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Abstract
Recent synthetic approaches to understanding the origin of life have
yielded insights into plausible pathways for the emergence of the first
cells. Here we review current experiments with implications for the
origin of life, emphasizing the ability of unexpected physical processes
to facilitate the self-assembly and self-replication of the first biological
systems. These laboratory efforts have uncovered novel physical mech-
anisms for the emergence of homochirality; the concentration and pu-
rification of prebiotic building blocks; and the ability of the first cells
to assemble, grow, divide, and acquire greater complexity. In the ab-
sence of evolved biochemical capabilities, such physical processes likely
played an essential role in early biology.
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L/D: a system of
nomenclature for
stereoisomers of
sugars and amino acids

CPL: circular
polarized light

Enantiomeric excess
(ee): the difference
between the molar
fractions (or
percentages) of the
two chiral enantiomers
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INTRODUCTION

One of the many challenges to developing an
understanding of how life began lies in the com-
plexity of extant biology. Even the simplest cells
feature hundreds of essential genes (22) coding
for proteins and nucleic acids that perform tasks
ranging from building block synthesis to cell
division. The spontaneous emergence of bio-
logical systems, by definition, occurred without
such complex machinery and thus depended on
physical and chemical processes intrinsic to the
first biomolecules. Given the diverse geochem-
ical microenvironments of early Earth, and the
varied geophysical means of chemical transport
between them, there is also considerable po-
tential for enviromental phenomena to assist
in the origin of life. Such processes allowed
for the synthesis of constitutionally and chirally
enriched biomolecules, their self-assembly into
primitive biological systems, and the ability of
those systems to self-replicate and evolve into
the complex cells that followed; all tasks that

have long since been taken over by evolved bi-
ological machinery. Recent experimental work
has uncovered plausible physical pathways and
mechanisms for at least some of these putative
steps in the origin and early evolution of life.

PHYSICAL MECHANISMS
FOR THE EMERGENCE
OF HOMOCHIRALITY

Biology is universally chiral: Proteins are com-
posed almost entirely of l-amino acids, whereas
nucleic acids use d-ribose as their sugar compo-
nent. Even prebiotic models of nonenzymatic
RNA polymerization require a source of chi-
rally pure nucleotides, because l-nucleotides
act as chain terminators for template-directed
primer-extension of d-RNA (33). Modern en-
zymes easily synthesize chiral metabolites, but if
homochirality predated the first living systems,
how could it have been generated abiotically?

An abiotic origin of homochirality prob-
ably involved two sequential steps: an initial
breaking of chiral symmetry and generation of
a small enantiomeric excess (ee) in certain key
compounds, followed by the action of physical
or chemical processes that amplified the initial
ee to a state approaching homochirality. Me-
teorite samples that contain amino acids with
significant chiral asymmetry (up to 15–18% ee)
provide direct evidence that physical processes
can break chiral symmetry (15, 23). These
striking findings have yet to be fully explained.
The most commonly cited hypothesis is
that circularly polarized light (CPL) leads to
enantioselective photolysis. Intense sources of
highly polarized extreme ultraviolet (UV) ra-
diation are thought to be relatively common in
interstellar molecular clouds, where meteoritic
amino acids or their chiral precursors may
have formed. Experimentally, CPL from syn-
chrotron radiation has been used to generate a
small ee (<3%) in racemic samples of the amino
acid leucine (51). Unfortunately, the fraction of
the input leucine that was degraded during the
generation of the 3% ee could not be measured,
so the efficiency of this process remains unclear.
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Although we know from the analysis of me-
teoritic organics that chiral symmetry can be
broken extraterrestrially, it is possible that this
symmetry was also broken in specific terrestrial
environments. A local symmetry-breaking pro-
cess would circumvent the need for the depo-
sition of chiral compounds onto the early earth
on a scale sufficient to influence the course of
planetary organic chemistry. Rosenberg et al.
(67) proposed that polarized secondary elec-
trons, which are generated when a magnetic
substrate (such as a bed of iron ore particles)
is irradiated, can result in strongly enantios-
elective photolysis of adsorbed molecules. In
a model reaction, they demonstrated that the
rate of cleavage of the C–O bond in R ver-
sus S (R/S) 2-butanol adsorbed on a magne-
tized alloy can differ by up to 10% depend-
ing on the spin polarization of the secondary
electrons.

Recently, experimental research has focused
on robust mechanisms for the amplification of
a small initial ee to subsequent enantiopurity.
Chemical processes in which a chiral product
both catalyzes its own formation and inhibits
the formation of its enantiomer were proposed
over 50 years ago as a means of achieving enan-
tiopurity given a small ee excess (18). The Soai
reaction, an alkylation of pyrimidyl aldehydes,
was the first demonstration of such a chemi-
cal process and has thus been extensively stud-
ied as a model system (5, 73). This work has
provided experimental validation and a spe-
cific chemical mechanism for the theoretically
proposed requirements for chiral amplification
(18).

A purely chemical route for chiral ampli-
fication is currently constrained to a limited
set of asymmetric autocatalytic reactions. In a
surprising series of developments, simple phase
transitions seem to offer much more general
mechanisms of chiral amplification. Viedma
(82) first convincingly demonstrated such a
physical amplification process by showing that
abrasive grinding of a racemic slurry of chiral
crystals (composed of achiral sodium chlorate)
in equilibrium with an achiral solution phase

R/S: a general system
of nomenclature for
stereogenic centers

leads inexorably to a state of complete chiral
purity of the crystal phase. This remarkable
process is robust: Chiral purity in the solid
phase emerges even without an initial ee,
indicating that stochastic fluctuations in crystal
composition are sufficient to break the chiral
symmetry.

Viedma’s experiments were performed on
chiral crystals of achiral molecules. For such
a process to apply for chiral molecules, such
as biological building blocks, there must be
an accompanying chemical means of solution
phase racemization. Blackmond and colleagues
(57, 83) have demonstrated that, by introduc-
ing base-catalyzed solution phase racemization,
the same crystal grinding process can lead to
chiral amplification of amino acid crystals with
an initially small (<10%) ee. Because racem-
ization occurs only in solution, chiral con-
version acts preferentially on faster-dissolving
crystal species. Asymmetry in dissolution leads
to asymmetry in chiral conversion via racem-
ization, which in turn amplifies the chirality of
the dominant chiral species.

The mechanism by which asymmetry is
amplified during crystal grinding experiments
is still being debated (Figure 1a). It is generally
agreed that abrasive grinding converts large
crystals to small crystals, thereby driving cycles
of dissolution and recrystallization during
which small crystals tend to dissolve whereas
larger crystals tend to grow. This is the classical
Ostwald ripening effect, in which differences
in surface energy drive the growth of larger
crystals at the expense of smaller crystals. One
hypothesis is that the dissolution of small crys-
tals to monomers coupled with growth of larger
crystals generates a cycle that is sufficient to
lead to chiral amplification (58). However, it is
unclear how purely first-order processes lead to
amplification, as both dissolution and recrystal-
lization are proportional to the crystal surface
area, thus maintaining any initial ee indefinitely.
An alternative proposal is that the processes of
abrasive grinding and dissolution generate chi-
ral microcrystals, which can then either dissolve
into monomers or be incorporated directly into
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Figure 1
Physical mechanisms of chiral amplification based on phase transitions. (a) Schematic of processes involved in crystal grinding
experiments. Abrasive grinding of a racemic slurry of l and d crystals with glass beads leads to the amplification of an initially small
enantiomeric excess (ee) to a nearly homochiral state. Identical processes occur for crystals of both l (left) and d (right) enantiomers,
with rapid solution phase racemization ( purple arrows) maintaining a racemic pool of monomers in solution. Abrasive grinding and
dissolution lead to large crystals breaking into smaller crystals, which eventually dissolve into chiral monomers. Growth by monomer
addition occurs preferentially on larger crystals owing to their lower surface energy than on smaller crystals. A second-order pathway
for growth by the addition of small crystal clusters ( green, dashed arrow) has been proposed to explain the inexorable drive to
homochirality. (b) Enantioenrichment of compounds that crystallize as a racemate. If a solution with an initial ee (left) is concentrated,
crystallization of the racemate (right) leaves monomers of the chirality that is in excess in solution. Therefore, the solution phase
becomes highly enriched in the chirality of the initial ee. Crystallization of the conglomerate does not occur because it is energetically
disfavored relative to the racemate.

Conglomerate: a
solid state in which
each enantiomer of a
chiral molecule forms
separate crystals

Racemate: a mixture
containing equal
amounts (1:1 molar
ratio) of both
enantiomers of a chiral
molecule

larger crystals of the same chirality (49). If even
a small fraction of crystal growth was mediated
by such a process, which is second order
because it is dependent on the concentration of
both large crystals and microcrystals of a given
chirality, then crystals of the major chirality
would increase in abundance until homochi-
rality of the crystal phase was reached. Future
mechanistic studies examining the kinetics of
these phase transitions and the exact conditions
under which chiral enrichment does (and does
not) proceed should help to resolve these
questions.

Chiral amplification of an amino acid by
crystal grinding requires that the racemic amino
acid crystallizes into two separate enantiopure
crystal phases (referred to as a conglomerate),
which is the case for only two of the proteino-
genic amino acids (aspartic acid and threonine).
In separate experiments, Blackmond et al. (39)
and Breslow & Levine (8) demonstrated an
alternative physical mechanism for asymmetric
chiral enrichment in the other 18 amino acids,
which form crystals of a 1:1 d:l racemate. Given
an amino acid solution with a small ee, pre-
cipitation of the racemate leads to a solution
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phase eutectic containing the excess molecules
of the major enantiomer. In this case, chiral
enrichment is controlled thermodynamically:
Formation of enantiopure crystals is energeti-
cally disfavored, causing the excess enantiomer
to stay in solution while the racemate precip-
itates (Figure 1b). Amplification depends on
the energy, and therefore solubility, difference
between the racemate and conglomerate pre-
cipitates. In some cases, small-molecule addi-
tives, such as dicarboxylic acids, enhance this
effect by cocrystallizing with amino acids and
further stabilizing the racemic crystal lattice
(40). Eutectic chiral enrichment has also been
demonstrated for three of four standard nucle-
osides, A, C, and U, which crystallize as the
racemate, but not for G, which crystallizes as a
conglomerate (7).

Homochirality did not necessarily arise in-
dependently in multiple biological building
blocks; if a chiral molecule can act as an
asymmetric catalyst, then homochirality can
be transferred to other chiral building blocks.
For example, the amino acid proline acts as an
asymmetric catalyst for a variety of aldol con-
densations (45). Pizzarello & Weber (60, 85)
found that l-isovaline (found in meteorites with
15% ee) and, to a lesser extent, l-alanine can
serve as asymmetric catalysts for sugar synthe-
sis, such as the condensation of glycoaldehyde
with formaldehyde to generate glyceraldehyde,
or the condensation of two molecules of gyl-
coaldehyde to form tetroses. However, in these
cases the ee of the sugar products was always
much less than the ee of the amino acid. For the
proposed prebiotic pathway for nucleotide syn-
thesis discussed below, the chirality of the input
glyceraldehyde determines the chirality of the
nucleotide that is ultimately generated, so that a
source of chirally pure glyceraldehyde leads to
the synthesis of chirally pure nucleotides. We
note that glyceraldehyde forms remarkably sta-
ble dl dimers in aqueous solutions (16, 71). This
could lead to enantioenriched reaction products
either by favoring reaction with the excess enan-
tiomer, which is not sequestered in dl dimers,
or by phase separation of the dimer racemate,
leaving the excess enantiomer in solution.

RNA world
hypothesis: RNA was
the primary functional
and genetic polymer
before the evolution of
proteins and DNA

PHYSICAL MECHANISMS FOR
THE SELF-ASSEMBLY OF
BIOLOGICAL MATERIALS

Purification of Building Blocks
and Their Polymers

The now-famous Miller-Urey experiment (52)
launched the field of prebiotic chemistry. In the
50 years since, synthetic approaches to prebi-
otic chemistry have sought to define reason-
able conditions for the formation of the first
biomolecules by finding robust abiotic path-
ways for the synthesis of biological building
blocks and plausible geophysical processes for
the purification of these products and their key
intermediates. The field has focused on nucleic
acids in recent years, primarily because of the
RNA world hypothesis (88), which has gained
wide acceptance with the discovery of extant
RNA enzymes (ribozymes) (24, 41, 75), includ-
ing the finding that the ribosome is a ribozyme
(75), and the isolation of a wide variety of func-
tional RNAs in vitro (87).

It remains unclear whether RNA provided
the genetic basis for the very first living systems,
or if it was preceded by an earlier genetic poly-
mer that was easier to synthesize, replicate, or
more stable to hydrolysis. To address this, there
has been a long-standing effort to demonstrate
a prebiotically plausible synthesis of nucleotides
and oligonucleotides (oligomers). Prebiotic
chemists have traditionally approached nu-
cleotide synthesis by finding independent path-
ways for sugar and nucleobase synthesis. This
approach seems logical in that nucleotides are
complex molecules, and a synthesis by parts
approach seems most likely to achieve robust
yields. The synthesis of ribose from formalde-
hyde via the formose reaction (10, 20) and path-
ways for purine (84) and pyrimidine (66) nu-
cleobase synthesis have long been established.
However, the formose reaction features notori-
ously complex mixtures of products, and ribose
is unstable under common reaction conditions
(42). This problem is ameliorated by the find-
ing that simpler mixtures are generated in the
presence of borate, which stabilizes cis-diol con-
taining sugars, such as ribose (65). However, the
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LC: liquid crystal

most serious problem is that the joining of the
sugar and nucleobase is inefficient for purines
(19) and has not been demonstrated for pyrim-
idines. The lack of a prebiotically plausible to-
tal synthesis for any of the nucleotides has been
a primary argument against an RNA-first sce-
nario for the origin of life (72) and has led to
searches for simpler genetic polymers (32, 70).

A major advance now tells us that the
long-standing assumption that nitrogenous
(nucleobase) and oxygenous (sugar) chemistry
occurred separately was misguided. In a recent
report, Sutherland and colleagues (61) have
described a prebiotically plausible synthesis
for the pyrimidine ribonucleotides, which
begins with the reaction of glycoaldehyde
with cyanamide to form the key intermediate
2-aminooxazole. This intermediate is in effect
part sugar and part nucleobase, and subsequent
reactions elaborate the full nucleotide structure
from this chimeric product. The yields for
each step in the pathway are generally good,
but there are also intriguing physical methods
for purification at three stages in the pathway.
2-Aminooxazole has a high vapor pressure
and thus could have been purified directly
by sublimation and condensation, perhaps
during diurnal temperature cycles or in an
appropriate geological setting in which hot
and cold surfaces were in close proximity. The
next step in the pathway is the formation of
arabinose-aminooxazoline by condensation
of 2-aminooxazole with glyceraldehyde. This
reaction generates two new chiral centers, and
thus four diastereomeric products are formed,
with the ribo- and arabino-aminooxazolines
being predominant. The desired arabino
compound could be prebiotically purified by
spontaneous crystallization of the much less
soluble ribose-aminooxazoline by-product
(74), leaving the arabinose product in solution.
In the last step, another physical process, UV
irradiation, purifies the cytidine nucleotide by
selective hydrolysis of the primary by-products,
including the α anomer. Remarkably, UV ir-
radiation also leads to the partial conversion of
cytidine to uridine, thereby providing a route
to a second nucleotide. It would be satisfying

if pathways could be found for the purine
ribonucleotides, thus establishing a plausible
synthesis for all four RNA monomers.

The polymerization of the ribonucleotide
monomers into oligomers is the final step in the
spontaneous assembly of RNA. The products
of the Sutherland pathway are 2′-3′ cyclic nu-
cleotides. They condense into RNA chains, but
only under strongly dehydrating conditions,
with poor regiospecificity, so that a mixture
of 2′-5′ and 3′-5′ linkages is generated (81).
Plausible mechanisms for chemically activating
the available nucleotides could lead to more
efficient polymerization. 5′-Monophosphate
nucleotides activated with good leaving groups
(e.g., imidazole, adenine, 1-methyladenine) are
efficiently polymerized by inorganic catalysts,
most dramatically by montmorillonite clay
(17). In these experiments, both the catalyst
and the leaving group are critical for poly-
merization efficiency, whereas the leaving
group largely determines regioselectivity.
Using specific leaving groups, most notably
1-methyladenine, researchers have reported
yields greater than 80% for 3′–5′ linkages (62).

Oligomer purity and (functional) length
would almost certainly have been limited by the
specificity of the condensation chemistry and
the purity of the monomer pool. Work on the
origin of homochirality has demonstrated the
power of phase transitions to purify molecular
building blocks. Could similar phenomena ap-
ply to the purification of polymers? In a series of
elegant experiments, Clark and colleagues (54,
90) demonstrated that short double-stranded
DNA (dsDNA) oligomers of 5 to 20 bases
can phase separate from a solution of single-
stranded DNA (ssDNA) oligonucleotides by
forming liquid crystal (LC) aggregates. This
aggregation is based on the coaxial stacking
of short dsDNA segments, whose ends are
hydrophobic because of the exposed terminal
nucleobases, into longer DNA duplexes.
However, this end-to-end interaction alone is
insufficient for LC formation; purified dsDNA
spontaneously aggregates only at higher
concentrations. The key to LC formation is
the depletion force resulting from the flexible
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a

T > TM T < TM

b c

+

SolutionLiquid crystal
droplets

Figure 2
Schematic for nucleic acid oligomer purification by liquid crystal formation. (a) A heterogeneous population of single-stranded
oligomers contains some strands (blue) that can assemble to form duplex segments and an excess of nonfunctional strands (red, green, and
brown) that cannot form duplexes owing to incorrect linkages, modified bases, or the incorporation of l-nucleotides. (b) Below the
melting temperature of the oligomers, duplex-forming strands hybridize to complementary sequences and form short double-stranded
helices. (c) At sufficient concentrations, the short double-stranded nucleic acids phase separate into liquid crystal droplets as a result of
preferential coaxial stacking and depletion forces from the single strands in solutions.

ssDNA in solution, whose entropy is maxi-
mized by minimizing the volume occupancy of
the rigid dsDNA through LC formation. This
is analogous to the well-studied phenomenon
of spontaneous colloid aggregation in solutions
of concentrated polymers (79). Hence, the
impurity of the initial solution, with nonhelical
ssDNA contaminating dsDNA, promotes
aggregation by entropically favoring self-
assembly.

As a result of LC aggregation, oligomers that
robustly form double-stranded helices could
in principle be purified away from oligomers
with defective or racemic nucleotides, or in-
correct linkages, which would not be able
to hybridize as proficiently and would there-
fore remain in the isotropic (solution) phase
(Figure 2). Identical processes should apply to
other, similarly rigid polymers (such as dsRNA)
and could be enhanced by other flexible crowd-
ing agents (such as polypeptides). An important
direction for future research is to experimen-
tally explore the ability of LC phase separa-
tion to purify uniform dsRNA from complex,
prebiotically plausible mixtures of oligomers.
Mechanisms for subsequently separating the
LC aggregates from bulk solution, perhaps
based on high-affinity adsorption onto charged
mineral surfaces, would also be helpful.
Finally, the authors propose that ligation chem-
istry within the end-to-end LC aggregates

could generate longer homogeneous oligomers
by favoring ligation of the duplex-forming
oligomers. We note that the nucleobases of
the hybridized RNA would also be protected
by base pairing from highly reactive activating
agents used for ligation (e. g., cyanoimidazole),
which could then lead to selective inactivation
of the single strands in the solution.

The Concentration Problem

The increased local order resulting from self-
assembly processes would have required an en-
vironmental source of energy to allow self-
assembly to occur spontaneously. A simple way
to lower the entropic cost of self-assembly is to
maintain locally high concentrations of build-
ing blocks. Prebiotic self-assembly processes
such as membrane formation and template-
directed polymerization thus necessitate high
(∼mM) monomer concentrations owing to
the weak interactions involved. Similarly, any
mechanism that involves precipitation requires
saturating monomer concentrations. Concen-
tration is also a crucial parameter for prebiotic
chemistry; because water is ever-present as a
competing nucleophile, high reactant concen-
trations are often needed to favor product for-
mation over hydrolysis.

If prebiotic building blocks were washed
into and accumulated in dilute aqueous
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Thermal diffusion:
the tendency of
molecules to migrate
along a temperature
gradient

reservoirs, how could they be concentrated
to the degree necessary for self-assembly
into polymers or cell-like structures? The
most intuitive solution to this concentration
problem is simply solvent evaporation (56) in
environments such as ponds or tidal pools, cre-
ating a thickened soup within which prebiotic
chemistry and assembly could occur. A com-
mon phase transition, freezing, also provides a
simple and surprisingly effective concentration
mechanism as a result of the formation of ice
crystals and the concentration of solutes in the
thin layer of eutectic solution between the crys-
tal grains. Polymerization is greatly enhanced
in the eutectic phase when dilute solutions
of activated nucleotides are frozen (53, 76,
78). Other concentration methods are more
specific, such as mineral surfaces that increase
effective local concentrations via adsorption.
For example, the aldolization of glycoalde-
hyde phosphate into tetrose diphosphates

and hexose triphosphates was performed
at 1000-fold-lower concentrations when
the glycoaldehyde phosphate was first ad-
sorbed on common metal hydroxide minerals
(59).

A different concentration mechanism pro-
posed by Braun and colleagues (1) involves the
natural formation of thermal diffusion columns
in a hydrothermal setting. Explorations of off-
axis, alkaline vents have revealed unusually
porous rock structures containing a network of
narrow channels (38) (Figure 3a). Because of
their proximity to both hot vent water and cold
ocean water, significant temperature gradients
can develop across such channels. A lateral ther-
mal gradient across a vertical channel results in
the coupling of two physical processes: (a) a ver-
tical convective flow as cold fluid sinks and hot
fluid rises, and (b) the thermal diffusion (or ther-
mophoresis) of molecules along the tempera-
ture gradient (Figure 3b). This coupling can

ΔT

a b

3.5 cm3.5 cm3.5 cm 500 μm500 μm500 μm

c

Figure 3
Molecular concentration by thermal diffusion columns in a hydrothermal vent setting. (a, left) Image of a vent chimney (composed of
calcium carbonate) taken from the Lost City alkaline hydrothermal field. Cross-sectional micrographs (right) show that the rock
contains numerous pores and channels proximal to both hot vent water and cold ocean water. Such structures have been proposed to act
as sites for natural thermal diffusion columns. Modified, with permission, from Reference 39. (b) Schematic of a thermal diffusion
column. A lateral temperature gradient across a vertical channel induces convective flow (dashed arrows) because of buoyancy effects.
Thermophoresis (solid arrows) also occurs along the direction of the temperature gradient. The coupling of these two processes can lead
to significant concentration of selected molecular species toward the bottom of the channel. (c) Schematic of the assembly of cell-like
structures from a dilute prebiotic reservoir in a thermal diffusion column. Prebiotic chemical processes generate a dilute solution
containing simple lipids (black), which exist as monomers or micelles at low concentrations, and nucleic acids ( green helices) (left). A
temperature gradient causes both components to become concentrated. Once their concentration exceeds a characteristic threshold
(below the blue dashed line, middle), the lipids self-assemble into bilayer vesicles, which encapsulate the concentrated nucleic acids in the
solution (right).
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lead to large accumulations of solutes in both
gases and liquids and was used as an industrial
process (known as Clusius-Dickel separations
or thermal diffusion columns) in the middle
of the twentieth century (31). Braun and col-
leagues performed numerical simulations that
predicted extreme accumulations (>1010 fold
enrichment) of nucleotides and oligomers on
the basis of experimental measurements of ther-
mal diffusivities. We have recently validated this
concentration mechanism experimentally by
observing the accumulation of small molecules
(>1000-fold enrichment) in response to the im-
position of a transverse temperature gradient
across glass microchannels (9).

The concentration of solutes in response to a
temperature gradient is intriguing for a number
of reasons. The accumulation is specific in that,
for a given temperature gradient, the concen-
tration effect depends on the coupling between
the channel diameter and the solute thermal dif-
fusivity. Unlike evaporation and freezing, which
concentrate all solutes and thus invariably gen-
erate brine-like solutions, a given thermal diffu-
sion column concentrates only a relatively nar-
row range of molecules on the basis of their
molecular and thermal diffusivities. It is also a
steady-state system: The constant input of ther-
mal energy via heating of the channel wall keeps
the local concentration continuously high.

Hydrothermal systems have long been
proposed as sites for prebiotic chemistry,
suggesting that concentrating channels in
vent precipitates could have coupled prebiotic
synthesis with self-assembly. We demon-
strated that thermophoresis could facilitate
the concentration-dependent process of fatty
acid vesicle self-assembly, a model system for
the formation of early cell-like structures (see
below) (9). Model microchannels were able
to concentrate dilute solutions of fatty acids,
leading to the formation of fatty acid vesicles.
In a second experiment, nucleic acid oligomers
were also included in the initial solution and
co-concentrated with the fatty acids, leading to
the self-assembly of vesicles encapsulating the
oligomers. These experiments demonstrate
that simple and surprising physical phenomena

could have provided the necessary energy for
the assembly of cell-like structures through the
concentration of dilute solutions of building
blocks (Figure 3c). The localized nature of the
process allows it to guide the self-assembly of
these structures through the co-concentration
of multiple biological components, e.g., lipids
and genetic polymers. However, marine en-
vironments feature high salt concentrations,
which generally inhibit thermal diffusion. Sea-
water also contains high concentrations of di-
valent salts, which prevent membrane assembly
from fatty acids. These constraints suggest that
analogous freshwater hydrothermal systems
would have provided a more suitable environ-
ment for this concentrating mechanism.

CELLULAR REPLICATION

Primitive Membranes and
Their Physical Properties

Biological systems require some means of pre-
venting their genetic information from dif-
fusing away and any evolved biochemical
(e. g., catalytic) complexity from being wasted
on neighboring (non-self) molecules in the en-
vironment. Therefore, compartmentalization
has long been recognized as a physical pre-
requisite for Darwinian evolution. A variety of
physical barriers to diffusion (e. g., surface ad-
sorption, emulsion droplets, and hydrogels) ini-
tially could have served as compartments. All
modern cells, however, use bilayer membranes
composed primarily of di-acyl or di-alkyl glyc-
erolphospholipids for encapsulation. This is not
a coincidence; the dynamic structure of fluid
membranes seems particularly well suited for
growth, division, and propagation. However,
phospholipid membranes are unsuitable for a
primitive cell because they require complex,
highly evolved protein machinery to mediate
their growth and to transport nutrients and
waste products across them.

The properties of bilayer membranes com-
posed of simple, single-chain amphiphiles, such
as fatty acids, provide a solution to the prob-
lem of early cell membrane composition. A
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FRET: Förster
resonance energy
transfer

component of phospholipids, fatty acids are
considered prebiotically plausible because of
their presence in meteorites (55, 89) and the
possibility of their abiotic terrestrial synthe-
sis via Fischer-Tropsch-type reactions (50, 68).
Early work demonstrated that fatty acids, much
like phospholipids, can form a variety of aggre-
gate phases in buffered solutions, including bi-
layer membrane vesicles (21).

Fatty acid aggregation is dependent on
the protonation state of the carboxyl head
group and thus the pH of the solution. Fatty
acids spontaneously assemble into bilayer mem-
branes when the solution pH is near the pKa
value of the membrane-incorporated acid, due
to hydrogen bonding between protonated and
anionic monomers in the bilayer (14, 25). At
higher pH the deprotonated anions aggre-
gate into micelles, whereas at lower pH the
protonated acids condense into oil droplets.
Fatty acid membrane assembly is an autocat-
alytic process in which preformed membrane
increases the rate of de novo vesicle formation
(4). In this autocatalytic assembly process, exist-
ing vesicles may act as a surface on which newly
formed bilayers can organize (12). What other
surfaces could provide this same effect? In an
intriguing example of prebiotic convergence, a
variety of minerals including montmorillonite,
the clay that catalyzes polymerization of nu-
cleotides into RNA, also catalyze the forma-
tion of fatty acid vesicles (26, 27). Clay particles
bearing adsorbed RNA oligomers can become
encapsulated within fatty acid vesicles that they
have helped to assemble. This could have pro-
vided a robust kinetic pathway for the encapsu-
lation of newly polymerized RNA within fatty
acid vesicles, thereby assembling simple cell-
like structures. These results demonstrate that
physical processes could have exerted kinetic
control over cellular self-assembly during the
earliest stages of life.

For a primitive cell to reproduce, its mem-
brane would have been able to grow, divide,
and admit chemical building blocks, all with-
out the assistance of any complex protein ma-
chinery. Primitive cell membranes thus were
both chemically simpler and functionally more

complex than modern cell membranes. Al-
though fatty acid membranes are struc-
turally analogous to phospholipid membranes
(Figure 4a), they have drastically different dy-
namic properties. In phospholipid membranes,
lipids are largely restricted to lateral diffusion,
as flip-flop occurs on a timescale of hours or
more (46) because of the large, polar head
group. Individual lipids are also kinetically
trapped in their respective membrane as a re-
sult of their low water solubility. In fatty acid
membranes, however, transbilayer flip-flop oc-
curs rapidly (<1 ms) (35) owing to the small
carboxyl head group, which is rapidly neutral-
ized by protonation or salt (soap) formation
(Figure 4b). The mono-acyl lipids are also
more water soluble and constantly (<1 s) (91)
leave and re-enter the bilayer. Whereas a fatty
acid vesicle is stable over indefinite timescales,
individual monomers rapidly exchange be-
tween vesicles, as well as micelles, in solution
(Figure 4c). The kinetics and exact modes of
lipid exchange in these complex systems remain
an area of active research. As we will see, these
simple dynamic properties of fatty acid mem-
branes have surprising consequences.

Membrane Growth and Division

In modern cells, phospholipids are constructed
by membrane-localized enzymes and are
incorporated into the membrane at their site of
synthesis. However, in the absence of internal,
metabolic lipid synthesis, what thermodynamic
forces would drive the process of membrane
growth? Luisi and colleagues (4) first demon-
strated that pH-controlled phase transition
of fatty acids can be used to drive vesicle
growth by adding alkaline fatty acid mi-
celles to a buffered suspension of preformed
vesicles. Upon entering an environment of
lower pH, micelles are destabilized and their
component molecules either incorporate into
existing bilayers or assemble into new ones.
Vesicle growth has since been studied ex-
tensively using quantitative techniques, most
notably light scattering (63) and Förster
resonance energy transfer (FRET) (26).
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Figure 4
Schematic of the dynamic processes intrinsic to fatty acid membrane systems. (a) Comparison of the chemical structures of
phospholipids, the major constituent of modern cell membranes, and fatty acids, which have been proposed to serve an analogous role
in primitive cell membranes. Phospholipids feature complex, charged head groups with a variety of possible functional groups (X), e.g.,
choline, glycerol, and serine. In contrast, fatty acids have a simple carboxylate as their hydrophilic head group. The smaller, easily
neutralized carboxylate allows fatty acids to rapidly flip across the bilayer (b), which is crucial for the high permeability of fatty acid
membranes. Fatty acids are also mono-acyl lipids, as opposed to di-acyl (di-alkyl for archaea) phospholipids, which increases their water
solubility. Fatty acid bilayers are in equilibrium with significant concentrations of micelles and monomers in solution, with individual
fatty acids rapidly transferring between these structures (c). This dynamic exchange is essential for fatty acid vesicle growth and
competition.

FRET studies have highlighted the kinetic
competition between vesicle growth and
de novo vesicle nucleation. The efficiency of
the growth pathway is inversely dependent
on the rate of micelle addition (12), and if the
micelle feedstock is introduced slowly, growth
can approach 100% efficiency.

Division appears to be more challenging for
a primitive cell, both because of the complex-
ity of extant division machinery and because of
the lack of an easily identifiable driving force.
Early work on fatty acid vesicle division utilized
pressure-driven extrusion through small pores
as a model for primitive cellular division (26).
However, extrusion is prebiotically implausible
and the process results in significant loss of en-
capsulated contents.

A novel pathway recently discovered in
our laboratory provides a more robust and
plausible option (92) (Figure 5). This pathway

Multilamellar vesicle
(MLV): an enclosed
membrane structure
containing multiple,
concentric bilayers

relies on differing rates of membrane surface
increase and vesicle volume change. Vesicle
growth by micelle addition results in a rapid
(minutes) increase in membrane surface area as
new monomers are incorporated into the bi-
layer. However, the rate of the corresponding
increase in volume is osmotically limited by the
permeability of solutes in the media; if the so-
lution contains highly charged molecules, for
example, volume growth is slower (hours to
days). When volume growth lags behind sur-
face area expansion, the result is the transforma-
tion of spherical vesicles into long, filamentous
vesicles (Figure 5c,d ). This is particularly dra-
matic for multilamellar vesicles (MLVs), which
form spontaneously in lipid suspensions. Be-
cause the volume between adjacent bilayers
in MLVs is minimal, the outermost bilayer,
which grows first, emerges as a thin tubule that
gradually elongates and progressively absorbs
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a

Add micelles Growth
Agitate

Division

Repeated
cycles

b c d e f

10 µm

Figure 5
Coupled growth and division of fatty acid vesicles. (a) Schematic and (b–f ) microscopy images of large (∼4 μm) fatty acid vesicles
undergoing growth and division. (b) Alkaline fatty acid micelles are added to a solution of initially spherical vesicles. (c, d ) Rapid
incorporation of the micelles causes the preformed vesicles to grow into long, filamentous structures at 10 and 25 min, respectively,
after micelle addition. (e, f ) Mild shear forces, such as solution agitation, cause the filamentous vesicles to break apart into many
daughter vesicles, which can then undergo further rounds of growth and division. Vesicles were labeled by encapsulated fluorescent dye,
which stays entrapped throughout the cycle. Figure modified, with permission, from Reference 92.

the remaining membranes of the initially spher-
ical vesicle. The resulting multilamellar fila-
mentous structure is highly unstable and read-
ily divides into daughter vesicles upon exposure
to mild shear forces (Figure 5e, f ), with neg-
ligible loss of encapsulated content. Given an
environment rich in slowly permeating solutes
such as amino acids and nucleotides, and in the
presence of mild shear forces, such as those re-
sulting from wind-driven waves, growth and di-
vision become inherently coupled.

Although the physical mechanism of shear-
induced division remains unclear, the process
may be related to the previously reported
pearling instability in tubular membrane vesi-
cles (2, 3). When a surface tension is induced
on a membrane, it drives vesicle shape fluctua-
tions that minimize the membrane surface area.
This energy minimization causes initially tubu-
lar vesicles to pinch off and become attached

spherical structures (beads on a string). In these
experiments, surface tension was induced di-
rectly via optical trap pulling; shear force in-
duction of membrane surface tension has not
been thoroughly explored. An unexpected ad-
dendum to these physical models of vesicle di-
vision is the recent report of a similar process
occurring in vivo (36, 37, 43). Mutant L-form
(cell wall–less) bacterial strains divide not by
the standard fission machinery but rather by a
physical process that appears, at least visually,
to involve pearling instability. Before the evo-
lution of cellular division machinery, cells may
have depended on similar physical processes for
their replication.

Genome Replication in Early Cells

Replication of some kind of genetic polymer
is a central requirement for the origin of life.
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Whether the first genetic material was RNA
or a simpler or easier-to-generate progenitor
is unknown. Current experimental approaches
to this problem include studies of the nonen-
zymatic (chemical) (29, 47) replication of a
wide range of nucleic acids and other poly-
mers, as well as studies of ribozyme-mediated
RNA replication (30, 44). Because there is cur-
rently no informational replication system that
does not rely on protein enzymes, the discov-
ery of even one such system would be a great
advance in our understanding of the chemi-
cal requirements for replication. Moreover, a
fatty acid vesicle encapsulating catalytically ac-
tive, self-replicating genetic polymers is an at-
tractive minimal model for early cellular life.
Such a simple cell would be inherently het-
erotrophic, obtaining the nucleotide building
blocks needed for replication from its environ-
ment. A key requirement would thus be the
ability of its membrane to transport large, po-
lar chemical components across its membrane
without any protein machinery.

The phospholipid membranes of modern
cells are generally impermeable to all but small,
nonpolar molecules, and it is thought that some
extremophiles go to great lengths to minimize
the permeability of their membranes (80). The
low permeability of phospholipid membranes
to polar solutes is consistent with the desol-
vation model of permeation: Bound water has
to dissociate before a solute molecule can dif-
fuse into the hydrophobic core of the bilayer,
and for large polar or charged molecules this
is essentially impossible. However, studies of
fatty acid-based membranes have shown sur-
prisingly different permeation behavior. Early
work demonstrated that fatty acids allow cations
across membranes rapidly because individual
fatty acids carry complexed cations across dur-
ing flip-flop (34). For larger molecules, fatty
acid membrane permeability is less well un-
derstood but is generally correlated with the
flip-flop rate (which is inversely related to the
acyl chain length) and packing constraints, such
as the addition of minor membrane compo-
nents with bulky head groups or branched alkyl
chains.

Membranes composed of fatty acids mixed
with their associated glycerol monoesters and
fatty alcohols are both structurally stable, re-
sisting aggregation from divalent cations, and
highly permeable. Mansy et al. (47) demon-
strated that such mixtures of lipids lead to
vesicles that are permeable to nucleotides
while still permanently entrapping oligomers.
When activated nucleotides were introduced
into a solution of template-containing vesicles,
spontaneous template-directed polymerization
was observed, indicating that the charged
nucleotides entered the vesicles and then
performed polymerization chemistry inside.
Permeation of nucleotides is unlikely to be due
to desolvation; rather a combination of inter-
actions, including solute-lipid association, lipid
flip-flop, and stabilization of transient defects,
are thought to contribute to transport. Such
high permeability would be disastrous to mod-
ern cells, which must retain the building blocks
they synthesize. The gradual transition from
highly permeable, dynamic membranes to im-
permeable, sturdy membranes likely mirrored
the evolution of both metabolism and transport
machinery in early cells.

Primitive cell membranes occasionally show
surprisingly selective permeability, which could
have had important implications for the func-
tion of early cells lacking specific transporters.
For example, fatty acid and phospholipid mem-
branes are approximately five times more per-
meable to ribose than its diastereomers arabi-
nose, lyxose, and xylose (69). Recent molecular
dynamics simulations indicate that these dis-
parate permeabilities are a result of the favor-
able intramolecular hydrogen bonding between
the ribose hydroxyls. The decrease in bound
water corresponds to an increase in solubility
in the hydrophobic interior of the bilayer mem-
brane (86). Such selectivity could have imposed
a kinetic preference on early cells for the use
of specific building blocks (e.g., ribose for nu-
cleotide synthesis) over others that might have
been equally available in the environment but
harder to take up spontaneously.

For a primitive cell genome to undergo con-
tinual replication, the template must separate
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PCR: polymerase
chain reaction

from the newly synthesized complementary
strand after each round of replication. The
obvious physical solution for strand separation
is thermal cycling, as is used in a polymerase
chain reaction (PCR). Experimental work
shows that thermal cycling can easily occur as
a result of the spontaneous generation of con-
vective flow cells (6, 28). In these experiments,
robust PCR (comparable to that in a com-
mercial thermal cycler) was demonstrated in a
variety of container geometries in the presence
of a single heated wall or probe. Here the heat
flux provides the temperature gradient needed
to drive the convective flow so that duplex
DNA melts and the strands separate during
the transient exposure to high temperature.
Analogous prebiotic situations, such as cold
ponds with local geothermal heating, are easily
conceivable and could provide a simple means
by which a primitive cell cycle could be driven
by environmental fluctuations.

The presumption of thermal strand sep-
aration has important implications for the
chemical nature of early cellular components.
Genetic polymers that feature high duplex sta-
bility, and thus high melting temperatures, such
as peptide nucleic acid (64), or even long RNA
oligomers, are hard to denature by thermal cy-
cling at <100◦C. Without helicases or proces-
sive polymerases, such polymers would there-
fore not be suitable for a primitive cell. On the
other hand, high thermostability would have
been essential for the membranes of these cells
to prevent the loss of genetic materials during
cycling. Recent work has shown fatty acid mem-
branes to be surprisingly thermostable (48),
especially when fatty alcohol and fatty acid
glycerol ester derivatives are incorporated into
the membrane. This is presumably because
of stabilizing head group interactions between
these derivatives, which feature hydrogen bond
donors and acceptors, and neighboring fatty
acids in the bilayer. The seemingly ideal na-
ture of these fatty acid mixtures for early cells
is reassuring; abiotic modes of lipid synthe-
sis would have certainly yielded similarly com-
plex product mixtures. This is in contrast to
nucleic acids, for which high monomer purity

is a seemingly strict requirement for template
copying.

Emergence of Complexity
in Early Cells

Biological systems are not defined as such by
their chemical components but rather by their
ability to undergo Darwinian evolution. Evolu-
tion via natural selection has resulted in cells
adapting to a wide range of environmental
niches by evolving the ability to metabolize
virtually any available nutrient or source of
chemical energy. In contrast, the first simple
heterotrophic cells depended on an environ-
mental supply of pre-assembled nutrients. In
such a precarious situation, evolution and adap-
tation could have taken hold in unexpected
ways.

A striking example of this competition for
limited resources is the ability of fatty acid vesi-
cles to compete with one another through the
preferential exchange of fatty acid monomers.
Fatty acid vesicles that are hypertonic (osmot-
ically swollen) because of a high concentration
of internal nucleic acids or other impermeable
solutes grow at the expense of nearby isotonic,
empty vesicles, which shrink (11). The growth
of swollen vesicles occurs because osmotic
swelling results in membrane tension, which
can be relaxed by increasing the membrane
surface area. The normal near-equilibrium
state of monomer exchange between individual
vesicles is altered, causing a net influx of fatty
acid monomers from the relaxed vesicles into
the osmotically stressed vesicles. This process
depends upon the rapid exchange of fatty
acid monomers between individual vesicles
in a population and therefore does not occur
with phospholipid vesicles. These observations
imply that early cells could have competed for
membrane components by evolving the ability
to synthesize higher levels of impermeable
solutes, such as the nucleic acid oligomers that
made up their genome. Thus, mutations that
increased the efficiency of a self-replicating
ribozyme (a replicase) or affected any other
process that increased the rate of genomic
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replication would also drive cell growth. The
importance of this osmotic competition effect
may have been limited because of the high
concentrations of encapsulated nucleic acid
required to drive growth, and by the inherent
difficulty of subsequently dividing osmotically
pressurized vesicles. However, the preferential
uptake of lipids is potentially a general route for
the emergence of competition. Any localized
chemical component (e.g., a more complex
lipid) that stabilizes the bilayer, and thus
reduces fatty acid monomer desorption, could
also potentially drive growth.

As the first cells experienced changing selec-
tive pressures and adapted to novel geochem-
ical environments, Darwinian evolution would
have fueled the development of greater diver-
sity and complexity. There is a nearly limitless
set of plausible adaptations that would be ben-
eficial for early cells. For example, fatty acid
vesicle growth via micelles results in the gen-
eration of transient transmembrane pH gra-
dients (13). If early cells evolved membranes
that could slow rapid proton leakage and ma-
chinery that could harness a proton flux, such
spontaneously generated pH gradients could
have been an early source of chemical potential,

fueling essential processes such as nucleotide
activation. The ongoing initiative to recreate
synthetic model cells (protocells) in the labora-
tory is an effort to experimentally observe such
processes and discover novel mechanisms for
the emergence of biological complexity (77).

CONCLUSIONS

The experiments that we have discussed paint a
picture of an early biology dependent on its en-
vironment both as a source of chemical build-
ing blocks and as a facilitator of fundamental
cellular processes. Evaluating scenarios for the
origin of life thus requires experimental inves-
tigation of the potential for abiotic physical and
chemical processes to drive basic cellular func-
tions. The evolution of increasingly complex
enzymatic and structural machinery over the
millions of years following the origin of life
gradually freed cells from their restriction to
highly specific physical niches and allowed for
their further colonization of the planet. Con-
tinued study of the phenomena described here
as well as the discovery of novel physical mech-
anisms are essential for a better understanding
of how life could have begun.

SUMMARY POINTS

1. Experimental models have emerged for the induction of chiral asymmetry in populations
of molecules and the subsequent amplification of a small initial asymmetry to a state
approaching homochirality. Similar processes might have generated homochiral pools of
biomolecular building blocks, thus paving the way for the emergence of the first biological
systems.

2. Prebiotically relevant and geophysically reasonable methods for purifying and concen-
trating molecular building blocks have been proposed, leading to plausible pathways for
the assembly of ordered, cell-like structures.

3. Membranes composed of mono-acyl lipids, such as fatty acids, seem well suited for a role
as primitive biological membranes. The intrinsic physical properties of fatty acid-based
membranes allow for their growth and division and for the transport of polar building
blocks.

4. The continuing effort to synthesize simple, synthetic cells in the laboratory is an infor-
mative approach to understanding how early biological systems could have functioned
and evolved.
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