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Introduction:  A number of theories on the origin 
and early evolution of life have focused on the role of 
lipid bilayer membrane structures (vesicles) that could 
have formed spontaneously and provided a suitable 
microenvironment for chemistry leading to the origin 
of life [1, 2].   The formation of such vesicles could 
have contributed to any stage of the origin of life, from 
enabling prebiotic or protobiochemical chemistry to 
encapsulating already existing enzymatic or genetic 
systems.  These vesicles are bound by membranes 
similar to those that enclose cells today and can serve 
to contain/concentrate solution species, protect against 
dilution, and have the potential to catalyze reactions.  It 
has been shown that membrane-forming lipid mole-
cules could have been formed abiotically and can self-
assemble into water filled spherical vesicle structures  
[3, 4].  

It has been postulated that vesicle structures devel-
oped the ability to capture and transduce light, provid-
ing energy for reactions.  It has been shown that pH 
gradients can be created across membrane surfaces 
photochemically [5, 6], though linking this to driving 
chemical reactions has been problematic.  Attempts 
have been made to take modern biological photo-
chemical systems and work backward to “reverse-
engineer” the simplest possible working models of 
photosynthesis [7-9].  Demonstration of how an energy 
transduction system could have existed before the de-
velopment of the enzymatic machinery that supports 
contemporary photosynthesis would provide a new 
understanding of how photosynthesis originated, de-
veloped and could have become coupled to biochemis-
try.

Minerals can introduce a number of properties to a 
vesicle system.  The incorporation of clay particles into 
vesicles has been demonstrated [10, 11].  These parti-
cles can provide catalytic activity that mediates both 
vesicle assembly and RNA oligomerization,  linking 
nucleic acid assembly on minerals to vesicle 
formation/incorporation (providing compartmentaliza-
tion required to couple genotype to phenotype for 
Darwinian evolution).  The products of mineral chem-
istry can then feed into other  protocellular chemical 
processes, furthering in the development of a complete 
protocell.  

It has been shown that mineral semiconducting 
particles can act as photocatalysts, driving electro-

chemical reac-
tions.  The encap-
sulation of these 
particles can pro-
vide a simple en-
ergy transduction 
system for vesi-
cles that could 
have formed at 
almost any stage 
of the origin of 
life.

Results: We 
w i l l d e s c r i b e 
work on the in-
corporat ion of 
semiconducting 
mineral particles 
into vesicles. These results show that particles can be 
encapsulated inside vesicles to provide photocatalytic 
activity and drive interesting reactions.  

TiO2 particles will be encapsulated as vesicles 
form, or reform after dehydration/rehydration cycles, 
without interference in either lipid or semiconductor 
propoerites.  Reduction of a redox indicator shows that 
they can be concentrated in vesicles by dehydrate/
rehydrate cycles and that they retain the ability to drive 
photoelectrochemical reactions when encapsulated.

Activity can occur with both the anatase and rutile 
forms of TiO2 and doesn’t depend on how the particles 
are prepared.  We have shown that TiO2 can be encap-
sulated in phospholipid, fatty acid/fatty alcohol, and 
fatty acid/monoglyceride vesicles and retain the ability 
to reduce NAD+ (see below).

Current work is focusing on connecting such en-
ergy transduction to significant chemistry that might 
occurred inside vesicles and contributed to the devel-
opment of protocells.  We have seen that this system 
can be used to photochemically drive the reduction of 
NAD+ to NADH inside vesicles.   

In figure 2 is shown the fluorescence of vesicles 
with NAD+ and TiO2 encapsulated after illumination.  
The blue color of the emission in fluorescence micro-
scopy matches the 460 nm emission maximum of 
NADH.  If one extracts the lipid (breaking the vesicles 
open and releasing their contents into solution) we can 
obtain the emission spectrum and observe an emission 

Figure 1.  Illustration of Vesicle 
Encapsulated Mineral Photo-
catalysis.
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peak due to NADH at 460 nm (see figure 3, the sharp 
peak at 418 nm is due to inelastic scattering and moves 
with excitation).  Addition of pyruvate and lactate de-
hydrogenase confirms the presence of enzymatically 
active NADH.  

Conclusions.  This system demonstrates a simple 
energy source inside vesicles/protocells suitable either 
for simple prebiotic systems and/or for more complex 
“protobiochemical” systems.  It could act as a precur-
sor to metabolic systems and provide a model of how 
metabolism could have developed prebiotically in a 
vesicle based “protocell origin of life”.  It can provide 
a source of prebiotic compounds inside vesicles, an 

environment considered to be of great importance for 
the origin of life.  This would demonstrate a possible 
path for the origin and early evolution of photosynthe-
sis.   A vesicle-based photo-metabolism could help sup-
port the formation of an RNA "world", support the 
formation, growth, and/or stability of vesicles, or oth-
erwise lead to the next step in the origin of life.   

One attraction to a heterotrophic origin of life is the 
presumption that it is simpler to develop an organism 
without the complex machinery of photosynthesis [12].  
An energy transduction system that is simple enough 
to have formed at an early stage of the origin of life 
(even before the formation of enzymatic or ribozymal 
activity) makes an autotrophic origin of life easier to 
envision. (Though perhaps it is a mistake to assume 
that the first common ancestor was completely hetero- 
or auto-trophic).  The ability to make biochemical, or 
protobiochemical, species photochemically in a con-
tained environment also means that the origin of life 
can occur without the necessity of forming a complex 
prebiotic soup.
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Figure 2.  Micrograph of the fluorescence of vesicles 
generated upon irradiation of 15 mM NAD+, 0.2% 
TiO2, 0.1 mM Rh(bipy)3+3 and 3% methanol encap-
sulated in vesicles (phosphatidylcholine, 22 mM).  A 
pH 9 carbonate buffer was used in this experiment.
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Figure 2.  Emission spectrum of NADH in sample 
from figure 1 after removal of lipid and TiO2.  Ex-
citation is at 365 nm.
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