Heerklotz and co-workers, who employed
and developed isothermal titration calorimetry (ITC) to investigate
the interaction of surfactants with membranes, deserve also to be
mentioned.31,32,36–39 With this technique they were able to study in
more detail the TX-100 insertion in the bilayer membrane, a
complex process consisting in the detergent partitioning and
micelle formation, often accompanied by a heat consumption
or release. In particular, the detergent partitioning in the lipid
membrane can be quantitatively measured with the partition
coefficients, in turn correlated with the corresponding critical
micellar concentration, as reported in ref. 31 and 36 in which
Triton is allocated as the strong detergent. TX-100 loses its
detergent function in the presence of sphingolipids and

cholesterol in unsaturated phosphatidylcholine, and several
papers3,29,40 suggest the hypothesis of lipid rafts consisting of
liquid ordered phases where TX-100 fails to insert. Using the
ITC technique, Heerklotz and co-workers have also investigated
this hypothesis observing the coexistence of two separate
domains, an ordered detergent-resistant membrane and a fluid
TX-100-rich domain.32,38 A similar behavior can be observed for
pure phosphatidylcholine at very low temperature (at about
4 1C), when the lipids are in the gel phase.3,22

The insolubility by Triton in the presence of sphingolipids
and cholesterol is a hotly debated topic in the literature. For
instance Lichtenberg, Goni and Heerklotz specified how the
concepts of the detergent-resistant membranes (DRMs), lipid
rafts, and liquid ordered phase are often confused with one
single process. While DRMs are the result of an incomplete
solubilization of membranes by a detergent, rafts consist in
membrane domains enriched in sphingolipids and cholesterol,
completely independent of the use of the surfactant, although
the Triton-insolubility is due to the liquid-ordered phase of
these domains.41

However, the addition of TX-100 promotes the formation of
liquid-ordered domains37 as a result of an unfavourable inter-
action between TX-100 and an order-preferring lipid such as
sphingolipids,39 or between TX-100 and cholesterol.38 In these
cases, TX-100 can act as a heterogeneous perturbation agent,
when the interaction is favourable in the presence of disorder-
preferring lipids, such as phosphatidylcholines or POPC, or it
can act as a homogeneous perturbation agent, directly solubi-
lizing the membrane.38

One of the most accepted mechanisms to describe the
solubilization process is the three-stage model proposed by
Helenius and Simons.1 This model can be ideally divided into
the following steps: (i) initial interactions between the deter-
gent and lipids that do not yield micellar structures; only a
detergent partition in the lipid bilayer occurs until saturation is
reached. (ii) Perturbation of the bilayer structure induced by the
detergent, producing the conversion of the detergent saturated
bilayer into mixed micelles. (iii) Size reduction and dispersion
into the solvent of the mixed micelles, as a result of their
interaction with more detergent added to the solution.

The detergent partition between lipid layers is commonly
considered to be rapid, but such an assumption does not hold
for all cases. In fact, as observed by Stuart et al.42 and Kragh-
Hansen et al.,43 on the basis of cryo-transmission electron
microscopy (Cryo-TEM) and turbidimetry experimental mea-
surements, the detergent partition appears to be a more
complex process. In particular, based on fast or slow detergent
trans-membrane swapping times (a motion commonly referred
to as flip-flop), Lichtenberg16,17,42,43 proposed two possible
modifications to the original mechanism. In the first case,
the fast detergent flipping between layers leads to a solubilization
process via open vesicular intermediates,42 or a trans-bilayer
attack.44 In contrast, in the slow detergent42,43 flip-flop limit, the
system goes through a non-equilibrium state caused by detergent
mass imbalance in the outer lipid layer. In this case, the
solubilization mechanism can occur via the binding of detergent
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micelles to the bilayer with an extraction of lipids from them,42 or
with the formation of mixed lipid/detergent aggregates, as
suggested by Goni (Scheme 1).16,17,45

Ambiguities left on the molecular mechanisms associated
with MS are due to the lack of experimental methods able to
characterize the whole process. For example, Cryo-TEM or light
scattering46,47 can study the shape and size of liposomes and
mixed detergent/lipid micelles on large size length scales.
Nonetheless, neither of these techniques can ensure reliable
results when small and large aggregates are present in solution
at the same time. In contrast, 31P-NMR spectroscopy yields
accurate narrow signals for small particles,27,48,49 but peak
broadening in large aggregates leads to signal loss below
detection. Thermodynamic data can be properly measured
during the solubilization process using ITC,50,51 but it is not
possible to have any information about the size and the shape
of the aggregates formed during the process. Finally, turbidimetry
measures the concentration of the detergent needed to solubilize
the lipid membrane,25,52,53 monitoring the loss of transmitted
light due to the scattering of aggregates present in solution, but
this method does not yield accurate information about the shape
and composition of mixed aggregates.

Computer modelling provides an effective way of characterizing
the molecular details of several mechanisms. In the past,
computational studies were successfully applied to investigations
on lipid vesicle fusion,54 pore formation in lipid bilayers,55 self-
assembly of lipid membrane-protein,56,57 flip-flop of lipids in
biomembranes,58 cholesterol flip-flop in lipid bilayers,59 curvature
effects on lipid packing in liposomes,60 depletion of cholesterol
from membranes mediated by cyclodextrin,61 and transition of
lipid vesicles to tubular networks mediated by proteins.62 The cited

examples are similar to the mechanisms involved at different
stages of the MS process. For these reasons, computer modelling
can provide the characterization, at the molecular level, of a
complex mechanism such as MS.

In this work, we studied the solubilization process of phos-
pholipid bilayers at the molecular level of detail using molecular
dynamics (MD) simulations.63 In particular, we adopted a
molecular coarse-grained (CG) resolution, which provides the
best compromise between access to longer time-scales and
retaining of molecular-level details with respect to more expensive
atomistic simulations.64 CG models were successfully applied to
the study of a variety of collective phenomena involving soft-matter
systems, including biological membranes,64–73 detergents40,65,74–80

and protein systems.57,81 Examples of studies about lipid
membranes interacting with surfactants have been reported
by several authors.40,65,74,79,80 In particular, Muddana et al.40

studied the phase separation of lipid bilayers due to the
presence of amphiphilic molecules such as Triton, benzyl
alcohol and vitamin E. Pizzirusso et al.74 described the effect
of the TX-100 content on the area/molecule ratio in dipalmitoyl-
phosphatidylcoline (DPPC) mono- and bilayers. Groot and
Rabon79 reported a study of phosphatidylethanolamine membranes
in the presence of the hexaethylene glycol monododecyl ether (C12E6)
surfactant at different molar ratios, using Dissipative Particle
Dynamics (DPD). They found that starting from a content of 30%
of C12E6, lipid membranes form holes, while at a higher surfactant
content they observe the membrane rupture. Lin et al.80 studied,
with the same DPD technique, the effect of hydrophobicity of a non-
specific surfactant model in the solubilization process of vesicles. In
particular, they found that only surfactants with suitable hydro-
phobicity are able to solubilize a vesicle. Moreover, Bandyopadhyay

Scheme 1 (A) Illustration of the three stage model.1 The detergent molecules approach a lipid layer (stage I). Formation of mixed lipid/detergent
aggregates (stage II). The whole lipid bilayer is converted into mixed micelles (stage III). (B) Solubilization pathways of slow and fast detergent partition
(flip-flop).
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et al.65 have studied the effect of anionic surfactants on the
orientation and order of lipids and on the localization of surfactants
in membranes.

To extend even further the simulation times and length
scales required to observe slow collective events such as membrane
solubilization (not easily accessible by standard MD methods
even using CG models), we coupled CG molecular representations
to an innovative MD technique, based on a hybrid particle–field
representation63,82 called Molecular Dynamics-Self Consistent
Field (MD-SCF). MD-SCF has already been successfully applied
to study the phase behaviour of phospholipid/water mixtures,73,83

Pluronics block-copolymer/water mixtures,84 TX-100/water
mixtures,75 and Pluronic surfactant aggregates interacting with
lipid bilayers.85 This technique is becoming popular and is aimed
toward an accurate description of morphological changes of
biomembranes using models at chemical resolution.86

As a test case, we investigated the solubilization of DPPC
bilayers by TX-100. TX-100 was chosen because it is one of the
most employed non-ionic detergents in applications of biological
interest, such as solubilization of lipid bilayers,30 or isolation and
purification of membrane proteins.5,20

Our study covers the solubilization properties at DPPC/
TX-100 ratios both lower and higher than the experimental
saturation and solubilization molar ratio22 (Rsat

e and Rsol
e ) limits.

It is worth noting that these limits are affected both by the
temperature and the lipid phase in which the bilayer persists,22

and from this point of view we estimate the solubilization
process with different DPPC/TX-100 ratios in a range of values
lower and higher than the experimentally obtained Rsat

e and
Rsol

e corresponding to a given temperature.
The present study is organized as follows. A brief description

of the hybrid MD-SCF approach, together with the description
of CG models and simulation details are presented in Section 2.
The results and discussion, Section 3, are divided into three
parts: first the validation of CG models is shown; subsequently
the description of the results about the slow MS mechanism is
presented, and then the fast MS mechanism is discussed.
Finally, in Section 4 the conclusions are summarized.

2. MD-SCF approach, CG models and
simulation details
2.1 MD-SCF approach

The main feature of the hybrid MD-SCF approach is that the
calculation of intermolecular non-bonded forces and potentials,
representing the most computationally demanding part of MD
simulations, can be substituted by a calculation of external
potentials dependent on the local density (at position r).63

According to the SCF theory, a multi-body problem, such as
molecular motion, can be reduced to a problem of deriving the
partition function of a single molecule in an external potential V(r)
and to obtain a convenient expression of V(r) and its derivatives.

In the framework of the SCF theory, a molecule is regarded
to be interacting with the surrounding molecules through a
mean field, rather than direct interactions among the molecules.

It is assumed that the density dependent interaction potential W,
where each species is specified by the index K, takes the form:

W fKðrÞf g½ �

¼
ð
dr

kBT

2

X
KK 0

wKK 0fK ðrÞfK 0 ðrÞ þ
1

2k

X
K

fKðrÞ � f0

 !2
0
@

1
A
(1)

where fK(r) is the coarse-grained density of species K at position r
and wKK0 are the mean field parameters for the interaction of a
particle of type K with the density fields due to particles of type K0.
The second term of the integrand on the right-hand side of eqn (1)
is the relaxed incompressibility condition. k is the compressibility
that it assumed to be sufficiently small, and f0 is the total number
density of the segments.87 It can be shown using the so-called
saddle point approximation that the external potential is given by:

VKðrÞ ¼
dW fK ðrÞ½ �
dfKðrÞ

¼ kBT
X
K 0

wKK 0fK 0 ðrÞ þ
1

k

X
K

fKðrÞ � f0

 ! (2)

To connect the particle and field models for the proposed hybrid
MD-SCF scheme, it is necessary to obtain a smooth coarse-
grained density function directly from the particle positions.
Such a function can be obtained using a mesh-based approach,
which must also be able to give the density derivatives required
to calculate the forces acting on molecules. The derivation of
eqn (2) and the implementation of this approach are reported
elsewhere.63,82 Details concerning the OCCAM code, used to
perform the PF simulations, can be found in ref. 87.

2.2 Model details

As the reference particle–particle (PP) simulations, we used CG
models based on the Martini force-field67 for both phospho-
lipid DPPC67 and TX-100.40,74 These models have been chosen
because the important structural properties, such as the density
profile and the area/molecule ratio, were found to match the
experimental behaviour. In particular, in a recent work of
Pizzirusso and co-workers74 the Martini-based CG model of
TX-100 has been validated to reproduce the experimental area/
molecule ratio in mixed TX-100/DPPC mono- and bi-layers. The
model details are reported in the ESI.†

For the hybrid particle–field (PF) simulations, in previous
works we had developed phospholipid CG models capable of
correctly reproducing, in good agreement with respect to more
detailed models and experiments, the main features of bilayers,
such as the bilayer thickness and electron density profiles.73

Moreover, we also extended and validated such models in the
reproduction of morphologies of a water/lipid mixture in non-
lamellar phases.83 Recently, we have developed a PF CG model
of TX-100 able to correctly reproduce the spontaneous self-
aggregation of micellar assemblies, aggregation numbers, poly-
dispersity of micelle aggregates, the size and shape of micelles and
the dynamic properties of a TX-100/water mixture.75 More details of
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PF CG models are reported in the ESI.† Data presented in
the remaining of the result sections refer therefore to PF
models only.

2.3 Computational details

All PF simulations reported in the present paper have been
performed using the parallel version of the OCCAM MD code.87

The reference PP simulations were performed with version 4.5.4
of the GROMACS code.88 The NPT ensemble was employed for
all PP simulations, keeping the temperature constant at 298 K
using a Berendsen thermostat89 (tT = 1.5 ps). A semi-isotropic
pressure coupling was used for the NPT ensemble. In particular,
a lateral pressure of 1 bar was coupled separately from the
normal component pressure (1 bar), with respect to the bilayer
plane. The coupling constant for the Berendsen barostat89 was
set to tT = 1.5 ps. The non-bonded interactions are modelled
by the Lennard-Jones (LJ) pair potential and electrostatic
Coulombic potential. For both, a cutoff rcut = 1.2 nm was used.
The LJ potential was smoothly shifted to zero from the distance
rshift = 0.9 nm to the cutoff. The neighbour list was updated
every 10 steps. A time step of 0.03 ps was employed for all PP
and PF simulations. The PF simulations were performed in the
NVT ensemble, and the temperature was controlled, at 298 K, by
using the Andersen thermostat90 with a collision frequency of
7 ps�1. The grid size was set to 0.7 nm, and the density was
updated every 300 steps.

We chose to build initial systems by considering two aspects:
first, the TX-100/DPPC ratio R and, second, the curvature of the
lipid bilayer. According to the experimental Rsat

e and Rsol
e limits

obtained22 at T = 299 K, we selected three different R values:
below (R = 0.1), close to the saturation limit (R = 0.43), and equal
to the solubilization limit (R = 1.0). Additional information
regarding the construction of the systems and the validation
of the interaction between the TX-100 surfactant and a DPPC
bilayer in reference to the PP simulations are reported in the ESI.†

3. Results and discussion
3.1 Fast–slow detergent partition

We performed B5 ms long simulations for various TX-100/
DPPC systems using molar ratio values either lower or equal
to the saturation limit. Different boundary conditions for DPPC
were employed. The multiple starting states were chosen with
the scope of determining the conditions at which the detergent
partition rates fall in either fast or slow regimes.

The DPPC bilayer was organized in two starting states – a flat
periodic bilayer, or isolated spherical vesicles of curvature radii
r = 5.6 nm and 13 nm. For both DPPC states, different initial
distributions of TX-100, at an equal global molar ratio R, were
prepared. Specifically, TX-100 was either symmetrically distributed
in the two DPPC leaflets in equal ratios, or one of the two layers
was arbitrarily enriched in TX-100, thus producing an initial
asymmetric distribution of the detergent. Therefore, in the
symmetric case the effective molar ratio Re in the two DPPC
leaflets was equal to the nominal value R, while in the

asymmetric distributions Re was approximately equal to 2R in
the TX-100-enriched layer.

Fig. 1 reports the initial and equilibrium values of Re after
B4 ms of simulations for all studied systems (PF systems from
VIII to XXVII reported in Table S1 of the ESI†).

Our data show that, in flat DPPC bilayers, the distribution of
TX-100 did not change significantly from the initial values
within the simulated time, even if the simulations began from
a configuration supposedly far from its thermodynamic equili-
brium (for example, from large asymmetric concentrations of
TX-100, Fig. 1A). In contrast, for bilayers with a finite curvature
radius we observed a fast partition of TX-100 between the two
DPPC layers (Fig. 1B), with equilibrium values of Re very different
from the nominal value of R. Most importantly, in curved
bilayers we observed a constant dynamic exchange of detergent
molecules between the leaflets after reaching an equilibrium
distribution of the detergent, with an average detergent exchange
rate of B2 flips per ms per molecule. The exchange rate is
apparently not affected by the TX-100 concentration, as we found
very similar values for increasing ratios R up to the saturation
limit. In contrast, in flat bilayers our simulations reported a
flipping rate for TX-100 orders of magnitude slower than in curved
surfaces (B0.004 flips per ms per molecule). Our simulations thus
show that the radius of curvature of the bilayer is a critical order
parameter determining fast or slow partition rates of the detergent.

3.2 Flat surface bilayers

Simulations of flat DPPC membranes were run in the presence
of TX-100 at three relative concentrations R = 0.43, 1.0, and 10,

Fig. 1 Effective TX-100/DPPC ratio for: (A) mixed bilayers and (B) mixed
vesicles. The black symbols indicate a symmetric random partition of
TX-100 between the two layers, while red symbols indicate an asymmetric
partition of TX-100. All possible combinations for the TX-100 distributions
into bilayers are reported in Table S1 in the ESI.† In the plot, the saturation
and solubilization experimental limits for the TX-100/DPPC system at
T = 299 K are also reported.22
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corresponding to saturation, solubilization and over-solubilization
conditions, respectively. In the first two cases (R = 0.43, R = 1.0),
two different initial conditions were considered – one with TX-100
equally distributed between the two layers of the membrane,
and one with TX-100 inserted in only one layer. In the third case
(R = 10) only a symmetric distribution was considered, due to
the high molar fraction of TX-100 (wTX-100 = 0.9).

Fig. 2 reports key points in the MS mechanism for the five
simulated systems as a function of time. As mentioned in the
former paragraph, very slow TX-100 partition occurred on the
timescale of our simulations (B5 ms), independently on the
initial distribution of TX-100 with respect to the total amount of
TX-100 in the bilayer.

Under the experimental solubilization limit condition
(R = 1.0) we observed the formation of mixed aggregates of
different sizes, and the development of transient holes in the
bilayer. Destabilization of the bilayer was in fact achieved
already at R = 0.43 in the presence of an asymmetric distribution
of TX-100 in only one leaflet. In this case, we observed the
appearance of surface distortions, like budding and invaginations.
Due to the slow detergent redistribution, the saturation limit

(R = 0.43) corresponds to an effective ratio Re B 0.86 in the
TX-100 enriched leaflet, thus only slightly lower than the
solubilization limit. Our finding is in agreement with experi-
mental observations of Kragh-Hanse,43 who reported the formation
of mixed micelles from detergent-rich layers at concentrations below
the saturation limit.

When TX-100 is added in an asymmetrical way on flat bilayers,
it causes disorder on the bilayer surface. This is reasonable
considering that the insertion of TX-100 causes an area mismatch
between the two leaflets. Consequently, local distortions on this
surface can be quickly observed. These are connected both to the
area mismatch and to the curvophilic characteristic of the
detergent, which induces a curvature on the flat surface in order
to solubilize it.

For systems with R = 1.0 and a symmetric distribution, a
stable mixed protrusion combined with the presence and
formation of holes has been observed. In the case of an
asymmetric distribution, an interconnected and continuous
worm-like mixed micelle is formed over the outer layer. Less
than 40% of the original DPPC content remained in a bilayer-
like structure. Finally, at initial R = 10.0, a much higher value

Fig. 2 Time behaviour of the TX-100/DPPC ratio R for: (A) R = 0.43 for symmetric and asymmetric TX-100 initial distribution. (B) R = 1.0 and (C) R = 10.0,
only the random initial TX-100 distribution. Next to each plot, snapshots of the flat DPPC bilayer (in grey) with TX-100 molecules (in dark blue) are
reported.
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than the solubilization limit, we observed a complete disruption
of the bilayer in less than 4 ms, together with formation and
interconnection of mixed aggregates (Fig. 2C). Our simulations
evidenced that the bilayer distortion events occurring at the
solubilization concentration have much faster characteristic
times than TX-100 flipping times.

Bilayer deformations induced by TX-100 can be explained
taking into consideration the large conformational freedom of
the hydrophilic chains of TX-100, which favours the local positive
curvature of the bilayer surface, as depicted in Scheme 2. Such an
entropy-driven curvophilic behaviour contrasts with the opposite
curvophobic behaviour of cylindrical shaped molecules, like
phospholipids, which tend to self-assemble along flat surfaces
or along surfaces having a small curvature.17

3.3 Curved surface bilayers

DPPC vesicles with a curvature radius r = 5.6 nm interacting
with TX-100 were simulated using four different starting conditions
for all three R = 0.1, 0.43, 1.0 values. Specifically, TX-100 was (i)
randomly distributed into the solvent, simulating the initial dis-
persion of the detergent into the solution (Fig. 3, state W); (ii)
inserted into the outer layer of the DPPC vesicle (state O), simulat-
ing initial adsorption from the solvent; (iii) evenly distributed
between the inner and outer DPPC, as the hypothetical state where
TX-100 has no preference for the two DPPC layers (state S). Finally,
a fourth state (iv) where the total amount of TX-100 is distributed in
the inner layer of lipid vesicles was considered (state I). Fig. 3
reports TX-100 partition as a function of time for all vesicle systems,
and for all the four initial TX-100 distributions.

For systems at low TX-100 concentrations (R = 0.10 to 0.43),
we observed equilibration of the detergent between the two
leaflets, occurring in the first 2 ms of our simulations. The
apparent discrepancy in the distribution for the S setup is due
to the small size of the systems, corresponding to a difference
of 3–5 TX-100 molecules, therefore within the statistical error of
the simulations. As expected, we found a preference of TX-100
for the external layer, characterized by the positive curvature.
In all cases, starting (I) configurations resulted very far from
the thermodynamic equilibrium, and an initial very fast
expulsion of TX-100 from the inner leaflet of the bilayer was
observed.

At TX-100 concentrations close to the solubilization limit
(R = 1.0) the DPPC vesicle remained stable only for a short time
(between 1 and 2 ms, according to the starting conditions), and
eventually dissolved via different mechanisms like formation of
mixed micelles, poration and rupture. The rupture events
correspond to accumulation of TX-100 in the inner leaflet to
an effective ratio Re B 0.4 or more, which corresponds roughly
to the nominal saturation concentration.

3.4 Vesicle poration induced by TX-100

The flipping of TX-100 between the two DPPC layers requires
local molecular reorientation. Specifically, TX-100 molecules
need to invert the hydrophobic–hydrophilic portions to migrate
between the two layers. Collectively, rearrangement of several
TX-100 molecules may promote the formation of transient
holes in the structure of the bilayer. Fig. 4 reports the char-
acteristic time of poration for all vesicle systems studied using
our simulations. As can be seen from the data reported in
Fig. 4, for Re close or higher than the saturation limit Rsat

e ,
the pores are developed in about 220 ns. Moreover, for ratios
R Z Rsat

e mixed micelle formation and vesicle rupture were
observed, in agreement with experimental data.1,16,17,22 We
considered the formation of a stable pore whenever there
existed a channel that brings into contact the inner and outer
regions of the vesicle for long enough to allow solvent diffusion
through it. Fig. 4 reports the mean square displacement (MSD)
of the water molecules residing inside the vesicle before and
after the pore formation (blue line in Fig. 4) for a system with
random initial TX-100 distribution at a ratio R = 0.43. As
expected, the MSD is composed of two clear different regimes,
corresponding to a neat increase in the diffusion coefficients.
In fact, focusing on the water molecules that are inside the
cavity formed by a vesicle, we are able to follow their trajectories
and quantify their path using the mean square displacements.
When the water molecules are forced to stay inside the vesicle
their path is confined in a region and the possibility of movement
is limited. When the pore instead is formed, these molecules can
explore the space outside the vesicle that consists only of bulk
water with a consequent increase of the diffusion values. On the
basis of these considerations, the water included in the cavity of
the vesicle has a slower diffusional regime due to the physical
constraints, and therefore this diffusion becomes faster when
water molecules are expelled through the formation of a pore. In
Fig. 4 the characteristic times needed to develop pores in vesicles

Scheme 2 Scheme representing the packing of TX-100 molecules in a
layer with a positive or negative curvature. Together with the scheme are
sketched the equilibrium DPPC and TX-100 conformations, and the
stretched TX-100 conformation.
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with a random TX-100 initial distribution and the time needed to
observe complete disruption are also reported as a function of the
R ratio.

In Fig. 5, the sequence of events leading to pore formation
and rupture of the vesicle for a system with random initial
TX-100 distribution at R = 1.0 are reported. As can be seen, at
the starting time the vesicles are perfectly spherical. This
sphericity is lost during the simulation time, and it becomes
useful to show these snapshots from two different viewpoints,
in order to appreciate at the same time the hole formation and
the loss of sphericity. After 390 ns holes are completely formed,
while at t = 800 ns only one hole remains stable and the vesicle
shape starts to become ellipsoidal. After 4 ms the vesicle is
completely micellised. From the snapshots, it is evident that
the shape of the vesicle changes dramatically during the whole
simulation time. During the evolution of the bilayer structure,
TX-100 accumulated in high curvature regions. As an example,
the snapshots at 390 and 580 ns show configurations in
which TX-100 is mainly located on the curved pore edge. Such

a behaviour is in agreement with the edge active definition and
experimental observation reported by Fromherz.91

3.5 Evolution of DPPC vesicles upon interaction with TX-100

3.5.1 Effect of the TX-100 concentration on the vesicle
shape. We measured the vesicle radius as a function of TX-100
content starting from R = 0 (pure DPPC vesicle) to R = 1.0 for a
system with the initial random TX-100 distribution (Fig. 6). In
agreement with experimental observations,4,28,92–94 we found a
roughly linear radius increase with increasing content of TX-100
(see the ESI† for data on vesicle radii as a function of time ad
different Rs).

Quantitative analysis of the variations in the vesicle shape
as a function of TX-100 concentration was performed by
estimating the statistical distributions of the ellipsoids’ principal
semi-axis lengths (a, b, c) of the simulated vesicles. In the
particular case of a = b = c, we have a spherical shape. For a 4
b = c, where a is the longest semi-axis, the shape is defined as the
prolate, while for a = b 4 c the shape is defined as the oblate.

Fig. 3 Time behaviour of different TX-100/DPPC ratios R for vesicles at different initial TX-100 distributions.
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Fig. 7A reports the statistical occurrence of spherical, prolate
or oblate vesicles, as a function of the relative TX-100 concentration.
Pure DPPC vesicles have stable spherical shapes, as expected. For a
low TX-100 content our simulations predicted the concomitant
presence of spherical and slightly ellipsoidal shapes (the latter
equally distributed between the oblate and prolate). For R higher
than the saturation limit, by strictly analysing the structures of intact
vesicles our simulations evidenced mainly prolate shapes, even if
the presence of oblate vesicles remained statistically relevant.

In Fig. 7B, the distributions of the shape distortion grade
(asphericity), calculated as the ratio between longest (rmax) and
shortest (rmin) semi-axes, are reported. A low TX-100 content

(R = 0.1) led to small deformations of the vesicles resulting in
quasi-spherical shapes. In contrast, at a high TX-100 content,
prior to disruption (R = 0.43–1.0), the vesicles showed strong
distortion, resulting in prolate or oblate shapes.

Fig. 4 Top table: Characteristic times needed to develop pores in a
vesicle and time to observe complete disruption are reported as a function
of the TX-100/DPPC ratio R for systems of the initial random TX-100
distribution. Bottom plot: Mean square deviation (MSD) of the water
molecules inside the vesicle cavity (blue curve) of a system with random
initial TX-100 distribution at ratio R = 0.43. The black and red lines
represent the linear fittings of different MSD trends, before and after the
pore formation. Representative snapshots of vesicles (only lipids) and
water molecules inside the vesicle cavity (light blue beads) at different
times are shown in the upper part of the plot, describing the entire pore
formation process, and the water molecules exiting from the cavity.

Fig. 5 Snapshots taken during the whole trajectory of the system with the
initial random TX-100 distribution at R = 1.0, showing the vesicle disruption
process. The TX-100 molecules are shown in dark blue. The lipid molecules
are shown in grey (aliphatic chains) and light green (polar heads).

Fig. 6 Behaviour of the vesicle radius as a function of the TX-100/DPPC
ratio. Snapshots showing the dimension and shape of a vesicle with the
initial random TX-100 distribution at given R are provided above the plot.
The TX-100 molecules are shown in blue. Beads representing the polar
head of DPPC molecules are shown in blue, while the aliphatic chain beads
are shown in dark and light green.

Fig. 7 (A) Probability of observing spherical, prolate or oblate vesicle
shapes as a function of TX-100 concentration. On the top of the bar chart
snapshots and geometrical conditions pertaining to spherical or ellipsoidal
shapes are provided. (B) Distributions of asymmetry calculated as the ratio
between the longest (rmax) and shortest (rmin) semi-axes of vesicles.
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Consistent with its reported curvophilic nature,16 a non-
uniform distribution of TX-100 was observed in non-spherical
mixed vesicles. In particular, regions at a higher positive
curvature, as for example surfaces of elongated vesicle or pore
edges, had a higher TX-100 content.

Fig. 8 shows the statistical distribution of TX-100, calculated
from the centre to the perimeter of the simulated vesicle. The
TX-100 distribution was computed by slicing the vesicle with
planes perpendicular to one of the axes of the micelle, and
computing the average concentration of TX-100 for intervals of
the corresponding elevation angle Dj = |j � j0|, as illustrated
in the scheme of Fig. 8C. For ellipsoidal vesicles, we analysed
the distribution of TX-100 along both the principal and one of

the secondary inertia axes (Fig. 8A and B). In prolate vesicles
(Fig. 8A), the distribution of TX-100 in the inner layer is almost
uniform in both orientations corresponding to the two axes. In
contrast, the distribution in the outer layer along the principal
axis of inertia shows two peaks, the first in the middle and the
second corresponding to vesicle pores. Considering a different
orientation of the same vesicle (right plot in Fig. 8A), the
highest TX-100 content is found to be on the edge of the vesicle
corresponding to the highest curvature region. A similar behaviour
is also found for the quasi-spherical vesicle, but in this case the
surfaces have comparable curvature radii with the result that
the distributions are smoother (Fig. 8B). Nonetheless, a small
difference in the curvature still corresponds to an uneven
TX-100 distribution on the surface. The higher is the deviation
from the ideal spherical shape, the higher is the TX-100
transmigration on positive curvature regions. Distributions
calculated for vesicles at a higher TX-100 content (R = 0.43
and 1.0), confirming such scheme, are reported in the ESI.†

3.5.2 Mechanism of vesicle disruption. On the basis of our
results and observations, we could identify the following steps
facilitating the solubilization of DPPC vesicles. To this aim, we
have chosen a system with a random initial TX-100 distribution
in a vesicle and with a ratio R = 1.0. From the whole simulation
trajectory, we selected three different vesicle states, spherical,
pored and elongated vesicles, and mixed aggregates. In Fig. 9,
snapshots of each vesicle state with the corresponding TX-100
distribution plot are reported. At time t = 0 ms the vesicle
is perfectly spherical (rmax/rmin = 1.0) and the TX-100 has a
uniform distribution. Initially, the vesicle starts to develop
pores. This stage is accompanied by an increase in the asphericity
(t = 0.16–0.8 ms), with TX-100 mainly distributed along the pore
edge and in correspondence of the most positive curved surface
areas. In addition, the difference of the TX-100 content between
outer and inner layers becomes asymmetric, with a higher
content in the outer layer (Fig. 9). After Dt 4 1.0 ms, the cavity
of the vesicle is completely lost. A complete reorganization of
DPPC and TX-100 molecules occurs and a mixed aggregate is
formed. The final equilibrium structure that we obtain is a
bicelle-like aggregate in which the DPPC molecules form
a compact, double layer raft with TX-100 molecules mainly
distributed on the edges (Fig. 9). The oblate mixed micelle that
we observed, with high asphericity (rmax/rmin = 4.2), is in
agreement with experimental evidence from light scattering
and SAXS measurements16,20,27 conducted on systems having
a TX-100/lipid ratio close to Rsol

e , similar to our conditions.
Snapshots showing the vesicle disruption for the other initial
configurations are reported in the ESI.†

3.6 Vesicles with an intermediate radius of curvature

Since the simulated vesicles are smaller when compared to the
most experimentally studied systems, they can show spurious
effects due to their high curvature. On the other hand, flat
bilayers represent a limiting case for large vesicles, i.e. when the
curvature radius goes to infinity. In this case, the TX-100
molecules will tend to increase the membrane curvature (see
Scheme 2). In order to better understand the role of the vesicle

Fig. 8 TX-100 distribution inside a vesicle (with R = 0.1), for two different
orientations of the vesicle, as a function of shape: (A) prolate vesicle,
(B) quasi-spherical shape. (C) Distribution of TX-100 in the starting spherical
configuration at time t = 0.0 ms with R = 0.1. In the same panel is reported a
scheme to illustrate how the slices, on which TX-100 molecules are
counted, have been selected. The TX-100 molecules are reported in dark
blue.

Paper PCCP

Pu
bl

is
he

d 
on

 0
6 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

L
ei

de
n 

/ L
U

M
C

 o
n 

6/
16

/2
02

1 
4:

05
:2

0 
PM

. 
View Article Online

https://doi.org/10.1039/c7cp03871b


29790 | Phys. Chem. Chem. Phys., 2017, 19, 29780--29794 This journal is© the Owner Societies 2017

curvature, we decided to simulate a larger vesicle with an
intermediate value of the curvature radius. We selected a vesicle
size that is similar to the one investigated with Dissipative
Particle Dynamics (DPD), by Graftmuller and co-workers.95

They previously reported fusion of 14 and 28 nm diameter
vesicles with a planar membrane in molecular detail, with the
aim of constructing a coarse-grained model of phospholipid

membranes with realistic properties, and in particular a realistic
dependence of the fusion time on the membrane tension. To
this aim, we performed a 4.5 ns simulation of a vesicle, starting
from a symmetric distribution of TX-100 in the inner and outer
leaflet of the bilayer, corresponding to a TX-100/DPPC ratio
R = 0.43. The starting vesicular structure, containing 5800 non-
water molecules (1745 molecules of TX-100 and 4055 molecules

Fig. 9 TX-100 distribution as a function of vesicle shapes. The plots reported in the figure have been calculated on a system with R = 1.0 and with a
random initial TX-100 distribution. For the initial spherical vesicle, t = 0.0 ms, only one orientation has been reported. In the case of asphericity greater
than 1.1, the plots for two representative orientations are reported. For each orientation a snapshot of the mixed vesicle is shown. To underline and make
clearer the TX-100 molecule positions, they have been coloured blue, while the DPPC lipids are coloured grey.

Fig. 10 Snapshots from two different views: (A) top view DPPC molecules (gray) and TX-100 hydrophobic heads (red); (B) with the TX-100 hydrophilic
chains (blue); (C) side view inside the vesicle, denoting the formation of pore during the simulation time. This hole is well formed at 3.3 ns with TX-100.
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of DPPC), quickly relaxes, by mild deflation, into a mixed
TX-100/DPPC vesicle with a diameter of approximately 26 nm
(see system XXVIII in Table S1 of the ESI†). We have observed a
quick deflation into a stable vesicle, as expected, followed by the
formation of several small pores after only 1 ns. The pores
increase in size during a prolonged simulation, in full agreement
with our findings for the smaller, more curved vesicles. In Fig. 10,
snapshots of two different views of the vesicle at different times
along the simulation trajectory are reported. In particular, the
formation of holes is caused by TX-100 migration creating a hole
contour with a high positive curvature. As can be seen in Fig. 10C,
where a lateral section of the vesicle corresponding to the position
of the hole is depicted, it is clear that TX-100 molecules are
accumulated on the high curvature surface delimiting the pore
contour.

To better quantify these findings, we have performed
Minkowski Functional (MF) analysis of the solvent field96,97

(see Fig. 11). We have carefully analyzed the dependence of the
MFs on the thresholding procedure, to select a proper thresh-
old value (here 1/8 of the average solvent concentration).
The structure is fully quantified by four MFs: three geometrical
MFs – the volume, surface area and mean curvature (made
dimensionless by scaling with the volume, 403 nm3, surface,
402 nm2, and line length, 40 nm, as defined by the simulation
box) – and one topological property, the Euler characteristic.
Especially the latter MF signals when pores are generated. From
the evolution of the three geometrical MFs, we find a small

monotonic decrease for the surface area (Fig. 11A) and a
similarly small monotonic increase for the mean curvature
(Fig. 11B) and volume (Fig. 11C). These evolutions show that
the growth rate of the pores is quite small, which is consistent
with the (relatively) slow molecular diffusion along the
membrane that is needed to sustain this process. Instead, the
Euler characteristic (Fig. 11D) shows a fast decrease from
the initial value of 2 (equivalent to a full membrane without holes)

Fig. 11 Evolution of the Minkowski functionals related to (A) the surface area, (B) integral mean curvature, (C) volume and (D) Euler number for a 26 nm
diameter vesicle with a TX-100/DPPC R = 0.43 ratio, where TX-100 is symmetrically distributed.

Fig. 12 Snapshot of the vesicle at t = 4.5 ns, where the water beads (in
red) present at t = 0 inside the vesicle are reported, showing the solvent
that has moved outside the vesicle. The lipid and TX-100 molecules are
shown in gray and in blue, respectively.
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to slightly negative values, signalling the formation of several pores
in the membrane, apparently taking place in less than 0.5 ns.
Additional visual analysis (Fig. 12) indicates that the holes have to
grow to a certain size before solvent can diffuse through them. In
addition, the formation of several different pores is also consistent
with slow molecular diffusion along the membrane, since it
reflects the competition between TX-100 domain growth and
pore formation. Compared to the smaller vesicle at the same
concentration and its TX-100 distribution, we do not observe
significant size and conformation changes on the scale of the
vesicle. Pore formation is consistently observed for both vesicle
sizes; for the large vesicle, the pore formation takes place earlier
than for the smaller vesicle (see Fig. 4), but occurring with a
smoother process.

4. Conclusions

A molecular-resolution computational study of the solubilization
mechanism of a lipid membrane in the presence of the TX-100
detergent has been provided, for the first time to the best of our
knowledge. Thanks to the computational efficiency of the
MD-SCF approach, coupled with the use of CG models, we
were able to systematically reach the microsecond time scales
for large scale systems, and thus follow and describe the entire
solubilization process of a DPPC biomembrane model.

We observed a solubilization mechanism, as a sequence of
complex events, in agreement with the most accounted for
three stage model.1 Our models well reproduce experiments in
which the lipid membrane solubilization occurs when the
effective ratio Re (detergent/lipid) is close to the solubilization
ratio Rsol = 1.0. Moreover, we found different solubilization
pathways, depending on fast or slow detergent partitions. Our
results are in agreement with experimental evidence reported
by Stuart42 and Kragh-Hansen,43 and with the generalisation
to the original three stage model mechanism proposed by
Lichtenberg.16,17,42,43

TX-100 is usually considered a fast solubilising detergent
that can easily flip from the outer to the inner monolayer causing
a rapid solubilization,16,28,29,31,32 but its surfactant function
depends both on temperature22 and the lipid phase.3,22,29 When
rapid solubilization does not occur, the other most probable
mechanism is a slow solubilization when the bilayer becomes
destabilized at a certain content of detergent that cannot easily
flip into the inner layer. This causes a large increase in the
curvature of the outer layer, and thus the formation of mixed
micelles.16 The reasons for an unsuccessful rapid solubilization
by TX-100 are typically found in the physical state of the lipid
phase.3,22,29 In fact, in the gel phase the lipids are tightly bound
and do not allow the TX-100 intrusion, with a consequent
absence of flips in the inner layer. In our case, DPPC molecules
in both vesicles and bilayers are in a fluid state, but two different
pathways of solubilization (fast for vesicles and slow for bilayers)
occur. This paradox is explained on the basis of two competing
processes: the flip-flop of the TX-100 and the local distortions and
instabilities due to its curvophilic nature attempting to curve the

flat surface. In the extreme case of a bilayer in the infinite
curvature limit, the second process occurs on a lower time scale
and assumes more relevance in the solubilization process.
This mechanism is mentioned as a probable cause of low
solubilization in ref. 16 and 17 and here it finds a confirmation,
although it is an extreme case that can be studied and inves-
tigated only by means of computer simulation techniques.

An intermediate radius of curvature has also been studied,
i.e. a larger 26 nm diameter vesicle, where TX-100 is inserted in
a symmetrical way with a TX-100/DPPC ratio R = 0.43, close to
the saturation limit. In contrast to the smaller curved vesicles,
the shape remains almost spherical during the simulation time.
Pore formation, however, is observed for the larger vesicle and
occurs earlier (less than 0.5 ns) but with a smoother process.

We also proved that different MS pathways occur when the
lipid surfaces have a different curvature. While strongly curved
membranes allow fast flipping of detergents between the two
membrane leaflets, flat membranes fall in a regime of very slow
detergent partition rates. Furthermore, we reported a strong
effect of the lipid surface curvature also on the TX-100 distribution.
In particular, regions at a higher positive curvature, such as
surfaces of elongated vesicles or pore edges, had a higher TX-100
content. At the same time, due to the curvophilic nature of
TX-100,16 a higher local content of TX-100 in the membrane
region promotes a surface distortion or a pore formation with
the resulting membrane rupture.

The possibility of describing MS phenomena with an accurate
level of resolution, also thanks to the long time scales reachable
with the MD-SCF approach, paves the way to future studies on MS
involving complex biological systems, including transmembrane
proteins or lipid bilayers of large scale heterogeneous composition.
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8 L. Hinck, I. S. Näthke, J. Papkoff and W. J. Nelson, J. Cell

Biol., 1994, 125, 1327–1340.
9 I. Rabinovitz and A. M. Mercurio, J. Cell Biol., 1997, 139,

1873–1884.
10 A. Bernkop-Schnürch and G. Walker, Crit. Rev. Ther. Drug

Carrier Syst., 2001, 18, 459–501.
11 D. A. Brown and E. London, Annu. Rev. Cell Dev. Biol., 1998,

14, 111–136.
12 F. Sotgia, B. Razani, G. Bonuccelli, W. Schubert, M. Battista,

H. Lee, F. Capozza, A. L. Schubert, C. Minetti, J. T. Buckley
and M. P. Lisanti, Mol. Cell. Biol., 2002, 22, 3905–3926.

13 S. Pfeiffer, S. D. Fuller and K. Simons, J. Cell Biol., 1985, 101,
470–476.

14 T. Hamada, R. Sugimoto, M. d. C. Vestergaard, T. Nagasaki
and M. Takagi, J. Am. Chem. Soc., 2010, 132, 10528–10532.

15 A. De la Maza and J. L. Parra, Biochem. J., 1994, 303, 907–914.
16 D. Lichtenberg, H. Ahyayauch and F. M. Goñi, Biophys. J.,
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41 D. Lichtenberg, F. M. Goñi and H. Heerklotz, Trends Biochem.

Sci., 2005, 30, 430–436.
42 M. C. A. Stuart and E. J. Boekema, Biochim. Biophys. Acta,

Biomembr., 2007, 1768, 2681–2689.
43 U. Kragh-Hansen, M. le Maire and J. V. Møller, Biophys. J.,

1998, 75, 2932–2946.
44 H. Ahyayauch, M. Bennouna, A. Alonso and F. M. Goñi,
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1982, 67, 55–62.
93 A. Alonso, A. Villena and F. M. Goñi, FEBS Lett., 1981, 123,
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F. Simoni and A. Vita, 2014 International Conference on High
Performance Computing & Simulation (HPCS), 2014.

PCCP Paper

Pu
bl

is
he

d 
on

 0
6 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

L
ei

de
n 

/ L
U

M
C

 o
n 

6/
16

/2
02

1 
4:

05
:2

0 
PM

. 
View Article Online

https://doi.org/10.1039/c7cp03871b



