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Elastic moduli of normal and cancer cell
membranes revealed by molecular dynamics
simulations†

Hoang Linh Nguyen, a Viet Hoang Man,b Mai Suan Li, ac Philippe Derreumaux,d

Junmei Wang b and Phuong H. Nguyen *de

Recent studies indicate that there are mechanical differences between normal cells and cancer cells.

Because the cell membrane takes part in a variety of vital processes, we test the hypothesis of whether

or not two fundamental alterations in the cell membrane, i.e., the overexpression of phosphatidylserine

lipids in the outer leaflet and a reduction in cholesterol concentration, could cause the softening in

cancer cells. Adopting ten models of normal and cancer cell membranes, we carry out 1 ms all-atom

molecular dynamics simulations to compare the structural properties and elasticity properties of two

membrane types. We find that the overexpression of the phosphatidylserine lipids in the outer leaflet

does not significantly alter the area per lipid, the membrane thickness, the lipid order parameters and

the elasticity moduli of the cancer membranes. However, a reduction in the cholesterol concentration

leads to clear changes in those quantities, especially decreases in the bending, tilt and twist moduli. This

implies that the reduction of cholesterol concentration in the cancer membranes could contribute to

the softening of cancer cells.

1 Introduction

Cancer is a serious problem affecting the health of all human
societies. Basically, it is the uncontrolled growth of abnormal
cells in the body. These cells have the ability to spread, leading
to the appearance of tumors in organs located far away from the
primary tumor site.1 During the spread, cancer cells must pass
through many obstacles such as small gaps in basement
membranes, blood vessels and crowded environments in the
body. Therefore, it has been suggested that cancer cells must be
soft and deformable to perform such a task.2 Indeed, a growing
number of experimental techniques are being used to study the
mechanical properties of cancer cell lines or primary cells from
biopsies,3–5 and the results clearly indicate that cancer cells

from a large number of different organs are softer than their
normal counterparts. This may be due to alterations in the
extracellular environment, as well as in the intracellular ele-
ments such as the cell microenvironment, the cytoskeleton, the
nucleus, the intracellular compartments, the signalling pro-
teins, the active forces, the internal membrane and the plasma
membrane.2 Understanding which cell elements contribute to
the softness of cancer cells could be very important for the
development of efficient diagnosis and treatment methods. In
this work, we only focus on the cell membrane element, and try
to understand if fundamental alterations in the membrane
properties cause the cancer cells to be softer than the normal
counterparts.

Normal cell membranes have a highly asymmetric lipid
composition.6 That is, the extracellular leaflet is mainly
composed of phosphatitylcholine (PC) and sphingo lipids, and
the intracellular leaflet is mostly composed of phosphatidyletha-
nolamine (PE) and phosphatidylserine (PS) lipids. Is is known
that the concentration of the negatively charged PS lipids is
increased by 5–9 times in the outer leaflet when normal
membranes are transformed to cancer membranes, and this is
usually considered as a biological cue that is related to the
apoptotic pathway.7,8 As a consequence, cancer membranes
have a less negative membrane potential than those of normal
membranes.9–11 Another alteration in cancer cells is a reduction
in the cholesterol concentration in their membranes,12 which
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results in decreases of the order of lipid hydrocarbon chains
and membrane thickness, and an increase in the surface area of
lipids.13–17 However, effects due to the reduction of cholesterol
concentration and the overexpression of negatively charged PS
lipids in the outer leaflet on the elastic properties of cancer
membranes have not yet been studied to the best of our
knowledge.

Molecular dynamics (MD) simulations have provided valuable
information on the structural and dynamic properties of lipid
bilayers. In the early days, MD simulations of membrane models
considered only single-component lipid bilayers;18–20 later simula-
tions have incorporated more than one lipid component as well as
cholesterol.21 However, many of these multiple-component lipid
simulations were performed on symmetric bilayers containing the
same lipid mole fractions of both leaflets. Recently, several MD
simulations on asymmetric bilayers have also been reported.6,22,23

Despite many MD simulations of lipid membranes having been
carried out, there is little work on the modelling of the membranes
of cancer cells. Only a few cancer membrane computational models
have been developed recently.24–26

The main aim of this work is to employ MD simulations to
theoretically study the effects of the two mentioned alterations,
i.e., the overexpression of the PS lipid concentration in the
extracellular leaflet, and the reduction of the cholesterol
concentration on the elasticity properties of normal and cancer
cell membranes. This may provide some insight into the
differences in the mechanical properties of the two cell types.
From a theoretical perspective, many studies have used the
traditional Canham–Helfrich model of membrane fluctuations
to calculate the bending modulus Kc.27,28 Later, May et al.
extended this model to include molecular tilting.29 This exten-
sion is widely considered to be important for understanding
membrane fusion.30 Recently, Watson et al. have provided a
theoretical model to include three elastic moduli, i.e., bending,
tilt and twist, which can be extracted from MD simulations data
in Fourier space.31–34 Very recently, Khelashvili et al. have
developed a method that enables calculation of the bending
modulus Kc from local fluctuations on the molecular scale in
real space.35–38 On the experimental side, for many years,
experiments have used the Canham–Helfrich model to analyse
diffuse X-ray scattering in order to obtain values for Kc.39

Unfortunately, the results for Kc of chemically identical mem-
branes, obtained from different experiments, are usually sub-
stantially different,40 even for single-component lipid

membranes. Furthermore, there are nearly no experimental
data for multiple-component lipid membranes.

In this work, we carry out all-atom MD simulations of five
normal membrane models and five cancer membrane models
taken from previous studies.24–26 All these models have the
same lipid compositions, i.e., the same number of total lipids,
but differ in the lipid mole fractions of the outer and inner
leaflets, and in the cholesterol concentration. From our simula-
tion data, various structural quantities are characterized, and
the bilayer bending, tilt and twist moduli are calculated, which
allows us to compare the structural and elasticity properties of
normal and cancer cell membranes.

2 Methodology
2.1 Membrane models

First, we constructed four normal membrane models based on
the models of previous studies. Rivel et al.24 constructed
models using the lipid contents of the mammalian erythrocyte
membrane obtained from two different experiments.41,42 Based
on their models, and using the same mole fractions of lipids
and cholesterol, we construct two normal membrane models,
named M1 and M2. Our third normal membrane model,
named M3, is constructed using the lipid mole fractions of
the model of Klahn et al.,25 which was built using other
experimental data of erythrocyte cells.43 The fourth normal
membrane model (M4) is built using the mole fractions of
lipids of the model of Ingolfsson et al., which was constructed
using the general properties of cell membranes found within
the brain.26 Each model contains four lipid types: 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), sphingomyelin (SM)
lipids, dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) lipids. Fol-
lowing the work of Rivel et al., we add B33% cholesterol
(CHL) to each membrane model. This concentration is about
the typical sterol concentration in the mammalian plasma
membrane.44 We also construct a model (M5) containing only
15% cholestrol, but where the numbers of lipids are the same
as that of the M1 model. These two models M1 and M5 enable
us to study the effect of the reduction in cholesterol concen-
tration. The numbers of lipids and cholesterol for the five
normal membrane models are listed in Table 1. As seen, the
asymmetry of lipid distributions between two leaflets, which is

Table 1 Total number of each lipid component in the outer and inner leaflets of five normal cell membrane models. The models M1 and M2 are based
on the work by Rivel et al.,24 the model M3 is based on the work by Klahn et al.,25 and model M4 is based on the work by Ingolfsson et al.26 Model M5 is as
same as model M1 but contains only half the cholesterol concentration

Lipid

M1 M2 M3 M4 M5

Outer Inner Outer Inner Outer Inner Outer Inner Outer Inner

SM 84 24 76 12 90 6 56 28 84 24
DOPC 92 28 70 18 78 30 104 48 92 28
DOPE 28 92 38 110 28 100 18 70 28 92
DOPS 0 60 16 60 8 64 0 30 0 60
CHL 102 102 102 102 102 102 102 102 51 51
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a general feature of normal membranes, is taken into account
in the construction.

Having designed the normal membranes, the cancer coun-
terparts are obtained by symmetrizing the number of lipids
between the two leaflets. This mimics the overexpression in
PS/PE in the outer leaflets of cancer membranes. The popula-
tion of cholesterol is kept the same between the two leaflets.
The number of lipids for the five cancer membrane models is
listed in Table 2.

2.2 Simulation method

Given the number of lipids listed in Tables 1 and 2, we use the
CHARMM-GUI platform to build the membranes. The all-atom
CHARMM36 force field45 and the TIP3P water model46 are used
to model the lipids and solvent, respectively. The initial dimen-
sions of the unit cell are (Lx, Ly, Lz) = (12, 12, 9) nm. Starting
from each initial structure, an equilibrium MD simulation is
carried out for 100 ns, followed by a production run for 1000 ns
in the NPT ensemble with a pressure P0 = 1 bar and temperature
T = 300 K. The GROMACS simulation package47 is used for the
simulation. The Berendsen coupling methods48 are used to
maintain the pressure and temperature of the system at the
desired values with the coupling constants of 0.1 ps. The
equations of motion are integrated using the leapfrog algo-
rithm with a small time step of 2 fs. The electrostatic interac-
tions are calculated using the particle mesh Ewald method and
a cutoff of 1.4 nm.49 A cutoff of 1.4 nm is used for the van der
Waals interactions. The non-bonded pair lists are updated
every 5 fs. The data are saved for every 10 ps for subsequent
analyses.

2.3 Membrane elastic moduli

From the simulation data, we calculate the elastic moduli of
membranes using the method recently developed by Levine
et al.31–33 It is useful to briefly describe the method here, and
the readers are referred to ref. 31–33 for more details. First, the
orientation of a lipid is characterised by a unit vector na, which
points from the midpoint between the phosphorus and glycerol
C2 atoms of the head group to the midpoint between the two
terminal methyl carbons of two lipid tails. For cholesterol, the
unit vector joins the C3 and C17 atoms [Fig. 1]. Here, a = 1 and 2
denote the lipids belonging to the outer and inner leaflets,
respectively. Let ua

r(r), where r = r(x, y), be the projection vector
of the vector na on the xy plane of the membrane, and ua

q(q) be
the Fourier transform of ua

r (r). The orientation vector of the

bilayer is then defined as uq(q) = [uq
1(q) � uq

2(q)]/2. This vector
is then decomposed into a longtitudinal component u8

q = 1/q
[q�uq] and a transverse component u>

q = 1/q[q � uq)]�ẑ. It has
been shown that31–33

jukqj2
D E

¼ kBT

Kcq2
; hju?q j2i ¼

kBT

Ky þ Ktwq2
(1)

where T is the temperature, kB is Boltzmann;s constant, Kc, Ky

and Ktw are the bilayer bending, lipid tilt and twist moduli,
respectively.

We also calculate the bending modulus Kc using the local
real-space method of Khelashvili et al.35 First, the potential of
the mean force of the angle a between the two neighbouring
lipid unit vectors na is extracted from the simulation

UðaÞ ¼ �kBT ln
PðaÞ
sinðaÞ

� �
; (2)

where P(a) is the probability distribution of a over all config-
urations, and all lipid pairs. A lipid pair is considered if two
lipids are separated by less than 1 nm, and at least one unit
vector is oriented r10 degrees from the bilayer normal. The
splay modulus wij between a pair of lipids is obtained by fitting
the plot of eqn (4) to a functional form

UðaÞ ¼ 1

2
wija2 þ c; (3)

where c is a constant, and the fit is limited to small values of a
in a range of 10–30 degrees. The bending modulus Kc is then
calculated as

1

Kc
¼ 1

ftotal

X
hi;ji

fi;j

wij
; (4)

Table 2 Total number of each lipid component in the outer and inner leaflets of five cancer cell membrane models. Each cancer model Mi* (i = 1,. . .,5) is
obtained by symmetrising the number of lipids between the outer and inner leaflets of the normal membrane model Mi counterpart shown in Table 1

Lipid

M1* M2* M3* M4* M5*

Outer Inner Outer Inner Outer Inner Outer Inner Outer Inner

SM 54 54 44 44 48 48 42 42 54 54
DOPC 60 60 44 44 54 54 76 76 60 60
DOPE 60 60 74 74 38 64 44 44 60 60
DOPS 30 30 38 38 16 36 16 16 30 30
CHL 102 102 102 102 102 102 102 102 51 51

Fig. 1 Molecular structure of lipids and cholesterol used to construct the
membranes in this work. The orientation of the lipid is described by the
black unit vector. See text for detailed definition.

PCCP Paper

Pu
bl

is
he

d 
on

 1
6 

Fe
br

ua
ry

 2
02

2.
 D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
M

el
bo

ur
ne

 L
ib

ra
ri

es
 o

n 
3/

2/
20

22
 4

:5
0:

17
 A

M
. 

View Article Online

https://doi.org/10.1039/d1cp04836h


Phys. Chem. Chem. Phys. This journal is © the Owner Societies 2022

where fij is the number of i, j neighbouring pairs, and ftotal is
the total number of fij for all pairs.

3 Results
3.1 Structural properties

3.1.1 Lipid surface area. To obtain the first impression on
the structural properties of the membranes, we calculate the
average area occupied by individual lipids (area per lipid, AL)
pertaining to the outer and inner leaflets of each membrane
model. We employ the method recently developed by Gapsys
et al.,50 which is based on the GridMAT-MD algorithm51 and
implemented using GROMACS as the analysis tool glomepro. The
time evolution and histogram distribution of AL for all
membrane models are shown in Fig. S1 and S2 (ESI†). The
results show that the structure of the membranes has relaxed to
a reasonable state and is stable during the simulation timescale
of 1 ms. The time average values of AL listed in Table 3 indicate
that although there are differences in the mole fraction of lipids
between normal membranes, between cancer membranes,
between two leaflets, or between normal and cancer mem-
branes, the area per lipid values for all models are quite similar,
lying in the range of B51.74–54.46 Å2. This is a typical range of
AL for common lipid bilayers previously reported from experi-
ments and atomistic simulations.52 The area per lipid values of
models M4 and M4* are somewhat lower than the other
models. This is because M4 and M4* have low DOPS and DOPE
concentrations [Tables 1 and 2]; moreover, the size of the serine
group of DOPS, and of the ethanolamine group of DOPE, is
smaller than the choline group of other lipids. At the lower
cholesterol concentration of 15%, the area per lipid values of
models M5 and M5* are higher than those of the M1 and M1*
counterparts. This is because the presence of cholesterol in the
lipid bilayer increases the free spaces between the lipid
chains,53 thus effectively decreasing the lipid area in M1 and
M1*. This effect of cholesterol was also observed in the MD
simulations of Klahn et al.25 and Shahane et al.52 for their
cancer membrane models. Overall, our results show that the
area per lipid does not depend much on the model used, it is
not affected much by the overexpression of the DOPS lipid in

the outer leaflet, but it is increased as the cholesterol concen-
tration decreases.

3.1.2 Electron density and membrane thickness. To under-
stand the effects induced by the overexpression of the
negatively charged DOPS lipids in the outer leaflet of the cancer
cell membranes, we calculate the electron density of the normal
and cancer cell membrane models along the z-dierection, and
the results are shown in Fig. 2. As seen, the electron density
profiles of the membrane for the models M1���M4 and M1*���
M4*, which have the same cholesterol concentration of 33%,
are not significantly different. Thus, the membrane thickness,
which is measured as the distance between the two maxima of
the average electron density in the z-direction, for all models is
also quite similar, B4.2 nm [Table 3], which agrees with
previous results of experiments,17 and simulations.25,52 The
reduction of the cholesterol concentration in models M5 and
M5* results in a slight decrease (t10%) in the thickness. This
is because an increase in cholesterol causes a decrease in the
lipid surface area, and because a lipid membrane behaves as an
incompressible fluid, thus the bilayer thickness is increased. In
all cases, the time evolution of the thickness of all membranes
undergoes some fluctuations within the first 400 ns before
relaxing to a stable value, indicating the convergence of the
simulations [Fig. S3 and S4, ESI†]. We also calculate the
electron density of the sodium cations and chloride anions in
the direction perpendicular to the membrane for all models,
and the profiles are also shown in Fig. 2. Due to the asymmetry
in the distribution of lipids in normal membranes, the inter-
actions of the outer and inner leaflets with ions are different,
resulting an asymmetry in the profiles, with a low and and high
density of sodium on the outer (z Z 5 nm) and inner (z r 5 nm)
leaflets, respectively. By contrast, the densities of chloride are
high and low on the outer and inner leaflet, respectively. The
increase of the negatively charged DOPS lipids in the outer
leaflet of the cancer membranes results in the increase and
decrease of the sodium and chloride concentration on the
surface of that leaflet, respectively. This was also observed in
the simulations of Klahn et al.25, whose membrane models are
similar to our M3, M3* models. Due to the difference in the
lipid mole fractions between normal cell membrane models, or
between cancer cell membrane models, there are slight differ-
ences in the peaks of the density profiles of the ions. For
example, the peak of the sodium profile is about 3 e nm�3

for M1 but only 2 e nm�3 for M3 at z Z 1.5 nm. A comparison of
the model M1 (M1*) with the counterpart M5 (M5*) shows that
a change in the cholesterol concentration does not lead to
significant changes in the electron density of the membranes as
well as of the ions. Overall, our simulations show that the
electron density profiles of the lipid bilayers are similar for all
membrane models, regardless of the difference in the lipid and
cholesterol concentrations, but the electron densities of the
ions on the membrane surfaces depend slightly on the
membrane models and differ between normal and cancer cell
membranes.

3.1.3 Lipid order parameters. Next, we wish to understand
whether or not the ordering of the lipid acyl chain tails depends

Table 3 Area per lipid (AL) and the thickness (d) of the normal (M1���M5)
and cancer (M1*���M5*) membranes. The area per lipid is shown for the
outer and inner leaflets. The data shown are results averaged over 1 ms
trajectories at 300 K

Membrane model

AL [Å2]

d [Å]Outer Inner

M1 54.24 � 0.13 54.30 � 0.17 42.6 � 0.3
M1* 54.28 � 0.14 53.95 � 0.14 42.7 � 0.3
M2 53.90 � 0.16 53.82 � 0.12 42.6 � 0.3
M2* 54.20 � 0.13 54.46 � 0.13 42.4 � 0.2
M3 53.68 � 0.14 54.19 � 0.13 42.7 � 0.4
M3* 54.34 � 0.13 54.13 � 0.12 42.5 � 0.3
M4 51.74 � 0.15 51.94 � 0.11 42.3 � 0.4
M4* 52.48 � 0.11 52.27 � 0.14 42.2 � 0.2
M5 56.27 � 0.19 56.39 � 0.18 41.6 � 0.2
M5* 55.99 � 0.18 56.24 � 0.16 41.8 � 0.2
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on the membrane models, and exhibits any difference between
the normal and cancer cell membranes. Here, an order para-
meter is defined as SCH ¼ h3 cos2 y� 1i=2, where y is the angle
between a C–H bond vector and the bilayer normal.54 The
angular brackets represent molecular and temporal ensemble
averages. The values of SCH vary between 1, where all the CH2

groups form a straight line, and 0, if all possible angles y are

found with the same probability. For the DOPC, DOPE and
DOPS lipids, each tail consists of 17 order parameters, and for
SM lipids, each tail consists of 15 order parameters. We find
that the order parameters of the lipids in all models are very
similar, and Fig. 3 shows, as examples, the results of the M1,
M1* models and theirs lower-concentration cholesterol coun-
terparts M5, M5*. As seen, the values are superposable between

Fig. 2 Electron density profile of the lipid membrane (left panels), the sodium ions (middle panels) and chloride ions (right panels) along the z-direction.
Shown are results for normal (black) and cancer (red) cell membranes.

Fig. 3 Comparison of the order parameters for the two tails sn-1 (left) and sn-2 (right) for four lipid types, DOPC, DOPE, DOPS and SM, of the normal
(M1, M5) and cancer (M1*, M5*) cell membrane models. The carbon atom numbers increase in the direction of the tail termini. The results shown are
averaged over 1000 ns trajectories at 300 K.
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the normal and cancer cell models M1, M1* or M5, M5*, and
they are also similar to those reported in the literature.54 It is
known that the presence of cholesterol in the lipid membrane
increases the ordering of lipid chains,53 and this is also seen
from our simulations, showing that the lipid order parameters
of M5 or M5* are lower than those of the M1 or M1* models.
Overall, the results indicate that the lipid orientational order
does not sensitively depend on the difference in the lipid mole
fractions of the models, regardless of whether they are normal
or cancer cell types, and on the overexpression of the DOPS
lipids in the outer leaflet, but does decrease with the decrease
in the cholesterol concentration.

3.1.4 Membrane electrostatic potential. The electrostatic
potential across the membrane C(z) is related to the charge
density r(z) along the membrane normal z via the Poisson
equation

d2CðzÞ
dz2

¼ �rðzÞ
e0
: (5)

Here, e0 is the electrostatic permittivity of a vacuum. Because
the simulations have been done using periodic boundary con-
ditions, thus we impose the condition C(0) = C(L), where L is
the simulation box length in the z-direction. By choosing z = 0
at the corner of the simulation box and setting C(0) = 0, the
potential can be calculated as55

CðzÞ ¼ �1

e0

ðz
0

ðz� tÞrðtÞdtþ z

e0L

ðL
0

ðL� tÞrðtÞdt: (6)

In practice, the charge density r(z) is calculated by dividing the
whole box into 500 slabs of 0.018 Å parallel to the x–y plane and
counting the number of charges in each slab. As an example,
Fig. 4(A) shows the charge density profile of the normal and
cancer cell membranes M1 and M1*. The dominant positive
peak in the outer leaflet at z E 7–7.5 nm of M1 is mainly
contributed by the positively charged choline groups of highly

populated DOPC and SM lipids. The negative peaks at z E 6.5–
7 nm (outer leaflet) and z E 2–2.5 nm (inner leaflet) are similar,
and both come from the negatively charged phosphate groups
of DOPC, DOPE and SM lipids. Due to the high population of
DOPS lipids in the inner leaflet of the normal cell membranes,
their negatively charged serine groups compensate with the
positively charged groups of DOPC, DOPE, and SM, leading a
low peak in the profile at z E 1–1.5 nm. As expected, the charge
profile of the cancer cell membrane M1* is symmetric due to
the symmetry of the two leaflets. For both membranes, the
peaks at the membrane center are quite high, and come mainly
from the partial charges on the terminal methyl group at the
lipid tails. Fig. 4(B) shows the potential obtained from eqn (6)
with the density from Fig. 4(A). Due to high negative density in
the inner leaflet of M1, the electrostatic potential in this leaflet
is more negative than that in the outer leaflet. Again, the
potential profile of M1* is symmetric between the two leaflets,
with peaks being higher and lower than that of M1 in the inner
and outer leaflets, respectively. The charge density and electro-
staic potential profiles of the other normal or cancer cell
models show similar behaviour to that of M1 or M1*. Overall,
our simulation shows that the electrostatic potential of the
normal cell membrane is asymmetric, with a downhill slope on
going from the outer leaflet to the inner leaflet. By contrast, the
electrostatic profile of the cancer cell membrane is symmetric
and rather flat. This indicates that the electrostatic potential is
indeed affected by the overexpression of the DOPS lipid in the
outer leaflet of the cancer cell membrane.

3.2 Membrane elastic properties

Having compared the normal and cancer cell membranes in
terms of structural properties, in the following we compare
their elastic properties. From our simulation data, we extract
the orientation vectors ua

r of the lipid and cholesterol mole-
cules, and the power spectra as a function of the wavelength q

Fig. 4 Charge density (A) and the dipole potential (B) profiles along the z-direction. Shown are the results of the normal (black) and cancer (red) cell
membrane models M1 and M1*.
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are calculated from eqn (1). The spectra are averaged over
1000 ns, and are shown in Fig. 5, as an example, for the M1
and M1* models. As seen, the spectra h|u8

q|2i (weighted by q2)
are almost constant with q o 1.5 nm�1 or equivalently r 4 2p/q
E 4.2 nm [Fig. 5(A and B)]. In this plateau region the theoretical
prediction for Kc, eqn (1), is valid, and this allows us to extract
the constant Kc by fitting the data points to a straight line
[Fig. 5(A and B)]. Note that the plateau region extends over the
distances r 4 4.2 nm, which is much smaller than the length of
the simulation box of 12 nm, and thus the results of Kc are well-
converged with the system size. This is an advantage of the
fluctuation method, which does not require a large system size
as mentioned by Levine et al.33 To obtain the tilt (Ky), and twist
(Ktw) moduli, we fit the power spectra shown in Fig. 5(C and D)
to the theoretical prediction curve, eqn (1). Here, only data
points with 0 o q o 3.5 nm�1 are used for the fitting. The
elastic moduli of all normal and cancer cell membranes at
300 K are listed in Table 4. The error bars are estimated using
five data blocks, each of 200 ns.

We first compare the elastic moduli between the normal cell
membrane models, or between the cancer cell models at the
cholesterol concentration of 33%. To this end, we calculate the
variation in each elastic modulus between any two normal cell
membranes, or between any two cancer cell membranes. We
find that, within the error bars, the values of the bending
modulus Kc of all normal cell membranes or all cancer cell
membranes are basically the same. For the tilt and twist
moduli, the largest variation is 10% for Ky between M2 and
M3, and 25% for Ktw between M3 and M4. The maximum
differences between the cancer cell membrane models are
15% for Ky of the pair M1*–M2*, and 26% for Ktw of the pair

M3*–M4*. These differences are more or less in the same order
of the largest error bars, which are 12% for Ky of M1, 7% for Ktw

of M1, 15% for Ky of M1*, and 7% for Ktw of M4*, indicating
that the tilt and twist elastic moduli are also similar between
models, regardless of the normal or cancer cell membrane type.

A comparison of the normal cell membranes with cancer cell
membranes reveals that within the error bars, there are basi-
cally no differences in the bending (Kc) and tilt (Ky) moduli of
any transformations Mi - Mi*. However, there is a small
difference in Ktw, that is, M1*, M2* and M3* are about 23%,
7% and 58% stiffer than M1, M2, and M3, respectively, but M4*
is 12% softer than M4. At a lower cholesterol concentration of
15%, the models M5 and M5* have similar bending and tilt
moduli, but the twist mode of M5* is about 25% stiffer than
that of M5.

A comparison between the cell membranes with different
cholesterol concentrations shows that all elastic moduli of the
membranes with low cholesterol are smaller than those of
membranes with high cholesterol. The normal cell membrane
model M5 is B22%, 69% and 38% softer than M1 in the
bending, tilt and twist modes, respectively. The cancer cell
membrane model M5* is B24%, 70% and 43% softer than
M1* in the bending, tilt and twist modes, respectively. All of the
above results show that if we consider the cancer model M5* as
a transformation of the normal model M1, then it is clear that
the softening in the elastic modulus of M5* is mainly caused by
the reduction in the cholesterol concentration, but not by the
overexpression of the DOPS lipid in the outer leaflet.

We also calculate the bending modulus Kc of all membrane
models using the real-space method of Khelashvili et al.,35 and
the results shown in Table 4 indicate that, for each membrane
model, there is essentially no difference in the bending mod-
ulus obtained using the two methods. The differences are less
than 10%, except where the largest difference is about 17% for
the M5 or M5* models. This confirms that our results are not
strongly biased due to the calculation methods used. We note
that while the method by Levine et al.33 shows clearly the effect
of the cholesterol concentration, the results obtained using the

Fig. 5 Power spectra of the longitudinal (weighted by q2) (A and B) and
transverse (C and D) components of the lipid orientation vector. Shown are
the results of the high-concentration cholesterol membrane models M1,
M1* (A and C) and low-concentration cholesterol membrane models M5
and M5* (B and D). The best fits of the data to eqn (1) are shown by the
orange dashed lines. Only data points in the range 0 o q o 1.5 nm�1 are
used for the fit of the longitudinal curves, and 0 o q o 3.5 nm�1 for the
transverse curves. The spectra are averaged over 1000 ns trajectories.

Table 4 Bending (Kc), tilt (Ky) and twist (Ktw) elastic moduli of the normal
(M1���M5) and cancer (M1*���M5*) cell membrane models calculated using
eqn (1). The bending modulus K 0c is calculated using eqn (4). Shown are the
results at a temperature of 300 K obtained using the analysis of the
fluctuation of the lipid orientation vector method. The error bars are
obtained using the block average method with 5 data blocks, each
200 ns long

Model Kc (10�20 J) Ky (10�20 J nm�2) Ktw (10�20 J) K 0c (10�20 J)

M1 10.5 � 0.7 4.2 � 0.5 1.3 � 0.1 10.33 � 0.8
M1* 10.6 � 0.8 4.0 � 0.6 1.6 � 0.1 10.29 � 0.8
M2 11.5 � 0.3 4.3 � 0.3 1.5 � 0.1 10.32 � 0.9
M2* 11.9 � 0.4 4.6 � 0.7 1.6 � 0.1 10.25 � 0.9
M3 9.5 � 0.6 3.9 � 0.3 1.2 � 0.1 10.32 � 0.6
M3* 9.7 � 0.7 4.4 � 0.4 1.9 � 0.1 10.31 � 1.2
M4 10.2 � 0.8 4.2 � 0.3 1.6 � 0.1 10.21 � 0.9
M4* 10.6 � 0.5 4.1 � 0.4 1.4 � 0.1 10.24 � 0.8
M5 8.2 � 0.5 1.3 � 0.2 0.8 � 0.1 9.87 � 0.5
M5* 8.1 � 0.4 1.2 � 0.2 0.9 � 0.1 9.84 � 1.0
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method of Khelashvili et al.35 are not clearly evident. Never-
theless, both methods do show a trend that Kc is smaller at the
lower cholesterol concentration.

Overall, the results show that with the same cholesterol
concentration but with a difference in the lipid mole fractions,
the bending and tilt moduli of the different membranes,
regardless of whether normal or cancer cell types, are very
similar. However, there are small differences in the twist
modulus between normal cell membrane models, between
cancer cell membrane models, or between normal and cancer
cell membranes. The reduction in cholesterol concentration
clearly yields a low elastic modulus, i.e., softening in the
membranes. This is because changes in the cholesterol concen-
tration can affect both the phase behaviour16 and phase
separation56 in lipid membranes, thereby altering, respectively,
both globally57,58 and locally,57,59 the mechanical properties of
the cell membranes.

3.3 Discussion

It has been suggested that cancer cells are generally softer than
their normal counterparts. Several extracellular and intracellu-
lar factors could contribute to that mechanical difference.2 In
this work, we employ atomistic MD simulations to examine
whether or not there are any differences in the structure and
elastic properties of normal and cancer cell membranes.

While the MD simulation methods of lipid membranes are
well-established, it is clear that the simulation results could
depend on the computational membrane models. Although
biological membranes are very complex entities that contain
many distinct lipid species, to be computationally feasible,
most computational models include only representative lipids.
Both the normal and cancer cell membranes of this work
contain four types of lipid – DOPC, DOPE, DOPS, SM – and
cholesterol. The cancer cell membranes are constructed from
normal cell membranes based on two fundamental transforma-
tions that are usually observed in cancer cell membranes: the
overexpression of the PS lipid population in the outer leaflet,
and the reduction of the cholesterol concentration. It is clear
that these models have two main limitations: they cannot
represent the cell membrane of various types of cancer cell,
and other transformations are not included. For example, an
increase in microvilli, which leads to large cell surfaces and the
total amount of lipids,60,61 is not considered in the models. In
addition, the symmetrization of the lipid populations between
the outer and inner leaflets of our cancer membrane models is
oversimplified, because in reality the cancer cell membranes
are likely to remain somewhat asymmetric. Therefore, to obtain
statistically reliable results, we consider several membrane
models in this work, and their results are discussed in the
following.

In a previous study, Rivel et al. used different cell membrane
models to compare the permeability of the anti-cancer drug
cisplatin through the normal and cancer cell membranes using
MD simulations.24 Our normal cell models M1, M2 and cancer
cell models M1*, M2* are constructed using the same lipid
mole fractions as the models of Rivel et al. However, our models

are larger to avoid the finite-size effect in the calculation of the
elastic moduli. We note that Rivel et al.24 employed the
umbrella enhanced sampling technique with the total sam-
pling of 0.5 ms to guarantee the sampling convergence of the
simulations, while our MD simulations are longer, at 1 ms.
Nevertheless, both simulations show that, given the same
cholesterol concentration, various structural quantities, such
as the area per lipid, the membrane thickness [Table 3], the
density profile [Fig. 2], and the lipid order parameters [Fig. 4] of
the normal and cancer cell membranes, are almost identical.
This implies that the finite-size effect is negligible, and the
conformational sampling of our simulations is reasonable.

Our normal cell model M3 is constructed using the same
mole fractions of lipids as the model of Klahn et al.,25 but again
the size of our model is larger. The cancer cell membrane
model of Klahn et al.25 takes into account two main changes,
i.e., an increase in PS lipids in the outer leaflet and a decrease
in the cholesterol concentration, but the mole fractions of the
other lipids in the two leaflets are very similar, i.e., the cancer
cell membrane remains somewhat asymmetric. By contrast, our
cancer membrane model M3* is symmetric with the same lipid
populations in the two leaflets [Table 2]. Despite the differ-
ences, their simulations and our results for M3, M3* show that
the structural properties [Fig. 2 and 4] of the normal and cancer
cell models are almost identical. This suggests that the simple
symmetrization of the lipid distributions in the construction of
our cancer cell membrane models does not affect the results.

Our normal cell model M4 is constructed using the same
mole fractions of lipids as the realistic mammalian cell
membrane models developed by Ingolfsson et al.26 The cancer
cell counterpart M4* is obtained via symmetrization of the
distribution of lipids between the two leaflets of M4 [Table 2].
The models of Ingolfsson et al. are very complex, consisting of
different lipid species, combining different types of head group
and different types of tail asymmetrically distributed across the
two leaflets. However, their MD simulations using the coarse-
grained MARTINI force field show striking similarities in the
overall bilayer properties, such as the bilayer thickness, lipid
tail order, diffusion, flip-flop, and average neighbours, despite
the significant difference in lipid compositions between the
two models. Our all-atom simulations show that the structural
properties of M4 and M4* are quite similar. These results may
suggest that use of the coarse-grained MARTINI or all-atom
CHARMM36 force field should not yield significant differences
in the overall bilayer structural properties.

As mentioned above, Rivel et al. used cell membrane
models, which are similar to our M1 and M1* models, to
compare the permeability of the cisplatin drug through normal
and cancer cell membranes.24 Although the structural proper-
ties are similar, the authors observed that the loss of lipid
asymmetry in the cancer cell membranes leads to a decrease in
their permeability to cisplatin by one order of magnitude in
comparison with the asymmetric membranes of normal cells.
To explain this observation, the authors calculated the diffu-
sion constant, and showed that the diffusion of cisplatin is
slower in the cancer cell membrane than in the normal
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counterpart, although the energy barrier of permeation
remains the same in both membranes.24 Our simulations show
that due to the asymmetric distribution of charged lipids
between the inner and outer leaflets, the electrostatic potential
of the normal cell membrane is asymmetric, with a downhill
slope in the potential on going from the outer leaflet to the
inner leaflet [Fig. 4]. This potential gradient could accelerate
the diffusion of cisplatin from the outer to inner leaflets. By
contrast, the electrostatic profile of the cancer cell membrane is
symmetric and rather flat, resulting in the slow diffusion of
cisplatin. In this context, we believe that changes in the
electrostatic potential in going from normal to cancer cell
membranes may change the interaction between cancer cells
with their surroundings, leading to changes in the elastic
properties, whether softer or harder cancer cells. However, this
hypothesis needs to be studied further.

Concerning to the elastic moduli, the question is whether or
not the calculated results depend on the employed method? As
mentioned, the analysis of fluctuation of the lipid orientation
vector using the Fourier-space31–33 method and the real-space
method35 are currently widely used. It has been demonstrated
that these two methods yield similar results with a difference of
up to 17% for the different pure membrane models DPPC,
DOPC and DOPE (see the supporting information of ref. 33).
Allolio et al. also calculated the elastic moduli of a large variety
of systems, including mixtures and curved cell membrane
geometries, using both the real-space and Fourier analysis
methods. The authors found good agreement between the two
methods.36 Nevertheless, in addition to the results presented
above obtained from the fluctuation analysis in the Fourier
space, we also calculated the elastic bending modulus using the
real-space method of Khelashvili et al.,35 and as shown in
Table 3, the results of both methods are in good agreement.
This indicates that our results are not biased due to the
employed calculation methods, in agreement with the findings
of Allolio et al.36

Due to the lack of experimental data, a direct comparison of
our simulation results with experimental elastic moduli of
multiple-component lipid membranes is unfortunately impos-
sible. Recently, Venable et al. carried out atomistic MD simula-
tions for 12 fully hydrated single-component bilayers.34

Encouragingly, the values of the bending modulus Kc, calcu-
lated using eqn (1), were in near-quantitative agreement with
vesicle flicker experiments. Notably, an excellent agreement
between simulation and experiment was obtained for DOPE
membrane. This encouraging result gives us confidence that
the elastic moduli of our membrane models will also be close to
that of real membranes, although the results are not directly
compared to experiments. This suggests that the simulation
approach could be useful to study the mechanical properties of
cell membranes, and in particular, to compare the elastic
properties of the normal and cancer cell membrane models.

In this work, we focus on effects of the overexpression of the
DOPS lipid in the outer leaflet as well as the reduction of
cholesterol concentration on the elastic moduli of cancer cell
membranes. In our cell membrane models, the mole fraction of

the DOPS lipid was taken from the lipid content of mammalian
erythrocyte membranes measured via experiments,41–43 and the
mole fraction of CHL is about the typical sterol concentration
in the mammalian plasma membrane.44 The simulations show
that (i) given the same cholesterol concentration, there is no
clear evidence to show that the cancer membranes are softer
than their normal counterparts. That is, the bending and tilt
elastic moduli of the normal and cancer cell membranes are
similar, and the twist modulus of a cell cancer membrane could
be slightly softer than that of the normal counterpart or vice
versa. This indicates that the overexpression of DOPS lipid in
the outer leaflet may not be an essential factor that directly
causes softening of the cancer cells, but rather is a biological
cue related to the apoptotic pathway. As shown, however, the
electrostatic potential of the membrane is altered due to the
redistribution of PS lipids, and this could alter the interaction
between the cells with their surroundings, thus resulting in
indirect changes in the elasticity of cancer cells. (ii) If the
cholesterol concentration is reduced, then all elastic moduli
of normal cell membranes are reduced, regardless of whether
there is an overexpression in DOPS lipids in the outer leaflet
(M1 - M5*) or not (M1 - M5). To explain this effect of
cholesterol, we note that for a long time cholesterol has been
known to stiffen saturated lipid membranes, and recently,
Chakraborty et al. have shown that cholesterol also increases
the bending rigidity of unsaturated lipid membranes.62–64 This
suggests that cholesterol should also stiffen membranes that
are made up of a mixture of saturated and unsaturated lipids,
which is the case for our membrane models. In this context, the
reduction in cholesterol is one of the factors that causes the
softening of cancer cell membranes. We should mention that
the effect, which is caused by cholesterol on the structure of
membranes, has been observed in both experiments and
simulations for various bilayer membrane systems.13–17 How-
ever, we have studied, for the first time, this effect on the
elasticity properties of normal and cancer cell membranes in
this work. We note that the mole fraction of DOPS lipid in the
outer leaflet is increased by B5–12% upon transforming from
normal to cancer cell membranes [Tables 1 and 2]. In a
previous study, Doktorova et al. carried out the MD simulations
of a mixed POPC/POPS membrane containing 30% PS in each
leaflet. The authors showed an opposite effect, that is, the
bending modulus of the POPC/POPS membrane is 22% larger
than that of the pure POPC membrane.37 This is consistent
with the theoretical consideration, which predicts an increase
in the bending rigidity in the presence of charged lipids due to
electrostatic repulsion between the lipid headgroups.65,66 How-
ever, Jiang et al. recently carried out MD simulations of a pure
POPC lipid membrane, and a mixed POPC/POPS membrane
containing 20% POPS only in the inner leaflet. The simulations
showed that the bending modulus of the POPC/POPS
membrane is B20% smaller than that of the POPC
membrane.38 This finding was explained by the fact that the
overall effect of POPS lipids on the bending modulus depends
largely on the number of POPS lipid pairs, as seen from eqn (4).
Thus, high mole fractions of PS are required to observe a
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significant effect on the bending modulus. In our membrane
models, the mole fraction of the DOPS lipid is rather low,
B5–12%, thus any effect due to the overexpression of DOPS
lipid in the outer leaflet on the elastic moduli is not evident.

The remaining question is whether or not our results can be
related to the experimental measurement of the softening of
cells? Several experimental techniques, such as atomic force
microscopy (AFM),5 micropipette aspiration4 and particle-
tracking microrheology,3 have been developed to measure the
stiffness of cells. However, the results obtained from these
methods are usually inconsistent. This is probably due to the
fact that each method measures different cell components. In
AFM experiments, the applied force is the sum of forces from
the cell membrane, cytoskeleton network, and cytosol. In the
micropipette aspiration method the cell membrane and cytos-
keleton influence the results, and in the particle-tracking
microrheology method the contribution of the cytoskeleton
network is important. This fact indicates that all three compo-
nents, including the cell membrane, cytoskeleton network, and
cytosol, contribute to the stiffness of the cells. The cytoskeleton
has long been considered to be the main factor that affects the
cell stiffness,67 and this has motivated some researchers to try
to adjust the cell stiffness by regulating actin microfilaments.68

Very recently, Ren et al. developed a physical model to analyze
the AFM force relaxation curves, and showed that the softening
of cancer cells is mostly due to the decrease of the membrane
surface tension.69 In a traditional AFM experiment, the
membrane tension, s, is estimated by measuring the force
required to pull a membrane tether with radius of R0 from
the bilayer membrane. It has been shown that s is approxi-
mately related to the membrane bending modulus Kc as s = Kc/
2R0

2.70 This implies that, according to the study of Ren et al.,
the softening of cancer cells is mainly due to the decrease of the
membrane bending modulus. In this context, the reduction of
the cholesterol concentration in the cancer cell membranes,
which reduces the bending modulus Kc, may contribute, at
least in part, to the softening of the cancer cells, relative to the
normal cells.

The present study has some limitations of which we are fully
aware. First, for lipid mixtures like those of our models, the
coupling between compositions is a possible driving force for
the formation of lipid rafts.71 Although our simulation time is
rather long (1 ms for each system), it seems unlikely that lipids
are perfectly ideally mixed. This non-ideality could affect the
local shape and density, which in turn affects the elasticity
properties of the cell membrane. Nevertheless, as we already
mentioned that our MD simulations and enhanced sampling
simulations of Rivel et al.24 give similar results on the structural
properties of both normal and cancer cell models, we believe
that the effect due to limitation of sampling on the elasticity of
the membranes should be minor. Second, in reality, a cell
membrane is populated with ensembles of membrane proteins,
thus the effective elastic moduli of a membrane are contributed
by both the elastic properties of the lipid bilayer and of the
proteins embedded within it.72 Simulations of large complex
lipid/proteins are infeasible at the moment, but will be pursued

in future studies to investigate this hypothesis. Third, our cell
membrane models have the same number of lipids in each
leaflet, therefore, the area per lipid for the two leaflets are
essentially forced to be the same. By contrast, the biological
membrane in reality can have different numbers of lipids in
each leaflet, therefore, the area per lipid for the two leaflets can
be different, and thus the membrane can be curved, resulting
in differences in the thickness and mechanical properties
between the two leaflets. Indeed, Yesylevskyy et al. have recently
carried out atomistic MD simulations to study the influence of
the membrane curvature on the structural properties of the
asymmetric membranes, and they showed that the thickness,
the order parameter of the lipid tails and AL are different
between the two leaflets.73 Whether or not the elastic moduli
of the two leaflets of the curved membranes are different
requires further investigation.

4 Conclusion

We have carried out all-atom MD simulations of five normal
cell membrane models and five cancer cell membrane models.
The cancer cell membranes are constructed taking into account
the overexpression of the DOPS lipids in the outer leaflet
and the reduction of the cholesterol concentration. Various
structural quantities, including the area per lipid, the
membrane thickness, the electron density, and the order para-
meters of the lipid tails, are calculated for each cell membrane.
Results show that at the same cholesterol concentration all
these quantities are very similar between the membranes,
regardless of whether for normal or cancer cell models. This
indicates that the overexpression of the DOPS lipids in the
outer leaflet does not significantly affect the structure of the
normal or cancer cell membranes. The effect of cholesterol is
more pronounced in both cell membrane types, showing that if
the cholesterol concentration is reduced then the area per lipid
becomes larger, the cell membrane thickness is smaller and the
lipid chains are more disordered. We find that the electrostatic
potential of the normal cell membrane is asymmetric with a
downward slope when going from the outer to the inner leaflet.
Meanwhile, the potential energy of the cancer cell membrane is
symmetrical between the inner and outer leaflets. Therefore,
the molecular transport across the bilayer could be different
between the normal and cancer cell membranes, and this may
cause indirect differences in the mechanical properties of the
two cell membrane types.

The elastic moduli of each membrane, including the bend-
ing, tilt and twist constants, are calculated using two different
methods, and results of these two methods are quite similar. At
the same cholesterol concentration, the bending and tilt mod-
uli of the normal and cancer cell membranes are very similar.
However, the twist modulus of the cancer cell membranes
could be slightly larger or smaller than that of the normal cell
counterparts, depending on the model. Nevertheless, since only
the bending modulus contributes significantly to the stiffness
of the bilayers, thus our results imply that there is no clear
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evidence to indicate that the cancer cell membranes are softer
than the normal cell counterparts. Thus, we conclude that the
overexpression of the DOPS lipids in the outer leaflet also does
not significantly affect the elasticity properties of cancer cell
membranes. However, it will be of interest to see if there is any
noticeable effect, of either an increase or a decrease in the
bending rigidity of our cell membrane models due to the
overexpression of the DOPS lipids, by increasing the DOPS
mole fractions in the models. This work is underway. Finally,
we show that at low cholesterol concentrations, all three elastic
moduli become smaller, implying that the reduction in choles-
terol concentration in cancer cell membranes could contribute
partly to the softening of cancer cells.
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