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Membranes' response to lateral tension, and eventual rupture, remains poorly understood. In this study, pure
dipalmitoylphosphatidylcholine (DPPC) lipid bilayers, under tension/pressure, were studied usingmolecular dy-
namics (MD) simulations. The irreversiblemembranebreakdown is demonstrated to depend on the amplitude of
lateral tension, loading rate, and the size of the bilayer. In all of our simulations, −200 bar lateral pressure was
found to be enough to rupture lipid membrane regardless of the loading rate or the membrane size. Loading
rate and membrane size had a significant impact on rupture. A variety of dynamic properties of lipid molecules,
probability distribution of area per lipid particularly, have been determined, and found to be fundamental for
describing membrane behavior in detail, thus providing the quantitative description for the requirement of
membrane rupture.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Membranes are essential to all living organisms. Mechanical forces
act on organisms in a variety of ways. Cells have different mechanisms
to respond to mechanical stimuli and convert mechanical signals into
electrical or chemical signals, which plays a mechanotransduction role
in a number of physiological activities such as cell growth, signal trans-
duction, and transport [1,2]. Lateral membrane tension, caused by me-
chanical forces, may change the state (open/closed) of membrane
channels [3]. Mechanical forces have also an important effect on mem-
brane permeability [4,5]. Both lateral diffusion of lipids [6,7] and the
formation of lipid rafts [8] rely, to some extent, on membrane tension.
Knowing how lipid membranes respond to changes in lateral tension
is crucial to understanding cellular functions. Rupture is an extreme
response and may occur due to influence of tension or weakening of a
membrane due to detergent as in bacterial disinfectants. Generally, rup-
ture occurs when a membrane reaches its critical lateral tension [9].

The effect of mechanical stress on membranes has been studied ex-
tensively by experiments, see e.g. Ref. [10]. For example, the effect of
force on sheared endothelial cells [6,7,11] as well as hair cells [12,13]
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has been studied. Membrane rupture is generally considered to occur
at tensions from 1 to 25 mN/m [14]. When fluid membrane vesicles
were subjected to a steady ramp of micropipette suction, it was found
that the rupture strongly depended on the loading rate [14–16]: At
high loading rates (up to 10 mN/m/s), the critical tension was 3–5
times larger than that at low loading rates (1–2 mN/m/s). Lipid compo-
sition has been considered to determine rupture strength [4]. Although
such experimental techniques have shed considerable light on the prop-
erties of membranes, the presence of disorder in these systems greatly
limits the nature of the structural data which can be obtained experi-
mentally. The process of rupture is rather fast and involves subtle
changes at the molecular level. It is difficult to study the molecular
level mechanisms by experimental techniques.

Computational methods offer an alternative approach and MD sim-
ulations have been used to study water pore formation and membrane
rupture. For example, in previousMD simulation of a pure DPPC bilayer
[9], application of a large mechanical pressure of −200 bar led to pore
formation (a water channel) and irreversible rupture. Membrane rup-
ture has also been observed in simulations of different mixed bilayers
of phosphatidylethanolamine and C12E6, which tried to determine the
rupture properties of mixed bilayers of lipid and nonionic surfactant,
and explain why dividing cells were more at risk than static cells [17].

Further MD simulations of pure DPPC bilayers showed that water
pores, i.e., water channels, could be stabilized under low tension, but be-
came unstable and caused membrane rupture when tension reached
about 38 mN/m [18]. Self-organization of a stable pore structure (a suf-
ficient number of water molecules in the hydrophobic region) in lipid
bilayer has also been studied via MD simulations of a pure DPPC bilayer
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[19]. The results demonstrated that the probability of stable pore forma-
tion depends on the number of water molecules in the hydrophobic
regionwhen no external forcewas applied. The presence of small nano-
particles in lipid bilayers was demonstrated to decrease the membrane
rupture tension by enhancing the probability of water penetration [20].
Nevertheless, the previous systems focusedmostly on the phenomenon
of how external stimuli causedwater pore formation ormembrane rup-
ture, and thus the lack ofmembrane dynamic properties in atomistic de-
tails caused the loss of critical quantitative description in themembrane
rupture essence. To quantify the effects of membrane tension on lipid
structure and dynamics, Muddana et al. performed MD simulations of
DiI-labeledDPPC lipid bilayers under lateral tension [21]. The study pro-
vided insights into the relationship between tension and lipid dynamics,
nevertheless, none information about membrane rupture has been de-
scribed. In addition, coarse-grained simulations of pure DPPC bilayers
under membrane tension have been conducted in both gel and liquid
phases [22]. The latest simulations also shed light on the effect of mem-
brane tension on the physical properties of pure DOPC lipid bilayers [23]
but the tension was far from the lysis tension of a pure DOPC bilayer,
which resulted in no pore formation observed in this study. To the
best of our knowledge, dynamical properties of lipid bilayers under dif-
ferent lateral tensions or pressures, particularly during rupture, such as
lipid area distribution, lipid ordering and tilting, have not yet been
investigated in detail.

2. Material and methods

AllMD simulationswere performedwithGromacs v4.5.1 [24]. Visual
Molecular Dynamics (VMD) [25] was used for all visualizations. For
initial configurations, a DPPC lipid membrane from a previous 100 ns
simulation was used1 [26,27]. Two membrane sizes were used in the
production simulations: A 128 DPPC systemwith 3655watermolecules
and a larger bilayer of 512DPPCs and 14620watermoleculeswhichwas
constructed from the 128 DPPC systems. Force-field parameters for
DPPC were taken from a previous developed lipid.itp file [28]2 and par-
tial charges from the underlying model description [29]. For water, the
simple point charge (SPC) model [30] was employed. All bonds were
constrained to their equilibrium lengths with the linear constraint solv-
er (LINCS) algorithm [31]. Periodic boundary conditions were applied.
Lennard–Jones interactions and the real space part of electrostatic inter-
actions were cut off at 1.0 nm. The particle-mesh Ewald (PME) method
[32] was used to compute electrostatic interactions, since it has been
shown that proper treatment of electrostatics is crucial in biomembrane
systems [26,27,33,34]. For energy minimization, the steepest descent
algorithm was used. All production MD simulations were done in the
constant particle, pressure and temperature (NPT) ensemble with the
V-rescale thermostat [35] at 323 K; the V-rescale thermostat has been
shown to work very well in systems containing water and interfaces
[33]. Surface tension was kept constant using the semi-isotropic
Parrinello–Rahman pressure coupling algorithm [36,37] with the pres-
sure set to 1 bar. The time step was set to 2.0 fs. Although the 128
DPPC systems were pre-equilibrated for 100 ns, both bilayers (128
and 512 lipids) were further equilibrated in the NPT ensemble for
100 ns. To ensure that equilibrium had been reached, we compared
the area per lipid, order parameters, electrostatic potential, and the
radial distribution functions to previous studies [26,27] and found full
agreement.

To study themembranes' resistances to lateral tension and compres-
sion, we applied 1 bar,−50 bar,−100 bar,−200 bar, and 200 bar lat-
eral pressure to the equilibrated 128 DPPC systems. A pressure of 1 bar
was always applied in the normal direction. The corresponding surface
tensions are 0 mN/m (1 bar), 17.93 mN/m (−50 bar), 30.79 mN/m
1 The topology file was available at http://www.softsimu.org/downloads/dppc-128-
100.pdb.

2 The force-field file was available at http://moose.bio.ucalgary.ca/files/lipid.itp.
(−100 bar), 44.78 mN/m (−200 bar), and −116.18 mN/m (200 bar).
A pressure with positive value indicates compression while negative
pressure means tension. In all former simulations, to our knowledge,
tension was applied instantaneously [9,17,18,21–23]. We applied two
different protocols: 1) high loading rate: −200 bar pressure was ap-
plied to the tension free membrane instantaneously and 2) low loading
rate: −50 bar pressure was first applied for 10 ns. Then the pressure
was changed to −100 bar for another 10 ns, and finally −200 bar
pressure was applied. To gain insight into possible system size depen-
dence, the same instantaneous lateral pressure of −200 bar was ap-
plied on both 128 DPPC and the larger 512 DPPC systems. Previous
MD simulations have focused on the dependence of rupture at a specific
lateral tension or lipid composition [9,17,18], or the lipid dynamic
properties corresponding to several constant membrane tensions
below rupture tension [21–23]. All production simulations lasted
for 250 ns unless the membrane ruptured earlier. In all the figures,
time 0 ns always corresponds to the beginning of the production
simulation after which either the high or low loading protocol was
applied.

The systems are labeled as follows: Normal Pressure (NP) for the
pressure of 1 bar (reference system), T50 for −50 bar pressure, T100
for−100 bar pressure, LT200 for −200 bar pressure with low loading
rate, HT200 for −200 bar pressure with high loading rate, BT200 for
−200 bar pressure applied on 512 DPPC systems with high loading
rate, and P200 for 200 bar pressure.

3. Results

3.1. Threshold of lateral tension for membrane rupture

The application of−200 bar lateral pressure always led to a rupture
independent of the loading rate and membrane size. This is in agree-
ment with previous simulations [9]. In the HT200 system, rupture oc-
curred after about 6 ns, but it took about 35 ns for the BT200 system.
The LT200 system remained intact for 50.2 ns after −200 bar pressure
was reached, and after which it ruptured. In contrast, the T100 system
remained stable for the full simulation time of 250 ns. Particularly,
under lateral pressure loading of 200 bar, buckling of lipid bilayer was
observed. The P200 system experienced a slight buckling deflection
when lateral pressure was applied and remained stable through the
whole simulation.

3.2. Membrane dimensions

One of the main bilayer characteristics is the average area per lipid
molecule bAN (Fig. 1). As expected from 200 ns of pre-equilibration,
the tensionless membrane was well equilibrated with bAN =
0.656 ± 0.010 nm2. This is in agreement with experiments and earlier
MD studies [27,38,39]. As lateral tension increased, bAN increased
noticeably. For T50, bAN =0.740 ± 0.010 nm2, about 13% larger than
the NP system, and for T100, bAN =0.867 ± 0.010 nm2, about 32%
increase. Finally, for LT200, bAN =1.178 ± 0.020 nm2 before rupture,
almost 80% larger than the reference system. For HT200, bAN remained
at 1.199 ± 0.050 nm2 only for 7 ns, followed by a rupture. In the BT200
system, bAN =1.226 ± 0.050 nm2 for 45 ns followed by a rupture.
Applying compression, P200, yielded bAN =0.441 ± 0.001 nm2,
which is 32.8% smaller than the reference value. The lipid membranes
exposed to −200 bar lateral pressure had a transient state with area
per lipid of ~1.2 nm2 before rupture.

We also calculated the thickness of the bilayer defined as the average
distance of P–P atoms in the lipid head groups (Fig. 2). For the NP
system, we obtained 2.80 ± 0.05 nm. T50 gave 2.41 ± 0.05 nm, T100
1.97 ± 0.05 nm, LT200 before rupture 1.25 ± 0.05 nm, and P200
4.52 ± 0.05. When −200 bar pressure was applied, the thickness
always remained at about 1.25 nm before rupture. HT200 stayed at
1.25 nm for only 3.5 ns, and then dropped to 1.0 nm abruptly within
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Fig. 1. Time evolution of the area per lipid. HT200, BT200, and LT200 rupture at different
times while the other systems remained stable throughout the simulation (250 ns).
60 ns is shown for clarity. Time 0 ns corresponds to the beginning of the production
simulation after which either the high or low loading protocol was applied.

Fig. 3. Two dimensional Voronoi tessellation of the centers of mass of lipid molecules in
the upper layer for (A) NP system and (B) BT200 system.
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2 ns. LT200 remained at 1.25 nm for almost 50 ns, and then fluctuated
around 1.0 nm for another 10 ns. Similarly, BT200 stayed at 1.25 nm
for 35 ns, and oscillated around 1.0 nm for the following 15 ns. This
two-step behavior was observed independent of the loading rate and
membrane size.

Area per lipid is an average property and does not contain informa-
tion about the distribution of lipid molecules. To study possible changes
in the lipids' distribution, we performed a Voronoi analysis in two di-
mensions to obtain the probability distributions for the area per lipid,
P(A) [40]. Free areas, or voids, play a critical role in lipid membranes
[41–43], and Voronoi analysis provides a method to describe them. In
Voronoi tessellation, each lipid is first mapped onto the xy-plane.
Next, the area that is closest to each of the lipids, called a Voronoi cell,
is determined by a procedure similar to the Wigner–Seitz cell in solid
state physics. We used the lipids' centers of masses for the mapping.
The areas of the Voronoi cells give the area distribution (Fig. 3).

To obtainmore precise descriptions of area distributions, all Voronoi
samples were analyzed statistically (Table. 1) and fitted in terms of the
probability density functions (PDF) [44]. To describe the distributions,
the measured PDF is displayed as a histogram, while the theoretical
PDF is displayed as a continuous curve fitted the histogram. We would
Fig. 2. Time evolution of membrane thickness. Calculated as the average distance of P–P
atoms in the lipid head group. HT200, BT200, and LT200 rupture at different times. The
other systems remained stable throughout the simulation (250 ns). 60 ns is shown for
clarity.
like to point out that using a PDF is valid only for systems in equilibrium
or steady-state.

Due to the statistical uncertainty originating from relatively small
systems (inherent limitation of MD) and hence limited amount of
data, it is difficult to identify the unique distribution in each case. To
avoid over-interpretation, instead of calculating the most precise func-
tion for each system, we compared the fittings to different distribution
functions. The Kolmogorov–Smirnov [45] and Anderson–Darling tests
[46] were used as statistical tests (Table. 2). The Kolmogorov–Smirnov
statistic determines if a sample comes from a hypothesized continuous
distribution, based on the largest vertical difference between the
theoretical and the empirical cumulative distribution function. The
Anderson–Darling procedure tests the fit of an observed cumulative
distribution function to an expected one.

The results show that all the systemswheremembrane remains sta-
ble can be fitted in Dagum distribution [47] (Fig. 4). The Dagum distri-
bution is often used in economics to characterize wealth distributions
and it is also connected to the Gamma and Weibull distributions; the
latter is often used in characterization of brittle fracture. In contrast,
after the appearance of a water pore before rupture, the area distribu-
tions of LT200, HT200 and BT200 systems can no longer be fitted with
a Dagum distribution but Burr distribution [48] seems to be a better

image of Fig.�2
image of Fig.�3


Table 1
Area distributions from Voronoi samples.

Area distribution

Systems Sample size Mean Variance Standard deviation Median Skewness Kurtosis

NP 1408 0.65864 0.029 0.17028 0.65085 0.45333 1.0972
T50 1408 0.73858 0.04083 0.20206 0.72885 0.42395 1.1516
T100 1408 0.8707 0.07085 0.26617 0.8467 0.60172 1.0063
P200 1408 0.44027 0.01244 0.11152 0.43455 0.28323 1.6473
HT200 Stable 1280 1.1196 0.17882 0.42288 1.0785 0.61051 1.42925

With water pore 1280 1.3643 0.39509 0.62856 1.2325 1.7829 4.6571
LT200 Stable 1408 1.1803 0.14449 0.38011 1.138 0.84138 1.6573

With water pore 1280 1.6727 1.1657 1.0797 1.3365 2.0818 5.4229
BT200 Stable 3072 1.1701 0.13565 0.3683 1.1375 0.60635 1.3905

With water pore 2048 1.5057 1.1876 1.0898 1.2325 3.626 18.217
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match (Fig. 4). The probability density function of three-parameter
Dagum distribution is defined as:

f xð Þ ¼
αk x

β

� �αk−1

β 1þ x
β

� �α� �kþ1

where k is continuous shape parameter, α is the second continuous
shape parameter, and β is continuous scale parameter (Table. 3). The
probability density function of the three-parameter Burr Distribution
(see the cautionary note above) is

f xð Þ ¼
αk x

β

� �α−1

β 1þ x
β

� �α� �kþ1

where k is continuous shape parameter,α is continuous shape parame-
ter, and β is continuous scale parameter (Table. 3). We would like
emphasize that fitting after water pore formation is somewhat ques-
tionable since the system is evolving and, strictly speaking, the distribu-
tion does not describe awell-defined steady-state but rather a transient.

To verify the goodness of fit, the cumulative distribution function
(CDF), the probability difference graph that determines the difference
between empirical CDF and theoretical CDF, the probability–probability
(P–P) plot, and the quantile–quantile (Q–Q) plot are analyzed. To illus-
trate the goodness of the fit, the NP system is displayed as an example,
and compared with Normal Distribution (Fig. 5).

All the plots are far from the Gaussian distribution [49]. To charac-
terize the distribution data, skewness and kurtosis are calculated
(Table. 1). Skewness is a measure of symmetry, and kurtosis is a mea-
sure of whether the data are peaked or flat relative to a normal distribu-
tion. Particularly, the skewness for a normal distribution is 0.0, and the
kurtosis for a standard normal distribution is 3.0. The results of
Table 2
Kolmogorov–Smirnov, Anderson–Darling, and Chi-squared tests.

Area distribution function fitting test

Systems Distribution Ko

NP Dagum 0.
T50 Dagum 0.
T100 Dagum 0.
P200 Dagum 0.
HT200 Stable Dagum 0.

With water pore Burr 0.
LT200 Stable Dagum 0.

With water pore Burr 0.
BT200 Stable Dagum 0.

With water pore Burr 0.
skewness and kurtosis confirm the above conclusion that none of the
systems can be characterized by a Gaussian distribution.

Besides of the goodness of fit, which theoretically shows Dagum
distribution and Burr distribution as best distributions, there are also
physical reasons for the distribution selection. The Dagum distribution
is a continuous probability distribution for non-negative real numbers.
It is frequently encountered in the actuarial literature and mostly in
the models on the size distribution of personal income [50–52]. Here,
the Dagum distribution is able to describe the asymmetry of the area
distribution.

The Burr distribution is a continuous probability distribution defined
over all positive random variables, and is commonly used to model
household income [52]. After the emergence of water pores, the size
and position of membrane voids change rapidly, making the area distri-
butionmore andmore scattered. Significant increase of skewness occurs
duringmembrane rupture. Due to its flexible shape the Burr distribution
is able to fit almost any given set of unimodal data [48,53]. Our fitting
illustrates that the Burr distribution appears to provide a reasonable de-
scription of the area distribution afterwater pores start to form (caution:
this is transient behavior and it is well possible the good fit to the Burr
distribution simply describes a transient process).

To verify the consistency and correctness, the mean value of the
Voronoi samples was determined (Table. 1) and found to be in agree-
ment with the above average area per lipid. We examined the systems
NP, T50, T100, and P200, where membrane always remained stable.
The results illustrate that the variance as well as standard deviation is
limited to small values (Table. 1). Themembrane sustaining 200 bar lat-
eral tension yields to slightly larger values during the temporary stable
period, but gives rise to a significant increase after thewater pore forms.
The skewness value also indicates the formation of thewater pore caus-
ing the distribution quite far from symmetry (Table. 1).

The parameters of Dagumdistribution indicate that the shape of dis-
tribution is related to the applied force (Table. 3). In the compressed
system, the distribution is concentrated with a larger α parameter,
lmogorov–Smirnov Anderson–Darling Chi-squared

0118 0.1326 6.3926
0124 0.1757 1.8779
0122 0.1599 2.5014
0286 1.3645 13.124
0275 0.6747 14.114
0251 1.3474 10.122
0125 0.2734 7.9463
0259 1.3033 13.795
0158 1.5361 12.037
0237 1.6621 14.351



Table 3
The fitting parameters of area distribution probability density function.

Area distribution function

Systems Distribution Parameters

k α β

NP Dagum 0.57329 8.6138 0.71947
T50 Dagum 0.53207 8.3907 0.82209
T100 Dagum 0.60449 7.0137 0.94955
P200 Dagum 0.52277 9.4691 0.48746
HT200 Stable Dagum 0.52416 6.1446 1.3096

With water pore Burr 0.77142 4.9305 1.1449
LT200 Stable Dagum 0.69132 6.3825 1.2448

With water pore Burr 0.49061 4.6738 1.0522
BT200 Stable Dagum 0.63226 6.6965 1.2667

With water pore Burr 0.56723 4.7531 1.0296

Fig. 4. (A) Probability density function of area distribution per lipid. The original data
points are shown in discrete dots while the fits are shown in lines. The results of systems
where water pore appears are shown in circles (data) or dotted lines (fit). (B) Same as
(A) but only the systems where membrane remains stably are shown. All the area distri-
butions are fitted to a Dagum distribution. (C) Same as (A) but only the systems where
water pore appears are shown. All the area distributions are fitted to a Burr distribution.
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while the larger tension causes a looser distribution according to the
decreasing α parameters. Fig. 4 demonstrates 200 bar lateral tension:
LT200 and BT200 have quite similar distribution shapes, whereas
HT200 appears different: high loading rate leads to a sudden rupture
suddenly without stabilizing process (redistribution). Once the water
pore appears, the distribution ceases to follow a Dagum distribution.
This significant change between the stable and unstable states of the
membrane is regarded as a signal of bilayer rupture.

3.3. Lipid ordering and tilt angle

The carbon–deuterium (CD) order parameter SCD is a measure for
phospholipid chain ordering [54]. It is defined as:

SCD ¼ 1
2

3 cos2θ−1
� �

where θ is the angle between themembrane normal and the C\H bond
vector. We computed SCD for both sn-1 and sn-2 chains (Fig. 6). When
no lateral tension or pressure is applied on the membrane, the order
parameter profile is found to be in good agreement with previous sim-
ulations [26] and experimental data [55–57]. When lateral tension is
applied, the average order parameter drops from0.160 in theNP system
to 0.112 for T50, to 0.075 for T100, to 0.035 for LT200, and to 0.028 for
HT200. The value for BT200, 0.038, is very close to the LT200. In the
P200 system, the lipids become more ordered with average order
parameter of 0.325.

Furthermore, the tilt of DPPCs, whichwas calculated as the angle be-
tween lipid chain andmembrane normal vector and then averaged over
all lipids, has been analyzed. The result demonstrates that the tilt angle
depends strongly on the membrane lateral force. The larger tension
gives rise to the more significant tilting, while in the P200 systems,
lipids only have an average tilt angle of 15°, even less than the half
value of tension freemembrane. The analysis also illustrates that, during
the transient stable period before rupture, the tilt angle is at around 49°.
Since water pore forms, the tilt angle has a noticeable increase, and
gives rise to a larger value of about 55°, till membrane fully ruptures.

To determine the effect of lateral force on the head group region of
lipid bilayer, the angle between the phosphorus to nitrogen (P–N)
vector and themembrane normal vector has been calculated. The result
shows that the lipid head groups are oriented almost parallel to the
bilayer surface due to the average angle being ~89.0°.

3.4. Lipid bilayer pressure profile

Lateral pressure profile is an importantmembrane property describ-
ing the local lateral (parallel to surface) pressure inside the membrane
in the direction normal to the membrane surface [58–60]. For example,
the interaction between water and hydrophobic hydrocarbon causes a
significant local tension. Positive pressures arise predominantly from
the chain conformational entropy and the head-group repulsions. To
calculate the lateral pressure profile, the lipid bilayer is divided into
~0.1 nm thick slices, and the local pressure tensor in each slice is obtain-
ed by using the Irving–Kirkwood contour, which is described as a
straight line connecting the particle pair [61,62]. The lateral pressure

image of Fig.�4


Fig. 5. (A) The cumulative distribution function (CDF), (B) the probability–probability (P–P) plot, (C) the quantile–quantile (Q–Q) plot, and (D) the probability difference plot of Dagum
distribution in NP system, compared with Gaussian distribution.
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Fig. 5 (continued).
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profile π(z) is the difference between the normal and the lateral
pressure tensor [63–65]:

π zð Þ ¼ Pxx þ Pyy

� �
=2−Pzz:
Fig. 6. Order parameter SCD for both sn-1 (A) and sn-2 (B).
Positive lateral pressure profile indicates that the bilayer tends to
expand along the lateral direction, while negative values imply contrac-
tion. In our simulations, the lateral pressure profile of pure DPPC bilayer
at zero tension is in good agreement with earlier MD simulations
[66–68]. The lateral pressure profiles (Fig. 7) indicate that from NP to
T50 and then to T100, the negative peak at the boundary between the
water and hydrophobic hydrocarbon regions increases noticeably. In
the P200 system, the negative peak decreases and the positive peak at
the head-group region increases at the same time. It is notable that al-
though the absolute values of the peaks are strongly influenced by the
applied pressure, the qualitative features remain the same. If embedded
proteins would be present, their function would be influenced by large
quantitative changes [60]. The profiles have been smoothed by cubic
spline fitting and averaged over the two leaflets.

3.5. Membrane rupture

To determine how rupture depends on lateral tension and loading
rate, different loading rates were applied. In the HT200 system, sponta-
neous rupture occurred after 6 ns. This is consistent with former MD
simulations of DPPC membranes [9,18]. When a slow loading rate
(LT200) was applied, it took 50 ns from the time when −200 bar was
applied, more than 8 times longer compared to the HT200 system, for
the membrane to rupture. For the BT200 system, rupture started at
Fig. 7. Lateral pressure profiles through the lipid bilayer.
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Fig. 8.Water pore formation during simulationwith lateral pressure of−200 bar. (A) The
plots are shown in the side direction, where lipids are shown in green chains and water in
white and red points. (B) The plots are shown from the top, where only lipids are shown.
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35 ns after−200 bar was applied. The results suggest that the tension
at which rupture occurs depends strongly on the rate at which it is ap-
plied. This is in agreement with pipette aspiration studies [14–16].
With smaller tensions (T50 and T100), no rupture was observed even
in time scales of 250 ns. Additionally, membrane rupture has a strong
relationshipwith themodel size. Sustaining to the same lateral tensions,
membrane with larger size gives rise to a longer stable time before
water pore forms.

The results also imply that the rupture of a lipid is a spontaneous in-
cident rather than a slow changing process. When −200 bar pressure
was applied on the system directly (HT200), at the beginning all
the data were found too close to the values in the stable system with
−200 bar pressure applying in slow loading rate (LT200), but themea-
surements changed suddenly and significantly after lipids rupture. It
took only 4 ns from the beginning ofwater pore forms to themembrane
fully break down.

Carefully examining the conformations, once the lateral pressure
reaches the critical value of−200 bar, the lipid molecules start to rear-
range significantly and the fluctuations induced in the lipid matrix re-
sult in the formation of a water pore. The pores are stabilized at low
loading rate. In contrast, under high loading rate, water pores expand
and the membrane becomes unstable. The pore formation starts with
the penetration of water molecules from both sides of the membrane,
and continues to increase the radius. When the water molecules meet
in the middle of the bilayer, a complete water channel is created,
adopting an hourglass shape. Once onewater channel is formed, a grad-
ual expansion of the channel is observed and several new channels
emerge quickly, leading to membrane rupture (Fig. 8). Different MD
simulations of hydrophilic pores in lipid bilayers confirm our result
and demonstrate that irreversible membrane breakdown occurs once
the expansion of the pore (water channel) reaches a threshold radius
[9,17,18]. These previous studies were inclined to focus on the forma-
tion of a single pore. However, in our simulations, the number of
water pores is proportional to themembrane size. In the HT200 system,
one porewas enough to rupture themembrane, while in the BT200 sys-
tem, the formation of the first pore triggered other water pores before
rupture. The lipid head-groups within the pore rearrange during the
expansion,while their relative population is constant, and the thickness
of the bilayer remains the same. Only when the rupture occurs is the
gradual thinning of the bilayer concomitant with the overturn of lipid
molecules.

4. Discussion and conclusions

The behavior of DPPC lipid membranes corresponding to different
lateral forces was investigated by MD simulations. Our simulations
show that the loading rate has an impact onmembrane behavior. Mem-
branes appearmore resistant at slower loading rate, which confirms the
micropipette aspiration experiments [14–16].When an external force is
applied gradually, the lipid bilayer has time to react and rearrange the
lipids. Instantaneously application of an external force easily leads to a
rapid rupture. Rupture is characterized by the appearance of unstable
growing water pores. The stability of the pores depends on the rate at
which loading is applied. Experiments show that at low loading rates,
the kinetics of rupture depend on the rate atwhich the pore can expand,
while at high loading rates, the formation of the pore itself becomes
rate-limiting [14,15]. Thus, at high loading rates the tension required
for pore formation is relatively high, inevitably leading to membrane
rupture. We also tested the size dependence of the rupture process.
Our results demonstrate that larger membranes show more resistance
to lateral tension and are able to remain intact for a longer time before
final rupture.

In our simulations, rupture occurred under a membrane pressure of
−200 bar independent of the loading rate andmembrane size. Rupture
occurred through the formation of water pores accompanied by the
transformation of area probability distribution from a Dagum distribu-
tion to Burr Distribution. Other properties, such as the area per lipid, or-
dering and tilting of lipidmolecules, allowed us to quantify the behavior
of the lipid membrane during rupture at the atomic level, and provide a
reference for future experiments.
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