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ABSTRACT

A novel formulation of cationic liposomes was studied by mixing dipalmitoylphosphatidylcholine (DPPC)
with tetradecyltrimethylammonium bromide gemini surfactants with different alkane spacer groups
lengths attached to their ammonium head-groups. The physicochemical characterization of the cationic
liposomes was obtained by combining experimental results from differential scanning microcalorimetry
(DSC) with molecular dynamic simulations, in order to understand their structural configuration. An
adapted Ising model was used to interpret the results in terms of cooperativity of the phase transitions.

The gemini surfactants partition into the lipid bilayer of DPPC liposomes, and the induced changes in
colloidal stability and phase transition were analyzed in detail. The DPPC liposomes became positively
charged upon gemini surfactant partition, showing increased colloidal stability. Our results show signif-
icant differences in structural configuration between gemini surfactants with short and long spacer
lengths. While gemini with shorter spacers allocate within the lipid bilayer with both headgroups in
the same layer, geminis with longer spacers unexpectedly intercalate in the lipid membrane in a partic-
ular zig-zag configuration, with each headgroup located at a different side of the bilayer, altering the cou-
pling degree parameters of the membrane’s phase transition.

The extraordinary increase of colloidal stability of DPPC liposomes with gemini surfactants at very low
molar ratio and the possibility to tune the physicochemical properties of the membrane by control de
spacer length of the geminis opens new possibilities for cationic liposomal formulations with potential
applications in vaccines, drug/gene delivery or biosensing.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

technology. They are structures formed by the dispersion of lipids
in aqueous media, commonly in the form of closed lipid bilayers

The nature and physical properties of different classes of
nanoparticles (NPs) offers possibilities to encapsulate and trans-
port molecular bioactive cargoes, functionalize surfaces or build
new biosensors|1]. From the first works reporting their synthesis,
characterization, and potential biomedical applications [2],
liposomes became a key player in nanoparticle pharmaceutical
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with an inner aqueous core. The basic structure of liposomes can
be seen as a very simple model of the cell membrane, and that
has been largely explored in the use liposomes as natural-based
nanocarriers for drug loading [34], or as biomimetic models|5] of
more complex biological systems. NPs for potential clinical appli-
cations as gene therapy, drug delivery or vaccines must have col-
loidal stability in physiological media [6] and positive surface
charge for better interaction with target cells. The non-
availability of natural cationic lipids implies the need to explore
liposome formulations with cationic synthetic molecules, such as
double-chained quaternary ammonium|7,8] or cationic single-
chained surfactants[9].
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The presence of cationic lipids/surfactants in liposome formula-
tions gives rise to changes in the conformation of the resulting lipid
bilayer and, as a consequence, in the NP colloidal stability[7,10]
and/or biocompatibility[11]. The clever choice of suitable molecu-
lar species and lipid/surfactant molar ratios are the key for a suc-
cessful synthesis of cationic liposomes. Following previously
reported works|7,12-14], the strategy to obtain cationic liposomes
from DPPC bilayers can be based on the use of gemini surfactants
as liposome cationic additives. We used gemini surfactants having
an hydrocarbon linkage between quaternary ammonium salts, syn-
thesized as described in Materials and Methods Although the strat-
egy for using these liposome formulations is known, the details
about their location and consequent implications in the lipid
bilayer structure and function remain unclear. The aim of present
work was to shed light on the effect of the gemini surfactant on
the structure and stability of the DPPC liposomes, this aim as well
as the approach taken (DSC and MD study) represent the novelty of
our work. These amphiphiles have been used in other biophysical
applications[15-19] such as membrane solubilization or in the
design of non-viral gene vectors due to their low toxicity [20]. They
can also be found in different industrial processes as emulsifiers,
dispersants, coating agents, or corrosion inhibitors [21,22]. Gemini
surfactants show a higher surface activity[23], lower critical
micelle concentrations (CMCs) and Kraft temperatures, when com-
pared with their single-chain counterparts[24,25]. They can
assume different morphological structures[26,27] such as vesicles,
helices, or tubules, in different lyotropic phases.

The partition of gemini surfactants to the liposomes changes
the morphology and structure of the lipid bilayer, altering the
membrane phase transitions. These phase transitions are com-
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monly studied assuming a simple two-state (gel/fluid) model[28],
cooperativity theories[29] or simulated by Montecarlo methodolo-
gies[30]. In this work, we use a theoretical framework based on the
transcendent physical paradigm of the Ising model for the inter-
pretation of the role of gemini surfactants on the phase transitions
in lipid bilayers. The Ising model is a statistical mechanics model
that has been traditionally used to explain ferromagnetism and
other temperature-dependent phase transitions[31]. In general
terms, the conventional Ising model for phase transitions describes
a bi-dimensional lattice with nodes which are occupied by a parti-
cle with two possible states (+1 or —1). Each particle is coupled at
least with the first neighbours, i.e., the state of the ith-particle is
influenced by its first neighbours. Under these hypotheses, a criti-
cal temperature exists below which all particles will have the same
state. Therefore, the homogeneous 2D Ising model, if successfully
applied to lipid bilayers systems[32], might help in understanding
the factors that play a key role on the phase transition, and how
this transition and its characteristic temperature change when
lipid bilayers are doped with surfactants. 2D Ising model takes
the following mathematical form of its Hamiltonian (in the
absence of an external field): H = ] Zs;-s;, where s;,s; are the spin
values in each point of the mesh, with common values of +1 or
—1. In our representation, these parameters represent trans (+1)
or gauche (—1) isomerism; and ] is the energetic term that consid-
ers the magnitude of the interaction between neighbours in the
mesh -i.e., coupling-. As this value decreases, the temperature of
the transition also decreases. We have applied this model to lipid
bilayer systems with embedded surfactants in order to provide a
new interpretation of the model parameters proposed by
Almeida[32]. Following the analogy, ] in the Ising model plays a
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role in the coupling degree related to the lipid bilayer transition
temperature.

This work presents a physicochemical characterization of catio-
nic liposomes, obtained when DPPC is doped with gemini surfac-
tants based on tetradecyltrimethylammonium bromide with
varying alkane spacer groups attached to their ammonium head-
groups (see Fig. 1). We use DSC data combined with molecular
dynamics simulation to unravel the changes induced by the gemini
surfactants in the structure and morphology of the lipid bilayer
and we interpreted the experimental data with an adapted Ising
model. From molecular dynamics simulations we will have an
important tool to obtain information about the structure and
dynamics of lipid membranes[33] alone or with gemini surfac-
tants. In addition, the colloidal stability of the obtained liposomes
is evaluated by DLS, and discussed as regarding the nature and con-
centration of the partitioned gemini surfactants.

2. Materials and methods
2.1. Materials

The zwitterionic lipid 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) was purchased from Avanti Polar Lipids,
Inc. (USA). The family of gemini surfactants used has two bromides
as the anionic counterion, being the differential element the length
of the hydrocarbon chain acting as spacer group: N!N!N*%N%-
tetramethyl-N' N*-ditetradecylbutane-1,4-diaminium (GS4), N',
N! N6 N6-tetramethyl-N! N6-ditetradecylhexane-1,6-diaminium
(GS6), N! N! N2 N'2_tetramethyl-N' N'2-ditetradecyldodecane-1,1
2-diaminium (GS12), N',N! N'# N'-tetramethyl-N',N'4-ditetrade
cyltetradecane-1,14-diaminium  (GS14), and N'N!N2°N2°-
tetramethyl-N! N2°-ditetradecylicosane-1,20-diaminium  (GS20).
Deionized water was used to prepare all solutions.

The gemini surfactants 1,4-Bis(tetradecyl trimethyl ammo-
nium) butane (GS4), 1,6-Bis(tetradecyl trimethyl ammonium) hex-
ane (GS6) and 1,12-Bis(tetradecyl trimethyl ammonium) dodecane
(GS12) were synthesized from the corresponding o,o-dibromide,
1,4-dibromobutane, 1,6-dibromohexane or 1,12-
dibromododecane (5 mmol) with  anhydrous N,N-
dimethyltetradecylamine (10 mmol) in 50 mL of acetone under
boiling and reflux for 96 h. The material obtained after removal
of the solvent with a rotary evaporator was crystallized from
ethanol-ether. The obtained crystals (recrystallized from metha-
nol) were then dried in a vacuum desiccator at ambient tempera-
ture to give the desired product (25 % yield).

Geminis with larger spacers, GS14 and GS20, were prepared
through a similar methodology by using non-commercial dibro-
mides. 1,14-dibromotetradecane and 1,20-dibromoeicosane were
obtained from o-bromocarboxylic acids (8-bromooctanoic and
11-bromooctanoic acids, commercially available) by Kolbés elec-
trolysis of the a-bromo carboxylic acids in methanol|[34].

The gemini surfactants were characterized by 'H NMR spec-
troscopy (see Fig. SI1). NMR spectra were measured in a Bruker
Advance ARX-400 spectrometer operating at 750 and 300 MHz.
The observed 'H NMR shifts (300 MHz, D,0, 25 °C) for GS4
(Fig. SI1a) were: 6 = 3.50 (m, 8H), § = 3.22 (s, 12H), § = 1.95 (m,
4H), 6 = 1.82 (m, 4H), 6 = 1.34 (m, 44H), § = 0.92 (m, 6H), for GS6
(Fig. SI1b): 6 = 3.41 (m, 8H), 6 = 3.19 (s, 12H), 6 = 1.82 (m, 8H),
6 = 1.34 (m, 48H), 6 = 0.93 (m, 6H), for GS14 (Fig. SI1c): 6 = 3.33
(m, 8H), 6 = 3.17 (s, 12H), 6 = 1.73 (m, 8H), 6 = 1.37 (m, 64H),
§ = 0.92 (m, 6H), for GS20 (Fig. SI1d): 6 = 3.31 (m, 8H), § = 3.15
(s, 12H), 6 = 1.73 (m, 8H), 6 = 1.36 (m, 76H), § = 0.91 (m, 6H).
The 'H NMR shifts (750 MHz, DMSOdg, 25 °C) for GS12
(Fig. SI1e) were: 6 = 3.26 (m, 8H), § = 3.01 (s, 12H), § = 1.63 (m,
8H), 4 = 1.26 (m, 60H), 6 = 0.85 (t, 6H).
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2.2. Preparation of gemini-doped liposomes

Following previously described ‘film method’ [35], appropriate
amounts of the DPPC lipid and gemini surfactants were dissolved
in 10 mL chloroform, and thereafter a vacuum rotary evaporation
method has been used to remove the organic phase. A thin film
is obtained, where lipids and gemini surfactants are mixed and
spread over the surface of a glass round-flask. The bath tempera-
ture of the rotary evaporator was set to 60 °C -above the lipid
gel to liquid-crystal transition (~42 °C) of DPPC lipids. After dry-
ing, we hydrated the thin film with pure water for 10 min in an
ultrasonic bath at 60 °C to ensure bilayer formation. The final lipid
concentration was set at 1.40 mM, suitable for DSC experiments.
To reduce the polydispersity of the liposomes, the liposomal dis-
persion was passed through polycarbonate membranes (Nucleo-
pore, Pleasanton, CA, USA) of 0.1 um pore size under a 10 bar
pressure of N, atmosphere, in a 10 mL stainless steel extruder
(Lipex Biomembranes, Vancouver, BC, Canada) at 60 °C. Five suc-
cessive extrusion cycles were carried out. DLS confirm the forma-
tion of large unilamellar vesicles (LUVs) with low polydispersity
The samples with incorporated gemini surfactant are identified
by the DPPC/gemini molar ratio as 1000/1, 100/1, 50/1 and 30/1,
respectively.

2.3. Differential scanning calorimetry (DSC)

A SETARAM Micro DSC-III heat flux microcalorimeter with
Hastelloy batch vessels (900 pL) was used to determine the ther-
mal behavior of lipid bilayers of systems formed by DPPC lipo-
somes doped with gemini surfactants. Temperature scans
between 20 and 50 °C at 0.1 °C/min heating/cooling rate were per-
formed. The measurements were carried out during two heating/-
cooling cycles. The reproducibility of thermograms was probed,
and the hysteresis between heating/cooling were observed (less
than 0.5 °C). The reference cell was filled with deionized water
whereas the sample cell contained the liposome suspension.
Enthalpograms were analyzed using Calisto SETARAM Software,
subtracting a blank (water/water) and a baseline, prior to peak
integration to obtain the phase transition temperature Ty,
enthalpy change (AH), and the peak width.

2.4. Dynamic light scattering (DLS)

A Zetasizer Nano ZS (Malvern Instruments Itd., UK) was used to
determine the size, {-potential and polydispersity index (PDI) of
the liposomes, using the translational diffusion coefficient derived
from the autocorrelation function. The NP size and PDI were esti-

mated by applying the Stokes-Einstein equation dy = 3’%3 (where

kg is Boltzmann constant, T temperature, 7 viscosity, D diffusion
coefficient and dy hydrodynamic diameter) and cumulants analysis
of the correlation function, while the {-potential was estimated
through the measuring the electrophoretic mobility by applying
Smoluchowskis model Ug = %ff”) (where € is dielectric constant,

{ zeta potential, f(ka) the Henrys function with value around 1.5
under Smoluchowski approximation and # the viscosity). The cal-
culations and data correlation treatments were carried out with
the software provided and tested of Zetasizer Nano SZ from Mal-
vern Instruments, version 8.01.

2.5. Molecular dynamics (MD) simulations

We used computational routines to carry out the analysis of the
interaction between gemini surfactants and a lipid bilayer of DPPC
molecules. The topology of the gemini residues were obtained and
validated with CGenFF, the CHARMM General Force Field server
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Fig. 2. Representation of butane isomerizations and the relation to gel and liquid—crystal phases in the lipid bilayer.

[36-39]. A solvated bilayer of 132 DPPC lipids was assembled with
CHARMM-GUI Membrane Builder[40-46]. TIP3P[47] water mole-
cules were used, which satisfies a reasonable DPPC/water mole-
cules ratio of approximately 1/45[48]. We use GROMACS[49]
functions to insert the geminis in the inner part of the lipid bilayer;
likewise, the final system was neutralized by adding two chloride
ions in the aqueous medium. We carried out GROMACS runs at
two different temperatures, 20 and 50 °C. Each run was previously
minimized for 5000 steps in a step-descent algorithm routine. A
pair list with buffering was generated by Verlet cutoff-scheme
[50], with a cut-off distance for short-range of 1.2 nm. We set
Van der Waals type interaction with a cut-off of 1.2 nm, with a
van der Waals-modifier of force-switch between 1.0 nm and previ-
ous cut-off. Coulomb interactions were implemented by Particle-
Mesh Ewald method (PME)[51], with a cut-off set at 1.2 nm. The
bonds with H-atoms were converted to constraints by the LINCS
algorithm[52]. The canonical (NVT) and isothermal-isobaric (NPT)
ensemble equilibrations were carried out for 20 ns. We have
selected Berendsen-thermostat[53] to set the temperature cou-
pling, with a reference temperature for coupling of 1 K. The
Berendsen exponential relaxation pressure coupling was selected
using semi-isotropic conditions due to the symmetry of our
nanosystems, in which the Z-axis is normal to the lipid bilayer.
The simulations were run for 170 ns; while the temperature cou-
pling was implemented by the Nose-Hoover extended ensemble
[54,55]. Likewise, the pressure coupling was set by Parrinello-
Rahman extended ensemble[56]. We use VMD software for visual-
ization; in addition, GROMACS functions and Python scripts were
used to analyze the trajectories.

3. Results and discussion

3.1. Thermodynamic characterization of gemini-doped DPPC
liposomes

Lipid bilayers are examples of a lyotropic phase consisting of
bilayers where the lipids have their polar heads exposed to water
and the hydrocarbon chains are in the interior of the bilayer. Lipid
chains have different conformations because of different dihedral
between three consecutive CH, groups (trans or gauche -stable
and metastable, respectively-, and eclipsed or cys -both unstable)
(see Fig. 2). A possible characterization method considers two dis-
tinct phases, namely gel state and liquid-crystalline, which have
different conformational states in the lipid bilayer - almost all trans
in the gel phase and with a relevant gauche population in the
liquid-crystalline phase[57-59]. Due to quantum characteristics
behind isomerism, trans-to-gauche exchanges depend only on the

available energy to reach the required gap. The conformational
energy between trans-to-gauche isomers in single carbon bonds
has an internal barrier energy of 3.8 kj/mol[60]. This energy gap
corresponds to infrared wavelengths and Brownian motion ener-
gies. The main molecular compound of the liposomal nanosystem
is water, which can be considered the thermal contact with the
lipid bilayer. Hence, water molecules at some temperature will
transmit energy to the hydrocarbon chain. The bilayer’s polar moi-
ety forms a diffusion barrier to the transport of energy between
water molecules and the lipid bilayer inner part. The hydrocarbon
tails length determines the transition temperature. The energy to
explore the different isomers in the dihedrals of carbon chains is
similar; the different lengths -different number of dihedrals- imply
different energies to reach the transition, denoted by increasing the
transition temperature of saturated fatty acid phosphatidylcholine
lipids (i.e., DLPC, DMPC, DPPC, DSPC)[61].

Differential scanning calorimetry (DSC) measurements have
been performed to determine the transition temperature experi-
mentally[62] of DPPC lipid bilayers doped with different gemini
surfactants.

Furthermore, we used the above argument together with the
Ising Model to explain the changes in transition temperature of
the liposomes induced by the presence of the different gemini sur-
factants. Fig. 3 and Figures SI2 to SI5 show the DSC enthalpograms
of DPPC liposomes doped with GS14, GS4, GS6, GS12 and GS20
gemini, respectively. It can be observed that the transition temper-
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Fig. 3. DSC enthalpograms of DPPC liposomes doped with different amounts of the
GS14 surfactant. Each color corresponds to a specific DPPC/GS14 molar ratio.
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ature decreases, and the width of the transition peak increases gressive increase in the gemini/lipid ratio leads to a decrease in the

when DPPC liposomes are doped with the gemini surfactants. liposome transition temperature. The surfactant insertion into the
Fig. 4a shows the transition temperatures, from gel to liquid- bilayer decreases the hydrophobic interactions between the lipid
crystalline phase in lipid bilayers, as the gemini surfactant concen- tails disorganizing them, thus, facilitating the lipid transition to a
tration and the spacer group length increase. As observed, the pro- more fluid phase. Indeed, this decrease is larger as the surfactant
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concentration increases. This ability of the gemini surfactants
might be explained using the transcendent physical paradigm of
the Ising model. The presence of gemini surfactants in lipid bilay-
ers would reduce the energetic cost to excite isomerizations in
hydrocarbon chains. Hence, one can conclude that the presence
of the geminis makes the isomerizations more accessible at lower
temperatures, and this trend is enhanced as the gemini concentra-
tion rises. We can conclude that, since there are no chemical reac-
tions between the geminis and lipids that could promote molecular
orbitals changes, there are no modifications in the energy gaps
between isomers. Due to the role of water molecules to supply
energy for isomerizations in the hydrocarbon chains, it seems fea-
sible that the presence of the gemini increases the probability of
energy transmission from water to the hydrocarbon chains. The
decrease of ] in the Ising model can be understood as an enhance-
ment of the probability of contacts between CH, groups and water
molecules moving.

Fig. 4b shows the variation of the temperature width at half
height (AT, ;) upon changing the gemini surfactant percentage in
the system. A more pronounced widening for the transition peaks
in the lipid bilayer bearing gemini with spacer groups of 12, 14 or
20 are observed. Conversely, these changes are smoother for spac-
ers with 4 and 6 atoms. Although the presence of gemini surfac-
tants implies a net change in the transition thus decreasing the
critical temperature, it is assumed that the probability of CH, dihe-
drals to absorb the isomerization energy is associated with a larger
temperature interval when the lipid bilayer has gemini surfactant.
When compared to a pure homogeneous DPPC lipid bilayer,
blended DPPC/gemini systems have an intrinsic heterogeneity at
molecular level. As the critical temperature has been related to
the isomerization energy transmission probability, in a heteroge-
neous system the energy transmission will occur in a larger tem-
perature range than for a homogeneous one. The widening of the
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transition peak by molecular species partionized into the lipid
bilayer has been extensively reported [5,33,63]. In terms of the
developed Ising model, this is related to the probability that energy
transmission excites isomeric states in CH, dihedrals. Gemini sur-
factants would cause an inhomogeneous distribution of this prob-
ability throughout the lipid bilayer. The coupling energy (J) does
not have a homogeneous distribution, so the transition tempera-
ture is not unique but emerging a temperature transition range.
Fig. 5 shows the enthalpies values upon changes in gemini sur-
factant concentration. The enthalpy change (AH) values are calcu-
lated by integration of the heat flow vs temperature plots, and
normalized to the DPPC content. Transition enthalpies keep con-
stant for molar ratios between 100/1 to 30/1 (DPPC/GS). The previ-
ously noted widening of the transition peaks is a handicap to
determine such area, basically due to the difficulty to choose a
proper baseline. Nevertheless, considering mean values of the set
of enthalpies for each gemini/DPPC nanosystem (e.g., GS4/DPPC
for all ratios), and being the enthalpy value estimated by dividing
the peak area by the DPPC amount, the enthalpy change decreases
for all gemini/DPPC systems (inset Fig. 5). Following the role of ] as
coupling degree, the net decrease in AH is due to a decrease in the
interactions between DPPC molecules due to surfactant insertion
in the lipid bilayer. Also, the molecular structure differences
between gemini surfactants and DPPC lipids favors alterations in
the packing of the lamellar membrane. This fact points to the rel-
evance of the way in which the geminis is embeded in the lipid
bilayer. While the increase of embedded gemini shows alterations
in the lipid bilayer conformation, Fig. 6 shows a remarkable differ-
ence in the transition temperature for systems at a 100/1 M ratio
for the different spacer lengths. The transition temperature
decreases for GS4 and GS6, but increases from GS12 to GS20.
Hence, this behaviour at this particular molar ratio could be due
to different configurations of the gemini in the lipid bilayer as
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the spacer length increases. To confirm such hypothesis, we per-
form molecular dynamics simulations of the DPPC lipid bilayer
and the gemini surfactants.

3.2. MD simulations of DPPC bilayers with incorporated gemini
surfactants

We use molecular dynamics simulations to predict the position-
ing and interaction of the gemini surfactants within the lipid
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bilayer. We carried out five simulations, one per each surfactant
spacer length, at two different temperatures 20 and 50 °C. These
temperatures were selected because they are below and above
the lipid transition temperature measured by DSC. Fig. 7 shows
snapshots for each simulation in a final instant corresponding to
equilibrium, in energetic terms. At 20 °C, GS4 and GS6 have a pre-
ferred location by orienting their two polar heads with the outer-
most part of the lipid bilayer, whereas GS12, GS14 and GS20
show a unique accommodation (Video SI1). Each of their polar
heads is oriented to one of the opposing layers of the lipid bilayer.
Immediately, the implications of this different positioning in trans-
membrane potential are evident. Fig. 8 shows that the electrostatic
profiles manifest local asymmetry differences whether the spacer
is long or short. In particular, the difference of transmembrane
potential for GS4 and GS6 is considerably more significant than
for GS12, GS14 or GS20. The density profiles of N + of each of the
two quaternary ammonium heads show changes in their positions
with the spacer group length. GS4 and GS6 arrange their two elec-
trical charges on one side of the lipidic membrane (either internal
or externally), while GS12, GS14 and GS20 locate them at both
sides, that is, one charge on the outer face and the other on the
inner face of the bilayer. This symmetric and asymmetric localiza-
tion is responsible of the local electrostatic potential differences
along the blended lipid membrane. Simultaneously, Fig. 8 also
shows the gemini density profiles and N atoms of the DPPC. GS4
and GS6 show again their distribution at only one side, whilst
GS12, GS14 and GS20 show a deeper embedment within the
bilayer.

Due to the significant differences in the positioning of the dif-
ferent geminis, the molecular dynamics trajectories help in assess-
ing the role of the gemini on the conformation behaviour of lipids
in the bilayer. Fig. 9 shows the radial distribution functions (RDF),
centering the reference in C29 (see Fig. 1). At 20 °C the RDF for all
nanosystems shows six peaks, corresponding with the sixth neigh-
bours’ correlation. This coupling suggests a gel conformational
phase in the lipid bilayer. At 50 °C, the RDF shows only three peaks,
reflecting a decrease in the correlation order until a third neigh-
bour$ coupling, which agrees with a liquid crystal conformational
state. The RDFs were computed separately for each membrane
layer, confirming the absence of a significant interaction of the
gemini surfactants into the bilayer’s conformational state.

Nevertheless, in the snapshots of Fig. 7 a significative difference
at 20 °C appears: whilst for a pure DPPC bilayer the lipid alkyl
chains form a cross-tilted conformation|64-67| between both lay-
ers, when a gemini is embedded that alignment becomes partially
cross-tilted (GS4 and GS6) or completely tilted (GS12, GS14 and
GS20). We did not observe such an effect in the RDF of Fig. 9
because the coordination between lipids is the same for both tilted
organizations. On the other hand, Fig. SI9 shows the angle between
C216-C21 and C316-C31 vectors at top and bottom layers by aver-
aging all lipids during the last 50 ns of the simulations. As seen, the
average orientation for pure DPPC bilayers shows the cross-tilted
direction between layers; in contrast, when the gemini is incorpo-
rated, the angle between top and down vectors is closer to 180°,
reflecting a tilted organization. The differences about these gel con-
formations may play a crucial role in membrane permeability [68].
In this way, the presence of gemini surfactants involves changes in
the lipid membrane, vanishing the cross-tilted organization and
favouring the tilting in one direction. Fig. SI10 shows tilt angles
of the lipid chains with respect to the Y and Z-axes. The embedde-
ment of the gemini modifies the cross-tilting due to the molecular
structure differences between pure and surfactant-doped DPPC
bilayers. Visually in Fig. 7, the location of GS4 and GS6 consists
of a parallel positioning of the surfactant tails respect to the lipid
alkyl chains. The electrostatic interaction between the N* atom of
the gemini surfactant and the bilayer’s polar region does not allow
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DPPC bilayer

d

Fig. 7. Snapshots of the simulations at 20 °C for each doped-liposome nanosystem. Right images show the lipid bilayer conformation and left ones the inner part of the lipid
bilayer highlighting the location of gemini surfactant. a) Pure DPPC. b) DPPC:GS4. ¢) DPPC:GS6. d) DPPC:GS12. e) DPPC:GS14. f) DPPC:GS20.

a parallel orientation of the spacer group toward lipid chains. How-
ever, when the spacer group is long enough, both tails and spacer
of GS12, GS14 and GS20 accommodate parallelly to the lipid
chains. The only possibility of satisfying this “staple” role is by
inducing one-directional tilting between two monolayers.

As discussed in previous sections, differences between gel or lig-
uid-crystal conformational phases are based on the dihedral
between consecutive C—C bonds. Fig. SI11 shows the criterium to
identify the conformation between such bonds. We computed
the dihedrals between consecutive C—C bonds for all DPPC mole-
cules during the last 50 ns of each simulation. Table 1 shows all
mean values of dihedrals between bonds in lipid chains. We
observe a significant difference between the percentage of gauche
population between C315-C31 or C215-C21 and C316-C313 and
C216-C213. The difference between trans-eclipse-gauche percent-
age populations at different temperatures together with polar head
interactions, is related to the phase transition in the lipid bilayers
[69]. We can observe very slight differences between the percent-
age of gauche population at 20 °C between pure and gemini-doped
DPPC bilayer systems (see a and b values in Table 1). The DPPC
pure bilayer shows the highest gauche ratio value at 20 °C; this fact
will point again to the gemini surfactant’s ability to absorb the
needed energy to change its conformation before DPPC so that
the gemini surfactant will favour the trans configuration of the
lipid chains. Table 2 shows the mean percentage values at 20 °C
and 50 °C for the tails and spacers of the gemini surfactants, man-
ifesting that these differences are not significant as occurred for the
lipids. To show the nature of the energy flow detected in DSC mea-

surements, we used the MD trajectories to calculate an approxi-
mate value of the energy changes between 20 °C and 50 °C
(get-to-liquid-crystal). We should consider that the palmitic chains
of DPPC allow 26 dihedrals (see Fig. 1), 24 of them configure the
internal backbone whereas the other two form the end of the
chains. Assuming the energy values of the isomerizations of the
butane[60]: AEcqipsed = 16,0 kJ/mol and AEg,yche = 3,8 k]/mol,
which describes only one dihedral; we calculate the energy values
(see Table 3) by using the difference in the percentage of gauche
and eclipsed populations between the two temperatures. Moreover,
the variations of non-bonded energies were calculated by comput-
ing the Coulomb and Lennard-Jones energies for DPPC-DPPC and
DPPC-water molecular interactions (see Table 3). We estimate
the energy variation between both temperatures by summing the
contribution energies of gauche, eclipsed, DPPC-DPPC and DPPC-
water. The obtained values highly agree with enthalpy values
obtained from DSC data, confirming that the trans-to-gauche and
the unstable state eclipsed isomerizations play the principal role
in the transition energy. Indeed, the relation between Coulomb
electrostatic energy between DPPC-DPPC and DPPC-Water mole-
cules in Fig. 6b,c agrees with the variation of transition tempera-
ture for nanosystems at a ratio of 100/1 as seen in Fig. 6a.
Following the previous relationship between the coupling energy
(J) in the Ising model and the transmission energy probability,
the molecular dynamics results shown in Fig. 6¢ well agree, show-
ing a notable correspondence between the transition temperature
variation and the interaction energy between DPPC and water
molecules.
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GS4 I I GS6 I

Fig. 8. Plot of the transmembrane potential (black lines) and density profiles of N for DPPC (blue) and gemini surfactants centre of masses (orange). Color representations
show a simplistic scheme of the lipid bilayer along Z-axis, and black “staples” represent the gemini surfactant. Both potential and density profiles were computed from the

last 50 ns of the molecular dynamic simulations at 20 °C.

So far, it has been shown that differences in the lipid bilayer’s
inner part are induced by the presence of gemini surfactant and
that the spacer length also plays a key role. Concerning the modi-
fications in the DPPC polar moiety, the localization of the N + of the
gemini implies that the surface density charge of liposomes is
more positive. In fact, the details of the simulation help us to
obtain more information about the polar behavior (orientation
changes of the head group of the lipid) of DPPC in the bilayer, for
example, by observing the angle of the vector of the P-N moiety
of the DPPC polar head respect to the normal direction of the
bilayer in the Z-axis direction, as shown in Fig. 10. The presence
of the gemini induces a decrease of the angle, slightly exposing
the N + residue of the lipids to the bulk water. This means that
the overall cationic behavior of liposomes is not only due to the
pure contribution of N + of geminis, but also to an induced reorien-
tation of the P-N moiety of DPPC headgroups.

3.3. Analysis of the colloidal stability of gemini-doped liposomes

We used dynamic light scattering (DLS) measurements to deter-
mine changes in surface density charge of DPPC/gemini liposomes
and to evaluate their colloidal stability. Since DSC data and MD
results confirmed the ability of the geminis to partition into and
modify the lipid bilayer, DLS data will provide information about
changes in size and zeta potential of the DPPC liposomes doped
with gemini surfactants. Regarding the size, pure DPPC liposomes
show a hydrodynamic radius of 400(40) nm with a high polydis-
persity index (PDI) of 0.5 before extrusion. These values are typical
of oligolamellar vesicles. The surface charge of such liposomes
is + 3.05(1) mV. After several extrusions through a 100 nm pore
size membrane, both hydrodynamic radius and PDI decreases, with
values of 51(2) nm and 0.125, respectively, whereas no changes
were detected in zeta potential.
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Table 1

Percentages of isomerisms calculated by computing the dihedrals of the palmitic chain of DPPC along the last 50 ns of molecular dynamics trajectories.

Percentages of conformation C—C to C—C at 20 °C - DPPC

DPPC DPPC/GS4 DPPC/GS6 DPPC/GS12 DPPC/GS14 DPPC/GS20

a b a b a b a b a b a b
trans 90,38 75,82 90,68 76,82 90,43 77,23 91,29 77,06 90,63 76,93 90,93 78,14
eclipsed 2,51 3,74 2,45 3,66 2,55 3,67 2,41 3,64 2,53 3,67 2,45 3,61
gauche 7,09 20,40 6,85 19,48 7,00 19,06 6,30 19,25 6,82 19,36 6,60 18,21
cis 0,02 0,04 0,02 0,05 0,01 0,05 0,01 0,05 0,02 0,04 0,02 0,05
Percentages of conformation C—C to C—C at 50°C - DPPC

DPPC DPPC/GS4 DPPC/GS6 DPPC/GS12 DPPC/GS14 DPPC/GS20

a b a b a b a b a b a b
trans 69,60 61,30 69,49 61,32 69,60 61,27 69,18 61,20 70,15 61,51 69,64 61,32
eclipsed 6,34 5,81 6,30 5,85 6,33 5,89 6,36 5,81 6,23 5,81 6,31 5,83
gauche 23,97 32,78 24,13 32,72 23,98 32,73 24,37 32,88 23,54 32,56 23,97 32,74
cis 0,08 0,11 0,08 0,11 0,09 0,11 0,09 0,12 0,09 0,12 0,09 0,11

a* the percentages of dihedrals between C215-C21 and C315-C31 (see Fig. 1).
b* the percentages of dihedrals between C216-C213 and C316-C313 (see Fig. 1).

Fig. SI6 shows the intensity profile distribution of the liposomal
nanosystems formed by 100/1 ratio mixtures of DPPC and gemini
with different spacer lengths. Mean values of Ry and PDI values
of 64(13) nm and 0.23 revealed that the inclusion of gemini surfac-
tant in the liposome formation drastically reduces their size and
PDI previous the extrusions. The size decrease compared to pure
DPPC vesicles can be understood as a decrease of the lamellarity

induced by the gemini surfactant. In addition, zeta potential values
increase up to ca. + 37(4) mV, indicative of the increase in positive
charge consequence of the gemini partition to DPPC membrane.
There are no significant differences in the values of positive zeta
potential upon changes in the gemini spacer group length. It is rel-
evant here to note that the different gemini positioning observed
by MD -U or N form- in the lipid bilayer does not imply differences
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Table 2
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Percentages of isomerisms calculated computing the dihedrals of the tail and spacer (sp) groups of gemini surfactants along the last 50 ns of molecular dynamics trajectories.

Percentages of conformation C—C to C—C at 20 °C - GEMINI

GS4 GS6 GS12 GS14 GS20

tail sp tail sp tail sp tail sp tail sp
trans 73,74 96,82 86,91 35,85 78,57 83,48 71,16 82,04 81,46 73,80
eclipsed 2,67 3,18 2,63 1,73 2,65 1,82 3,65 2,64 2,61 3,00
gauche 23,49 0,00 10,44 62,34 18,78 14,70 25,12 15,32 15,90 23,18
cis 0,10 0,00 0,02 0,09 0,00 0,00 0,07 0,00 0,03 0,01
Percentages of conformation C—C to C—C at 50 °C - GEMINI

GS4 GS6 GS12 GS14 GS20

tail sp tail sp tail sp tail sp tail sp
trans 73,74 90,73 73,55 44,32 68,29 60,45 65,47 81,44 66,86 72,41
eclipsed 4,70 534 5,00 2,14 5,20 3,07 4,89 3,43 4,96 4,52
gauche 21,51 3,92 21,42 53,49 26,43 36,37 29,59 15,10 28,13 23,02
cis 0,05 0,00 0,03 0,04 0,08 0,11 0,05 0,03 0,05 0,05

Table 3

Energy variation between 20 and 50 °C taking account the gauche and eclipse isomerizations and the non-bonded interactions (van der Waals and Coulomb) between DPPC-DPPC

and DPPC-water molecules (TIP3).

IJ/molppec DPPC DPPC/GS4 DPPC/GS6 DPPC/GS12 DPPC/GS14 DPPC/GS20
AEgauche 15,37 15,48 15,23 15,86 15,89 15,53
AEedlipse 16,34 16,77 16,52 17,52 16,25 16,95
AEpppc_pppc 3,84 4,03 431 4,82 4,25 4,30
AEpppc_Tip3 -2,49 -2,84 -3,26 —4,50 -3,30 -3,02
AEtotal 33,06 33,44 32,80 33,69 32,10 33,75
46

—~ 4

<

ol 44 14

a

] 4

fP N

N |

= 42 "

= )

= 1 °

z 1 [ ]

o 40 °

3 4

: ] L

w -

[ )
o 38 V
i R
36 | | T | | |
oppc DPPC DPPC DPPC DPPC DPPC

GS4 GS6

GS12

GS14  GS20

Fig. 10. Average P-N vector angles to Z-axis computed during the last 50 ns of the dynamic simulation trajectory. o is the degree between the P-N vector with the normal
direction of the bilayer in the Z-axis direction. The angles represented were computed from simulations at 20 °C.

in the surface density of N + as the ratio DPPC/gemini is kept con-
tant. Fig. SI7 shows a subtle increase between GS4 and GS20,
though the main difference in zeta potential values take place
between pure and blended liposomes. The increase in positive zeta
potential values start to be shown even at a ratio as low as 1000/1.
Finally, the extrusion of the as-obtained gemini-doped liposomes
additionally decreases the size and PDI values to 47(1) nm and
0,12(5), respectively, as observed in Fig. SI8.
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We also tested the colloidal dispersion stability of the cationic
gemini-doped liposomes for three months upon storage at 4 °C
by DLS. No significant changes in liposome sizes were observed,
thus, confirming the colloidal stability of liposomes when incorpo-
rating the geminis in contrast to the variation observed for pure
DPPC liposomes, for which a progressive size increment was
observed (Fig. 11).
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In summary, these results allow us to conclude that the embed-
ment of the gemini surfactants in the lipid bilayer induce small
sized liposomes even before that extrusion process, and provides
them with a cationic character with long colloidal stabilities.

4. Conclusions

The ability of these gemini surfactants to partition to DPPC lipid
bilayer has assessed. DSC measurements show that the transition
temperature decreases as the gemini content increases, and also
that the surfactants with spacer lengths of 12, 14 and 20 reduce
more significantly the transition temperature. At the particular
100/1 ratio the transition temperature decreases gradually for
GS4 and GS6, but increasing for GS12 to GS20.

The observed phase transition was interpreted in terms of Ising
model parameters and explained by molecular dynamics simula-
tions. The increase in width at half heigh points to an inhomoge-
neous distribution of coupling terms of the Ising model when the
gemini surfactants are incorporated into DPPC liposomes. DLS
measurements show a decrease in PDI and size of the DPPC/gemini
liposomes mixed prior to liposome extrusion. More interestingly,
Zeta potential data show the cationic character of liposomes upon
addition of the positively charged gemini surfactants. In agreement
to these experimental measurements, molecular dynamics simula-
tions show the localization of the gemini inside the lipid bilayer.
The localization and position within the lipid bilayer depends on
the spacer group length - GS4 and GD6 6 are positioned in a single
face of the bilayer, whilst GS12, GS14 and GS20 allocate each one of
their polar heads to opposite layers of the membrane. Monitoring
the size of the doped liposomes for a long period, the observed con-
stant size shown the increase in colloidal stability of DPPC lipo-
somes doped with cationic gemini surfactants.Overall this shows
that these cationic liposomes have the potential to be used to suc-
cessful gene therapies, vaccines or biosensor technologies.
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