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The gemini bis(quaternary ammonium) surfactants in which two cationic surfactant moieties are 
connected by a polymethylene chain, referred to as a spacer, are attracting increasing interest: they 
show a very potent bactericidal activity [1], inhibit photosynthetic activity [2], and their aggregates 
with DNA can be used as genetic delivery systems in transformation [3] and transfection [4]. 

The structure of aggregates formed by interaction of gemini 
surfactants butane-1,4-diyl-bis(dimethylalkylammonium 
bromide) (CnGS, n=12,13,14 and 16 is the number of alkyl 
carbons) with DNA was investigated using small-angle 
synchrotron X-ray diffraction at the beamline A2, 
HASYLAB DESY. 

The CnGS surfactants were prepared and purified as 
described earlier [1]. The aggregates were formed due to 
DNA interaction with CnGS at above their critical micelle 
concentration, in the range 1.5-8 mM. The aggregates have 
shown different SAX patterns in dependence on the CnGS 
alkyl chain length, CnGS:DNA molar ratio and 
temperature. The WAXS patterns (not shown) of all 
measured samples exhibited one wide diffuse scattering 
characteristic for liquid-like alkyl chains of CnGS 
molecules. Typical SAX diffractograms of aggregates are 
shown in Fig.1a-e. The C14GS+DNA aggregates formed at 
molar ratios below the isoelectric point 
(ρiso=CnBAS:DNA=0.5 mol/base) have shown one broad 
peak and an ill-defined shoulder at 25oC (Fig.1a). Similar 
diffractogram with the maximum at s=0.256 nm-1 has 
shown the C13GS:DNA=0.3 mol/base aggregate at 25oC, 
but also the aggregate formed in an excess of surfactant 
with the shorter alkyl chain at C12GS:DNA=6.5 mol/base, 
where the maximum was shifted to s=0.241 nm-1 (not 
shown). The C16GS+DNA aggregates have shown 
different patterns already at low molar ratio; the 
diffractogram of C16GS:DNA=0.2 mol/base at 25oC is 
shown in Fig.1d. Two reflections at s=0.209 nm-1 and 
s=0.324 nm-1 do not have its origin in the lamellar nor 
hexagonal phase and have followed probably from 
structural lattice of higher symmetry. When heating the 
C14GS:DNA=0.4 mol/base sample to 60oC, three 
reflections (Fig.1b) at s=0.251 nm-1, s=0.435 nm-1 and 
s=0.501 nm-1 have been observed, consistent with a two-
dimensional columnar hexagonal phase H(1,0), H(1,1) and 
H(2,0) at the Bragg spacing 1, √3 and 2, respectively. With 
increasing the molar ratio C14GS:DNA>0.5 mol/base, three 
reflections of hexagonal phase were resolved also at 25oC 
as shown Fig.1c. The CnGS+DNA (n=13, 14, and 16) 
aggregates studied displayed structural changes in the 
temperature range 60-95oC manifested by changes of 
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Fig.1. SAX diffractograms of DNA-CnGS 
aggregates and the dependence of lattice 
parameter a on the C14GS:DNA molar 
ratio (inset) at 25oC (•) and 60oC (+); 
dashed line - the isoelectric point. 
a) C14GS:DNA=0.4 mol/base, 25oC; 
b) C14GS:DNA=0.4 mol/base, 60oC; 
c) C14GS:DNA=2.4 mol/base, 25oC; 
d) C16GS:DNA=0.2 mol/base, 25oC 
e) C16GS:DNA=0.4 mol/base, 60oC. 



diffraction patterns in the range of s=0.15-0.30 nm-1. An additional reflection with maximum at 
s=0.233 nm-1 (marked by arrow) was superposed on the H(1,0) reflection (s=0.209 nm-1) as 
demonstrated in Fig.1e. At increasing concentration and length of CnGS acyl chain, this reflection 
was observed at lower temperature. Similar diffractogram has been observed for 
C13GS:DNA=0.3 mol/base aggregate at 95oC (not shown).  

The observed reflections of hexagonal phase were identified as reflections from rodlike C14GS 
micelles packed in a hexagonal lattice. The lattice parameter a characterizing the distance between 
the axes of two neighboring cylinders was determined from the small-angle reflection H(1,0) as 
a=2/(30.5s1,0). The positions of maxima were determined by fitting reflections by Lorentzian with a 
linear background. Dependence of the hexagonal phase lattice parameter a on the C14GS:DNA 
molar ratio at temperatures 25oC and 60oC is shown in Fig.1, inset, the dashed line indicates the 
composition of the mixture at isoelectric point. We have found, that the lattice parameter a 
increased with increasing molar ratio C14GS:DNA; from the value a=4.80±0.01 nm at molar ratio 
C14GS:DNA=0.29 mol/base to the a=5.28±0.01 nm at C14GS:DNA=2.43 mol/base and 25oC; at the 
highest studied molar ratio C14GS:DNA=6.48 mol/base the lattice parameter slightly decreased to 
a=5.23±0.02 nm. As follows from Fig.1, the lattice parameter a significantly increases close to the 
isoelectric point; this effect was more marked at 60oC.  

According to obtained results we suggest an intercalated hexagonal structure of C14GS+DNA 
aggregates (more detailed in [5]), where each DNA strand is surrounded by three cylindrical 
micelles. Applying this model, one can calculate the radius of C14GS cylindrical micelles (rM) 
according to a=30.5(rDNA+rM), where rDNA is the radius of hydrated DNA strand ~1.2 nm [6]. We have 
obtained the range of rM ~1.57 – 1.85 nm at 25oC in dependence on the C14GS:DNA molar ratio. 
The estimate of C14GS micelle radius is rM ~2.02±0.02 nm [7] . SANS experiments of CnGS, 
n=8-16 confirmed that the shape and the diameter of supramolecular aggregates depend on the 
concentration of gemini surfactants in a significant manner [7]. Accepting the above-mentioned 
model of C14GS:DNA aggregates packing, our experimental data indicate smaller value of rM in 
comparison with theoretical prediction but this difference could result from changes of the micelles 
shape in process of aggregate building. The behavior of cationic liposome – DNA aggregates close 
to the isoelectric point showed marked changes in the interhelical DNA-DNA distance dDNA [6], with 
smaller dDNA for ρ<ρiso and larger for ρ>ρiso resulting from a charge balance. We have not observed 
any reflection from DNA-DNA correlation, but the observed significant change of the lattice 
parameter a close to the isoelectric point most probably resulted also from the DNA-DNA 
interhelical distance changes.  
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