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Cationic systems composed of lipids and/or surfactants are of paramount importance in a variety of applications.
Within these, gemini have attracted particular attention, mainly due to their improved aggregation properties and
to the possibility of tuning offered by the presence of a spacer. In this work, a Monte Carlo simulation study with
a coarse-grained model was employed to assess the interaction of cationic gemini surfactants with a like-charged
model membrane. Separating the contribution of the excluded volume and that of the electrostatic effects in the
organization of gemini–lipid membranes was the first goal of this work and the role of these factors was assessed
varying the concentration, the spacer length and the headgroup charge of gemini surfactants. The results provide
a new insight on the organization of lipid headgroups in the vicinity of gemini surfactants. It was found that the
surfactant–lipid interaction is strongly affected by the surfactant spacer length, being controlled by an overall
balance between excluded volume and surfactant–lipid and surfactant–surfactant electrostatic effects. It is also
seen that the out-of-plane motion of the spacer has a significant effect upon membrane organization and
counterion condensation. Good agreement was found with results previously obtained from atomistic simulation.
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1. Introduction

The current work relies on a coarse-grained model of

the structural properties of positively charged mem-

brane systems modulated by dicationic gemini

surfactants.
The interest in gemini surfactants is widely recog-

nized in several areas ranging from gene therapy [1–6],

drug delivery [2,7], and antibacterial treatments [8,9] to

industrial applications [10–14]. The amount of infor-

mation and work developed in the last few years has

also given rise to a vast number of review papers on the

topic [6,15–18]. This class of molecules has been the

focus of various studies due to their improved aggre-

gation properties and better solubilizing and dispersing

ability compared to conventional surfactants [15].

Moreover, gemini surfactants can be synthesized in a

large variety of structures, in which two single tail

surfactants are connected by a spacer group of varying

nature and length [15,19,20], meaning that the prop-

erties of gemini surfactants can be modelled to fit a

specific application [21,22].
Computer simulations have been widely used to

complement and rationalize experimental results.

Approximate descriptions of the systems in coarse-

grained models, with significant less detail than their

atomistic counterpart, have been recognized as suitable
to characterize the behaviour of very complex systems.
Examples of application range from models for nucleic
acids [23,24], membranes [25,26], or proteins [27–29].
Previous work has also focused on more general
aspects of coarse-grained approaches [30,31].
Although at the microscopic level, the interactions
between the components of a system can be very
complex, the essential aspects can often be character-
ized by a relatively small set of parameters. In this
context, this simplified coarse-grained study is used not
only as a means to reduce the computer simulation
time, but also to allow a better control over system
features and to assess their impact on the overall
behaviour.

2. Model and method

A simple model was adopted to describe the interaction
between gemini surfactants and lipids in a model
membrane. All charged species are explicitly included.
Focus is given to the surface of the membrane and,
thus only the headgroups and spacers are included. As
such, the gemini surfactant, represented by a spring-
bead chain, is described as a sequence of positively
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of helium and the time evolution of electronic
population on the ground state, electronic energy and
dipole are also presented. Our results from propaga-
tion in real time are consistent with other theoretical
results.

Acknowledgements

We are indebted to Professor A. Scrinzi many helpful
discussions, and we thank Dr R. Nepstad for providing his
theoretical results for comparison.

References

[1] J. Zanghellini, M. Kitzler, C. Fabian, T. Brabec and

A. Scrinzi, Laser Phys. 13, 1064 (2003).
[2] J. Zanghellini, M. Kitzler, T. Brabec and A. Scrnzi,

J. Phys. B: At. Mol. Opt. Phys. 37, 763 (2004).
[3] M. Kitzler, J. Zanghellini, C. Jungreuthmayer,

M. Smits, A. Scrinzi and T. Brabec, Phys. Rev. A 70,

041401 (2004).

[4] T. Kato andH. Kono, Chem. Phys. Lett. 392, 533 (2004).
[5] M. Nest and T. Klamroth, Phys. Rev. A 72, 012710

(2005).
[6] M. Nest, R. Padmanaban and P. Saalfrank, J. Chem.

Phys. 126, 124106 (2007).
[7] F. Remacle, M. Nest and R.D. Levine, Phys. Rev. Lett.

99, 183902 (2007).

[8] M. Nest, F. Remacle and RD Levine, New J. Phys. 10,

025019 (2008).
[9] O.E. Alon, A.I. Streltsov and L.S. Cederbaum,

Phys.Rev. A 76, 062501 (2007).
[10] O.E. Alon, A.I. Streltsov and L.S. Cederbaum, J. Chem.

Phys. 127, 154103 (2007).

[11] O.E. Alon, A.I. Streltsov and L.S. Cederbaum, Phys.

Rev. A 77, 033613 (2008).

[12] O.E. Alon, A.I. Streltsov and L.S. Cederbaum, Phys.
Rev. A 79, 022503 (2009).

[13] A.I. Streltsov, K. sakmann, O.E. Alon and
L.S. Cederbaum, Phys. Rev. A 83, 043604 (2011).

[14] D. Hochstuhl and M. Bonitz, J. Chem. Phys. 134,
084106 (2011).

[15] H.D. Meyer, U. Manthe and L.S. Cederbaum, Chem.
Phys. Lett. 165, 73 (1990).

[16] H.D. Meyer, U. Manthe and L.S. Cederbaum, J. Chem.

Phys. 97, 3199 (1992).
[17] M.H. Beck, A. Jackle, G.A. Worth and H.D. Meyer,

Phys. Rep. 324, 1 (2000).

[18] T. Kato and H. Kono, J. Chem. Phys. 128, 184102
(2008).

[19] T. Kato and Kaoru. Yamanouchi, J. Chem. Phys. 131,
164118 (2009).

[20] J. Caillat, J. Zhanghellini, M. Kitzler, O. Koch,
W. Kreuzer and A. Scrinzi, Phys. Rev. A 71, 012712
(2005).

[21] G. Jordan, C. Ede, J. Caillat and A. Scrinzi, J. Phys. B
39, 341 (2006).

[22] D.J. Haxton, K.V. Lawler and C.W. McCurdy, Phys.

Rev. A 83, 063416 (2011).
[23] M. Nest, T. Klamroth and P. Saalfrank, J. Chem. Phys.

122, 124102 (2005).

[24] M. Nest, Phys. Rev. A 73, 023613 (2006).
[25] M. Nest, J. Theor. Comput. Chem. 6, 563 (2007).
[26] M. Nest, Chem. Phys. Lett. 472, 171 (2009).
[27] H.J. Werner, P.J. Konwles, R.D. Amos, A. Berning,

D.L. Cooper, M.J.O. Deegan, A.J. Dobbyn, F. Eckert,
C. Hampel, T. Leininger, R. Lindh, A.W. Lloyd,
W. Meyer, M.E. Mura, A. Nickla, P. Palmieri,

K. Peterson, R. Pitzer, P. Pulay, G. Rauhut,
M. Schfltz, H. Stoll, A.J. Stone, T. Thoresteinsson,
MOLPRO 2010, a package of ab initio programs, see

http://www.molpro.net.
[28] M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert,

M.S. Gordon, J.H. Jensen, S. Koseki, N. Matsunaga,

K.A. Nguyen, S. Su, T.L. Windus, M. Dupuis and
J.A. Montgomery Jr, J. Comput. Chem. 14, 1347 (1993).

[29] I. Ema, J.M. Garcia De La Vega, G. Ramirez, R Lopez,
J. Fernandez Rico, H. Meissner and J. Paldus, J.

Comput. Chem. 24, 7 (2002).
[30] J. Fernandez Rico, R. Lopez, A. Aguado, I. Ema

and G. Ramirez, Inter. J. Quantum Chem. 81, 148

(2001).
[31] J. Fernandez Rico, R. Lopez, A. Aguado, I. Ema and

G. Ramirez, J. Comput. Chem. 19, 1284 (1998).

[32] R.A. Kendall, T.H. Dunning Jr and R.J. Harrison,
J. Chem. Phys. 96, 6796 (1992).

[33] T. Birkeland, R. Nepstad and M. Førre, Phys. Rev.
Lett. 104, 163002 (2010).

[34] M.S. Pindzola, F. Robicheaux and P. Gavras, Phys.
Rev. A 55, 1307 (1997).

[35] R. Grobe and J.H. Eberly, Phys. Rev. A 48, 4664 (1994).

[36] S.X. Hu, L.A. Collins and B.I. Schneider, Phys. Rev. A
80, 023426 (2009).

Figure 4. Dipole moments at four different intensities,
" ¼ 0:05 a.u. (solid line), " ¼ 0:50 a.u. (dash line), " ¼ 0:75
a.u. (dot line) and " ¼ 1:00 (dash dot line).



124 W. Li and W. Xu et al.

charged hard spheres, in the case of a short spacer, or a

sequence of positive and neutral beads connected with

harmonic bonds, when longer spacers are present. In

the latter cases, the chain flexibility is additionally

regulated by angular force terms. The charged mem-

brane surface is composed of a hard-planar wall, with

embedded positively charged hard-spheres (lipids),

which are laterally mobile. This model assumes that

there will be no substantial changes in the curvature of

the membrane, at least up to the surfactant concen-

tration that was considered in this work. For simplic-

ity, the model also assumes that the headgroups of the

gemini surfactants are incorporated at the same level as

the lipid headgroups, which does not necessarily occur

for the gemini surfactants with the shortest spacers

[32–34]. Monovalent simple ions, also treated as

charged hard spheres, were also included in order to

obtain an electroneutral system. The solvent enters the

system only through its relative permittivity.
A rectangular box with box lengths

Lx¼Ly¼ 200 Å, and Lz¼ 800 Å was considered. The

system is periodic in the xy plane, while hard walls

were placed at z¼ 150 Å. The number and the size of

the lipid beads was chosen in order to reproduce the

lipid–lipid typical distance obtained by a Molecular

Dynamics study [32]. Accordingly, a hard-sphere (hs)

radius of 3.3 Å was used for the gemini surfactant

beads and lipid headgroups, and a hs radius of 2.2 Å

was considered for the monovalent counterions [35].

The model lipid membrane was composed of 554 lipid

headgroups. According to the imposed number of lipid

headgroups and membrane area, the surface charge

density of the membrane is ca. 0.22Cm�2 and the area

per lipid is ca. 0.72 nm2. Both values are compatible

with those reported in the literature for fluid phases of

lipid membranes [32,36,37]. The percentage of gemini

surfactants was varied throughout the work. For each

added surfactant, two lipid headgroups were removed

to keep the overall charge density of the membrane

constant. The number of anionic monovalent counter-

ions was thus kept constant and equal to 554. A

temperature T¼ 298.15K and a relative permittivity

"r¼ 78.4 were considered throughout.
All interactions were taken as pairwise additive.

The total potential energy, U, of the system is

expressed as a sum of four contributions: the non-

bonded potential energy, Unon-bond, the bonded poten-

tial energy, Ubond, the angular potential energy, Uang,

and the confining external potential energy, Uext. The

non-bonded potential energy is given by

Unon-bond ¼
X
i5j

ui,jðri,jÞ, ð1Þ

where the summation extends over surfactant beads,
lipid beads and counterions, with ui, j representing the
electrostatic potential plus a hard-sphere repulsion
according to

ui,jðri,jÞ ¼
1, ri,j 5Ri þ Rj,

ZiZje
2

4p�0�r
1
ri,j
, ri,j � Ri þ Rj,

(
ð2Þ

where Zi is the valence of the particle i, Ri is the radius
of particle i, ri, j is the distance between particles i and j,
e is the elementary charge, "o is the permittivity of
vacuum, and "r the relative permittivity of the solvent.
Hard-sphere repulsion was not imposed for connected
consecutive beads. Surfactant beads are connected by
harmonic bonds, and the bond potential energy of the
surfactant is given by

Ubond ¼
XNbead�1

i¼1

kbond
2

ðri,iþ1 � r0Þ2 ð3Þ

where Nbead is the number of beads, ri,iþ1 is the
distance between two connected beads, with the refer-
ence separation r0¼ 3.5 Å, in the case of the gemini
surfactant with the shortest spacer, and r0¼ 5.0 Å in
the remaining cases, and the force constant kbond¼ 0.4
Nm�1. The angular potential energy, Uang, is given by

Uang ¼
XNbead�1

i¼1

kang
2

ð�i,iþ1 � �0Þ2, ð4Þ

where �i is the angle formed by the vectors riþ1� ri and
ri�1� ri with the equilibrium angle �0¼ 180� and the
force constant kang¼ 3.44� 10�24 J deg�2. Finally, the
confining external potential energy, Uext, is given by

Uext ¼
X
i

uextðziÞ, ð5Þ

where the summation extends only over
counterions with

uextðziÞ ¼
1, jzij4 zwall,

0, jzij5 zwall:

�
ð6Þ

All Monte Carlo simulations were performed with the
MOLSIM [38] simulation package in the canonical
ensemble, employing the Metropolis algorithm [39].
Two types of Monte Carlo trial moves were employed
for the surfactant: single bead moves and translation of
the entire chain, both restricted to the xy plane,
although in some cases the beads representing the
surfactant spacer were allowed to move along the
z-direction (labelled as zfree). In this case only single
bead moves were allowed. The counterions and lipids
were subjected to translational moves, with those of
the latter restricted to the xy plane. Each simulation
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included an equilibration of at least 5� 105 trial moves
per particle followed by a production run of at least
5� 105 trial moves per particle.

The arrangement of the lipid headgroups, both in
the absence and presence of the gemini surfactants, was
analysed resorting mainly to two-dimensional radial
distribution functions (2D-rdf) and to positioning
density maps. The distribution of the counterions
relatively to the lipids and surfactant headgroups was
evaluated using 3D-rdfs.

3. Results and discussion

The effect of the cationic gemini surfactants upon a
positively charged lipid membrane was analysed con-
sidering the systems summarized in Table 1. Systems I
to III were used to assess the effect of gemini
concentration in the organization of the lipid mem-
brane. In systems IV to VII the effect of the surfactant
spacer length was inspected for the system of interme-
diate concentration. In the latter set of systems, spacer
motion along the z-axis was also tested. We recall that
the total number of charged headgroups was kept
constant, when the surfactant concentration increases,
by replacing lipid headgroups with the same number of
surfactant headgroups.

Rdf analyses and density contour profiles allowed
one to establish the positioning of the components
relative to each other as a function of the spacer length,
concentration and headgroup charge of the surfactant.

3.1. Effect of gemini concentration

Figure 1 displays the 2D-rdf for the lipid headgroups
upon the increase in concentration of gemini surfac-
tants (corresponding to systems I–III). The lipid–lipid
rdf has a main peak at ca. 7 Å, which corresponds

approximately to the sum of the lipid headgroup radii,
and two smaller ones at around 14 and 22 Å corre-
sponding to a profile of successive concentric hard-
spheres. The ordering is not perturbed upon the
increase of the gemini concentration, showing only a
slight decrease in the probability of the first peak and
of the long-range order, with the near disappearance of
the third peak for the most concentrated system. It is
noteworthy that the typical distance between the lipid
headgroups, in the absence of surfactant, is maintained
with the incorporation of gemini surfactants, even for
concentrations of the latter around 20%.

In Table 2 are indicated the average values for the
root-mean-square end-to-end distance of the surfac-
tant (hR2

eei1=2), i.e. the distance between the two
charged headgroups, for systems I–III. It can be seen
that the hR2

eei1=2 values increase as the gemini content
increases. This trend is associated with the decrease of
the number of lipid molecules as the gemini content
increases. Lipids are replaced by gemini in which the
headgroups are closer than vicinal lipids, due to
the fact that the beads are connected and have the
possibility to overlap, thus promoting a slight decrease
in the hs density. This, in turn, allows a larger average
extension between the headgroups of the surfactant.

3.2. Effect of gemini spacer length

The 2D-rdf curves reflecting the influence of the gemini
spacer length on the membrane organization are
represented in Figure 2. In panel (a) it is seen that
the surfactant spacer length has a small influence on
the profile of the distribution of the lipid headgroups

0 10 20 30
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0.5

1
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Figure 1. 2D-rdf for lipid–lipid headgroups for systems
containing an increasing gemini surfactant content. The 2D-
rdf of the lipid–lipid particles without gemini, as control
system, is also included (memb).

Table 1. Summary of the systems under study, including
variation in the gemini (G) content and spacer length.
Neutral beads in the spacer are denoted by (o) and charged
headgroups by (þ). NG corresponds to the number of
surfactant molecules introduced in the membrane.

System Scheme NG %G

I 1 (þþ) 1 0.4
II 30 (þþ) 30 10.8
III 50 (þþ) 50 18.1
IV (þoþ) 30 10.8
V (þooþ) 30 10.8
VI (þoooþ) 30 10.8
VII (þoooþ)-zfree 30 10.8

charged hard spheres, in the case of a short spacer, or a

sequence of positive and neutral beads connected with

harmonic bonds, when longer spacers are present. In

the latter cases, the chain flexibility is additionally

regulated by angular force terms. The charged mem-

brane surface is composed of a hard-planar wall, with

embedded positively charged hard-spheres (lipids),

which are laterally mobile. This model assumes that

there will be no substantial changes in the curvature of

the membrane, at least up to the surfactant concen-

tration that was considered in this work. For simplic-

ity, the model also assumes that the headgroups of the

gemini surfactants are incorporated at the same level as

the lipid headgroups, which does not necessarily occur

for the gemini surfactants with the shortest spacers

[32–34]. Monovalent simple ions, also treated as

charged hard spheres, were also included in order to

obtain an electroneutral system. The solvent enters the

system only through its relative permittivity.
A rectangular box with box lengths

Lx¼Ly¼ 200 Å, and Lz¼ 800 Å was considered. The

system is periodic in the xy plane, while hard walls

were placed at z¼ 150 Å. The number and the size of

the lipid beads was chosen in order to reproduce the

lipid–lipid typical distance obtained by a Molecular

Dynamics study [32]. Accordingly, a hard-sphere (hs)

radius of 3.3 Å was used for the gemini surfactant

beads and lipid headgroups, and a hs radius of 2.2 Å

was considered for the monovalent counterions [35].

The model lipid membrane was composed of 554 lipid

headgroups. According to the imposed number of lipid

headgroups and membrane area, the surface charge

density of the membrane is ca. 0.22Cm�2 and the area

per lipid is ca. 0.72 nm2. Both values are compatible

with those reported in the literature for fluid phases of

lipid membranes [32,36,37]. The percentage of gemini

surfactants was varied throughout the work. For each

added surfactant, two lipid headgroups were removed

to keep the overall charge density of the membrane

constant. The number of anionic monovalent counter-

ions was thus kept constant and equal to 554. A

temperature T¼ 298.15K and a relative permittivity

"r¼ 78.4 were considered throughout.
All interactions were taken as pairwise additive.

The total potential energy, U, of the system is

expressed as a sum of four contributions: the non-

bonded potential energy, Unon-bond, the bonded poten-

tial energy, Ubond, the angular potential energy, Uang,

and the confining external potential energy, Uext. The

non-bonded potential energy is given by

Unon-bond ¼
X
i5j

ui,jðri,jÞ, ð1Þ

where the summation extends over surfactant beads,
lipid beads and counterions, with ui, j representing the
electrostatic potential plus a hard-sphere repulsion
according to

ui,jðri,jÞ ¼
1, ri,j 5Ri þ Rj,

ZiZje
2

4p�0�r
1
ri,j
, ri,j � Ri þ Rj,

(
ð2Þ

where Zi is the valence of the particle i, Ri is the radius
of particle i, ri, j is the distance between particles i and j,
e is the elementary charge, "o is the permittivity of
vacuum, and "r the relative permittivity of the solvent.
Hard-sphere repulsion was not imposed for connected
consecutive beads. Surfactant beads are connected by
harmonic bonds, and the bond potential energy of the
surfactant is given by

Ubond ¼
XNbead�1

i¼1

kbond
2

ðri,iþ1 � r0Þ2 ð3Þ

where Nbead is the number of beads, ri,iþ1 is the
distance between two connected beads, with the refer-
ence separation r0¼ 3.5 Å, in the case of the gemini
surfactant with the shortest spacer, and r0¼ 5.0 Å in
the remaining cases, and the force constant kbond¼ 0.4
Nm�1. The angular potential energy, Uang, is given by

Uang ¼
XNbead�1

i¼1

kang
2

ð�i,iþ1 � �0Þ2, ð4Þ

where �i is the angle formed by the vectors riþ1� ri and
ri�1� ri with the equilibrium angle �0¼ 180� and the
force constant kang¼ 3.44� 10�24 J deg�2. Finally, the
confining external potential energy, Uext, is given by

Uext ¼
X
i

uextðziÞ, ð5Þ

where the summation extends only over
counterions with

uextðziÞ ¼
1, jzij4 zwall,

0, jzij5 zwall:

�
ð6Þ

All Monte Carlo simulations were performed with the
MOLSIM [38] simulation package in the canonical
ensemble, employing the Metropolis algorithm [39].
Two types of Monte Carlo trial moves were employed
for the surfactant: single bead moves and translation of
the entire chain, both restricted to the xy plane,
although in some cases the beads representing the
surfactant spacer were allowed to move along the
z-direction (labelled as zfree). In this case only single
bead moves were allowed. The counterions and lipids
were subjected to translational moves, with those of
the latter restricted to the xy plane. Each simulation
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around each other, but the intensity of the main peak is
higher for surfactants with longer spacers due to the
increase in the hs density. This is particularly evident
when surfactants with the longest spacers are consid-
ered, VI and VII. In system VII, however, where the
spacer is not-restricted to the xy-plane, a decrease in
the intensity of the first peak can be seen. It is clear
that when the spacer is allowed to move along the
z-axis, the neutral beads representing the spacer are
preferentially out of the membrane surface plane, thus
promoting a smaller hs density in this system. This is
suggested by the results presented in Figure 3 where the
probability density of each surfactant bead along the
z-axis is represented. In fact, the probability of finding
the spacer groups in the membrane section, delimited
by the green dashed lines, is very low, and the spacer is
preferentially found below the membrane surface. This
may be attributed to the depletion caused by the
condensation of the counterions onto the surface. It
should be noted that the counterions are restricted to
the outer part of the membrane due to the hard wall
(black dotted line). In a real lipid membrane, such
directional motion of the spacer would also be
expected, but in this case due to its hydrophobic
nature. Regarding the profile of the counterions, a
bimodal distribution is observed. The peak with the
lowest position is directly related to the accumulation
of the counterions due to the presence of the hard wall
(black dotted line), while the other coincides with the
sum of the hs radii of the gemini/membrane head-
groups and that of the counterions (black dashed line).
It is interesting to note that the obtained profile is very
different from those commonly observed for counter-
ion condensation in homogeneous surfaces.

The values of the two-body potential energy, Ei, j,
are shown in Table 3, together with the values of
hR2

eei1=2 obtained for the different systems. The energy
values show that the lipid–lipid (L-L) repulsion
increases with the increase of spacer length reflecting
the greater proximity of the lipid–lipid headgroups due
to the higher hs density promoted by the neutral beads
of the spacer. This trend is not followed by system VII

according to what has been explained and addressed by
the results presented in Figures 2 and 3. The Ei, j values,
are thus, in good agreement with the trends obtained
with the rdf analysis.

In what concerns the gemini–gemini rdf, Figure 2
panel (b), the profiles obtained are markedly different.
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Figure 2. 2D-rdf for a system containing 10.8% of gemini
surfactants, with different spacer lengths (systems II and IV
to VII), inserted into a positively charged membrane: (a)
lipid–lipid rdf; (b) gemini–gemini rdf; (c) gemini–lipid rdf.

Table 2. Gemini root-mean-square end-
to-end distances, hR2

eei1=2, for systems I to
III. The uncertainty is given as the
standard error of the mean.

system hR2
eei1=2/Å

I 3.746� 0.004
II 3.7748� 0.0006
III 3.7908� 0.0007
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The position of the main peak in the curve corresponds
approximately to the end-to-end average distance of
the surfactant, with a dispersion that increases with the
spacer length. The surfactant for which the spacer is
allowed to move along the z-axis (VII) displays the
largest dispersion, and the gemini–gemini average
headgroup distance is clearly reduced if compared
with the surfactant with the same spacer length, but
restricted to the xy-plane (VI). The increase in the
spacer length confers complex profiles to gemini–
gemini rdf curves. For example, in system V the curve

presents a first small peak at around 7.3 Å, and a
second one, more pronounced at ca. 12.4 Å, corre-
sponding approximately to, as mentioned, the end-to-
end distance (12.895 Å). Similarly, in system VI, two
peaks are visible in the rdf curve, the higher one, at
around 16.3 Å, nearly corresponds to the gemini end-
to-end distance for this system, 16.611 Å. In system
VII, two broad peaks are present in accordance to the
larger freedom of the spacer.

The complex profile of the gemini–gemini rdf
curves can be elucidated resorting to Figure 4, where

Figure 3. Probability density profiles, along the z-axis, for the spacer and headgroups of the gemini surfactant and the
counterions in system VII. Green dashed lines define the thickness of the membrane, i.e. the space occupied by the gemini
headgroups (hs radius of 3.3 Å); the black dotted line defines the position of the wall imposed to the counterions and the black
dashed line corresponds to the sum of the hs radii of the gemini headgroups and that of the counterions, which coincides with the
preferential positioning of the counterions (see text for details). The insert displays an illustrative snapshot of a positively charged
membrane (green) containing 10.8% of gemini surfactants. Gemini headgroups are represented in red, the blue and yellow beads
represent the neutral spacer and the counterions are represented in grey.

Table 3. Parameters characterizing the systems considered for assessing the influence of
surfactant spacer length. Gemini root-mean-square end-to-end distances, hR2

eei1=2, and two-
body potential energies, Ei, j between the particles of the system: gemini headgroups (G), lipid
headgroups (L) and negative counterions (C). The uncertainty is given as the standard error of
the mean.

Ei, j (kJmol�1)

System hR2
eei1=2/Å G-G L-L G-L G-C

II 3.7748� 0.0006 608� 3 32266� 2 7767� 6 �8063� 7
IV 8.991� 0.002 515� 3 32315� 4 7737� 7 �7979�11
V 12.895� 0.004 490� 5 32349� 8 7739� 12 �7949�8
VI 16.611� 0.006 477� 2 32384� 5 7744� 6 �7903�8
VII 13.10� 0.01 485� 2 32290� 3 7796� 5 �7982�7

around each other, but the intensity of the main peak is
higher for surfactants with longer spacers due to the
increase in the hs density. This is particularly evident
when surfactants with the longest spacers are consid-
ered, VI and VII. In system VII, however, where the
spacer is not-restricted to the xy-plane, a decrease in
the intensity of the first peak can be seen. It is clear
that when the spacer is allowed to move along the
z-axis, the neutral beads representing the spacer are
preferentially out of the membrane surface plane, thus
promoting a smaller hs density in this system. This is
suggested by the results presented in Figure 3 where the
probability density of each surfactant bead along the
z-axis is represented. In fact, the probability of finding
the spacer groups in the membrane section, delimited
by the green dashed lines, is very low, and the spacer is
preferentially found below the membrane surface. This
may be attributed to the depletion caused by the
condensation of the counterions onto the surface. It
should be noted that the counterions are restricted to
the outer part of the membrane due to the hard wall
(black dotted line). In a real lipid membrane, such
directional motion of the spacer would also be
expected, but in this case due to its hydrophobic
nature. Regarding the profile of the counterions, a
bimodal distribution is observed. The peak with the
lowest position is directly related to the accumulation
of the counterions due to the presence of the hard wall
(black dotted line), while the other coincides with the
sum of the hs radii of the gemini/membrane head-
groups and that of the counterions (black dashed line).
It is interesting to note that the obtained profile is very
different from those commonly observed for counter-
ion condensation in homogeneous surfaces.

The values of the two-body potential energy, Ei, j,
are shown in Table 3, together with the values of
hR2

eei1=2 obtained for the different systems. The energy
values show that the lipid–lipid (L-L) repulsion
increases with the increase of spacer length reflecting
the greater proximity of the lipid–lipid headgroups due
to the higher hs density promoted by the neutral beads
of the spacer. This trend is not followed by system VII

according to what has been explained and addressed by
the results presented in Figures 2 and 3. The Ei, j values,
are thus, in good agreement with the trends obtained
with the rdf analysis.

In what concerns the gemini–gemini rdf, Figure 2
panel (b), the profiles obtained are markedly different.
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Figure 2. 2D-rdf for a system containing 10.8% of gemini
surfactants, with different spacer lengths (systems II and IV
to VII), inserted into a positively charged membrane: (a)
lipid–lipid rdf; (b) gemini–gemini rdf; (c) gemini–lipid rdf.

Table 2. Gemini root-mean-square end-
to-end distances, hR2

eei1=2, for systems I to
III. The uncertainty is given as the
standard error of the mean.

system hR2
eei1=2/Å

I 3.746� 0.004
II 3.7748� 0.0006
III 3.7908� 0.0007
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the intermolecular contributions to the gemini–gemini
interaction are discriminated. We will focus essentially
on systems II, VI and VII since these cases cover the
most significant differences, in what concerns the
spacer length. Representative snapshots of these three
systems can be visualized in Figure 5, which also serve
to illustrate the typical representation of both the
membrane and surfactants in this coarse-grained
approach. In Figure 4, it can be seen that while in
system II the peak is essentially due to the other
headgroup of the same gemini molecule (intramolec-
ular), in system VI two peaks arise: the first at 7.2 Å,
corresponding to the distance between the different
gemini molecules (intermolecular), and the second
peak, at ca. 16.3 Å, corresponds to the intramolecular
distance between the two headgroups of the same
gemini molecule. In system VII the profile of the rdf is
significantly different. It is clear that, comparing to
system VI, the intermolecular gemini contributions are
nearly the same whether the neutral linker is restricted
or not to the surface. In the latter, however, there is an
important contribution of intramolecular distances to
the first peak too, showing that this system has a large
propensity to adopt the typical lipid–lipid distance.
The second peak, which is solely due to the contribu-
tion of intramolecular distances is broader and slightly
shifted toward smaller distances, since the additional
freedom of the spacer along the z-axis confers a great
diversity of relative positions of the gemini headgroups
and promotes smaller end-to-end distances, as com-
pared to system VI.

The energy values reported in Table 3 for the
gemini–gemini interaction, reflect the decrease of
repulsion with the increase of spacer length, with the
exception of system VII, where the energy increases in

comparison to system VI. Note that the trend of these
values follows that of the average end-to-end distance
of the surfactants, indicating the prevalence of the
intramolecular contribution. Although the gemini–
gemini interaction energy increases, in system VII
compared to VI, the surfactant tends to adopt a
configuration that is close to that observed for the
lipids in the membrane, as mentioned above (Figure 4).

In what concerns the distribution of the lipid
headgroups around the surfactant, Figure 2 panel (c),
the largest differences in the rdf profiles occur for the
shortest spacer gemini. In this system, the curve shows
a pronounced shoulder coupled to the first peak which
disappears with the increase of the spacer length. It is
also noteworthy that the probability of finding the
lipid headgroups near the surfactant is higher for
surfactants with longer spacers. The increase in the
surfactant spacer length promotes a decrease of the
charge density near the gemini headgroups and,
consequently, the approximation of the lipid head-
groups to the surfactant occurs. Additionally, when the
spacer is allowed to move along the z-axis, system VII,
the probability of finding the lipid headgroups closer
to the gemini heads increases. As the spacer is more
often found outside the membrane plane (Figure 3) the
gemini headgroups became more accessible to the lipid
headgroups. In order to have a more clear picture
about the exclusion zones, and the preferential posi-
tioning of the lipid particles in the vicinity of the
gemini molecules, we resorted to the representation of
density maps and repulsion energy contour profiles
(Figure 6). The average position of the lipids was
obtained from separate simulations for one fixed
surfactant (i.e. the surfactant molecule was not allowed
to move throughout the simulation) with a
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representative conformation and the contours of the
coulombic energy were calculated based on the average
end-to-end distance of each system. The maps clearly
show the excluded zones and the concentric shells. The
excluded zones correspond to the higher hs repulsion
regions, while the concentric shells evidence the areas
with higher probability to find the lipid headgroups.
Note the similarity between the concentric shells and
the energy contours obtained from the coulombic
energy repulsion, calculated without taking into
account the volume of the hard sphere. In the shorter
spacer surfactant the two headgroups are substantially
overlapped giving rise to almost circular energy con-
tours, which are similar to the respective concentric
shells in the left panels. Regarding the surfactants with

longer spacer, the overall excluded volume areas are
higher. However, the presence of the neutral spacer
intermediating the two charged headgroups promotes
a decrease of the repulsion between the two head-
groups and, consequently, a larger number of lipid
particles are allowed in their vicinity. This can be
clearly seen in the regions represented in yellow in the
positioning maps and in the panels corresponding to
the coulombic energies. The repulsion energy values
for the gemini–lipid (G-L) interaction (see Table 3)
follow the behaviour depicted in the rdfs, the repulsion
energy increases as the components became closer to
each other.

Let us now look at the distribution of the counter-
ions around the lipid and surfactant headgroups

Figure 5. Representative snapshots of a positively charged membrane, green, containing 10.8% of gemini surfactants, red
(charged) and blue (neutral), and respective counterions, grey. Both lipid and gemini particles possess a hs radius of 3.3 Å and the
counterions have a hs radius of 2.2 Å. (a) Surfactant with the shortest spacer (II); (b) surfactant with the longest spacer restricted
to the xy plane (VI); (c) surfactant with the longest spacer not restricted to the xy plane (VII).

the intermolecular contributions to the gemini–gemini
interaction are discriminated. We will focus essentially
on systems II, VI and VII since these cases cover the
most significant differences, in what concerns the
spacer length. Representative snapshots of these three
systems can be visualized in Figure 5, which also serve
to illustrate the typical representation of both the
membrane and surfactants in this coarse-grained
approach. In Figure 4, it can be seen that while in
system II the peak is essentially due to the other
headgroup of the same gemini molecule (intramolec-
ular), in system VI two peaks arise: the first at 7.2 Å,
corresponding to the distance between the different
gemini molecules (intermolecular), and the second
peak, at ca. 16.3 Å, corresponds to the intramolecular
distance between the two headgroups of the same
gemini molecule. In system VII the profile of the rdf is
significantly different. It is clear that, comparing to
system VI, the intermolecular gemini contributions are
nearly the same whether the neutral linker is restricted
or not to the surface. In the latter, however, there is an
important contribution of intramolecular distances to
the first peak too, showing that this system has a large
propensity to adopt the typical lipid–lipid distance.
The second peak, which is solely due to the contribu-
tion of intramolecular distances is broader and slightly
shifted toward smaller distances, since the additional
freedom of the spacer along the z-axis confers a great
diversity of relative positions of the gemini headgroups
and promotes smaller end-to-end distances, as com-
pared to system VI.

The energy values reported in Table 3 for the
gemini–gemini interaction, reflect the decrease of
repulsion with the increase of spacer length, with the
exception of system VII, where the energy increases in

comparison to system VI. Note that the trend of these
values follows that of the average end-to-end distance
of the surfactants, indicating the prevalence of the
intramolecular contribution. Although the gemini–
gemini interaction energy increases, in system VII
compared to VI, the surfactant tends to adopt a
configuration that is close to that observed for the
lipids in the membrane, as mentioned above (Figure 4).

In what concerns the distribution of the lipid
headgroups around the surfactant, Figure 2 panel (c),
the largest differences in the rdf profiles occur for the
shortest spacer gemini. In this system, the curve shows
a pronounced shoulder coupled to the first peak which
disappears with the increase of the spacer length. It is
also noteworthy that the probability of finding the
lipid headgroups near the surfactant is higher for
surfactants with longer spacers. The increase in the
surfactant spacer length promotes a decrease of the
charge density near the gemini headgroups and,
consequently, the approximation of the lipid head-
groups to the surfactant occurs. Additionally, when the
spacer is allowed to move along the z-axis, system VII,
the probability of finding the lipid headgroups closer
to the gemini heads increases. As the spacer is more
often found outside the membrane plane (Figure 3) the
gemini headgroups became more accessible to the lipid
headgroups. In order to have a more clear picture
about the exclusion zones, and the preferential posi-
tioning of the lipid particles in the vicinity of the
gemini molecules, we resorted to the representation of
density maps and repulsion energy contour profiles
(Figure 6). The average position of the lipids was
obtained from separate simulations for one fixed
surfactant (i.e. the surfactant molecule was not allowed
to move throughout the simulation) with a
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Figure 6. Left panels: Positioning maps of the lipid headgroups around the gemini surfactant for systems, from top to bottom,
shortest spacer, longer spacer restricted to the membrane plane, and longer non-restricted spacer. ‘x’ denotes the position of the
gemini headgroup and ‘o’ denotes the neutral groups corresponding to the spacer, or its projection on the xy plane for non-
restricted spacer. Right panels: Energy contours of the coulombic repulsion energy (kJmol�1) calculated according to the hR2

eei1=2
value of each system.
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(3D-rdf analyses, Figure 7). The profile of the distri-
bution of the counterions around lipid headgroups,
presented in the black curve (memb), does not vary
with the incorporation of gemini surfactants, indepen-
dently of their concentration and spacer length, at least
within the studied systems (data not shown). The same
profile is also observed for the distribution of the
counterions around the gemini headgroups for systems
with the longest spacer (VI, VII). However, in these
cases there is a decrease in the number of condensed
counterions, which can be related with the fact that, in
system VI, the presence of the neutral spacer in the
membrane plane tends to decrease the charge density
around the gemini particles, thus reducing the conden-
sation of counterions. When the spacer is allowed to
move along the z-axis, system VII, a slight increase of
the counterion condensation is observed. This may be
attributed to the decrease in the hs density at the
membrane level, which allows a greater penetration of
counterions, combined with a potential increase in the
charge density of the gemini headgroups. The latter is
justified by the larger conformational freedom of the
spacer (see Figure 4). Finally, system II shows a
slightly different profile, indicating a larger condensa-
tion of counterions to the gemini surfactants with the
shorter spacers. This is in good agreement with the
results shown in Table 3 and also with the results
reported in [32], where it was noted a preference for the
counterions to be near the headgroups of the gemini
with the smallest spacer. This preference has been
attributed to the higher charge density and to the
protruded position of these groups relative to the
average level of the membrane surface [32]. Although

the latter effect could not be accounted for in this
model, the trend could still be reproduced. These
results were also confirmed resorting to nearest-
neighbour distribution function analysis (data not
shown), with the number of counterions condensed
around the gemini headgroups following the order
II4VII4VI.

3.3. Electrostatic vs excluded volume effects

Let us now return to the gemini–lipid rdf depicted in
Figure 2, panel (c). It was noted that in system II the
main peak has a pronounced shoulder that extends to
larger distances. MD studies of similar systems have
shown the same type of profile, and it was suggested
that the shoulder may result from the increased
repulsion between gemini and lipid headgroups, due
to the higher charge density present in the shorter
spacer gemini molecules [32]. To clarify this point, we
have resorted to the flexibility of the coarse-grained
model. Therefore, two other systems with short spacer
gemini were calculated based on system II but with
varying charge of the gemini and/or of the lipid
headgroups. In one of the systems, all particles are
neutral (system II0) and in the other the gemini
headgroups have a double positive charge while the
lipid headgroups keep the unitary charge (system II00).
With these variations, we hope to evaluate the relative
importance of electrostatic and excluded volume
effects on such systems. The 2D-rdfs accounting
for the gemini–lipid interactions are represented in
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Figure 6. Left panels: Positioning maps of the lipid headgroups around the gemini surfactant for systems, from top to bottom,
shortest spacer, longer spacer restricted to the membrane plane, and longer non-restricted spacer. ‘x’ denotes the position of the
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Figure 8, where the data for system II is also included.

It can be seen that although the maxima of the first

peak are located at approximately the same value, ca.

7.3 Å for the three systems, marked differences are

found between them. The decrease in the peak height

with the increase of the gemini headgroup charge can

be attributed to the increased repulsion with the lipid

headgroups, that tends to lower the density of lipid

molecules in the close vicinity of the surfactant

headgroups. Furthermore, the shoulder coupled to

the first peak, that has been identified in system II, is

still present when all the species in the system are

neutral (system II0), and becomes a well-defined peak

when the charge of the gemini headgroup is increased

from þ1 to þ2 (system II00). It becomes evident that,

besides the electrostatic effect that tends to repel the

lipid headgroups to longer distances when the charge

of the gemini headgroup increases, other effects play a

role in the organization of the system. The organiza-

tion of the particles in system II0, in which the

electrostatic effects are absent, clearly indicates the

role of excluded volume.
In Figure 9, the arrangement of the lipid head-

groups (with zero or unitary charge) around one

gemini molecule with different headgroup charges is

evidenced. As expected, the increase of the charge on

the gemini headgroups, promotes a larger excluded

volume. In comparison with the original system, with

unitary charges, (Figure 9, panel (b)), the fully neutral

system (Figure 9, panel (a)) shows that the absence of

electrostatic effects promotes a larger concentration of

lipids around the surfactant headgroups as well as a

more long-ranged organization. Note the larger ampli-

tude of the second peak in the rdf (Figure 8). On the

other hand, when the electrostatic effects were inten-

sified (Figure 9, panel (c)), the system appears to be less

ordered.
The interpretation of the rdf profiles can be made

resorting to a simple schematic representation, pre-

sented in Figure 10, where the data corresponding to

the hR2
eei1=2 of each system are also included. The first

peak, which is common to the three systems, corre-

sponds to the distance between one gemini headgroup

and the neighbouring lipid headgroup (blue dashed

and dotted lines in Figure 10), while the position of the

shoulder or second peak, that varies from one system

to another, corresponds to the distance from the other

gemini headgroup of the same gemini molecule to the

same layer of surrounding lipid molecules (white

dashed lines in Figure 10). Note that the variety of

distances in the latter case (represented by white

dashed lines) is responsible for the broadening of the

shoulder/second peak.
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Figure 9. Density maps showing the probability of the
arrangement of the lipid headgroups around one gemini
surfactant (frozen at a representative conformation). ‘o’, ‘x’
and ‘xx’ denotes, in each case, the position of the gemini
headgroups. (a) Neutral gemini and lipid headgroups; (b)
gemini and lipid headgroups with unitary charge; (c) gemini
and lipid headgroups with charge þ2 and þ1, respectively.
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The presence of the shoulder is thus attributed
to excluded volume effects, due to the overlapping of
the surfactant headgroups, while its width and position
are mainly governed by electrostatic effects.

4. Conclusions

A selected set of systems comprising different cationic
gemini surfactants incorporated in a positively charged
lipid-like membrane were simulated resorting to a
simple model using a spring-bead chain to represent
the surfactants, and a surface carrying positive charges
which mimicked the surface of a charged membrane.
The coarse-grained approach was used with the pur-
pose of studying the influence of gemini concentration
and spacer length on the distribution and organization
of the lipid particles. The present work shows that, at
the membrane surface level, the surfactant concentra-
tion and the spacer length have a small influence in the
organization of the lipid headgroups relative to each
other, which reflects the adaptability of the systems in
this model. On the other hand, the organization of the
lipid headgroups in the vicinity of a gemini surfactant
strongly depends on the surfactant spacer length.
Surfactants with longer spacers that are restricted to
the membrane plane, promote an increase in the order
of the lipid groups due to an increase in the hard-
sphere density. Furthermore, the decrease of the charge
density near the gemini headgroups upon the increase
in the surfactant spacer length favours the approxima-
tion of the lipid headgroups to the surfactant and

diminishes the adsorption of counterions. When the
spacer is allowed to move along the z-axis, the lipid
headgroups are, on average, even closer to the surfac-
tant in comparison to the restricted surfactant, and the
adsorption of counterions is now also favoured.
Taking advantage of the simplicity of the used
model, the factors responsible for the profiles observed
in the rdfs could be discriminated. The gemini surfac-
tant intramolecular and intermolecular contributions
could be discriminated on the profiles of the gemini–
gemini rdfs. Additionally, variations in the charge of
the gemini surfactants and lipid headgroups, in the
shortest spacer surfactant, allowed one to elucidate the
role of the electrostatic and excluded volume effects in
the organization of the lipid headgroups around the
surfactant. The results suggest that the distribution of
the particles in these systems is governed not only
by the electrostatic effects, but by an interplay
between electrostatic contribution and excluded
volume effects.
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Figure 10. Schematic representation of the distribution of the lipid headgroups (green circles) around a gemini molecule
(red circles) with different headgroup charges. Values of the end-to-end distance, hR2

eei1=2, for each case, are also included.

Figure 8, where the data for system II is also included.

It can be seen that although the maxima of the first

peak are located at approximately the same value, ca.

7.3 Å for the three systems, marked differences are

found between them. The decrease in the peak height

with the increase of the gemini headgroup charge can

be attributed to the increased repulsion with the lipid

headgroups, that tends to lower the density of lipid

molecules in the close vicinity of the surfactant

headgroups. Furthermore, the shoulder coupled to

the first peak, that has been identified in system II, is

still present when all the species in the system are

neutral (system II0), and becomes a well-defined peak

when the charge of the gemini headgroup is increased

from þ1 to þ2 (system II00). It becomes evident that,

besides the electrostatic effect that tends to repel the

lipid headgroups to longer distances when the charge

of the gemini headgroup increases, other effects play a

role in the organization of the system. The organiza-

tion of the particles in system II0, in which the

electrostatic effects are absent, clearly indicates the

role of excluded volume.
In Figure 9, the arrangement of the lipid head-

groups (with zero or unitary charge) around one

gemini molecule with different headgroup charges is

evidenced. As expected, the increase of the charge on

the gemini headgroups, promotes a larger excluded

volume. In comparison with the original system, with

unitary charges, (Figure 9, panel (b)), the fully neutral

system (Figure 9, panel (a)) shows that the absence of

electrostatic effects promotes a larger concentration of

lipids around the surfactant headgroups as well as a

more long-ranged organization. Note the larger ampli-

tude of the second peak in the rdf (Figure 8). On the

other hand, when the electrostatic effects were inten-

sified (Figure 9, panel (c)), the system appears to be less

ordered.
The interpretation of the rdf profiles can be made

resorting to a simple schematic representation, pre-

sented in Figure 10, where the data corresponding to

the hR2
eei1=2 of each system are also included. The first

peak, which is common to the three systems, corre-

sponds to the distance between one gemini headgroup

and the neighbouring lipid headgroup (blue dashed

and dotted lines in Figure 10), while the position of the

shoulder or second peak, that varies from one system

to another, corresponds to the distance from the other

gemini headgroup of the same gemini molecule to the

same layer of surrounding lipid molecules (white

dashed lines in Figure 10). Note that the variety of

distances in the latter case (represented by white

dashed lines) is responsible for the broadening of the

shoulder/second peak.
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Figure 9. Density maps showing the probability of the
arrangement of the lipid headgroups around one gemini
surfactant (frozen at a representative conformation). ‘o’, ‘x’
and ‘xx’ denotes, in each case, the position of the gemini
headgroups. (a) Neutral gemini and lipid headgroups; (b)
gemini and lipid headgroups with unitary charge; (c) gemini
and lipid headgroups with charge þ2 and þ1, respectively.
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