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Abstract The first forms of cellular life required a source of amphiphilic compounds
capable of assembling into stable boundary structures. Membranes composed of fatty acids
have been proposed as model systems of primitive membranes, but their bilayer structure is
stable only within a narrow pH range and low ionic strength. They are particularly sensitive
to aggregating effects of divalent cations (Mg+2, Ca+2, Fe+2) that would be present in
Archaean sea water. Here we report that mixtures of alkyl amines and fatty acids form
vesicles at strongly basic and acidic pH ranges which are resistant to the effects of divalent
cations up to 0.1 M. Vesicles formed by mixtures of decylamine and decanoic acid (1:1
mole ratio) are relatively permeable to pyranine, a fluorescent anionic dye, but permeability
could be reduced by adding 2 mol% of a polycyclic aromatic hydrocarbon such as pyrene.
Permeability to the dye was also reduced by increasing the chain length of the amphiphiles.
For instance, 1:1 mole ratio mixtures of dodecylamine and dodecanoic acid were able to
retain pyranine dye during and following gel filtration. We conclude that primitive cell
membranes were likely to be composed of mixtures of amphiphilic and hydrophobic
molecules that manifested increased stability over pure fatty acid membranes.

Keywords Amphiphiles . Alkylamines . Early cellular life . Extreme environments . Fatty
acids . Primitive membranes . Self-assembly

Introduction

Themembrane boundaries of contemporary cells are composed largely of phospholipids and, in
the case of eukaryotes, phospholipids and cholesterol. However, it is unlikely that membranes
of the earliest cellular forms of life incorporated such lipids, which require complex metabolic
pathways for their synthesis. Instead it has been proposed that primitive membranes self-
assembled from simpler amphiphilic molecules such as fatty acids (for review, see Deamer and
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Dworkin 2005). These are present in carbonaceous meteorites (Lawless and Yuen 1978;
Shimoyama et al. 1989), and can be synthesized under geochemical conditions by Fischer-
Tropsch type reactions (Nooner et al. 1976; McCollom et al. 1999; Rushdi and Simoneit 2001).

It is well-established that fatty acids can self-assemble into membranous compartments
(Ekwall and Mandell 1969; Gebicki and Hicks 1973; Hargreaves and Deamer 1978).
Saturated fatty acids having chain lengths in the range of 10–12 carbons form bilayer
membranes and vesicular structures at room temperature when the pH of the solution is near
the apparent pKa, typically in the range of 7–8 (Apel and Deamer 2005; Morigaki and Walde
2007). Simoneit et al. (2007) reported that monoglycerides produced by condensation
reactions under simulated prebiotic conditions can self-assemble into membranous structures.
Longer chain saturated fatty acids also form bilayer membranes, but only if their hydrocarbon
chains are maintained in a fluid state, either by increasing the temperature or by the presence
of double bonds (Hargreaves and Deamer 1978). In addition to these structural properties,
fatty acid vesicles are capable of growth (Berclaz et al. 2001; Cheng and Luisi 2003; Chen
and Szostak 2004), self-reproduction (Luisi et al. 2004; Hanczyc et al. 2003), and a primitive
form of competition for resources (Chen et al. 2004; Stano 2007).

The relevance of fatty acid vesicles to origin of life scenarios is recognized because they
are chemically simple versions of amphiphiles, in contrast to “modern” phospholipids
(Monnard and Deamer 2003; Hanczyc et al. 2003; Luisi et al. 2006; Thomas and Rana
2007). Fatty acids and other amphiphilic compounds present in carbonaceous meteorites
can participate in membrane self-assembly processes (Deamer 1986; Deamer and Pashley
1989), as can the mixtures of fatty acids and fatty alcohols synthesized by Fischer-Tropsch
type reactions under simulated prebiotic conditions (Monnard et al. 2002; Rushdi and
Simoneit 2001). Furthermore, fatty acid vesicles can encapsulate functional enzymes such as
polymerases (Walde et al. 1994; Oberholzer et al. 1995) and also act as catalytic templates
for the polymerization of aniline (Namani and Walde 2005). However, the complex self-
assembly behavior of fatty acids in aqueous solution depends strongly on ionization state,
concentration, temperature and counter ions (Cistola et al. 1986, 1988), and their bilayer
structure is disrupted by divalent cations (Monnard et al. 2002; Morigaki and Walde 2007).

For these reasons, it is desirable to explore mixtures of amphiphilic compounds that are
expected to increase the range of stability of the resulting membranes by reducing their
sensitivity to environmental parameters. For instance, it has previously been reported that the
pH range of vesicle formation can be shifted to acidic pH by addition of surfactants such as
sodium dodecylbenzene sulfonate (SDBS) to decanoic acid (Namani andWalde 2005) and to
the alkaline pH by the addition of decanol to decanoic acid (Monnard et al. 2002).

The present study addresses three questions related to the stability of membrane vesicles
in the prebiotic environment:

1. Under what conditions can membranes assembled from simple amphiphiles be made
stable at extreme pH ranges and high divalent cation concentrations?

2. What is the minimal lipid concentration and chain length for the assembly of
amphiphiles into stable membranes under these conditions?

3. What amphiphile compositions are sufficiently stable to provide a permeability barrier
against the leakage of encapsulated solutes?

Backlund et al. (1997) investigated the phase behavior of various alkyl amines,
carboxylic acid and water complexes by constructing a ternary phase diagram. The phase
diagrams suggest that mixtures of alkyl amines and fatty acids might display unusual
properties in regard to their ability to form lamellar aggregates. We decided to explore such
binary mixtures in terms of their ability to assemble into vesicular structures at extreme pH
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ranges and divalent cation concentrations. Because polycyclic aromatic hydrocarbons
(PAHs) are also abundant organic components of carbonaceous meteorites (Stephan et al.
2003) and resemble cholesterol, we also decided to investigate admixtures of PAHs as
potential stabilizing agents that could enhance the ability of such vesicles to maintain
concentration gradients of ionic solutes.

Materials and Methods

Decanoic acid (capric acid, 99%), dodecylamine (>95%), dodecanoic acid (>99%), pyrene
(>99%), and decylamine (>95%) were purchased from Fluka (USA), pyranine (1-
hydroxypyrene-3,6,8-trisulfonic acid, 98% pure) from Acros, sea salts from Sigma, and
Sephadex G25 from Amersham Biosciences (Sweden).

Preparation of Vesicles

In a typical preparation, appropriate amounts of decylamine and decanoic acid (1:1 mole
ratio) were weighed into a glass test tube and mixed with 10% molar excess of NaOH in
order to titrate the decanoic acid completely to sodium decanoate. The mixture was then
suspended in a 0.1 M CHES buffer (2-(N-cyclohexylamino)ethane sulfonic acid) pH 11 to a
final concentration of 0.1 M. The suspension pH was adjusted to pH 11 and the presence of
vesicles was confirmed by phase microscopy.

To prepare vesicles at lower pH ranges, 1:1 mole ratios of decylamine and decanoic acid
were dissolved in chloroform. This ratio was chosen because of the expectation that
stabilizing hydrogen bonds or electrostatic bonds would form between equimolar concen-
trations of the two amphiphilic molecules. Other ratios (2:1 and 1:2) were also investigated in
preliminary experiments, and the 1:1 ratio was found to be optimal. Aliquots were evaporated
by a gentle stream of nitrogen gas, the resulting thin films were dispersed in 0.1 M sodium
phosphate or borate and the pH was adjusted to the desired range with 1 N HCl.

In some cases 1 mol% pyrene was added to the lipid solutions in chloroform so that the
resulting vesicles could be viewed by epifluorescence microscopy. Pyrene and benzylan-
thracene at 2 mole% were also prepared to investigate the effects of added PAH on
membrane stability and permeability.

Titration Experiments and Microscopy

A stock dispersion of 0.1 M decylamine and 0.1 M decanoic acid was prepared in 0.11 M
NaOH. Aliquots of the stock (250 µl) were placed in 25 small glass test tubes and titrated
with 0.1 N HCl (from 25 µl to 500 µl). The final volumes were adjusted to 1 ml with Milli
Q water so that each sample contained 25 mM of decylamine and decanoic acid. After one
day equilibration the pH of the sample was measured and recorded. The samples were
examined by phase microscopy at ×40 and ×100 magnification.

Determining Critical Concentration of Vesicle Formation (CVC)

Decylamine/decanoic acid mixtures at different total concentrations were prepared and
absorbance (turbidity) was measured at 350 nm in 0.1 M CHES buffer (pH 11) and also in
0.1 M borate (pH 3.0). The concentration at which the absorbance first began to increase
was taken to be the critical concentration for vesicle formation (CVC).
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Stability of Decylamine and Decanoic Acid

The stability of vesicles was tested by measuring the turbidity as a function of time.
Vesicles at pH 11 and pH 2 containing 1 mol% of pyrene were prepared as described in this
section, followed by bath sonication for about 15 min. The turbidity of the resulting small
vesicles was monitored at 500 nm as a function of time, and increased turbidity was taken
to indicate physical changes in the vesicle dispersion, such as vesicle growth, fusion or
aggregation.

Dye Encapsulation

The 1:1 mole ratio mixtures of the dodecylamine and dodecanoic acid were dissolved in
1 ml of chloroform, and the chloroform was evaporated by nitrogen gas. To the resulting
thin film, 2 ml of 0.1 M CHES buffer was added containing 1.0 mM pyranine. The
suspension was then vortexed and heated in order to produce efficient mixing of the
components. The pH of the suspension was adjusted to 11.5 by addition of NaOH, followed
by extrusion through 200 nm Nucleopore polycarbonate membrane filters using a
Liposofast extruding device (Avanti Polar Lipids). An aliquot of the extruded suspension
(0.5 ml) was applied to a Sephadex G25 column (1 cm diameter x 12 cm length) and eluted
with the same buffer. If dye was encapsulated under these conditions, it was present as a
separate peak and the vesicles were collected in the excluded volume of the eluant.

Similarly, a thin film of decylamine and decanoic acid (1:1 molar ratio) was prepared with
2 mol% pyrene. The thin film was dispersed in 0.2 M CHES buffer at pH 11 containing 1 mM
pyranine. The suspension was vortexed and sonicated for 10min to produce smaller vesicles, as
described above. Aliquots of the preparation (0.5 ml) were then applied to a Sephadex G25
column (1 cm diameter × 10 cm length) and eluted with 0.2 M CHES buffer.

Results

Titration of Decylamine/Decanoic Acid Mixtures

Our first goal was to determine the pH ranges at which vesicles produced by 1:1 mixtures of
decylamine and decanoic acid are stable. To address this question, we titrated the vesicle
preparations between pH 11 and 2 as described in “Materials and methods”, but without CHES
buffer, and used phase contrast microscopy to visualize the physical state of the components.
The titration curve (Fig. 1) shows plateaus at high pH (>10; above point B in Fig. 1) and at
low pH (<3; below point A in Fig. 1), with little buffer capacity at neutral pH ranges. At both
the high and low pH range, vesicular structures were apparent, with several micrometers in
diameter (see Fig. 2a and d). Remarkably, at intermediate pH ranges only crystalline
aggregates were present (Fig. 2b and c), but the crystalline phase could be reversibly transform
into vesicles either by raising or lowering the pH. Figure 3 shows a photograph of the samples
from the titration curve, and the physical changes are clearly apparent to the eye as the mixture
goes from vesicular to crystalline to vesicular phase during the titration from pH 2 to pH 11.

Critical Concentration for Vesicle Formation (CVC)

In general, pure fatty acid vesicles form at relatively high concentrations of fatty acid
(above CVC), and vesicles disperse into free fatty acid monomers if the concentration falls
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Fig. 1 Titration curve of decyl-
amine and decanoic acid mixtures
(25 mM each) at room tempera-
ture. The vesicle regions are
shown separated by dotted lines
drawn at A and B. A crystalline
phase was present in the region
between A and B

Fig. 2 Phase contrast light micrographs of the titration curve samples of decylamine and decanoic acid
mixtures (25 mM each) in aqueous solutions at a pH 10.8, b pH 6.6, c pH 4.4 and d pH 2.0
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below CVC. We tested the CVC of decylamine/decanoic acid mixtures at pH 11 and pH 3
by turbidity measurements, in which turbidity is monitored at 350 nm as a function of total
amphiphile concentration. As clearly seen in Fig. 4, an increase in absorbance is observed
in both cases at specific amphiphile concentrations. The break points (ca. 0.5 and 1 mM,
respectively) are estimates of the CVC of decylamine and decanoic acid vesicles at both
pH’s 11 and 3. Significantly, these values are about 10 times lower than the pure decanoic
acid vesicles (Namani and Walde 2005).

Membrane Stability in the Presence of Divalent Cations

The formation ofmembranes on the early Earth is generally assumed to have occurred in marine
environments. It has been demonstrated that fatty acid vesicles precipitate in the presence of low
concentrations of divalent cations such as Mg+2, Ca+2 and Fe+2 when the cations form
insoluble soaps with the anionic fatty acids (Monnard et al. 2002; Chen et al. 2005). The
chemical incompatibility between pure fatty acid vesicles and divalent cations represents a
significant question when we consider the origin of the first cellular compartments.

Fig. 3 Samples from the titration curve of Fig. 1 are shown with the pH of each sample noted on each test
tube

Fig. 4 Critical vesicle concentra-
tion (CVC) of decylamine and
decanoic acid mixtures (1:1 mole
ratio) was determined by mea-
suring turbidity at 350 nm as a
function of concentration. The
open circles correspond to
vesicles were prepared in 0.1 M
borate at pH 3 and the closed
circles correspond to vesicles
prepared in 0.1 M CHES buffer at
pH 11.5
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We tested the stability of decylamine and decanoic acid vesicles (at pH 2) in the
presence of divalent cations such as Mg+2, Ca+2, and also in sea water. As shown in Fig. 5,
light microscopy reveals that decylamine/decanoic acid vesicles are stable in the presence
of 0.1 M MgCl2 (Fig. 5a), 0.1 M CaCl2 (Fig. 5b) and 40 mg/ml sea salts (Fig. 5c). We
account for the stability of vesicles to the fact that only neutral (protonated) decanoic acid is
present at low pH, and therefore cannot undergo electrostatic association with cations. In
contrast, at high pH, when decanoic acid is in its anionic form, the presence of cations even
at low concentrations (<0.1 mM Mg+2) strongly affects the stability of vesicles.

Encapsulation of Pyranine Dye

The membranes of primitive cells formed by amphiphilic compounds in the early Earth
environment must have been sufficiently stable to provide a diffusion barrier to ionic
solutes, as phospholipids do in contemporary cells. However, it is also true that extremely
low permeability would hinder the development of protocells, since selective material
exchange with the environment favors the maintenance of protocells. Therefore the
permeability must be fixed at some intermediate range, mediated either by passive diffusion
through the bilayer or by incorporation of some form of channel.

We tested the permeability of the alkyl amine and fatty acid mixtures by capturing
pyranine, a strongly fluorescent anionic dye that can be used as a marker for encapsulated
volume. We found that these vesicles are relatively permeable to pyranine, and the
entrapped dye cannot be recovered after elution through a gel permeation column. In other
words, pyranine was released from the internal aqueous volume of vesicles as soon as a
concentration gradient was established during gel filtration.

We therefore investigated the possibility that the permeability could be decreased by the
addition of simple non-polar molecules, with preference for prebiotically plausible
molecules. We found that a significant decrease of permeability can be attained by the
addition of small amount of aromatic hydrocarbon molecules such as pyrene and
benzanthracene, which presumably act to stabilize the membranes by a mechanism
analogous to the role of cholesterol in biological membranes (Szabo 1974). The elution
profile of pyranine (2 mol%)-loaded decylamine/decanoic acid vesicles through a Sephadex
G25 column is shown in Fig. 6, left panel. There is a clear separation of vesicles containing
pyranine (fraction A) and free dye (fraction B).

Encapsulation of water soluble dyes can occur when the chain length of the amphiphile
is increased by two carbon atoms. The entrapment of pyranine inside dodecylamine/
dodecanoic acid vesicles (Fig. 6, right panel) at pH 11 is similar to that of decylamine/
decanoic acid/pyrene vesicles (49/49/2 mol%). The absorbance of each fraction was
recorded at a wavelength of 450 nm and the amount of dye entrapped was determined by
the molar extinction coefficient of pyranine. The entrapment of pyranine was also tested
with dodecylamine/dodecanoic acid vesicles at pH 2, using 1 mM pyranine as a marker for
internal volume. The vesicles eluted without trapped dye, suggesting that the vesicles at low
pH are significantly more permeable than at high pH ranges (results not shown).

Stability of Decylamine/Decanoic Acid Vesicles

The general stability of vesicle preparations was monitored by measuring the turbidity of
sonicated vesicles as a function of time (Fig. 7). The turbidity increased over time at both
pH 2 and pH 11 in vesicles prepared with 1 mol% pyrene, indicating that the vesicles were
either aggregating or fusing to produce larger structures. The effect is more pronounced at
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Fig. 5 Epifluorescence micro-
graph of decylamine/decanoic
acid (25 mM each) vesicles in
presence of a 0.1 M MgCl2, b
0.1 M CaCl2 and c sea salts 40 g/
l. All the vesicles were prepared
in 0.1 M borate at pH 2. The
scale bars indicate 5 µm
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pH 2 vesicles compared to pH 11. This result is consistent with the entrapment experiment
described in the previous section, in which it was shown that decylamine/decanoic acid
vesicles at pH 2 were unable to retain pyranine during gel filtration, while vesicles at pH 11
could. A more extensive study will be required to elucidate the relationship between
turbidity increments and possible structural effects.

Fig. 7 The stability of decyl-
amine (10 mM) and decanoic
(10 mM) acid vesicles at pH 11
and pH 3 was monitored as
turbidity changes over time, using
absorbance at 500 nm to measure
turbidity. Open circles correspond
to vesicles at pH 11 and the
closed circles correspond to pH 2.
The vesicles were sonicated for
15 min in a bath sonicator before
measuring the absorbance

Fig. 6 Left panel, vesicles were prepared from decylamine and decanoic acid (50 mM each) in 0.2 M CHES
buffer at pH 11.5, with 2 mM pyranine added. The vesicle suspension was sonicated for 10 min to reduce the
number of larger vesicles, and 0.5 ml of the sonicated sample was applied to a Sephadex G25 column (12×
1 cm). The absorbance of the dye at 450 nm (open circles) and turbidity at 600 nm (filled circles) were
recorded during elution from the column as a function of eluted volume. Right panel, dodecylamine/
dodecanoic acid (25 mM each) vesicles suspension was prepared in presence of pyranine (1 mM) in 0.1 M
CHES buffer at pH 11 and the suspension was extruded through 200 nm polycarbonate membranes. 0.5 ml
of the extruded suspension was applied to a Sephadex G25 column (15×1 cm). The percent of eluted
pyranine was plotted as function of elution volume. The first fraction peak in the elution profile corresponds
to pyranine-containing vesicles and later fractions correspond to non-entrapped pyranine
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Discussion and Conclusion

Awide range of possible environments have been proposed for the origin of life, including
hydrothermal vents (Baross and Hoffman 1983) mineral surfaces such as pyrite of clay
(Wachtershauser 1988; Ferris 2002) evaporating lagoons (Levy and Miller 1999) and global
ice melted by giant impacts (Bada et al. 1994). In general, little attention has been paid to
the ionic composition of the aqueous phase, and there has been a tacit assumption that life
began in a marine environment. However, at some point of this process life became cellular,
so that amphiphilic compounds able to form stable membranous boundary structures would
be required. Fatty acids have been proposed as a possible primordial amphiphile (Hargreaves
and Deamer 1978), but Monnard et al. (2002) pointed out that such membranes are very
sensitive to pH and divalent ion composition, and argued that fresh water environments
should be considered as an alternative site for life’s origin.

Contemporary cellular life has evolved enzymatic pathways to synthesize a variety of
complex amphiphilic lipids, and has adapted the lipid composition to virtually all the liquid
water niches available in the biosphere, including temperature extremes from melting ice to
hydrothermal water at 121 degrees C, from pH 1 to pH 11, and fresh water to saturated salt
solutions. The single characteristic of all biological membranes is that they are not
composed of a pure lipid, but always lipid mixtures, suggesting that there is a property of
lipid mixtures that increases the robustness of bilayer membranes, while vesicles composed
of pure lipids will be highly sensitive to environmental variables.

We do not claim that the amphiphilic mixture described in this report represents a
plausible composition of primitive membrane, because as yet there are no reports indicating
that alkylamines would be available in the prebiotic environment. However, we do suggest
that it is worth investigating the properties of simple amphiphilic mixtures, and that the
alkylamine–alkanoic acid system offers a convenient model for experimental tests.

The current study focused on finding conditions in which stable amphiphilic vesicles can
form at extremes of pH and salt concentrations. We have shown that at low pH decylamine/

Fig. 8 Schematic representation of possible structural associations of between decylamine and decanoic
molecules at low pH (<3) and at high pH (>10). Square symbols represent amine head group and circles
represent the carboxylate head groups. Filled and open symbols are protonated and deprotonated forms of
decanoic acid (R–COOH and R–COO−) and decylamine (R–NH3

+ and R–NH2)
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decanoic acid vesicles form spontaneously, and that they are not destroyed by the presence
of Mg+2 and Ca+2 ions at high concentrations. However, negatively charged vesicles at high
pH ranges do tend to precipitate in the presence of divalent ions. We have also observed
that these vesicles undergo fusion faster than pure decanoic acid vesicles (Namani and
Walde 2005) and that their size can be reduced by sonication or extrusion.

The stability of pure fatty acid vesicles has been explained in terms of the presence of
intermolecular H-bonds between the protonated and the ionic forms (Apel et al. 2002), so
that pure fatty acid vesicles are stable only in the pH range where both forms coexist
(generally between pH 7 and 9). In the case of decylamine/decanoic acid vesicles at high
pH, we can postulate a similar behavior, in which the decylamine (R–NH2) acts as a
hydrogen bond donor and the decanoate (R–COO−) as a hydrogen bond acceptor. In
contrast, at low pH the decylamonium ions (R–NH3

+) form vesicles by hydrogen bonding
with decanoic acid (R–COOH) as tentatively depicted in Fig. 8.

The presence of vesicular structures was confirmed by epifluorescence microscopy using
1 mol% pyrene as a fluorescent label, as shown in Fig. 5. It has been problematic to
demonstrate the existence of aqueous interior volumes of the decylamine/decanoic acid
vesicles because these amphiphiles do not provide a sufficient permeability barrier. We
were able to demonstrate internal volumes by adding 2 mol% pyrene to the decylamine/
decanoic acid. The pyrene apparently acted as a stabilizing molecule, similar to the role of
cholesterol in contemporary cell membranes. Stable membranes could also be produced by
increasing the chain length by two carbon atoms in the dodecylamine/dodecanoic acid
system, which was able to capture pyranine dye. However, vesicles composed of either
system at low pH were unable to contain encapsulated dye, and microscopic examination
showed that they tended to fuse to form larger vesicles (results not shown). Figure 7 also
shows increased turbidity at pH 2 compared to pH 11 due to fusion of the vesicles,
suggesting a relative instability of the bilayers at low pH ranges.

Finally, we observed that admixtures of small amounts of two PAH species—pyrene and
benzanthracene—also had a stabilizing effect on bilayer permeability of decanoic acid
membranes. We propose that PAH species, which were likely to be abundant in the
prebiotic environment, could have played a role similar to that of cholesterol in
contemporary membranes (Szabo 1974). In fact, earlier studies of the vesicular membranes
produced by amphiphilic components of the Murchison meteorite showed that the
membranes were highly fluorescent, a clear indication of the presence of PAH derivatives
in the bilayers (Deamer and Pashley 1989). It seems clear that further investigations of
mixed amphiphilic components will be very fruitful in advancing our understanding of
primitive membrane structure.

Acknowledgements The authors thank Pasquale Stano (“Enrico Fermi” Research Centre, Rome), Peter
Walde (ETH-Zurich), Helmut Zepik (ETH-Zurich) and Felix Olasagasti (UCSC) for useful discussions. This
research was supported by a grant from the NASA Exobiology program.

References

Apel CL, Deamer DW (2005) The formation of glycerol monodecanoate by a dehydration/condensation
reaction: Increasing the chemical complexity of amphiphiles on the early earth. Orig Life Evol Biosphere
35:323–332

Apel CL, Deamer DW, Mautner MN (2002) Self-assembled vesicles of monocarboxylic acids and alcohols:
conditions for stability and for the encapsulation of biopolymers. Biochim Biophys Acta 1559:1–9

Backlund S, Friman R, Karlsson S (1997) Aggregation studies in alkanoic acid-alkylamine-water systems.
Colloids Surf. A: Physicochem Eng Aspects 123:125–133

Primitive membranes 339



Bada JL, Bigham C, Miller SL (1994) Impact melting of frozen oceans on the early Earth - Implications for
the origin of life. Proc Natl Acad Sci USA 91:1248–1250

Baross JA, Hoffman SE (1983) Submarine hydrothermal vents and associated gradient environments as sites
for the origin and evolution of life. Orig of Life 15:327–235

Berclaz N, Muller M, Walde P, Luisi PL (2001) Growth and transformation of vesicles studied by ferritin
labeling and cryotransmission electron microscopy. J Phys Chem B105:1056–1064

Cheng ZL, Luisi PL (2003) Coexistence and mutual competition of vesicles with different size distributions.
J Phys Chem B 107:10940–10945

Chen IA, Roberts RW, Szostak JW (2004) The emergence of competition between model protocells. Science
305:1274–1476

Chen IA, Salehi-Ashtiani K, Szostak JW (2005) RNA catalysis in model protocell vesicles. J Am Chem Soc
127:13213–13219

Chen IA, Szostak JW (2004) A kinetic study of the growth of fatty acid vesicles. Biophys J 87:988–998
Cistola DP, Atkinson D, Hamilton JA, Small DM (1986) Phase behavior and bilayer properties of fatty acids:

hydrated 1:1 acid-soaps. Biochem 25:2804–2812
Cistola DP, Hamilton JA, Jackson D, Small DM (1988) Ionization and phase behavior of fatty acids in water:

application of the Gibbs phase rule. Biochem 27:1881–1888
Deamer DW (1986) Role of amphiphilic compounds in the evolution of membrane-structure on the early

Earth. Orig Life Evol Biosphere 17:3–25
Deamer DW, Dworkin JP (2005) Chemistry and physics of primitive membranes. Top Curr Chem 259:1–27
Deamer DW, Pashley RM (1989) Amphiphilic components of the Murchison carbonaceous chondrite—

Surface properties and membrane formation. Orig Life Evol Biosphere 19:21–38
Ekwall P, Mandell L (1969) Solutions of alkali soaps and water in fatty acids. I. Region of existence of the

solutions. Kolloid Z Z Polymere 233:938–944
Ferris J (2002) Montmorillonite catalysis of 30–50 mer oligonucleotides: Laboratory demonstration of

potential steps in the origin of the RNA world. Orig Life Evol Biosphere 32:311–332
Gebicki JM, Hicks M (1973) Ufasomes are stable particles surrounded by unsaturated fatty acid membranes.

Nature 243:232–234
Hanczyc MM, Fujikawa SM, Szostak JW (2003) Experimental models of primitive cellular compartments:

Encapsulation, growth, and division. Science 302:618–622
Hargreaves WR, Deamer DW (1978) Liposomes from ionic, single-chain amphiphiles. Biochem 17:3759–

3768
Lawless JG, Yuen GU (1978) Quantification of monocarboxylic acids in the Murchison carbonaceous

meteorite. Nature 282:396–398
Levy M, Miller SL (1999) The prebiotic synthesis of modified purines and their potential role in the RNA

world. J Mol Evol 48:631–637
Luisi PL, Ferri F, Stano P (2006) Approaches to semi-synthetic minimal cells: a review. Naturwiss 93:1–13
Luisi PL, Stano P, Rasi S, Mavelli F (2004) A possible route to prebiotic vesicle reproduction. Artificial Life

10:297–308
McCollom TM, Ritter G, Simoneit BRT (1999) Lipid synthesis under hydrothermal conditions by Fischer-

Tropsch-type reactions. Orig Life Evol Biosphere 29:153–166
Monnard PA, Deamer DW (2003) Preparation of vesicles from nonphospholipid amphiphiles. Meth Enzym

372:133–151
Monnard PA, Apel CL, Kanavarioti A, Deamer DW (2002) Influence of ionic inorganic solutes on self-

assembly and polymerization processes related to early forms of life: Implications for a prebiotic
aqueous medium. Astrobiology 2:139–152

Morigaki K, Walde P (2007) Fatty acid vesicles. Curr Opin Colloid Interface Sci 12:75–80
Namani T, Walde P (2005) From decanoate micelles to decanoic acid/dodecylbenzenesulfonate vesicles.

Langmuir 21:6210–6219
Nooner DW, Gibert JM, Gelpi E, Oro J (1976) Closed system Fischer-Tropsch synthesis over meteoritic iron,

iron-ore and nickel alloy. Geochim Cosmochim Acta 40:915–924
Oberholzer T, Albrizio M, Luisi PL (1995) Polymerase chain reaction in liposomes. Chem Biol 2:677–682
Rushdi AI, Simoneit BRT (2001) Lipid formation by aqueous fischer-tropsch-type synthesis over a

temperature range of 100 to 400 degree C. Orig Life Evol Biosphere 31:103–118
Simoneit BRT, Rushdi AI, Deamer DW (2007) Abiotic formation of acylglycerols under simulated

hydrothermal conditions and self-assembly properties of such lipid products. Adv Space Res 40:1649–
1656

Shimoyama A, Naraoka H, Komiya M, Harada K (1989) Analyses of carboxylic acids and hydrocarbons in
Antarctic carbonaceous chondrites. Geochem J 23:181–193

Stano P (2007) Question 7: New aspects of interactions among vesicles. Orig Life Evol Biosphere 37:439–444

340 T. Namani, W. Deamer



Stephan T, Jessberger EK, Heiss CH, Rost D (2003) TOF-SIMS analysis of polycyclic aromatic
hydrocarbons in Allan Hills 84001. Meteorit Planet Sci 38:109–116

Szabo G (1974) Dual mechanism for the action of cholesterol on membrane permeability. Nature 252:47–49
Thomas JA, Rana FR (2007) The influence of environmental conditions, lipid composition, and phase

behavior on the origin of cell membranes. Orig Life Evol Biosphere 37:267–285
Wächtershäuser G (1988) Before enzymes and templates: Theory of surface metabolism. Microbiol Rev

52:452–484
Walde P, Goto A,Monnard P-A,WessickenM, Luisi PL (1994) Oparin’s reactions revisited: Enzymic synthesis

of poly(adenylic acid) in micelles and self-reproducing vesicles. J Am Chem Soc 116:7541–7547

Primitive membranes 341


	Stability of Model Membranes in Extreme Environments
	Abstract
	Introduction
	Materials and Methods
	Preparation of Vesicles
	Titration Experiments and Microscopy
	Determining Critical Concentration of Vesicle Formation (CVC)
	Stability of Decylamine and Decanoic Acid
	Dye Encapsulation

	Results
	Titration of Decylamine/Decanoic Acid Mixtures
	Critical Concentration for Vesicle Formation (CVC)
	Membrane Stability in the Presence of Divalent Cations
	Encapsulation of Pyranine Dye
	Stability of Decylamine/Decanoic Acid Vesicles

	Discussion and Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


