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The study has been performed on model systems of biological membranes obtained on the basis of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and cationic gemini surfactant — derivative of 1,1′-(1,4-
-butane)bis 3-alkyloxymethylimidazolium chlorides with cyclic chains. The small angle X-ray scattering SAXS
results implied a gradual disappearance (as a function of surfactant concentration) of the lamellar phase typical
of DMPC and formation of unilamellar phase — probably a bicellar phase.

PACS numbers: 61.05.cf, 87.16.dt, 87.14.Cc, 82.70.Uv

1. Introduction

Fully hydrated phospholipids in nature usually form
relatively ordered planar bilayer structures or micelles
(unilamellar or multilamellar vesicles) [1, 2]. However,
in mixtures of long-chain phospholipids with short-chain
phsopholipids or surfactants the discoidal (bicellar) phase
can be also formed [3, 4]. Such mixed surfactant–lipid
systems have been studied by a number of experimental
techniques such as: small angle neutron and X-ray scat-
tering [5, 6], dynamic light scattering [7, 8], nuclear mag-
netic resonance (NMR) spectroscopy [9, 10], electron spin
resonance (ESR) [9], dielectric spectroscopy [11], Fourier
transform infrared spectroscopy [12, 13] or differential
scanning calorimetry [14, 15].

Here, we report on the interactions of a gemini
surfactant with phospholipid studied using small-angle
X-ray scattering (SAXS). We investigated the influ-
ence of a gemini surfactant (1,1′-(1,4-butanediyl)bis
3-cyclododecyloxymethylimidazolium) on the struc-
ture and phase behavior of aqueous suspensions of
the fully hydrated 1,2-dimyristoyl-sn-glycer0-3-phospha-
tidylcholine (DMPC). SAXS studies yield information
about changes in the bilayer structure and phase behavior
of DMPC. Fully hydrated DMPC form a lamellar liquid-
-crystalline (Lα) phase over 24 ◦C and also two lamel-
lar gel phases — planar gel (Lβ′) and rippled gel (Pβ′)
phases. The Lβ′ and Pβ′ phases are separated by a pre-
transition at about 15 ◦C [16].
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The gemini surfactant (also known as dimeric surfac-
tants) is made up of two amphiphilic head groups con-
nected at the same level or close to the head group by a
spacer group (Fig. 3) [17].

The presence of a spacer chain permits the synthesis of
Gemini surfactants with great variety of chemical struc-
tures. Gemini surfactants show largely improved proper-
ties in comparison to conventional (monomeric) surfac-
tants [17]:

— Dimeric surfactants are characterized by a cmc
value (critical micellization concentration) much
lower (one or two orders of magnitude) than that
of normal (monomeric) surfactants with equivalent
hydrophobic chain length.

— Gemini surfactants as surface tension reducers are
much more efficient than the corresponding conven-
tional surfactants [17].

These surfactants make a novel group of compounds,
which can be used as potential components of delivery
agents in gene therapy [18]. The potential nonviral li-
posomal genetic delivery systems were obtained empiri-
cally by modulating phospholipid and surfactant struc-
tures (particularly dicationic quaternary ammonium sur-
factants — gemini surfactants) [19–21].

The low concentration of Gemini surfactants in deliv-
ery systems used in gene therapy has also a very positive
effect on the cytotoxicity. So far, several studies have
demonstrated the efficiency of Gemini surfactant medi-
ated delivery of DNA in vivo [19–21].
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2. Materials and methods

2.1. Synthesis of the gemini surfactant

Gemini surfactant — 1,1′-(1,4-butanediyl)bis
3-cyclododecyloxymethylimidazolium di-chloride
(Gcyclo) was prepared by the reaction of 1,4-di(1-
-imidazolyl)butane and chloromethylcyclododecyl
ether in anhydrous benzene according to the pro-
cedure described earlier by Urbanik et al. [22].
Chloromethylcyclododecyl ether was prepared by
passing HCl-gas through a mixture of formaldehyde
and cyclododecanol [23]. The method of synthe-
sis of 1,4-di(1-imidazolyl)butane was also described
earlier [24]. Prepared 1,1′-(1,4-butanediyl)bis 3-
cyclododecyloxymethylimidazolium di-chloride was
purified by crystallization process from ethyl ac-
etate/methanol (1:1, v/v) solution. The melting point of
the colorless plate-like crystals of Gcyclo is 183–185 ◦C.
The chemical structure of 1,1′-(1,4-butanediyl)bis
3-cyclododecyloxymethylimidazolium di-chloride is
presented in Fig. 1.

Fig. 1. Chemical structure of the gemini surfac-
tant 1,4-bis[(butane)imidazole-1-yl-3-dodecyloxymethyl
di-chloride (Gcyclo).

2.2. Sample preparation

The phospholipid DMPC was obtained from Avanti
Polar Lipids (USA). The homogeneous 10% solutions of
DMPC (in 50 mM K2HPO4/D2O pH 6.5) and mixtures
of DMPC with 0.05, 0.1, 0.5 and 1% Gcyclo surfactant
were prepared by the 10 cycles of sonication at 303 K for
30 min and cooling at 278 K [25].

2.3. SAXS studies

The small angle X-ray scattering measurements were
performed on the Beam Line I711 [26, 27] at the MAXII
storage ring of the MAX-Lab (Lund, Sweden) using the
synchrotron radiation (λ = 0.1066 nm) and the MarCCD
165 mm detector. The phospholipid-surfactant samples
(0.1 cm3) were sealed in quartz capillaries (1 mm) and
placed in thermostated capillary holder mounted in an
evacuated sample chamber. The measurements were
performed at temperatures ranging from 279 to 303 K.
The background scattering pattern for the buffer solu-
tion was collected before and after data collection for
phospholipid samples. The sample-to-detector distance
was 1.5 m, which leads to the scattering vector range
0.1 < s < 3.55 nm−1 (where s = 4π sin θ/λ, 2θ is the

scattering angle and λ = 0.1066 nm is the X-ray wave-
length). The detector momentum transfer axis (s-axis)
was calibrated using silver behenate [28].

All data sets were normalized to the incident beam
intensity, corrected for detector response and integrated
using SAXS data reduction software Bli711 [27].

The scattering of the buffer was subtracted using the
program package PRIMUS and the positions of the max-
ima on the SAXS curves were fitted by the program
PEAK [29].

3. Results and discussion

The SAXS experiments were performed on pure 10%
1,2-diheptanoyl-sn-glycero-3-phosphocholine (DMPC)
suspension (which was used as the references system)
and the DMPC–Gcyclo mixtures as a function of
temperature (from 279 K to 303 K).

Fig. 2. SAXS results for the references system —
DMPC/D2O. Curves are shown for temperature range
279–303 K.

The scattering data collected for pure DMPC suspen-
sion are presented in Figs. 2–6. This system forms in
water typical lamellar structures. Below 287 K, the
diffraction pattern of DMPC shows three strong peaks
characterized by d001 = 5.98 nm, d002 = 2.98 nm and
d003 = 1.98 nm.

With increasing temperature a pretransition at about
288 K is observed. After the pretransition the d-spacing
increased to 6.77 nm in the ripple gel phase of DMPC.

Above the temperature of 295 K in the liquid-
-crystalline phase Lα the bilayer thickness decreased. At
303 K, Lα phase is characterized by d-spacing 6.3 and
3.17 nm. These values are in good agreement with the
results of previous studies [6, 30, 31]. The temperature
dependence of the lamellar lattice constant d of fully hy-
drated DMPC dispersion and the DMPC–Gcyclo mix-
tures is presented in Fig. 7.

The addition of the gemini surfactant to DMPC sys-
tem significantly changed the scattering pattern, which
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Fig. 3. SAXS data recorded for DMPC/0.05%Gcyclo/
D2O. Curves are shown for temperature range
279–303 K.

Fig. 4. SAXS data recorded for DMPC/0.1%Gcyclo/
D2O. Curves are shown for temperature range
279–303 K.

Fig. 5. SAXS data recorded for DMPC/0.5%Gcyclo/
D2O. Curves are shown for temperature range
279–303 K.

Fig. 6. SAXS data recorded for DMPC/1%Gcyclo/
D2O. Curves are shown for 279–303 K.

Fig. 7. Temperature dependence of the lamellar lattice
constant d of fully hydrated DMPC dispersion and the
DMPC–Gcyclo mixtures.

was manifested by disappearance of the strong diffrac-
tion maxima. Figures 3 and 4 present the SAXS curves
recorded for DMPC/gemini surfactant systems with 0.05
and 0.1% Gcyclo concentrations. For low concentration
of the surfactant (0.05%, 0.1%) in the system, the corre-

Fig. 8. Comparison of SAXS results for DMPC/Gcy-
clo/D2O systems at 291 K.
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sponding lamellar lattice constant increased up to 7.7 nm
(DMPC/0.1% Gcyclo, T = 283 K).

For the increased surfactant concentration in the sys-
tems (0.5% and 1% Gcyclo) the gradual disappearance of
the lamellar structure can be observed (Figs. 5, 6 and 8).
For DMPC/0.5% Gcyclo/D2O system the SAXS data
show the characteristic broad maximum, which is typical
of single bilayers in the absence of stacking [32]. A similar
very broad peak is observed also in scattering patterns
of DMPC with 1% concentration of Gcyclo.

Similar gradual disappearance of the lamellar phase
with increasing surfactant concentration was previously
observed by us for other surfactant-phospholipid systems
[6, 11].

4. Conclusion

The addition of the surfactant studied implied a grad-
ual disappearance of the lamellar phase typical of DMPC
and a probable formation of the unilamellar vesicles (bi-
cellar phase). Also the temperature range of the main
phase transition of DMPC was shifted towards lower tem-
peratures with increasing surfactant concentration.

The observed scattering patterns of DMPC/surfactant
systems are very similar to the SAXS patterns reported
for the bicellar DMPC/DHPC systems.
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