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N-Alkyl-N,N-dimethylamine-N-oxides (CnNO, n is the number of carbon atoms in the alkyl 
substituent) with a strong polar N-O bond are zwitterionic surfactants at physiological values of pH 
[1]. They are widely used in pharmaceutical and cosmetic formulations and as detergents in 
household dishwashing liquids and surface cleaners. CnNO surfactants are also used for the 
isolation, purification, reconstitution and crystallisation of the membrane proteins [2]. CnNOs 
display microbicidal [3], phytotoxic [4], immunomodulatory [5] activities and they inhibit activity 
of the transmembrane Ca2+-transporting sarcoplasmatic reticulum ATPase (SERCA) [6]. A strong 
polar N-O bond and a high electron density on oxygen allow protonization of CnNO in acidic 
solution, and surfactant becomes cationic CnN+OH. The cationic form of CnN+OH, same as other 
cationic surfactants, interacts with DNA polyanion due to electrostatic attraction [7]. A 
multilamellar structure was reported for DNA+C12NO+DOPE [7], and we have observed a 
condensed lamellar phase in aggregates DNA+C14NO+DMPC (dimyristoylphosphatidylcholine) 
[8]. Aggregates prepared from a mixture of cationic surfactants and neutral or cationic lipids 
(lipoplexes) are studied as a potential non-viral transfer vectors for gene therapy.   

In this study we follow herring testes DNA interaction with hydrated mixture of 1,2-
dioleoylphosphatidylethanolamine (DOPE) and C12NO as a function of pH. Molar ratio 
DOPE:C12NO was 1 mol/mol. The aggregates were prepared at isoelectric point, C12NO:DNA = 1 
mol/base in 0.15 M NaCl solution. Small-angle X-ray diffraction experiments were performed at 
the A2 beamline at HASYLAB, DESY.  
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Figure 1A: SAX diffractograms of (a) DOPE+ 
C12NO (b-i) DOPE+C12NO+DNA at 20 °C in 0.15 
M NaCl (Intensity in logarithmic scale). 

1B: The repeat distances d of DOPE+C12NO+ 
DNA (●) DOPE+C12NO (■) and dDNA (♦) at 20 
°C as a function of pH.
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Fully hydrated DOPE forms at 20 °C a columnar inverted hexagonal phase (HII) with the lattice 
parameter  a=7.54±0.01 nm (not shown). The addition of C12NO molecules stabilized a lamellar 
phase in the mixture.  At molar ratio DOPE:C12NO=1, 20 °C and pH 7.45 we found the 
LDOPE+C12NO phase periodicity d=5.47±0.01 nm (Fig. 1A (a)). Aggregates DNA+DOPE+C12NO 
form a condensed lamellar Lα

c phase with DNA strands regularly packed between DOPE+C12NO 
bilayers. Figure 1A (b-i) shows DNA+DOPE+C12NO diffractograms as a function of pH. In the pH 
range 6.87-6.08, we observe the coexistence of two lamellar phases: the condensed lamellar phase 
Lα

c (reflections La(1) and La(2)), and the phase LDOPE+C12NO (L) showing the periodicity similar to 
that observed in DOPE+C12NO mixture without DNA. At pH<6, diffractograms show the presence 
only Lα

c phase. The broad reflection (marked by arrow) confirms the regular packing of DNA 
strands between DOPE+C12NO bilayers. At pH 6.87 we do not observe any reflection indicating 
the DNA-DNA regular packing. The repeat distance d of Lα

c
 phase decreases from 7.33±0.01 nm at 

pH 6.87 to d=6.43±0.01 nm at pH 3.88 to (Fig. 1B). The DNA-DNA distance, dDNA, also decreases 
with increasing acidity of the solution. We found dDNA=4.87±0.01 nm at pH 6.58, and 3.03±0.01 
nm at acidic pH 3.88 (Fig. 1B). The fraction of protonized C12N+OH molecules increases with pH 
decreasing. However, the observed increase in the periodicity of LDOPE+C12NO phase (Fig. 1B, 
squares) results from the charge of C12N+OH molecules, not screened with DNA polyanion in this 
phase. Our experiments show a strong pH dependence of structural parameters of the Lα

c phase. 
The significative decrease in the observed structural parameters, particularly in dDNA, indicates a 
tightly packed structure. At acidic condition, the aggregates have shown excellent temperature 
stability up to 80 oC (not shown). In comparison, the aggregates with phosphatidylcholine, 
DNA+C14NO+DMPC, have shown the dDNA decrease from ~ 6.1 to 3.8 nm in the range pH 8 – 4 in 
the gel phase (15 oC), however the regular DNA packing (dDNA ~ 5.3 nm) in the liquid-crystalline 
phase was preserved only at pH 5.6 – 5.8 [8].  

Our experiment confirmed that zwitterionic surfactant CnNO at acidic condition behaves as a very 
efficient DNA-condensing agent. An understanding of pH induced changes of the supramolecular 
structures of lipoplexes could help for further improvement of non-viral methods. Actually, the 
pathway of the gene-vector complex is accompanied with the drop in pH from physiological (pH 
7.4) to the acidic in lysosome (pH 4.5).  
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