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In this paper we describe the preparation of novel artificial membranes formed by means of self-assembly from pyridinium 
salts 2a-n with N-alkyl (methyl, aminoethyl and dodecyl), or N-phenyl and one or two long alkyl substituents (pentyl, 
n- or isoprenoid undecyl, palmitoyl) in the 2,6-(α) or 4-(γ) positions. The experimental protocol describing various 
conditions to obtain the new synthetic membranes is given. The influence of cationic amphiphiles’ chemical structures 
on the membrane stability (phase separation) and aggregate morphologies were investigated by optical microscopy and 
are presented. 

INTRODUCTION 

Cationic amphiphiles derived from pyridinium salts have been recently investigated in connection with 
DNA trafficking into living cells.1 The positive charge of the liposome forming amphiphile interacts 
strongly with the negatively charged phosphate groups of DNA and encapsulate it. After fusion with the 
cellular membrane the genetic material is liberated in a nonviral delivery process.1 High gene expression 
levels have been achieved with for instance with liposomes formed from lipids carrying a 
trimethylammonium positively charged group,2 opening the quest for more specific cationic amphiphiles 
which should allow drug targetting. 

We present here a new class of specially designed cationic amphiphiles, namely pyridinium salts with 
long alkyl subtituents which self-assemble into synthetic membranes and liposomes. The synthetic 
procedure consists in the well studied conversion,3 which usually occurs in high yields, of pyrylium salts 1 
into pyridinium salts 2 by the reaction with primary amines 3. Our pyridinium amphiphiles differ from the 
ones described previously by the groups of J.A.N.F. Engberts1 or A.T. Balaban1 by the fact that at least one 
of the two long alkyl chains needed for membrane formation, is appended directly onto the heterocyclic six-
membered ring. As the previous studies have shown quite promising transfection efficiencies and low 
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toxicities with other kinds of pyridinium salts, we hope that these new compounds, which we show herein as 
forming stable synthetic membranes, are potential transfection vectors. 
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Scheme 1 – The conversion of pyrylium salts into pyridinium salts. 

The substituents in the pyrylium ring may be varied at will and efficient methods exist for their tailoring. 
We have prepared by this method several pyridinium salts 2a-n (Table 1) with one, two or three alkyl chains 
of variable length and at different positions of the pyridinium ring.4–9 Sonication of aqueous suspensions of 
2 have led to self-assembly into specific ordered structures.10 

These have been studied by optical microscopy (OM), phase separation (membrane stability), dynamic 
light scattering (DLS)11 and differential scanning calorimetry (DSC)11 in order to learn to control the self-
assembly process and to relate the suprastructures to the molecular structure of the amphiphile. Moreover 
the properties could be tuned so that suitable candidates for effecting gene delivery could be selected. 

RESULTS  AND  DISCUSSION 

Materials and methods 

The synthesis of pyridinium salts 2 and of the corresponding pyrylium salts 1 has been described in 
detail elsewhere.4–10 Table 1 presents the various compounds which are relevant for this study. Two 
classification criteria have been adopted: (i) by the number of long alkyl chains and (ii) by the nature of the 
nitrogen substituent R1. 

Table 1 

The synthesized alkylpyridinium amphiphiles 
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Amph. R1 R2 R3 R4 R6 

2a C12H25 CH3 H CH3 CH3 

2b C6H5 CH3 H 
 

CH3 

2c CH3 C11H23 H CH3 CH3 

2d CH2 CH2 NH2 C11H23 H CH3 CH3 

2e C6H5 C11H23 H CH3 CH3 

2f C12H25 C11H23 H CH3 CH3 
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2g CH3 C5H11 H CH3 C5H11 

2h CH3 C11H23 H CH3 C11H23 

2i CH3 C15H31 H CH3 C15H31 

2j CH2 CH2 NH2 C11H23 H CH3 C11H23 

Table 1 (continued) 

Amph. R1 R2 R3 R4 R6 

2k CH3 C11H23 CH3 CH3 C11H23 

2l C6H5 C11H23 CH3 CH3 C11H23 

2m C12H25 C11H23 H CH3 C11H23 

2n C12H25 C11H23 CH3 CH3 C11H23 

All new compounds were fully characterized by 1H- and 13C-NMR (at 300 MHz for protons and at 
75 MHz for carbons), IR and UV spectra and by elemental analysis. 

Sonication was performed in two ways: 
– in a cleaning bath (Langford Sonomatic, T175) having the frequency of 33 kHz, using a 50 mL 

Erlenmeyer flask with a bottom area of 20 cm2, containing water-pyridinium salts suspension, the total 
power being in the range of 0.5 watts/cm2; 

– in a water-cooled double walled test tube in which an ultrasonic probe (UNDATIUM GU-4, 40 kHz 
and 10 watts/cm2, tip area 0.8 cm2) was immersed in the aqueous suspesion of pyridinium salts. 

In order to improve the stability of the artificial membranes a portion of the solution after sonication 
was cooled to –25°C and was analysed in comparison with the rest of the solution at the same concentration. 

The OM was performed with a microscope MC 5A equipped with a camera. 

Results 

Membrane stability 

All compounds foamed intesively when sonicated and formed either opalescent solutions or emulsions 
or (micro)dispersions. These were stable for variable times depending on (i) the structure of the amphiphile, 
(ii) the concentration of the amphiphile, and (iii) the sonication conditions and whether cooling to –25°C 
was performed after sonication. The phases separated either as an upper oily layer or precipitates were 
deposited. The time interval from sonication until phase separation occurred is presented in Table 2. Also 
listed is the aspect of the membranes. 

The amphiphile concentration (CA) has a pronounced effect on the membrane stability, the higher the 
concentration the more rapidly the phases are separated. Higher stabilities were obtained for the same 
amphiphile by sonication at a frequency of 40 kHz, using the probe system, in comparison to the bath 
sonicator at 33 kHz. The N-phenyl substituted pyridinium salts 2b, 2e and 2l had a tendency to agglomerate 
on the tip of the sonicator so that the concentrations finally determined were those obtained after 
substracting the amount of amphiphile recovered from the tip by dissolving in methylene chloride and 
subsequent evaporation of the solvent. 

Cooling to –25°C after sonication increased the time to phase separation and thus the stability of the 
membranes. A similar effect was noticed for long chain alkyl ammonium salts which were extensively 
studied by Kunitake and coworkers.12–14 

One long chain substituent as in 2a leads to relatively rapid phase separation. Interestingly one undecyl 
side chain in the α position of the pyridinium ring, as in 2c, has at low concentrations CA a much higher 
stability than an N-alkyl (as in 2a) or γ-alkyl (as in 2b) substituent. A second long chain increases significantly 
the phase separation times and this is extreme in the case of vicinal positions as in 2f. The third alkyl side 
chain does not increase any further this time suggesting that only two of the three side chains are 
cooperatively used in the self-assembly. Also worth mentioning is the relatively constant separation time, 



822 Mariana Bogăţian et al. 

irrespective of the length of the two α-alkyl side chains as in 2g, 2h, and 2i. The N-phenyl subtituent has a 
destabilizing effect on the membranes probably because of its bulk hindering the α-alkyl side chains to 
interact favourably. The opposite effect is put into evidence by the aminoethyl group (2d, 2j) which has 
hydrogen bonding ability to water molecules which thus become structured and incorporated within the 
aggregate. 

Table 2 

Aspect of the membranes after sonication and phase separation times 

Amph. 
2 

CAa, 
mM 

Aspect 
Time, 
days 

Observations 

a 3.20 b emulsion 1 separates an upper oily layer 

 32.23b emulsion < 1 separates gel-like fluffs 

b 1.66b emulsion 0.7–1 separates an oily layer 

c 3.20b microdispersion 35 separates as precipitate 

 31.57b dispersion 3-4 which agglomerates in time 

 32.29c dispersion 0.3  

d 3.20b microdispersion 60 separates an oily layer 

e 1.77b emulsion 2-3 separates an oily layer 

f 3.69b opalescent solution > 90  

 20.71b microdispersion 10 separates a beige precipitate 

 22.72c dispersion 3 which is redispersed upon stirring 

 22.72d microdispersion 7  

g 3.19b microdispersion 42 separates a precipitate 

h 2.96b microdispersion 34 separates a precipitate 

 18.29b dispersion 6–7  

 19.38c dispersion 0.3  

 19.38d dispersion 1  

i 2.95b microdispersion 42 separates an oily layer 

 3.72b microdispersion 47  

j 3.20b microdispersion 180  

k 3.20b microdispersion 30 separates a precipitate 

 21.49b dispersion 4–5  

l 0.40b emulsion 1–2 separates an oily layer 

 0.35b emulsuion 1–2  

m 3.20b opalescent solution > 90 separates an oily layer 

 15.57b emulsion 20 separates gel-like fluffs 

n 2.95b opalescent solution 75 separates an oily layer 

 5.80b emulsion 20 separates gel-like fluffs 

a Concentration of the amphiphile after sonication; b Sonication at 40 kHz; 
c Sonication in a bath at 33 kHz; d Sonication in a bath at 33 kHz followed by cooling at –25°C. 

Optical Microscopy 

The structures put into evidence by optical microscopy (OM) have three levels of complexity: (i) a 
primary structure which represents the structure of the basic aggregate either as vesicles or globules; (ii) a 
secondary structure consisting of a chain of vesicles/globules, the chain length being variable; and (iii) a 
tertiary structure resulting by the connection of primary aggregates as a consequence of a dynamic self-
assembly process. For the simplest case the tertiary structure consisted of vesicles within vesicles or parallel 
chains of vesicles. Complex tertiary structures were also observed. 
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The influence of chemical structures on the aggregate morphologies which was observed by OM is 
presented in Table 3 and Figs. 1–3. 

Fig. 1 presents typical examples of photographs obtained shortly after sonication. For the N-dodecyl 
pyridinium salts primarily vesicles were formed (2a, 2f, 2n) or vesicles and globules (2m). An example of a 
secondary structure is presented in Fig. 1c for aggregates obtained with 2f. The self-assembly of vesicles 
into parallel chains was observed upon dilution of the sample (Fig. 1d). The fact that ordered structures are 
obtained by dilution is relevant for the DLS experiments11 which were carried out at concentrations in the 
range 0.01–0.1 mM. 

Table 3 

Aggregate morphologies of pyridinium salts amphiphiles 

Amph. Aggregates Figures 

2a Globules and vesicles 1a 
2f Parallel chains of vesicles 1b,c 
2m Complex structures, globules and vesicles 1d 
2n Complex structures, globules and vesicles – 
2c Vesicles – 
2g Complex structures, globules and vesicles – 
2h Parallel chains of vesicles – 
2i Complex structures, globules and vesicles 2a 
2k Vesicles 2b,c 

2b 
Complex structures, globules and vesicles, twisted 

globules and vesicles 
2d 

2e Vesicles and tub-like structures – 
2l Parallel chains of vesicles – 
2d Complex structures 3a 
2j Complex structures 3b 

 

 

 

 
1a  1b 
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Fig. 1 – The OM photographs for membranes derived from: 1a: 2a; 1b: 2f; 1c: 2f dilluted; 1d: 2m. 
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Fig. 2 – The OM photographs for membranes derived from: 2a: 2i; 2b: 2k; 2c: 2k dilluted; 2d: 2b. 
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Fig. 3 – The OM photographs for membranes derived from: 3a: 2d; 3b: 2j. 

For most N-methylpyridinium salts, the primary structures were vesicles or globules. In contrast, a 
short (2,6-dipentyl) or a long (2,6-dipalmitoyl) chain in the α-position (2g and 2i – Fig. 2a) led to the 
formation of complex structures upon sonication. 

Figs. 2b and 2c present the photographs obtained after sonication of 2,6-disubstituted pyridinium salt 
2k and after dilution of the sample. Ordered structures were obtained in this case by the self-assembly of 
vesicles into parallel chains which were smaller than those obtained from the1,2-disubstituted pyridinium 
salt 2f. 

An N-phenyl substituent generated complex structures with variable morphologies. Fig. 2d presents the 
photograph obtained for 2b. In this case the γ-isoprenoid long chain induced a complex structure, formed out 
of twisted globules and vesicles. 

Complex structures were obtained also after sonication of the aminoethyl substituted amphiphiles 2d 
an 2j (Figs. 3a and 3b). In these cases a dynamic process of self-assembly was observed by OM. 

EXPERIMENTAL  PART 

The NMR spectra were recorded with a Varian Gemini 300 instrument, operating at 300 MHz for 1H and at 75 MHz for 13C 
nuclei. Infrared and ultraviolet spectra were run on Zeiss instruments (UR 20 and SPECORD, respectively). The OM was performed 
with a microscope MC 5A equipped with a camera. 

Melting points were measured in open capillary tubes (for the low melting compounds) or on a hot-stage melting points 
apparatus (equipped with a polarizator to check for nematic properties). 

General procedure for the preparation of membranes. 

In all cases, given amounts (0.1–10 mM) of pyridinium salts 2 were first suspended and then sonicated in distilled water. 
Sonication was performed in two ways as described above. 

Sonication times in the ultrasonic cleaning bath were 20 min for all compounds and the concentration was in the order of 
1 mM or 30 min if the concentration was in the order of 10 mM. With the probe system the sonication times were 3 min for all 
compounds with the exception of the N-phenyl-substituted pyridinium salts which were sonicated for 6 min. The obtained solutions 
which were either opalescent or emulsions or (micro)dispersions were stored in closed vessels until analysis. 
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