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Abstract

In this work we summarize the important findings about coacervates as prebiotic
reactors. We have found out that it is possible to run a chemical reaction in a
coacervate, which fulfills the early predictions by Oparin that coacervates may have
been the original prebiotic reactors. We have prepared two types of coacervates and
have found that Passerini reaction in water occurs in both of them.

Introduction and Objectives

Coacervates are important for astrobiology. Specifically, they would be of
interest based on the Goal #3, Objectives 3.4, on the “Origins of cellularity and
protobiological ~ systems”, from the NASA’s Astrobiology Road Map
(http://astrobiology.arc.nasa.gov/roadmap/g3.html) (Des Marais et al., 2008). Coacervates
are aqueous colloidal systems. They are initially composed of droplets, which
eventually equilibrate to form two layers. These are the colloid-rich layer, so-called
coacervate, and the colloid-poor layer, known as the equilibrium liquid or supernatant.
The two layers, both of which are aqueous, are immiscible (Coacervate, 2011; Creating
Coacervates, Flammer web site; Menger and Sykes, 1998).

Prebiotic importance of coacervates was proposed by Oparin in 1924. The typical
macromolecular components of Oparin’s coacervates were polypeptides and
polysaccharides (Evreinova et al, 1973, 1974, 1975, 1977; Gladilin et al, 1978; Oparin,
1967, 1968, 1969; Oparin and Gladilin, 1980; Walde et al., 1994). The coacervates
droplets made from these materials give appearance of amoeba-like objects, which
change shape, form “vacuoles”, release “vacuole contents”, flow, merge, divide and
show other life-like properties. It should be pointed out that in those early days DNA
has not been discovered and that the origin of life was thought to be protein based.
Among the most studied features of coacervates is their ability to grow and to mimic
self-reproduction, by splitting into the “daughter cells (Creating Coacervates, Flammer
web site; Evreinova et al, 1973, 1974, 1975, 1977; Gladilin et al, 1978; Oparin, 1967,
1968, 1969; Oparin and Gladilin, 1980; Walde et al., 1994). According to Oparin,
various organic reactions could occur inside coacervates. The coacervates which are
able to utilize the organic materials from the environment more efficiently than others
would survive better. Thus, a primitive selection could occur which would favor such
coacervates. The coacervate systems have been studied also more recently (Burgess
1990; Burgess et al., 1991; Burgess and Singh 1993; Dubin et al., 2008; Liberatore et
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al., 2009; Menger 2002, 2011; Menger et al., 2000; Menger and Sykes, 1998;
McClements et al., 2009; Rabiskova et al., 1994; Singh and Burgess, 1989; Stuart et al,
1998; Wang et al, 1999, 2000), but not in the prebiotic context.

Results

Our preliminary results were published (Kolb et al., 2012). We give here a summary of
our published results and add new findings which we have not published yet.

We have prepared two types of coacervates. The first type was Oparin’s and the
second one was based on AOT, a surfactant. Oparin’s coacervate was prepared by the
experimental procedures by Flammer (Creating Coacervates, Flammer web site) and
the AOT coacervate by the preparation published by Menger and Sykes (Menger and
Sykes, 1998). We show below the structure of the AOT in Fig. 1.
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Figure 1. Structure of AOT, Dioctyl sodium sulfosuccinate

The reason why we sought a coacervate different than Oparin’s is because
polysaccharides which were used in the Oparin’s coacervates cannot be prepared
prebiotically. In contrast, AOT molecule has all the functional groups and required
chemical bonds that have ample precedent in the prebiotic world.

We have chosen Passerini multicomponent reaction (Hooper and DeBoef, 2009) to test
the proposal that coacervates could be used as prebiotic reactors. The reasons for this
choice are multiple.  Firstly, all the components in the Passerini reaction are
prebiotically feasible compounds. The same is the case for the product. Secondly, the
reactants, although not water soluble, do react in water and they give a single product.
Finally, the Passerini reaction has been studied extensively for its pharmaceutical
applications. Thus, we could devote our time to running the reaction in coacervates,
rather than having to study the reaction nuts and bolts from the beginning. The reaction
scheme for the Passerini reaction is shown below, in Fig. 2.
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Figure 2. The aqueous Passerini reaction which was used in this study.

The reaction product is a white solid. It was isolated from the coacervate layer, and was
washed, dried and analyzed. It is a pure product, which had melting point and IR
(Infra-red spectrum) the same as those described in the literature.

The details and procedures of our work are described in our recent publication (Kolb et
al., 2012).

Our new and so far unpublished results are concerned with the Kinetics of Passerini
reaction in the coacervate layer as compared to the equilibrium layer. The research
question was if the Passerini reaction will be faster or slower in the coacervate as
compared to the equilibrium liquid and pure water. We have obtained preliminary
results and the study is in progress. First, we had to slow down the Passerini reaction,
since it was too fast already in water, outside the coacervate or equilibrium layer, for us
to measure even the relative rates accurately. Addition of additives, such as methanol
and salts did slow down the Passerini reaction sufficiently for the measurements to
become more reliable. We have added these additives into the Passerini reaction
mixture before we transferred it to the coacervate or equilibrium layer. We have
prepared coacervates with the same amounts of methanol and salt to match those added
to the Passerini reaction mixture. We have improved on the quality of the
measurements. We still need to address the fact that AOT and salt are found in the
coacervate and equilibrium layer in different concentrations. This is due to the nature of
the coacervate preparation. The difference in these concentrations is also expected to be
reflected in the rate of the Passerini reaction. We need to measure these differences
accurately and set up controls for them in respect to the Passerini reaction. The



preliminary work is described in the Undergraduate Senior Thesis by Armando
Ramirez, from UW-Parkside, who has worked in our research group for two semesters.

Acknowledgments

Wisconsin Space Grant Consortium has sponsored this work. UW-Parkside has
supported Armando Ramirez via URAP (Undergraduate Research Apprenticeship
Program) for two semesters. Both sponsors are gratefully acknowledged.

References

Burgess, D. J., “Practical Analysis of Complex Coacervate Systems”, J. Colloid and
Interface Sci., 140, 227-238 (1990).
Burgess, D. J., Kwok, K. K., and Megremis, P. T., “Characterization of Albumin-
Aacacia Complex Coacervation”, J. Pharm. Pharmacol., 43, 232-236 (1991).
Burgess, D. J.,, and Singh, O. N., “Spontaneous Formation of Small Sized
Albumin/acacia Coacervate Particles”, J. Pharm. Pharmacol., 45, 586-591 (1993).
“Coacervate”, Wikipedia, en.wikipedia.org/wiki/Coacervate, last modified on
November 21, 2011.
“Creating Coacervates”, adapted by L. Flammer,
www. indiana.edu/~ensiweb/lessons/coac.lab.pdf

Des Marais, D. J.; Nuth 111, J. A.; Alamandola, L. J.; Boss, A. P.; Farmer, J. D.;
Hoehler, T. M.; Jakosky, B. M.; Meadows, V. C.; Pohorille, A.; Runnegar, B.;
Spormann, A. M. The NASA Astrobiology Roadmap. Astrobiology, 8, 715-730
(2008). See also: http://astrobiology.arc.nasa.gov/roadmap/g3.html

Dubin, P. L., Li, Y., and Jaeger, W., “Mesophase Separation in Polyelectrolyte-

Mixed Micelle Coacervates”, Langmuir, 24, 4544-4549 (2008).

Evreinova, T. N., Mamontova, T. W., Karnauhov, V. N., Stephanov, S. B., and
Hrust, U. R., “Coacervate Systems and Origins of Life”, Origins of Life, 5, 201-205
(1974).

Evreinova, T. N., Mel’nikova, E. V., Allakhverdov, B. L., and Karnaukhov, V. N.,
“Coexistence of Coacervate Systems with Different Chemical Composiiton”, Zhurnal
Evolyutsionnoi Biokhimii i Fiziologii, 13, 330-335 (1977).

Evreinova, T. N., Mel’nikova, E. V., Pogorelov, A. G., and Allakhverdov, B. L.
“Stabilization and Coexistence of Coacervate Systems of Different Chemical
Composition”, Doklady Akademii Nauk SSSR, 224, 239-241 (1975).

Evreinova, T. N., Stefanov, S. B., and Marmontova, T. V., “Structure of Coacervate
Drops in an Electron Microscope”, Doklady Akademii Nauk SSSR, 208, 243-244
(1973).

Gladilin, K. L., Orlovsky, A. F., Kirpotin, D. B., and Oparin, A. 1., “Coacervate
Drops as a Model for Precellular Structures”, Origins of Life, Proc. ISSOL Meet. 2nd,
357-362 (1978).



http://www.indiana.edu/~ensiweb/lessons/coac.lab.pdf
http://astrobiology.arc.nasa.gov/roadmap/g3.html

Hooper, M. H., and DeBoef, B., “A Green Multicomponent Reaction for the
Organic Chemistry Laboratory, The Aqueous Passerini Reaction”, J. Chem. Ed., 86,
1077-1079 (2009).

Kolb, V. M., Swanson, M., and Menger, F. M., “Coacervates and their Prebiotic
Potential”, in “Instruments, Methods, and Missions for Astrobiology XV”, R. B.
Hoover, G. V. Levin, and A. Y. Rozanov, Eds., Proc. of SPIE, Vol. 8521, pp. 85210E
pp.1-8 (2012).

Liberatore, M. W., Wyatt, N. B., Henry, M., Dubin, P. L., and Foun, E., “Shear-
Induced Phase Separation in Polyelectrolyte/Mixed Micelle Coacervates”, Langmuir,
25, 13376-13383 (2009).

Menger, F. M., “Remembrances of Self-Assemblies Past”, Langmuir, 27, 5176-5183
(2011).

Menger, F. M., “Supramolecular Chemistry and Self-Assembly”, PNAS, 99 (8),
4818-4822 (2002).

Menger, F. M., and Sykes, B. M., “Anatomy of a Coacervate”, Langmuir, 14, 4131-
4137 (1998).

Menger, F. M., Peresypkin, A. V., Caran, K. L., and Apkarian, R. P., “A Sponge
Morphology in an Elementary Coacervate”, Langmuir, 16, 9113-9116 (2000).

McClements, D. J., Decker, E. A., Park, Y., and Weiss, J., “Structural Design
Principles for Delivery of Bioactive Components in Nutraceuticals and Functional
Foods”, Critical Rev. in Food Sci. and Nutrition, 49, 577-606 (2009).

Oparin, A. 1., “The Origins of Life”, Reprinted from Bernal, J. D., “Origins of Life”,
London: Weidenfeld & Nicolson, 1967, pp. 199-234, in “Origins of Life: the central
concepts”, Deamer, D. W., and Fleishaker, G. R., Eds., Jones and Bartlett Publ.,
Boston, MA, 1994, pp. 31-71.

Oparin, A. 1., “Chemistry and the Origin of Life”, RIC Reviews, 2, 1-12 (1969),
Published on 01 January 1969 on http://pubs.rsc.org/doi:10.1039/RR9690200001

Oparin, A. 1., “Genesis and Evolutionary Development of Life”, Academic Press,
New York, 1968, pp. 101-126.

Oparin, A. 1., and Gladilin, K. L., “Evolution of Self-Assembly of Probionts”,
BioSystems, 12, 133-145 (1980).

Rabiskova, M., Song, J., Opawale, F. O., and Burgess, D. J., “The Influence of
Surface Properties on Uptake of Oil into Complex Coacervate Microcapsules”, J.
Pharm. Pharmacol., 46, 631-635 (1994).

Singh, O. N., and Burgess, D. J., “Characterization of Albumin-Alginic Acid
Complex Coacervation”, J. Pharm. Pharmacol., 41, 670-673 (1989).

Stuart, M. A. C., Besseling, N. A. M., and Fokking, R. G., “Formation of Micelles
with Complex Coacervate Cores”, Langmuir, 14, 6846-6849 (1998).



http://pubs.rsc.org/doi:10.1039/RR9690200001

Walde, P, Goto, A., Monnard, P-A., Wessicken, M., and Luisi, P. L., “Oparin’s
Reactions Revisited: Enzymatic Synthesis of Poly(adenylic acid) in Micelles and Self-
Reproducing Vesicles, J. Amer. Chem. Soc., 116, 7541-7547 (1994).

Wang, Y., Kimura, K., Dubin, P. L., and Jaeger, W., “Polyelectrolyte-Micelle
Coacervation: Effects of Micelle Surface Charge Density, Polymer Molecular Weight,
and Polymer/Surfactant Ratio”, Macromolecules, 33, 3324-3331 (2000).

Wang, Y., Kimura, K., Huang, Q., Dubin, P. L., and Jaeger, W., “Effect of Salt on
Polyelectrolyte-Micelle Coacervation”, Macromolecules, 32, 7128-7134 (1999).



