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 How life emerged is a mystery, but theories have advanced remarkably 

in the last century. Research has traced current molecular structures back to 

an ancient period in life when RNA assumed a dominant role. A second line of 

research has explored ways to synthesize biological molecules from simpler 

molecules thought to exist on the nascent Earth. The first approach can only 

trace life back to the last universal common ancestor, while the second 

approach has not yet demonstrated that simple biological molecules can 

interact in life-like ways. The results communicated in this dissertation provide 
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an example of a complex molecular system that could help fill in the gap 

between these two disparate domains. Though our results are not expected to 

bear much resemblance to the actual molecules that first gave rise to life, the 

artificial system presented here has some striking similarities to living systems 

and may have fundamental processes in common with the ancient molecular 

assemblies that gave rise to the first life forms. It is also the most complex 

example to date of a self-propagating molecular network resembling life.  

 In the first study of the dissertation we report on a novel lipid-based 

system that harnesses autocatalysis to drive continual membrane growth. 

Lipid membranes are ubiquitous in all domains of life; like living systems, lipid 

assemblies assume complex macromolecular structures and non-equilibrium 

states. Previous studies have exploited these properties to drive physical 

processes (vesicle growth and/or division) by adding additional lipids in the 

form of micelles or feeder vesicles. A smaller number of studies have added 

complexity by using catalysts to generate additional lipids through catabolic 

reactions, which subsequently drive vesicle growth. Such systems, however, 

are unable to sustain persistent phospholipid production. Here we couple a 

hydrophobic autocatalyst to lipid membranes and lipid membrane production, 

resulting in an anabolic metabolism that continually resupplies all of the 

components needed to form additional catalytic membranes. A remarkable 

consequence of the coupled anabolic reactions is the apparent ability of the 
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catalytic membranes to selectively take up precursors and synthesize modified 

catalytic membranes under different environmental conditions.   

 In the second study of the dissertation we report on the design and 

creation of a ruthenium photoredox trigger that induces electron transfer, upon 

excitation with visible wavelengths, and drives biomimetic phospholipid 

synthesis. All known living systems couple free energy both to electron 

transport chains in membrane bilayers and to anabolic reactions. Light 

harvesting systems fundamentally changed the surface of the Earth; here we 

demonstrate the first instance of coupling a light-harvesting electron transport 

chain to an anabolic reaction that drives membrane synthesis.  

 
 

  



 1 

Chapter 1: Background, Motivation, Aims 

1.1   Introduction 

For millennia mankind has peered into the night sky and wondered ‘Why 

are we here?’ and ‘Where did we come from?’ While the first question is ill-suited 

for scientific inquiry, scientists have focused on the second question since the 

late renaissance. Seminal contributions by Alfred Russel Wallace and Charles 

Darwin set in motion ideas about evolution by natural selection, which paved the 

way for modern genomics research and led to a partial explanation of the second 

question: humans have descended from the same lineage as modern apes, and 

all organisms appear to share a common ancestor (1,2,3). A more complete 

answer however, would account for the earliest origins of all life, and perhaps the 

origins of our universe. This work will focus on the question of how life could 

arise on Earth.  

1.2   Scientific Revolution to the 20th century  

The earliest experiments to address life’s origins tested whether complex 

life could arise spontaneously -- without mature organisms giving rise to offspring 

(4,5). In the late 17th century, for example, it was commonly thought that maggots 

could spontaneously arise from rotting meat. A number of scientists devised 

experiments to dispel these notions, but Louis Pasteur is credited with settling 

the debate. In 1859 he designed an elegant experiment that used a new type of 

flask of his own invention (6). Pasteur boiled meat broth in a round bottom flask 
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and then melted and stretched the neck of the flask into a shape that resembled 

a swan’s neck. The neck allowed air to exchange with the flask’s interior but 

blocked airborne particulates from entering (Figure 1.1). Upon failing, after many 

days, to observe the broth turn cloudy with microorganisms, Pasteur concluded 

that in previous experiments scientists had unwittingly allowed opportunistic 

airborne organisms to penetrate their seemingly sterile flasks and grow in the 

hospitable broth.  

 

Figure 1.1 A swan neck flask 
 

The next major development in scientific thought regarding the origins of 

life resulted from the development of Mendelian genetics and natural selection in 

the late 19th and early 20th centuries. In On the Origin of Species, Darwin wrote: 

“probably all the organic beings which have ever lived on this earth have 

descended from some one primordial form, into which life was first breathed” (3). 

This led some, like the Russian scientist Alexander Oparin, to wonder why non-

living matter could not evolve into life all over again. Oparin reasoned that extant 
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life must render current conditions too harsh for nonliving matter to evolve again 

from scratch (7). In the decades that followed, the central ideas underlying this 

hypothesis gained experimental support. Isotopic geochemical evidence 

suggests the early Earth atmosphere had negligible oxygen until 

photosynthesizing cyanobacteria began exhausting oxygen sinks around 2.3 

billion years ago; thus, conditions on the early Earth were more reducing than 

present (8,9). Further, the cytoplasm in modern cells has a reducing environment 

that is more similar to the conditions that existed on Earth before the advent of 

oxygenic photosynthesis (10,11,12). In what became known as the ‘primordial 

soup’ theory, in 1924 Oparin integrated his conjecture about Earth’s ancient 

reducing atmosphere into a larger framework (7). He imagined that in the 

presence of a source of energy, like lightning, simple biological molecules would 

form in a reducing atmosphere and accumulate in the ocean as a primordial 

soup. The simple molecules could then polymerize and eventually beget life. Five 

years later (1929), JBS Haldane contributed similar ideas in English; the soup 

theory is often credited to both Oparin and Haldane (13).  

1.3   Support for a Primordial Soup 

Experimental support for the ‘primordial soup’ theory was put forth in 1953 

by a young graduate student from the University of Chicago (14). Stanley Miller 

connected two flasks in a simple circuit with an electrode at the base of the larger 

flask and a condenser underneath the electrode, as shown in Figure 1.2. The 

electrode’s spark discharge was employed to simulate lightning in a prebiotic 
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atmosphere.  Boiling water in the smaller flask mimicked a prebiotic ocean, 

producing water vapor that mixed together and reacted with the ammonia, 

methane and molecular hydrogen gas in the ‘atmosphere’ flask. The gaseous 

molecules then condensed in the condenser and fed back into the ‘ocean’ flask. 

After allowing the apparatus to cycle the water gas mixture for a week, Miller 

determined by thin layer chromatography that four amino acids had been 

synthesized (14).  

 

Figure 1.2 A schematic of the Miller spark discharge experiment taken from the 
original publication (14). Scale bar = 5 cm 
 

Immediately after the publication of Miller’s results, objections were raised 

against the strongly reducing starting conditions, which Miller had chosen based 

upon ideas from Oparin and from his advisor, Harold Urey (15, 16). 

Nevertheless, Miller’s famous spark discharge experiment proved that biological 

molecules could arise from simple abiological precursors. The experiment 

provided the most convincing support to date for a ‘primordial soup’ model of the 

early evolution of life on Earth. It also spawned a whole new field of scientific 
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enquiry. More than 60 years have elapsed since Miller’s first discharge 

experiment, and prebiotic synthesis experiments are now carried out in fields as 

diverse as astrobiology, synthetic chemistry and geochemistry. Recently, a 

frozen sample from a 1958 Miller experiment, identical to the 1953 experiment 

(except that H2S was also included in the gas mixture), was reanalyzed with 

modern analytical tools, and over 23 amino acids were determined to be present 

(17).  

1.4   Nucleic Acids 

Miller’s discharge experiment was published less than three weeks after 

one of the great discoveries of the 20th century: the helical model structure of 

DNA (18). Finding routes for the prebiotic synthesis of nucleotides and 

nucleobases became an important goal; in 1960 Juan Oro published a prebiotic 

synthesis of adenine from ammonium cyanide (19). Additionally, scientists began 

to consider how nucleic acids could have evolved and which macromolecules 

were most essential for replicating the way life emerged. Given that nucleic acids 

encode all of the genetic information that is passed down through generations, it 

was assumed that nucleic acids must be essential. Proteins also seemed 

essential, since they catalyze the reproduction of nucleic acids. This led to the 

following puzzle: if the blueprints for proteins are encoded in DNA, and the 

reproduction of DNA is dependent upon proteins, which came first? This question 

was labeled as the ‘chicken and egg’ paradox. However, our current 

understanding of evolution by natural selection leads to the decisive conclusion 
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that the egg clearly preceded the chicken. Also, the ‘paradox’ misleadingly 

frames the solution space as a binary classification and has led to much 

confusion.  

1.5   RNA Ascending 

 Carl Woese, Leslie Orgel, and James Crick proposed a solution to the 

chicken and egg paradox in the late 1960s; each claimed that RNA must have 

preceded proteins (20,21,22). Although no experimental support existed at the 

time for the catalytic activity of RNA, Woese and Crick observed that some RNAs 

looked like proteins. Crick commented: “tRNA looks like Nature’s attempt to 

make RNA do the job of a protein” (20). If these intuitions proved true, one could 

imagine an ancient time in which RNA was responsible for both catalyzing 

chemical reactions and propagating genetic inheritance. This belief laid the 

foundation for the hypothesis called the RNA World, which posits that nucleic 

acids preceded proteins in ancient living systems.  

 Since Woese, Orgel and Crick put forth their theory, evidence in its 

support has steadily accumulated. In 1975 Harold White proposed that RNA “… 

existed prior to the evolution of ribosomal protein synthesis. Vestiges of these 

nucleic acid enzymes persist in contemporary coenzymes” (23). White’s 

explanation for the presence and significance of a number of small-molecule 

coenzymes that are each comprised of an RNA fragment is compelling ‘since 

there is no functional requirement for a cofactor to be a nucleotide derivative’ 

(24). Stronger support arrived in 1982 when Tom Cech discovered that an RNA 
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in tetrahymena thermophila could splice itself, demonstrating that RNA has 

catalytic activity – like proteins (25). The most convincing evidence yet appeared 

in 2000 when Nissen et al. determined that the catalytic core of the ribosome is 

actually made solely out of RNA (26). The ribosome therefore, is a ribozyme (a 

ribonucleic acid enzyme), which thus dissolves the apparent paradox.  

 Even if it is true that RNA assumed roles associated with today’s proteins 

(‘RNA World’), however, it does not necessarily follow that RNA preceded life 

(‘RNA-First World’). In fact, there is no evidence to support the RNA-First World, 

yet many contemporary scientists assume that an RNA World presupposes 

prebiotic synthesis of nucleotides and RNA polymers. “Though the existence of 

an RNA world is well-supported, several central problems remain unsolved, 

including the prebiotic synthesis of nucleotides and RNA polymers” (24).  The 

RNA-First World explanation assumes that a complicated and exquisite molecule 

spontaneously appeared and subsequently drove three to four thousands of 

millions of years of evolution while simultaneously, itself, remaining immutable to 

change. Given that even the most highly-conserved structures (including lipids, 

proteins and ribozymes) slowly change over time, the idea that RNA has 

persisted unchanged for over three billion years is highly implausible.  It is true 

that so far, the same genetic code and the same nucleotides have always been 

found in all organisms, but it does not follow that the oldest known ancestor, 

which contained RNA, must also be the first living organism. 
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 The assumption that contemporary RNA is has undergone little or no 

change for billions of years can be traced back to the very foundation of the RNA 

World hypothesis. In his 1968 paper that was submitted as a companion piece 

with Crick’s RNA World hypothesis, Orgel made the following assumption:  

If we accept that the biochemistry of the earliest organisms was 
recognizably related to that which we know, there are only two 
obvious alternatives to the present genetic system which need to 
be considered, namely: (1) life based on proteins in the absence of 
nucleic acids, (2) life based on nucleic acids in the absence of 
proteins (21). 

The phrase ‘recognizably related’ has mutated over half a century into ‘exactly 

the same’ for those that promote an RNA-First World. 

1.6   RNA-First World Shortcomings 

Crick, Woese, and Orgel were aware of some of the problems with the 

RNA World hypothesis (at the time, there was no distinction between an RNA 

World and an RNA-First World hypothesis; Walter Gilbert coined the phrase 

‘RNA World’ in 1986) (27). Nucleotides had not yet been synthesized in the 

laboratory under reasonable prebiotic conditions (21). The sugar component in 

nucleic acids is not stable, making the build up of sugars or nucleic acids 

implausible in ancient environments (21,46). Amino acids, in contrast, are quite 

stable and were shown in Miller’s experiment to be readily formed under prebiotic 

conditions (14).  Since Peptide bonds are also quite stable, it is more plausible 

that proteins formed under prebiotic conditions than that RNA did. Additionally, 

the amide bond can only form one way with most amino acids, whereas two 
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nucleosides can theoretically be linked in many more ways (5’-5’, 5’-3’, 5’-2’, 2’-

3’, 2’-2’, 3’-3’) (21). Nevertheless, Crick, Woese and Orgel could imagine natural 

selection proceeding with an RNA-only world because the replicating qualities of 

RNA seemed to trump all of the associated potential pitfalls. 

   After almost 50 years of experimentation devoted to proving an RNA 

World-first hypothesis, more difficulties than solutions have arisen. A persistent 

problem in recreating RNA is finding nonenzymatic ways to achieve enzymatic 

selectivity. Phosphorylation of a nucleoside falls into this category of problem. A 

phosphorylated nucleoside could theoretically react with an unphosphorylated 

nucleoside to form six different types of dinucleosides (as mentioned previously - 

5’-5’, 5’-3’, 2’-3’, etc.), but RNA is only found in one of these orientations (5’-3’) 

(21). Additionally, the 5’-3’ is very difficult to form since 5’ nucleotides are 

unreactive and 2’ or 3’ nucleotides will react with the neighboring hydroxyl to form 

an inert 2’-3’ cyclic phosphate (28,29,30). The laboratory trick used to get around 

this is to make an even more complicated molecule: a nucleobase daisy chained 

to a sugar, which is daisy chained to phosphate, which is daisy chained to an 

implausible activating group, which makes the inert nucleotide (now called an 

activated nucleotide) a bit more reactive. Even when this suspicious complexity is 

added, the product oligomers fail to have the correct regiospecific orientation (5’-

3’) in the presence of an RNA template - the 5’-2’ oligomers are the most 

common product (28). 
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Even if these problems are completely ignored and assumed to be 

solvable sometime in the future, there are additional quandaries. Here is one 

example. Neglect the discussion above and assume the complex synthesis of 

RNA has already occurred (perhaps RNA rained down from outer space or was 

delivered by comets). Also assume an abundant source of activated nucleotides 

(which are not immune to hydrolysis) is able to accumulate (a rather unrealistic 

assumption (46)). The widely available and concentrated activated-nucleotides 

will then come into contact with the oligomers of RNA, which provide a template 

for the activated nucleotides to polymerize. Ignore also the possibility that the 

activated nucleotides will polymerize in the wrong orientation – assume all 

activated nucleotides result in 5’-3’ products. Now a new problem emerges. In 

order for the RNA composed of C and G residues to act as template, it needs to 

be enriched in C nucleobases, and this will lead to a product oligomer that is 

enriched in G nucelobases. Experiments support the conclusion that G-rich 

templates form self-structures that prevent them from participating in further 

templating reactions (31).  

All of these issues on their own seem surmountable, but taken together 

they highlight the exquisite complexity and refinement of RNA found in 

contemporary biology, which is the product of thousands of millions of years of 

evolution. The many thousands of prebiotic RNA experiments are collectively still 

inadequate to support the conclusion that RNA has driven evolution while also 

staying outside of it – persisting without evolving for billions of years. Even Orgel 
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held the same opinion in 1968 – many decades before the evidence against an 

RNA-First World accumulated:  

Although I believe that the organization of the most primitive forms 
of life has much in common with that which finally won out, I do not 
wish to imply too close a correspondence. Thus it seems unlikely 
that the genetic code was adopted suddenly in its final form (21).  

In devoting over half a century to proving that modern-day nucleotides and RNA 

polymers can be synthesized abiotically in their final forms - without establishing 

that there is any relationship between modern RNA and the first information 

polymer - proponents of an RNA-First World scenario have done more to 

disprove its feasibility than to support it. 

1.7   Energetics and Order 

A critical problem with both RNA World and RNA-First World scenarios is 

a failure to account for the nature of order and energetics in living systems. In a 

review, David Deamer sheds light on this topic through a thought experiment 

(32). Instead of directing attention towards finding prebiotic routes for the 

synthesis of fundamental molecules (amino acids, sugars, nucleotides, etc.), 

Deamer presupposes all necessary components were already present and 

sealed in an anoxic flask, along with proper salt concentrations and the correct 

trace minerals. What would happen? Nothing! Deamer concludes the system 

would quickly reach chemical equilibrium. Even with temperature or pH cycles, or 

with energy inputs in the form of pyrophosphate or a redox source and sink, the 

‘soup’ would still quickly reach equilibrium conditions.  
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Deamer also considers a more complicated version of the scenario that 

includes, ATP, enzymes, ribosomes, a genome and all of the cellular ingredients 

found in a living cell. Gently disrupting and filtering a culture of E Coli could 

perform such an experiment. In this case, ATP would hydrolyze and the soup 

would again quickly reach equilibrium. If energy in any of the forms mentioned 

previously were introduced, the results would not change. From this we can 

conclude that if all of the ingredients from a living system are thrown together, the 

result is not a living system because it lacks the order required to harness free 

energy.  The whole is more than the sum of the parts. Life has an exquisitely high 

degree of molecular ordering, and this ordering is lost in the experiment.  

Order is a requirement for all living systems: an ordered system can 

couple energy to anabolic reactions, allowing for the self-propagation that is a 

fundamental feature of life. RNA-first scenarios do not provide a means for 

RNA’s ordering properties to harness energy, so they lack a crucial bridge from 

raw ingredients to living systems. Modern genomes, ribosomes and cellular parts 

display extremely intricate designs, which result from billions of years of 

evolution, and these complex parts work in concert through a highly ordered 

system that couples energy to anabolic reactions. Not a single experiment has 

ever demonstrated that an RNA template or ribozyme provides sufficient order 

and energy coupling capabilities to synthesize additional RNA polymers that also 

provide further ordering and energy coupling, allowing for an indefinite cycle. One 

explanation for the lack of evidence is that, in time, a future experiment will reveal 
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some as-of-yet unknown energy coupling capabilities of RNA. A more likely 

explanation is that RNA polymers do not in fact provide enough cellular ordering 

and energy coupling to independently allow for indefinite propagation - because 

RNA relies on other, existing cellular processes to harness and transduce free 

energy. 

1.8   Metabolism 

Life is a highly ordered system that couples incoming energy to the 

buildup of more ordered products (an anabolic metabolism). A simple textbook 

definition of ‘metabolism’ is: ‘all chemical reactions occurring within a cell’ (33) 

More rigorously, metabolism is ‘the overall process through which living systems 

acquire and utilize the free energy they need to carry out their various functions’ 

(34). In modern cells, all energy gradients are coupled to metabolism through 

lipid bilayers (35). In partitioning a different set of molecules across the different 

sides of a lipid bilayer (the ‘self’ or ‘cellular side’ and the ‘environmental side’), a 

natural potential arises in the form of a chemiosmotic gradient. As energy is 

dissipated through ions, or osmolytes, flowing down their energetic gradients, a 

cell’s lipid bilayer has the capacity to harness a portion of this energy and 

transform it into chemical potential by synthesizing chemical bonds.  

1.9   An order-forming, energy-dissipating process 

   Given the complexity of the modern protein assemblies that couple 

energy to anabolic reactions, the first life forms must have used simpler coupling 
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systems (36). However, the fundamental principle (order forming processes 

arising to dissipate energy) remains the same and is in fact observable in 

nonliving systems as well. J. Miguel Rubi relates thermodynamics to living 

systems by considering characteristics of a pot of water sitting on a kitchen stove 

(37). The water is initially isotropic and in equilibrium with the room’s 

temperature. Upon turning on a heating element, heat is conducted through the 

pot’s bottom, and the average kinetic energy of water molecules closest to the 

pot’s bottom begins to increase. The water molecules at the bottom of the pot 

diffuse upward. If only a small amount of heat is added, the macro characteristics 

of the water appear to be very similar to the characteristics before heat was 

added – the only difference is that the average kinetic energy of the molecules 

has increased and the water temperature is slightly elevated compared to the 

room. Mathematically, the changes in temperature can be modeled over time as 

a linear succession of equilibrium states, each with a slightly elevated 

temperature compared to the previous.  

If, on the other hand, more heat is added, the characteristics of the system 

change dramatically. When a mass of individual water molecules near the bottom 

of the pot increases in temperature more quickly than individual water molecules 

can diffuse upward into the water column above and equilibrate, a temperature 

gradient in the pot arises and the isotropy of the water system is broken. 

Convective currents move whole masses of hotter water upward, while masses 

of colder water move downward. The convective currents are a type of order that 



15 

15	  

dissipates energy more quickly than diffusion alone and brings the water back 

into equilibrium. Thus, the order that arises is inherently connected to energy 

dissipation (38). 

Like convective currents cycling in a pot of water, life is an out of 

equilibrium, order-forming system that arises from an energy disbalance and 

serves to more quickly dissipate free energy. This conception of life was put forth 

in the early 20th century, even before a modern understanding of non-equilibrium 

thermodynamics was developed (39). In 1944, Erwin Schrodinger framed life in 

terms of entropy and non-equilibrium systems:  “It is by avoiding the rapid decay 

into the inert state of ‘equilibrium’ that an organism appears so enigmatic”, and 

“What an organism feeds upon is negative entropy.” Michael Russell has more 

recently stated: “it takes (the dissipation of) order to make order” (39). 

1.10   Metabolism First 

A non-RNA-World-centered perspective that accounts for ordering and 

energetics is typically labeled as a ‘metabolism first’ scenario. The two strongest 

criticisms against a ‘metabolism first’ origins of life are (1) the lack of 

experimental support and (2) the lack of a plausible explanation for how life could 

have emerged in the absence of a genetic polymer.  

The most well known example of a metabolism first theory was put forth 

by Wachtershauser, who posited that an ancient biochemical pathway could 

have proceeded on the surface of pyrite minerals at hydrothermal vents (40,41).  

Pyrite offers both redox activity and a potential templating surface that could 
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drive the self-assembly of thermodynamically favorable reactions. 

Wachtershauser proposed schemes for the production of multiple classes of 

biomolecules, including peptides, an organic phosphate polymer similar to the 

ribose-phosphate backbone in nucleic acids, and simple organic compounds 

derived from carbon dioxide fixation. However, Orgel has pointed out that 

“achieving all of the required reactions while avoiding all of the likely side 

reactions” would be formidable (42). A larger issue is the lack of experimental 

evidence in support of Wauchtershauser’s schemes; Shapiro states: “the 

researchers have not yet demonstrated the operation of a complete cycle or its 

ability to sustain itself” (43). Indeed, the lack of experimental evidence in support 

of metabolism first scenarios remains a major weakness of this perspective.  

1.11   An Engineering Approach 

A significant challenge for scientists working in origins of life research is a 

lack of facts about conditions on the early Earth. This uncertainty inevitably leads 

to many works being labeled as ‘not prebiotically relevant’. Two of the most 

widely cited origins of life papers have both received this criticism (15, 44). It is 

likely that we will never know the exact conditions present when life first 

emerged, so this problem is in some sense insurmountable. However, it is 

possible to test the general viability of various origins of life theories by 

attempting to engineer simple models that satisfy the main criteria for life. Once 

this goal is satisfied, more complex constraints can be imposed.  
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1.12      Aims 

The goal of this research is to engineer an artificial life-like system, 

working from the bottom up (as opposed to a top down approach, which would 

strip components out of a modern cell to find the minimal set of essential 

components). To make this goal possible, the daunting task of building a 

historically plausible prebiotic system is abandoned in favor of constructing a 

simpler prototype that fulfills a number of life’s requirements. While definitions of 

‘life’ vary, Robert Shapiro provides one carefully craft list of requirements, and 

they set a high bar  (43): 

 1. A boundary is needed to separate life from nonlife.  
2. An energy source is needed to drive the organization process 
3. A coupling mechanism must link the release of energy to the 

organization process that produces and sustains life. 
4. A chemical network must be formed to permit adaptation and 

evolution. 
5. The network must grow and reproduce 

Shapiro’s list is sufficiently general to allow for a non-RNA based system. This 

work focuses on coupling a source of energy to anabolic reactions. Here, we use 

a lipid-based system, based upon previously published work (45), and aim to 

construct a model that addresses each of the requirements listed above. Since 

lipid bilayers in living systems are often related in some way with requirements 1, 

2, 3 and 5, a central goal here will be to integrate these properties with a 

‘chemical network’ that presents the system with an opportunity to  ‘adapt’ – 

requirement 4. 
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Chapter 2: Self-reproducing catalyst drives repeated 
phospholipid synthesis and membrane growth 

2.1   Significance  

We report on the design and synthesis of an artificial cell membrane that 

sustains continual growth. Lipid membranes are ubiquitous in all domains of life. 

Numerous studies have exploited the ability of lipids to self-assemble into bilayer 

vesicles with properties reminiscent of cellular membranes, but previous work 

has yet to mimic nature’s ability to support persistent phospholipid membrane 

formation. In this work, we have developed an artificial cell membrane that 

continually synthesizes all of the components needed to form additional catalytic 

membranes. These results demonstrate that complex lipid membranes capable 

of indefinite self-synthesis can emerge when supplied with simpler chemical 

building blocks.  

2.2   Abstract 

Cell membranes are dynamic structures found in all living organisms. 

There have been numerous constructs that model phospholipid membranes. 

However, unlike natural membranes, these biomimetic systems cannot sustain 

growth owing to an inability to replenish phospholipid-synthesizing catalysts. 

Here we report on the design and synthesis of artificial membranes embedded 

with synthetic, self-reproducing catalysts capable of perpetuating phospholipid 

bilayer formation. Replacing the complex biochemical pathways used in nature 
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with an autocatalyst that also drives lipid synthesis leads to the continual 

formation of triazole phospholipids and membrane-bound oligotriazole catalysts 

from simpler starting materials. In addition to continual phospholipid synthesis 

and vesicle growth, the synthetic membranes are capable of remodeling their 

physical composition in response to changes in the environment by preferentially 

incorporating specific precursors. These results demonstrate that complex 

membranes capable of indefinite self-synthesis can emerge when supplied with 

simpler chemical building blocks.  

2.3   Introduction 

Lipid membranes are ubiquitous in all domains of life. Membranes are 

organizing structures needed to define physical boundaries, compartmentalize 

molecules within the cell, and provide sites for proteins that control transport and 

signaling. Natural membranes are also capable of growth through in situ 

synthesis of glycerophospholipids catalyzed by embedded integral membrane 

proteins that are continually synthesized by entrapped cellular machinery (1–3). 

Numerous studies of artificial membranes have demonstrated the ability of 

various amphiphiles to self-assemble into bilayer vesicles with properties 

reminiscent of cellular membranes (4–8). A limited number of these studies have 

demonstrated that seeding artificial membranes with catalysts that are capable of 

either generating additional amphiphiles, or of driving the recruitment of lipids 

from the environment, triggers an increase in membrane surface area, and, in 

some cases, causes vesicle budding and division (9–14). However, membrane 
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growth in these systems inevitably leads to dilution of the catalyst and cessation 

of membrane formation (15, 16). Thus, a significant roadblock to synthetic 

membranes capable of continual phospholipid synthesis has been the lack of a 

mechanism by which the embedded molecular catalysts that are responsible for 

membrane expansion are able to repopulate in- definitely (15, 17). Here we 

report on the design of a simplified lipid synthesizing membrane that uses a 

synthetic, membrane- embedded catalyst that is capable of self-reproduction. To 

achieve simultaneous lipid and catalyst synthesis we use a shared catalytic 

triazole coupling reaction to generate both triazole phospholipids and additional 

membrane-embedded copper-chelating oligotriazole catalysts (18, 19). By 

substituting the complex network of biochemical pathways used in nature with a 

single autocatalyst that simultaneously drives membrane growth, our system 

continually transforms simpler, high-energy building blocks into new artificial 

membranes.  

2.4   Results and Discussion 

The formation of triazoles by copper catalyzed azide-alkyne cy- 

cloaddition is highly selective, has a high thermodynamic driving force (−52 

kcal·mol−1), and often works best in water (20). Several oligotriazole ligands are 

capable of coordinating to Cu1+ and promoting triazole catalysis in the presence 

of oxygen and metal coordinating buffers (21). Because these ligands are 

themselves synthesized by triazole formation, autocatalysis is possible. Our 
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oligotriazole catalyst was synthesized by combining a tripropargylamine scaffold 

with 1-azidododecane, forming a Tris-(lauryl triazole)amine (TLTA) ligand. In the 

presence of Cu1+ ions and buffer, the TLTA trimer serves as a selective catalyst 

for further TLTA ligand synthesis, completing an autocatalytic cycle (Figure 

2.1A). The choice of long-chain alkyl azide molecules was motivated by two 

factors. First, the three 12-carbon alkyl chains of TLTA promote its association 

with the lipid bilayer (Figure 2.2), enabling catalytic membranes to synthesize 

phospholipid in the presence of reactive precursors. Second, alkyl azides also 

serve as precursors for the formation of triazole phospholipids when combined 

with alkyne lysophospholipids (Figure 2.1B) (18). Use of two different alkyne 

precursors and a shared alkyl azide enables the concurrent formation of TLTA 

and triazole phospholipid while avoiding unproductive side reactions (Figure 

2.1C). The use of common elements in the precursor pool greatly simplifies this 

system compared with previously described biomimetic membranes.  
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Figure 2.1 A Self-reproducing Catalyst Drives Triazole Phospholipid Synthesis 
and Membrane Growth. A) The oligotriazole TLTA (ligand) is capable of binding 
Cu1+ ions to form a catalytic complex (catalyst). The copper complex catalyzes 
the synthesis of new ligand from 1-azidododecane (azide) and tripropargylamine 
(alkyne scaffold), which, upon metallation, produces additional catalytic 
molecules. B) The copper complex also catalyzes the formation of triazole 
phospholipid from 1-azidododecane (azide) and an alkyne modified lysolipid. C) 
Membrane embedded catalysts act on azide and alkyne reactive precursors, 
synthesizing additional phospholipid and oligotriazole ligands, which, upon 
metallation, become new catalysts. For purposes of illustration, precursors, 
catalyst and triazole phospholipid are only depicted on one leaflet. 
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Figure 2.2 Retention of TLTA in (1-palmitoyl-2-oleoyl-sn-glycero-3- 
phosphocholine, POPC) vesicles before and after gel-filtration with a sephadex 
G50 column. The ratio of TLTA to POPC absorbance at 210 nm before (3.0 ± 
0.52 – left bar) and after (2.97 ± 0.44 right bar) sephadex filtration. 
 
 When phospholipid vesicles containing TLTA (5 µM) are incubated with a 

solution containing TLTA precursors and Cu1+ ions, self-reproduction of TLTA 

ligand occurs (vesicles characterized by dynamic light scattering and 

transmission electron microscopy; Figure 2.3). Background reaction is inhibited 

by the presence of N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid 

(TES) buffer (140 mM), a Good’s buffer that can weakly coordinate free copper 

(22). Using liquid chromatography–mass spectrometry–evaporative light 

scattering detection (LC-MS-ELSD) to monitor ligand synthesis (Figure 2.4, 2.5), 

we observe sigmoidal growth curves made up of an induction period, followed by 

a rapid rise in ligand formation, inflection, and, finally, a plateau as reactants are 

completely consumed (Figure 2.6A). Such curves are a hallmark of autocatalytic 
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processes (23, 24), which require time for a buildup of sufficient catalyst, at which 

point product conversion sharply accelerates. Increasing the amount of initial 

ligand from 5 µM to 35 µM accelerates the rate of consumption of ligand 

precursors, with the time required to synthesize 50% of new ligand decreasing 

from 1.94 h to 0.81 h. The membrane-bound catalyst is also required for the in 

situ synthesis of triazole phospholipids (Figure 2.6B). Phospholipid vesicles 

containing different concen- trations of TLTA ligand were incubated with 1-

azidododecane and alkyne lysolipid as well as an excess supply of Cu1+ ions 

(120 µM). Vesicle populations possessing higher concentrations of sequestered 

TLTA ligand synthesize triazole phospholipids more rapidly.  
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Figure 2.3 Characterization of POPC vesicles containing the ligand, TLTA. A) 
Dynamic Light Scattering (DLS) histogram of sonicated POPC (500 µM ) vesicles 
containing 10 mol % TLTA. B) TEM images of POPC vesicles containing 10 mol 
% TLTA. Scale bars = 300 nanometers (left) and 100 nanometers (right).  
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Figure 2.4 Overlaid HPLC traces monitoring the synthesis of TLTA ligand from 
the TLTA-autocatalytic experiment depicted in Figure 2a in the main text. 
Catalytic vesicles contain an initial concentration of 5 µM TLTA. Over ~ 6hrs, 
catalytic vesicles convert 80 µM tripropargylamine and excess lauryl azide into 
an additional 68 ± 9 µM TLTA (n=3), yielding a total TLTA concentration of 73 ± 9 
µM.  
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Figure 2.5 Raw data of a time point taken during the 8th reaction of a serial 
transfer experiment demonstrating typical LC-MS ELSD data output. The lag in 
retention times when comparing the DAD to the ELSD or MS reflects additional 
delay volume an analyte must negotiate after egressing the DAD and traveling to 
the downstream ELSD and MS detectors. 
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Figure 2.6 Monitoring of Catalytic Ligand and Lipid Synthesis in Preformed 
Membranes. (A) Autocatalytic synthesis of TLTA ligands in vesicle membranes 
loaded with 0 (blue), 5 (green), or 35 (red) µM TLTA. (B) Triazole phospholipid 
synthesis using vesicles loaded with 0 (blue), 15 (green), 40 (red), and 100 
(cyan) µM TLTA. (C) The rate of triazole phospholipid synthesis in the presence 
of vesicles loaded with 75 µM TLTA is significantly higher in the presence of the 
ligand precursor, tripropargylamine (50 µM) (green), and sluggish in its absence 
(red), due to an inability to form additional Cu-TLTA catalyst (Figure 2.7). No 
triazole phospholipid is synthesized without the presence of the TLTA ligand 
(blue). Model generated fits (solid lines) agree well with the experimental data. 
The concentration of copper is 120 µM, while the concentration of TES is 140 
mM for (A,B) and 350 mM for (C). Concentrations were determined by fitting 
absorbance data from HPLC to a calibration curve. Full equations and fitted 
parameter values are available in the supplementary information. Error bars 
represent standard deviations (n=3). 
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Figure 2.6 Monitoring of Catalytic Ligand and Lipid Synthesis in Preformed 
Membranes, continued. 
 

Catalyst reproduction and phospholipid synthesis are both driven by the 

presence of TLTA. We therefore predicted a synergistic effect between the rate 

of production of catalytic molecules and the rate of production of membrane 

building blocks, because TLTA self-reproduction would increase the 

concentration of catalyst and, in turn, increase the rate of triazole phospholipid 

synthesis. To test these effects, we incubated vesicles containing TLTA with lipid 

precursors and measured the amount of triazole phospholipid synthesis in the 

presence and absence of the essential catalyst precursor tripropargylamine 

(Figure 2.6C, 2.7). In the absence of tripropargylamine, the catalyst concentration 

stays constant and the phospholipid conversion proceeds slowly over 24 h with 

partial conversion. However, addition of 50 µM tripropargylamine leads to 

assembly of additional TLTA (Figure 2.7D), resulting in faster lipid synthesis (485 

µM vs. 150 µM triazole phospholipid synthesized after 24 h).  
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Figure 2.7 In situ autocatalysis promotes triazole phospholipid synthesis. Initial 
concentrations of alkyne lysolipid, 1-azidododecane, CuSO4, and hydroquinone 
were 525 µM, 870 µM, 120 µM and 60 µM, respectively.  a) In the presence of 50 
µM tripropargylamine (TPA), negligible conversion of alkyne lysolipid (retention 
time = 2.9 min) into triazole phospholipid (retention time = 3.8 min) takes place 
with vesicles lacking TLTA. b) In the absence of TPA, vesicles loaded with 75 µM 
TLTA sluggishly convert alkyne lysolipid into triazole phospholipid (retention time 
= 3.8 min). c) In the presence of 50 µM TPA, vesicles loaded with 75 µM TLTA 
convert alkyne lysolipid into triazole phospholipid rapidly. d) In-situ synthesis of 
TLTA was monitored with a diode array detector at 210 nm. In the presence of 50 
µM TPA, vesicles loaded with 75 µM TLTA synthesize additional TLTA (4 right-
most bars – also Fig. S5c). When the same population of vesicles is immersed in 
reactive precursors with no TPA present, the concentration of TLTA remains 
constant and no in situ synthesis occurs (4 left-most bars – also 2.7b). No 
additional TLTA synthesis was detected in vesicle populations lacking TLTA after 
exposure to 50 µM TPA (2.7a). 
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 To gain greater quantitative insight into the kinetics of the combined 

autocatalytic vesicle membrane growth, we developed a computational model 

that includes catalyst formation and triazole phospholipid synthesis (Section 2.6). 

Results from this model exhibit the salient features of the self-reproduction 

process. Furthermore, taking the values of chemical concentrations used in the 

experiments, we were able to predict the values of kinetic parameters that 

yielded quantitative agreement between the experimental and modeling results 

(solid lines, Fig. 2.6).  

  Lipid membranes have been shown to promote the reaction of 

hydrophobic precursors by either acting as a phase-transfer catalyst or through 

colocalization (6, 9). Although Cu-TLTA is a molecular catalyst for azide-alkyne 

cycloadditions and is required for the synthesis of triazoles, it was unclear 

whether the presence of phospholipid membranes provides a structured 

environment that contributes to the rate of the coupling reactions. To test this 

possibility, we incubated TLTA ligands along with azide and alkyne precursors in 

the presence and absence of phospholipid membranes (1-palmitoyl-2-oleoyl-sn-

glycero-3- phosphocholine, POPC) (Figure 2.8). We found that TLTA-catalyzed 

triazole phospholipid synthesis requires the presence of phospholipid 

membranes. TLTA molecules form an extremely hydrophobic solid at room 

temperature and are unlikely to be catalytically active in a purely aqueous system 

without a hydrophobic component. Phospholipid membranes are capable of 

solubilizing the ligand (as indicated by LC-MS) as well as the pre- cursors and 
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intermediates that are needed for TLTA self-synthesis.  

 
 
Figure 2.8 TLTA and triazole phospholipid synthesis require both preexisting 
TLTA and phospholipid membranes. a) In the absence of POPC, TLTA fails to 
stay in solution and synthesize either triazole phospholipids or additional TLTA.  
b) When TLTA is initially absent from POPC membranes, neither triazole 
phospholipid nor TLTA is synthesized.  c) In the absence of tripropargylamine 
and in the presence of POPC, TLTA is able to synthesize triazole phospholipid, 
but it is unable to synthesize additional TLTA. d) When POPC and 
tripropargylamine are both present, TLTA synthesizes both triazole phospholipid 
and additional TLTA. Conditions for experiments: 560 µM alkyne lysolipid, 940 
µM dodecane azide, 120 µM CuSO4, 60 µM hydroquinone, 400 mM TES, 20 mM 
MOPS buffer, 0 or 50 µM tripropargylamine, 0 or 500 µM POPC, and 0 or 50 µM 
TLTA. Reactions were sampled with LCMS at 20 hrs.   
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 We next determined the effect of phospholipid concentration on 

autocatalyst synthesis (Figure 2.9). Interestingly, the synthesis of new 

autocatalyst is directly dependent upon the amount of lipid present. This may be 

attributed to increased partitioning of precursors, intermediates, and products into 

the lipid phase (25, 26), indicating that, at these concentrations, phase transfer 

catalysis or colocalization effects outweigh possible dilution of the reactants in 

additional membrane. These results provide further evidence that the presence 

of membranes confers advantages to the auto- catalytic reactions and 

establishes a synergistic relationship between autocatalysis and phospholipid 

synthesis.  

 

Figure 2.9 Effect of Phospholipid Concentration on the Formation of 
Autocatalyst. Additional autocatalyst is synthesized in the presence of increasing 
concentrations of phospholipid. 33 µM TLTA was solubilized with 263 µM 
dodecane azide and 200, 400, 800 or 1000 µM POPC, along with 80 µM 
tripropargylamine, 60 µM hydroquinone, 120 µM CuSO4, 140 mM TES and 40 
mM MOPS. Error bars represent standard deviations (n=3). 

 



38 

38	  

 Membrane growth in the presence of lipid precursors is an important 

attribute of living cellular membranes. Synthetic vesicles containing TLTA are 

capable of synthesizing both molecular catalysts and phospholipids when 

exposed to appropriate catalyst and phospholipid azide and alkyne precursors 

(Figure 2.6C, also 2.7,2.8). To determine whether the synthetic vesicles can 

continually catalyze lipid synthesis (Fig. 2.10A), vesicles containing 0 or 10 mol% 

TLTA were added to a precursor solution containing tripropargylamine, alkyne 

lysolipid, 1-azidododecane, and Cu1+ ions in TES buffer, and synthesis was 

tracked using LC-MS-ELSD (Figure 2.10B, 2.11). Vesicles without TLTA 

(negative control) were unable to synthesize TLTA or triazole phospholipid 

(Figure 2.11). Vesicles with TLTA converted reactive precursors to membrane- 

bound vesicles consisting of triazole phospholipid and TLTA. To create additional 

synthetic membranes after the precursors had been consumed, we combined 

10% of the formed vesicle solution with a new solution containing both lipid and 

catalyst precursors. Again, TLTA vesicles converted the substrate solution into 

vesicles consisting of triazole phospholipid and TLTA. When the negative control 

was similarly transferred to a new solution, no new substrate was converted to 

vesicles. Additionally, each transfer resulted in a 90% reduction in POPC (Figure 

2.11). Upon propagating synthetic membranes into a new solution for a second 

time, the initial seed concentration of POPC was reduced from 200 µM to 2 µM, 

and no phospholipid was detected in the negative control after two transfers 

(Figure 2.11). Under optimized conditions, we typically achieved 95% conversion 
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of the lipid precursors over a period of 20– 35 hr. We repeated this process 15 

times over a period of 500 hr, showing that it seems to be repeatable indefinitely 

in the presence of simpler precursors that permit the synthesis of both the 

catalysts and their membrane product (Figure 2.12). 

 

Figure 2.10 Continual Synthesis of Catalytic Membranes through Serial 
Transfers. (A) Vesicles containing embedded ligands are combined with a 
solution containing ligand and phospholipid precursors, as well as a source of 
Cu1+(black arrow). Over time, these precursors are converted to additional 
catalytic vesicles (blue arrow). Once the precursors are depleted, a fraction 
(10%) of the vesicle population is isolated (green arrow) and combined with a 
new precursor solution enabling further membrane formation. (B) Triazole 
phospholipid vesicle synthesis with sequential serial transfers of vesicles 
containing TLTA ligands (blue line) into fresh precursor solutions shows repeated 
and long-term (>500hrs, Fig. S8) phospholipid formation relative to control 
vesicles lacking TLTA ligands (red line). Black arrows indicate the time at which 
vesicle transfer to new precursor solutions took place. Phospholipid was 
monitored using LC/MS/ELSD measurements (raw ELSD data shown). Initial 
conditions for displayed rounds: 120 µM CuSO4, 60 µM hydroquinone, 450 mM 
TES, 40 mM MOPS, 54 µM tripropargylamine, 558 µM alkyne lysolipid, and 925 µM 
alkyl azide. Error bars represent standard deviations (n=3). 
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Figure 2.11 Synthesis and dilution of lipid concentrations during the first three 
rounds of a serial transfer experiment (STE). Top panel = a Diode Array Detector 
(DAD) monitors lipid synthesis (in mAU). Bottom panel = an Evaporative Light 
Scattering Detector (ELSD) measures lipid synthesis (in mV). A) When an initial 
population of 200 µM POPC vesicles containing 20 µM TLTA is mixed with 
precursors, triazole phospholipid is synthesized. When 10 % of the 1st reaction 
(by volume) is used to seed a second reaction, the initial concentrations of POPC 
and synthesized triazole phospholipid are both diluted by a factor of 10. After the 
second reaction is transferred in the same way into a third reaction, only 2 µM 
POPC remains from the initial seed population of 200 µM, and the remaining 
POPC is no longer detectable by ELSD or DAD. B) When the initial seed 
population of 200 µM POPC vesicles does not contain the ligand TLTA, no 
triazole lipid is synthesized, and by the third reaction, only 2 µM of total lipid is 
detectable. Error bars represent standard deviations (n=3). 
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Figure 2.12 Fifteen rounds of three distinct serial transfer experiments were 
monitored in parallel with a combination of confocal imaging and HPLC over the 
course of 500 hours. a) The first seven rounds were tracked with HPLC by 
detecting triazole phospholipid synthesis using a diode array detector (210 nm). 
These rounds comprised the first 180 hours of the experiment as shown above. 
Error bars display the standard deviation of three distinct lineages of serial 
transfer experiments. Subsequent rounds were monitored by imaging and also 
periodically by HPLC, as shown by the transition from the 11th to the 12th reaction 
at 347 hours. Only one lineage was monitored at the last time point for the 11th 
reaction, represented by the inverted green triangle. b) Four contiguous tiles 
stitched together from the 15th round of a serial transfer experiment at 473 hours 
after initiation of the first round. Three multilamellar vesicles (upper left corner, 
lower right corner, upper right region), each roughly five microns in diameter, are 
clearly visible. Scale bar represents 5 µm. 
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Figure 2.12 Fifteen rounds of three distinct serial transfer experiments were 
monitored in parallel with a combination of confocal imaging and HPLC over the 
course of 500 hours, continued. 
 
 We next monitored the growth of vesicles using time-lapse fluorescence 

microscopy and an automatic vesicle tracking algorithm based on a previously 

developed, single-cell tracking algorithm that monitors vesicle size and location 

(27). When catalytic membranes from a serial transfer experiment, as in Figure 

2.10, were added to solutions containing reactive precursors and 0.1 mol% 

membrane staining dye (Rh-DHPE), spherical structures appeared that 

increased slowly in size over a period of hours (Figure 2.13, 2.14). In all imaging 

experiments, vesicles identified with fluorescence were distinguished from 

possible azide oil-related artifacts by bright-field microscopy  (Figure 2.15), which 

highlights a significant refractive difference between aqueous vesicle 

b
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compartments and oil emulsions (1.33 vs. 1.42) (28). Some of these vesicles 

grew from <1 µm to upwards of 5 µm in diameter (Figure 2.13). In addition, we 

find that the majority of membranes grow from sizes undetectable by fluorescent 

microscopy to a wide range of smaller-sized vesicles (1–2 µm), significantly 

increasing total membrane area (Figure 2.13). Vesicles incapable of synthesizing 

triazole phospholipid (lacking copper or TLTA) did not undergo growth (Figure 

2.16), ruling out the possibility that vesicle growth was due to phospholipid 

spreading out on the glass slide, interactions of vesicles with alkyl azide oil 

droplets, or vesicle fusion.  
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Figure 2.13 Triazole Phospholipid Synthesis Leads to an Increase in the Number 
of Vesicles Containing Encapsulated Contents. Catalytic MLVs containing 10 mol 
percent TLTA and HPTS were added to a solution containing 60 µM 
hydroquinone, 350 mM TES, 60 µM tripropargylamine, 615 µM alkyne lysolipid, and 
1.01 mM alkyl azide. The solution was split into two parts, and 120 µM copper 
sulfate was added to one (A). To the second reaction (B), an equivalent volume of 
water was added in place of copper. C) Vesicles from a matrix of twenty contiguous 
images were counted on three separate occasions and averaged together (C). 
Scale bar represents 5 µm. Error bars represent standard deviations (n=3). 
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Figure 2.13 Triazole Phospholipid Synthesis Leads to an Increase in the Number 
of Vesicles Containing Encapsulated Contents, continued. 

 

  



46 

46	  

 
 
Figure 2.14 Monitoring growth of continually propagating synthetic membranes. 
Initial conditions for displayed rounds (excluding unreacted precursors from 
previous rounds): 132 µM CuSO4, 60 µM hydroquinone, 450 mM TES, 40 mM 
MOPS, 60 µM tripropargylamine, 558 µM alkyne lysolipid, and 925 µM alkyl azide. 
Larger vesicles emerge from the growth of smaller catalytic vesicles exposed to 
ligand and lipid precursors. Vesicle growth could be monitored using a 
membrane-staining fluorescent dye (Rh-DHPE) and time-lapse confocal 
microscopy. Vesicles grew in size over several hours and their size and location 
were tracked using an automatic vesicle tracking algorithm base on a previously 
developed single-cell tracking algorithm (3). Scale bar represents 5 µm. 
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Figure 2.14 Monitoring growth of continually propagating synthetic membranes. 
Initial conditions for displayed rounds (excluding unreacted precursors from 
previous rounds): 132 µM CuSO4, 60 µM hydroquinone, 450 mM TES, 40 mM 
MOPS, 60 µM tripropargylamine, 558 µM alkyne lysolipid, and 925 µM alkyl azide, 
continued. 
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Figure 2.15 Distinguishing oil droplets from vesicles. A) HPTS-labeled MLVs 
observed in the fluorescent channel. B) Dodecane azide oil droplets imaged in 
the bright field channel. Arrows point to oil droplets, which appear as either dark 
with a white halo when out of plane or as gray/white with a thick black perimeter 
when in the plane of imaging. In comparison, vesicles are significantly more 
difficult to observe with bright field microscopy. C) A merged image of fluorescent 
and bright field channels. No instances of vesicles appearing as oil droplets or oil 
droplets appearing as vesicles are observed. Scale bar = 6 µm 
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Figure 2.16 Vesicle growth is not due to POPC aggregation. A) In the absence of 
copper, sonicated POPC vesicles containing 10 mol % TLTA do not synthesize 
triazole phospholipid (also supported by HPLC-ELSD-MS) or display 
aggregation. Time point shown = 50 hrs. B) Increasing laser intensity or exposure 
time (shown here) does change the result obtained in (A). C) An example of 
propagating artificial membranes containing both TLTA and copper at 7 hours. 
Initial conditions: 0 (A and B) or 120 µM (C) CuSO4, 60 µM hydroquinone, 450 mM 
TES, 40 mM MOPS, 54 µM tripropargylamine, 558 µM alkyne lysolipid, and 925 µM 
alkyl azide. Scale bar = 10 µm.  
 
 Previous work has demonstrated that vesicles undergo shape 

transformations when the acquisition of new lipids is fast and solute permeation 

across membranes is slow (29), and this could account for a number of 

structures observed here (Figure 2.13D, 2.17, 2.18). We infer that the flux of 

osmolytes across lipid bilayers and the rate of lipid synthesis are sufficiently 

compatible to prevent vesicle collapse and allow for an increase in both vesicle 
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volume and membrane surface area. Swelling of vesicle volume suggests a net 

positive flux of solutes into the vesicle interior. Model systems of phospholipid 

vesicles indicate that membranes are permeable to protons, ions, and small 

charged molecules (30–33). Chakrabarti and Deamer (30) found that even 

zwitterionic amino acids, such as serine, could equilibrate across a phospholipid 

bilayer in as short a time as 2 hr under certain conditions. The lack of a strong pH 

effect on the permeability coefficients of measured charged species supports a 

transient defect mechanism of membrane permeation over a solubility-diffusion 

mechanism (32). Transient defects are postulated to increase in bilayers when 

imbedded structures, such as proteins, are present or when bilayers are 

osmotically stressed (31, 34–36), and it is therefore possible that Cu-TLTA, 

precursors, and TLTA intermediates could increase the incidence of transient 

defects.  
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Figure 2.17 Vesicle growth over a 12-hour time period results in a tubular 
morphology that resembles a pearling instability. Conditions: 132 µM CuSO4, 60 
µM hydroquinone, 450 mM TES, 40 mM MOPS, 60 µM tripropargylamine, 558 µM 
alkyne lysolipid, and 925 µM alkyl azide. Window leveling, brightness and contrast 
are the same for all images and were adjusted to allow for vesicle visualization at 
later time points (bottom row). As a result, earlier time points (top two rows) 
appear over exposed. Scale bar represents 5 µm. 
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Figure 2.18 In some cases, vesicle division is preceded by tubule collapse and 
reorganization. Multiple cross sectional images from the MLV shown in Fig. 6 
were removed to improve the signal to noise ratio of a tubule which was only 
observed in three contiguous cross sectional slices (shown here) of the 
tomogram. Tubule formation begins at 110 minutes, and tubule collapse occurs 
at 155 minutes. MLVs with encapsulated HPTS were incubated in 120 µM 
CuSO4, 60 µM hydroquinone, 350 mM TES, 60 µM tripropargylamine, 615 µM 
alkyne lysolipid, and 1.01 mM alkyl azide. Visualization of the tubule was achieved 
by eliminating most cross-sections of the MLV tomogram shown in Fig. 6, which 
improves tubule signal-to noise, and re-leveling tomogram brightness and 
contrast. Scale bar = 3 µM. 
 
 To quantify vesicle growth, we fluorescently labeled and imaged vesicles 

from a serial transfer experiment before and after reaction with excess 

precursors. Larger, readily visible vesicles were counted across 100 frame 

captures, and it was found that the number of large (>100 pixels) vesicles 

increased by approximately threefold after reaction with reactive precursors 

(Figure 2.19). The increase in the number of large objects might suggest that the 

synthetic membranes have mechanisms for reproduction during their growth 

phase, but it might also suggest that large vesicles are simply emerging from the 

growth of smaller vesicles initially imperceptible with microscopy.  
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Figure 2.19 Observable large (>100pixels) vesicles before (blue) and after (red) 
reaction with lipid precursors in a 0.1mm by 0.1mm frame. Inset shows total 
number of vesicles in 100 frames (3 replicates, error bars show standard 
deviation). Membranes were stained with Texas Red-DHPE, exposed to reactive 
lipid precursors, and agitated for 49 hours. 
 

We next set out to elucidate the mechanism by which vesicles increase in 

number when an excess of precursors are present. One possible route could 

mirror bacterial cell division: A cell increases both internal volume and membrane 

surface area before budding, pinching off, and dividing into two cells. 

Alternatively, new catalytic vesicles could be synthesized de novo at the outer 

leaflet of preexisting catalytic vesicles. This route might catalyze new triazole lipid 

and autocatalyst without transferring either preexisting membrane or 

encapsulated contents to new vesicles, so we refer to this pathway as vesicle 

nucleation, and not division. Because vesicle contents would not be transferred 

from seed vesicles to new vesicles in this process, the use of a membrane-

impermeable water-soluble dye [hydroxyl pyrene trisulfonic acid (HPTS)] could 
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be used to distinguish division from nucleation. 

 Both vesicle division and nucleation might be unobservable or difficult to 

distinguish with light microscopy if the diameters of new vesicles are smaller than 

250 nm. To address these challenges, we desired a well-defined initial population 

of vesicles large enough to be readily observable with light microscopy. Large 

multilamellar vesicles (MLVs) bearing catalysts and encapsulating HPTS were 

prepared by adapting a previously established procedure (37). MLVs were 

observed throughout the duration of experiments (up to 60 h), indicating that 

vesicles are stable in the presence of alkyne lysolipid and alkyl azide and retain 

their contents over time (Figure 20). We observed the formation of numerous 

additional vesicles when TLTA-bearing MLVs were incubated with azide and 

alkyne reactants and exposed to copper. A negative control was also performed, 

which differed only in that the identical MLVs were not exposed to copper (Figure 

20A and B). To quantify this result, we counted 20 contiguous tiles, like those 

shown in Figure 20 A and B, from the MLV samples containing or lacking copper. 

Three replicates were performed and results were averaged together. The TLTA 

vesicle population exposed to copper had an approximate four- fold increase in 

the number of vesicles compared with the same initial TLTA vesicle population 

from which copper was excluded (Figure 2.20C). LC-MS-ELSD data provide 

further support for additional membrane formation by demonstrating that triazole 

phospholipid and additional TLTA is synthesized when copper is present, 

whereas neither product is synthesized in the absence of copper (Figure 2.21).  



55 

55	  

 

Figure 2.20 Triazole phospholipid synthesis leads to an increase in the number 
of vesicles containing encapsulated contents. Catalytic MLVs containing 10 
mol% TLTA and HPTS were added to a solution containing 60 µM hydroquinone, 
350 mM TES, 60 µM tripropargylamine, 615 µM alkyne lysolipid, and 1.01 mM 
alkyl azide. The solution was split into two parts, and 120 µM copper sulfate was 
added to one (A). To the second reaction (B), an equivalent volume of water was 
added in place of copper. (Scale bar, 5 µm.) Vesicles from a matrix of 20 
contiguous images were counted on three separate occasions and averaged 
together (C). Error bars represent SDs (n = 3).  
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Figure 2.21 Monitoring the progress of triazole phospholipid and TLTA synthesis 
during MLV counting experiments (Figure 2.20). Catalytic MLVs containing 10 
mol percent TLTA and HPTS were added to a solution containing 60 µM 
hydroquinone, 350 mM TES, 60 µM tripropargylamine, 615 µM alkyne lysolipid, and 
1.01 mM alkyl azide. The solution was split into two vials, and to the first vial, 2 µL of 
8 mM copper sulfate in water was added to give a final reaction concentration of 120 
µM copper sulfate (A). To the second vial, 2 µL of water was added in place of 
copper (B). When copper is present, triazole phospholipid and additional TLTA is 
synthesized. 
 
 Having results suggesting a mechanism of division that transfers 
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encapsulated contents from parent to daughter vesicles, we next used spinning 

disk confocal microscopy to capture division processes in situ. HPTS vesicles 

were immersed with precursors and loaded onto a slide, and MLV tomography 

was performed. Computed tomograms of MLVs and the surrounding space were 

constructed with Imaris 7.6 software (Figure 2.22). Capturing the space 

surrounding MLVs was essential to exclude the possibility that observed 

daughter vesicles were merely preexisting vesicles that had diffused into the 

frame. Representative vesicle division events from a single MLV are highlighted 

in Figure 2.22. Division events were not observed with negative controls lacking 

copper (Figure 2.23). Additional data suggest that some division events are 

preceded by the growth, collapse, and reorganization of tubule structures (Figure 

2.18). Division events were not observed in control experiments lacking copper. 

Based on previous studies, we speculate that the observed vesicle morphological 

changes can be explained by in situ phospholipid synthesis, which drives an 

increase in the vesicle surface area-to-volume ratio (29, 38–42). To compensate 

for the increased membrane material and relieve curvature stress, the vesicles 

either adopt nonspherical shapes or spontaneously divide. Additionally, studies 

indicate vesicles may divide in the presence of externally applied forces (5, 29, 

43). Because the vesicles are typically agitated during lipid synthesis, we cannot 

rule out that mechanical stress during lipid synthesis also contributes to new 

vesicle formation. 
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Figure 2.22 Monitoring vesicle formation. MLVs with encapsulated HPTS were 
incubated in 120 µM CuSO4, 60 µM hydroquinone, 350 mM TES, 60 µM 
tripropargylamine, 615 µM alkyne lysolipid, and 1.01 mM alkyl azide. Small 
daughter vesicles are highlighted with arrows. Numbers indicate elapsed time, in 
minutes, from start of experiment. (Scale bar, 5 µm.)  
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Figure 2.23 Large multilamellar vesicles (MLVs) containing TLTA and HPTS do 
not divide in the absence of copper. MLVs with encapsulated HPTS were 
incubated in 0 µM CuSO4, 60 µM hydroquinone, 350 mM TES, 60 µM 
tripropargylamine, 615 µM alkyne lysolipid, and 1.01 mM alkyl azide. Numbers 
represent minutes after beginning of experiment. The elliptical appearance of the 
MLV at 210, 235, 255 minutes is due to MLV movement during acquisition of 
multiple cross sectional images. Scale bar represents 5 µm. 
 

Having observed evidence for vesicle division, we next set out to test 

whether catalytic vesicles seed the nucleation of new vesicles. Texas Red-DHPE 

was added to large HPTS-encapsulating catalytic MLVs in the presence of 

precursors. Sonicated vesicles were also prepared with HPTS and used for 

experiments, and unencapsulated dye was separated from vesicles by 10 rounds 

of dialysis with spin filters. We found that Texas Red- DHPE–labeled vesicles 

lacking HPTS emerge adjacent to pre- formed catalytic vesicles and grow larger 

with time (Figure 2.24) recapitulating previous observations of observed growth. 

These results strongly suggest the presence of a vesicle nucleation pathway that 

does not transfer encapsulated contents from preexisting vesicles to new 

vesicles.  
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Figure 2.24 Catalytic vesicles trigger nucleation of new vesicles. (A) Vesicles 
with TLTA and encapsulating the dye HPTS (shown in green) catalyze lipid 
synthesis, resulting in the formation of new vesicles, labeled with Texas Red-
DHPE. In several cases, the vesicles adjoin the TLTA catalytic vesicles (arrows 
point to catalytic vesicles that give rise to adjoining Texas Red-labeled 
membranes). The adjoining membranes do not contain HPTS, indicating that 
vesicle contents have not been shared and division likely did not occur. (B) 
Identical vesicles with TLTA and HPTS are unable to synthesize additional 
membrane in the absence of copper. Scale bar represents 4 µm. Conditions: 0 or 
120 µM CuSO4, 60 µM hydroquinone, 350 mM TES, 60 µM tripropargylamine, 615 
µM alkyne lysolipid, and 1.01 mM alkyl azide.  
 

Catalytic membranes may have preceded the origin of life, and 

computational models have predicted that prebiotic systems lacking nucleic acids 

might be able to propagate compositional information and be capable of 

adaptation (44). To test whether the catalytic membranes preferentially 

incorporate specific precursors, we incubated TLTA-containing bilayers with an 

equal mixture of 1-azidodecane and 1-azidohexadecane. Assuming random 

uptake, one would expect an equal amount of triazole phospholipid incorporating 

12-carbon and 16-carbon alkyl chains as well as four different oligotriazole 

ligands with a 1:3:3:1 distribution. Instead, there was a significant enrichment of 

the 16-carbon chain, both in the phospholipid and in the autocatalyst (Figure 
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2.25). This result may be due to the predicted increased retention time of the 16-

carbon azide in the reactive membranes compared with the 12-carbon azide, 

increasing the likelihood of interaction with the membrane-bound catalyst and 

alkyne lysolipid (45, 46). We also tested whether the selectivity of 1-azido- 

hexadecane incorporation can be modulated by changing the environment. 

Because coordinating salts impede the reaction, we compared vesicles 

incubated at two different concentrations of TES buffer. Significantly greater 

relative selection for 1-azido- hexadecane vs. 1-azidododecane in both the 

phospholipid and oligotriazole is observed at an elevated coordinating buffer con- 

centration (Figure 2.25). The diminished synthesis rate seems to further bias 

reaction preference toward the 16-carbon azide precursors, which are retained 

longer in the membranes.  
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Figure 2.25 Preferential incorporation of reactive precursors. (A) Catalytic mem- 
branes formed from a 12-carbon alkyl azide were combined with a precursor 
solution, containing 1.86 mM of a 1:1 mixture of 12-carbon and 16-carbon alkyl 
azides, and showed preferential incorporation of 16-carbon azides. The ratio of 
triazole phospholipid formed from 1-azidohexadecane (C16) vs. 1-azidodode- 
cane (C12) is greater in the presence of a higher concentration of coordinating 
buffer. (B) The relative distribution of the various triazole ligands, formed from 
C12 and C16 mixtures at 400 mM (left) and 600 mM (right) coordinating buffer 
concentration, shows increased incorporation of C16 at higher TES concentra- 
tion. Error bars represent SD (n = 3).  
 

Although this abiotic system is exceedingly simplified in comparison, the 

described catalytic membranes bear several similarities to native cellular 

membranes. Sequestration of the TLTA catalyst in the membrane mimics the 

location of the membrane-bound enzymes that typically catalyze lipid synthesis 

(1, 2) and enables catalysts and organic precursors to achieve high local 

concentrations, avoid problems with membrane permeability as a barrier to 

substrate diffusion, and prevent loss of material during vesicle division. 

Additionally, the observed growth driven by lipid synthesis resembles a form of 

biological membrane growth that can be carried out by minimal living organ- 

isms. For instance, recent studies have shown that L-form bacteria that lack cell 
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walls and division machinery undergo membrane growth and division when lipid 

synthesis is allowed to continue (47–49). Finally, the finding that catalytic 

membranes can undergo dynamic changes in physical composition in response 

to changes in environmental conditions resembles the well-known ability of living 

cell membranes to rapidly adapt their lipid membrane structure in response to 

external stimuli (50, 51). Membranes that preceded life may have also behaved 

similarly, and computational models posit that catalytic assemblies can exhibit a 

fair degree of homeostasis and can be thought of as primitive “compositional 

genomes” (44).  

 We have designed a self-reproducing coupling catalyst that can drive the 

repeated synthesis of synthetic phospholipid membranes. Unlike previous work 

with synthetic membranes that couples bilayer growth to the breakdown of 

reactive lipid pre- cursors (6, 10), this system uses simpler reactive starting 

materials to build up both functionally complex phospholipids and the catalysts 

that drive their synthesis. The formation of robust phospholipid-like membrane 

constituents ensures membrane stability, even in high concentrations of a 

biocompatible Good’s buffer such as TES or in the presence of divalent metal 

ions. This stability in the presence of conditions that also permit naturally 

occurring biochemical reactions to take place will likely facilitate interfacing of 

synthetic membrane-bound vesicles with biological materials (e.g., 

oligonucleotides and cell-free translation systems). Furthermore, lipid-

synthesizing catalysts likely conferred a selective advantage upon early 
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protocells (52), and although no organisms are thought to use the copper-

catalyzed cycloaddition reaction, integrating Cu-TLTA self-reproducing catalysts 

with model systems of fatty acid membranes may enable future studies exploring 

the role of phospholipid-synthesizing catalysts in the competitive growth and 

division of protocells (52).  

2.5   Materials 

 Tripropargylamine (98%), hydroquinone (≥99%), pentynoic acid (95%), 1-

bromododecane (97%), 1-bromotetradecane (≥97%), 1-bromohexadecane 

(≥97%), oleyl bromide (≥99%), N-[Tris(hydroxymethyl)methyl]-2 

aminoethanesulfonate sodium salt (TES) (≥99%), and 3-(N 

Morpholino)propanesulfonate hemisodium salt (MOPS) (≥99%) were purchased 

from Sigma-Aldrich. Sodium azide (99%) was purchased from Alfa Aesar. 

Copper (II) sulfate pentahydrate (98%) was purchased from Acros Organics. 1-

palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (>99%) and 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) (>99%) were obtained from Avanti 

Polar Lipids. All materials were used as received. 
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2.6   Methods 

 The synthesis of alkyne lysolipid (3-(palmitoyloxy)-2-(pent-4-

ynoyloxy)propyl (2- (trimethylammonio)ethyl) phosphate) has previously been 

reported (18). 

Synthesis of lauryl azide (1-azidododecane) and palmityl azide (1-

azidohexadecane) 

 

 

Figure 2.26 Alkyl azide synthesis 
 
 General procedure: Sodium azide (162.5 mg, 2.5 mmol) was added to a 

stirred solution of alkyl chloride (1.0 mmol) in DMF (3 mL), and the resulting 

solution was heated to 60 °C and stirred overnight. The reaction was worked up 

by addition of 20 mL H2O followed by extraction with EtOAc/Hexanes (3 × 20 mL, 

v/v = 1:1). The combined organic extracts were washed with water (3 × 60 mL) to 

remove any remaining DMF, dried over Na2SO4, filtered, and concentrated in 

vacuo to afford alkyl azide (1 mmol) as a pale yellow oil. The azide was obtained 

in nearly quantitative yield and used as is for all experiments.  

  

Cl
NaN3

DMF, 60oC
overnight

N3n n

n = 10, 14 n = 10, 14
95-97%
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Lauryl azide (n = 10): 

 Colorless Oil, yield 97%. 1H NMR (500 MHz, CDCl3) δ 0.87 (3H, t, J = 7.5 

Hz), 1.25-1.35 (18H, m), 1.59 (2H, m), 3.24 (2H, t, J = 7.5 Hz); 13C (100 MHz, 

CDCl3) δ 14.2, 22.8, 26.8, 28.9, 29.3, 29.5, 29.6, 29.72, 29.74, 32.0, 51.6. HRMS 

[[M-N2+H]+ m/z calcd. for [C12 H26 N]+  184.2060, found 184.2061. 

Palmityl azide (n = 14): 

 Colorless Oil, yield 95%. 1H NMR (500 MHz, CDCl3) δ 0.87 (3H, t, J = 5.0 

Hz), 1.25-1.35 (26H, m), 1.59 (2H, m), 3.25 (2H, t, J = 7.5 Hz); 13C (100 MHz, 

CDCl3) δ 14.2, 22.8, 26.8, 28.9, 29.3, 29.5, 29.58, 29.65, 29.73, 29.75, 29.76, 

29.78, 29.79, 29.80, 32.0, 51.6. HRMS [M-N2+H]+ m/z calcd. for [C16 H34 N]+  

240.2686, found 240.2688. 

Synthesis of oligotriazole ligand TLTA (Tris-(Lauryl-Triazole-methyl)-

Amine) (tris((1-dodecyl-1 H-1,2,3-triazol-4-yl)methyl)amine)  

 

Figure 2.27 Tris-triazole ligand synthesis 
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 2,6-lutidine (4.0 mg, 0.038 mmol) and alkyl azide (0.171 mmol) were 

added to a stirred solution of tripropargylamine (5.0 mg, 0.038 mmol) in CH3CN 

(1.0 mL), followed by tetrakis(acetonitrile)copper(I) hexafluorophosphate (1.0 mg, 

0.0027 mmol). The resulting solution was stirred at room temperature, and the 

product was formed as a white precipitate. After 12 hours, the reaction was 

worked up by filtering the precipitate and washing twice with acetonitrile (2 × 2 

mL). The white solid was collected and dried in vacuo to afford the pure products, 

which were used as is for all experiments.  

TLTA (n = 10, Tris-(Lauryl-Triazole-methyl)-Amine) 

 White solid, yield 51%. 1H NMR (500 MHz, CDCl3) δ 0.86 (9H, t, J = 7.5 

Hz), 1.25-1.30 (60H, m), 1.90 (6H, bs), 4.34 (6H, bs), 7.79 (3H, bs); 13C (100 

MHz, CDCl3) δ 14.4, 22.9, 26.8, 29.2, 29.55, 29.62, 29.74, 29.82, 30.5, 32.1, 

47.1, 50.7, 124.2, 144.0. HRMS [M+H]+ m/z calcd. for [C45 H85 N10]+, found 

765.6953, 765.6954. 
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Synthesis of C12-triazole-phospholipid (1-hexadecanoyl-2-(3-(1-dodecyl-

1H-1,2,3-triazol-4-yl)propanoyl)-sn-glycero-3-phosphocholine) 

 

Figure 2.28 Triazole phosphocholine synthesis 
 
 2,6-lutidine (3.0 mg, 0.028 mmol) and 1-azidododecane (7.0 mg, 0.03 

mmol) were added to a stirred solution of 3-(palmitoyloxy)-2-(pent-4-

ynoyloxy)propyl (2- (trimethylammonio)ethyl) phosphate (15.0 mg, 0.026 mmol) 

in DMF/H2O (2.0 mL, v/v = 1:1 ) followed by tetrakis(acetonitrile)copper(I) 

hexafluorophosphate (1.0 mg, 0.0027 mmol). The resulting solution was stirred at 

room temperature for 24 hours. The reaction was worked up by addition of brine 

(10 mL) and extraction with EtOAc; a small amount of methanol was added to 

break the emulsification.  The organic layer was dried over Na2SO4, filtered, and 

concentrated in vacuo to yield the crude product. The crude product was purified 
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by preparative TLC (GF254, 0.25 mm, 20 × 20 cm, CH2Cl2/MeOH/H2O = 3/1/0.1) 

to afford 10 mg of product with a yield of 49 %.  

 White solid, 49%. 1H NMR (500 MHz, CDCl3) δ 0.86 (6H, t, J = 7.5 Hz), 

1.23-1.28 (38H, m), 1.54 (2H, bs), 1.84 (2H, bs), 2.24 (m, 2H), 2.73 (bs, 2H), 

2.97 (bs, 2H), 3.31 (bs, 9H), 3.76 (bs, 2H), 3.93 (bs, 2H), 4.09 (bs, 1H), 4.27-4.33 

(4H, m), 5.20 (1H, bs), 7.40 (1H, bs); 13C (100 MHz, CDCl3) δ 14.2, 21.0, 22.8, 

24.9, 26.7, 29.2, 29.3, 29.45, 29.46, 29.48, 29.56, 29.67, 29.73, 29.74, 29.78, 

29.79, 29.83, 30.48, 32.01, 32.02, 33.7, 34.1, 50.4, 54.5, 59.5, 63.8, 71.1, 121.3, 

146.1, 172.3, 173.7. HRMS [M+H]+ m/z calcd. for [C41 H80 N4 O8 P]+ 787.5708, 

found 787.5707. 

Vesicle Preparation 

The protocol for vesicle formation was adapted from a previously published 

method (53). Vesicles were prepared by sonication following hydration of a dried 

lipid film. To prepare lipid films, POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) in chloroform and TLTA in chloroform were added to a glass vial. 

The vial was then placed under a gentle stream of filtered nitrogen and dried. Dried 

films were hydrated in a buffer containing 40 mM MOPS and 140 mM to 600 mM 

TES (pH 8.45 - 8.5). The vesicle solution was briefly vortexed and then placed in a 

room-temperature bath sonicator (3510 Branson), which was set to sonicate with 

heat for 85 minutes (final temp: 56~62°C). Vesicle preparations were allowed to cool 

to room temperature and then transferred to Eppendorf tubes and sonicated for 20-
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25 additional minutes at room temperature without heat. Vesicle batches were 

stored on a shaker at room temperature and used for a period of up to a week.  

 
Preparation of Reactive Precursors  

Emulsions of alkyl azide and alkyne lysolipid were prepared by adding 21.6 

µL of 30 mM alkyl azide in chloroform and 26 µL of 15 mM alkyne lysolipid in 

chloroform, followed by drying the chloroform off with filtered nitrogen. 600 µL of 

buffer with 40 mM MOPS and a TES concentration, matching the vesicle 

population to be used for the experiment, was added to the film to create 

emulsions. The solution was briefly vortexed and sonicated without heat for 15 - 

30 minutes.  

 
Cu-ligand catalyzed cycloaddition reactions 

Copper and hydroquinone were prepared daily with H2O obtained from a 

Milli•Q Water Purification System. Tripropargylamine was prepared in 100% EtOH. 

Vesicles were always added to a reaction mix after every other component had 

been mixed together, but prior to the addition of copper. With the exception of 

vesicles, each component was briefly vortexed before addition to the reaction mix. 

All reactions were placed on a shaker, rotating ~120 rev/min at room temperature. 

Periodically, 15 µL aliquots of the reaction would be removed for liquid 

chromatography/mass spectrometry/evaporative light scattering detection 

(LC/MS/ELSD) sampling or microscopy.  
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In situ Vesicle Synthesis of Triazole Phospholipid 

To prepare vesicles, 50 µL of 100 mM POPC in chloroform was added to 

each of four LCMS vials, and 0, 7.5, 20 or 50 µL of 10 mM TLTA in chloroform was 

also added. Vials were then dried and hydrated with 1 mL of 140 mM TES and 40 

mM MOPS. Vials were placed in a bath sonicator at room temperature and 

sonicated with heat for 80-90 minutes. Emulsions were prepared by dehydrating 27 

µL of 60 mM lauryl azide and 32.4 µL of 30 mM alkyne lysolipid under nitrogen. The 

azide and alkyne mix was then hydrated with 1.5 mL of 140 mM TES and 40 mM 

MOPS, briefly vortexed and sonicated. For all reactions, 2.25 µL of 4 mM 

hydroquinone was added to 115 µL of emulsion, containing 1.08 mM lauryl azide 

and 650 µM alkyne lysolipid. Next, 30 µL of vesicles (5 mM POPC + 0, 300, 400 or 

500 µM TLTA) were added to the reaction, and the contents were gently mixed 

together. After addition of 2.25 µL of 8 mM CuSO4, the reaction was mixed together 

once more, placed on a shaker, and 15 µL were extracted for a LC/MS/ELSD time 

point. Concentrations were reported based on a calibration curve, created using 

known concentrations of triazole phospholipid.  

Initial reaction conditions were as follows: 830 µM lauryl azide, 498 µM 

alkyne lysolipid, 0, 15, 40 or 100 µM TLTA, 3.8 mM POPC, 120 µM CuSO4, 60 µM 

hydroquinone, 140 mM TES and 40 mM MOPS. 
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In situ Vesicle TLTA Autocatalysis 

Vesicles were prepared by hydration as described above, except lauryl azide 

was also added before hydration. The lipid film for vesicle preparation was prepared 

with 6.08 µL of 60 mM lauryl azide, 35 µL of 100 mM POPC and 0, 5 or 35 µL of 1 

mM TLTA. The film was hydrated with 1 mL of 140 mM TES and 40 mM MOPS. For 

all reactions, 3.2 µL of 5 mM tripropargylamine was added to 190.8 µL of vesicles 

(3.5 mM POPC, 365 µM lauryl azide and 0, 5 or 30 µM TLTA). Hydroquinone (3.0 µL 

of a 4 mM stock) was then added, followed by 3 µL of 8 mM CuSO4. The reaction 

was placed on a shaker and 15 µL aliquots were periodically extracted for 

LC/MS/ELSD analysis (Fig S3-4). Concentrations were reported based on a 

calibration curve created using known concentrations of TLTA.   

Initial reaction conditions were as follows: 350 µM lauryl azide, 0, 5 or 35 µM 

TLTA, 3.3 mM POPC, 120 µM CuSO4, 60 µM hydroquinone, 140 mM TES and 40 

mM MOPS. 

 
In situ TLTA Autocatalysis Accelerates Triazole Phospholipid Production 

For emulsions, 27 µL of 60 mM lauryl azide in chloroform and 32.4 µL of 30 

mM alkyne lysolipid in chloroform were mixed together, dried, hydrated in 1.5 mL of 

350 mM TES and 140 mM MOPS and sonicated for 30 min without heat. Vesicles 

were prepared by dehydrating 15 µL of 100 mM POPC in chloroform and 0 or 15 µL 

of 10 mM TLTA in chloroform, hydrated in 1.5 mL of 350 mM TES and 40 mM MOPS 

and sonicated with heat for 90 min. Vesicles were allowed to cool, transferred to 
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Eppendorf tubes and sonicated for an additional 30 minutes at room temperature. 

For all reactions, stocks were added with the volume and the order shown in the 

following table: 

Table 2.1 TLTA autocatalysis procedure 
 

Order of 
addition 

Component 

1 108 µL emulsion (1080 µM alkyl azide + 
650 µM alkyne lysolipid) in 350 mM TES 
+ 40 mM MOPS 

2 2 µL 3.35 mM tripropargylamine in 100% 
EtOH 

3 2 µL 4 mM hydroquinone in water 
4 20 µL vesicles (5 mM POPC + 0 or 500 

µM TLTA in 350 mM TES + 40 mM 
MOPS 

5 2 µL 8 mM CuSO4 in water 
 

Initial reaction conditions: 870 µM lauryl azide, 525 µM alkyne lysolipid, 0 or 

50 µM tripropargylamine, 0 or 75 µM TLTA, 120 µM CuSO4, 60 µM hydroquinone, 

750 µM POPC, 350 mM TES and 40 mM MOPS.  

The reaction was placed on a shaker and 15 µL aliquots were periodically 

extracted for LC/MS/ELSD analysis (Fig S4, S5, S7). 
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Serial Transfer Experiments 

For emulsions, 27 µL of 60 mM lauryl azide in chloroform and 32.4 µL of 30 

mM alkyne lysolipid in chloroform were mixed together, dried and hydrated in 1.5 mL 

of 350 or 450 mM TES and 40 mM MOPS. Vesicles were prepared by mixing 15 µL 

of 100 mM POPC in chloroform with 0 or 15 µL of 10 mM TLTA in chloroform, 

followed by dehydration and hydration with 300 µL of 350 mM or 450 mM TES and 

40 mM MOPS. For the first reaction, stocks were added in the order and with the 

volume shown in the following table: 

Table 2.2 STE procedure, round 1 
 
 

 

 

 

 

 

Initial reaction conditions were as follows: 600 µM alkyne lysolipid, 990 µM 

lauryl azide, 60 µM tripropargylamine, 0 or 20 µM TLTA, 120 µM CuSO4, 60 µM 

hydroquinone, 200 µM POPC, 450 mM TES and 40 mM MOPS. 

 

Order 
of 
addition 

Component 

1 137.7 µL emulsion (1080 µM alkyl azide + 
650 µM alkyne lysolipid) in 350 or 450 mM 
TES + 40 mM MOPS 

2 1.8 µL 5 mM tripropargylamine in 100% 
EtOH 

3 2.25 µL 4 mM hydroquinone in water 
4 6 µL vesicles (5 mM POPC + 0 or 500 µM 

TLTA in 350 or 450 mM TES + 40mM 
MOPS 

5 2.25 µL 8 mM CuSO4 in water 
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The reaction was placed on a shaker and 15 µL aliquots were periodically 

extracted for LC/MS/ELSD analysis. 

For all subsequent reactions, 10% of the formed vesicles were transferred to 

a new reaction mix with one of the following two schemes, depending upon the TES 

concentration: 

Table 2.3 STE procedure, round > 1 
 

Order 
of 
addin. 

Component for 350 mM TES 
Reactions 

Component for 450 mM TES 
Reactions 

1 143.7 µL emulsion (1080 µM 
alkyl azide + 650 µM alkyne 
lysolipid) in 350 mM TES + 40 
mM MOPS 

128.7 µL Emulsion (1080 µM alkyl 
azide + 650 µM alkyne lysolipid) in 
450 mM TES + 40 mM MOPS 

2 1.8 µL 5 mM tripropargylamine in 
100% EtOH 

1.8 µL 5 mM tripropargylamine in 
100% EtOH 

3 2.25 µL 4 mM hydroquinone in 
water 

2.25 µL 4 mM hydroquinone in 
water 

4 16.5 µL vesicles (Taken from 
previous reaction mix) 

15 µL vesicles (Taken from 
previous reaction mix) 

5th 2.25 µL 8 mM CuSO4 in water 2.25 µL 8 mM CuSO4 in water 
 

Excluding any unreacted hydroquinone, tripropargylamine, alkyl azide and 

alkyne lysolipid carried over from the previous reaction, initial concentrations were 

as follows:  

For 350 mM TES reactions: 932 µM lauryl azide, 561 µM alkyne lysolipid, 0 

or 54 µM tripropargylamine, 120 µM CuSO4, 54 µM hydroquinone and 

40 mM MOPS 
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For 450 mM TES reactions: 925 µM lauryl azide, 558 µM alkyne lysolipid, 0 

or 60 µM tripropargylamine, 132 µM CuSO4, 60 µM hydroquinone and 

40 mM MOPS 

 
Liquid Chromatography/Mass Spectrometry/Evaporative Light Scattering 

Detection (LC/MS/ELSD) 

All experiments were monitored using an Agilent 1260 Infinity Series 

HPLC with an Agilent Zorbax eclipse plus C8 column, a 380 Varian-Agilent 

ELSD, and a 6100 Agilent Quadrupole MS. Solvents consisted of HPLC-grade 

MeOH and H2O. ACS-grade formic acid (88%) was added to each solvent for a 

final concentration of 0.1% by volume. For all experiments, 15 µL aliquots 

sampled directly from reactions were placed in 200 µL LCMS vials for 10 µL 

injections. The following method was used to analyze all experiments in this 

communication.  

For HPLC, the flow rate was 1 mL/min. A binary gradient of 50% MeOH 

and 50% H2O was ramped to 95% MeOH and 5% H2O over the first minute and 

then held constant for the remainder of data collection. A 2.0 minute wash was 

added to each method to allow the system to equilibrate back to 50% MeOH and 

50% H2O for subsequent reactions (see DAD in Fig S4). For all experiments 

involving only lauryl azide, a 6.0 min runtime was sufficient to resolve all 

analytes. Runtimes were extended to 9.0 minutes for experiments utilizing 

myristyl azide and 15 minutes for any experiments with palmityl azide. The diode 

array detector was set as follows: peak width  > 0.10 min (2.0 s response time) 
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2.5 Hz, analog zero offset = 5%, analog attenuation = 1000 mAU, spectrum 

range = 190 nm to 400 nm, spectrum step = 2.0 nm, 210 nm signal bandwidth = 

4 nm, reference wavelength = 360.0 nm with bandwidth of 100 nm, and the 

margin for negative absorbance = 100 mAU. 

For ELSD measurements, the nebulization temperature and evaporation 

temperature were both set to 30 °C, and the evaporative gas flow was 1.60 SLM. 

The ELSD was auto-zeroed before each run. LED intensity: 100%. Smoothing: 

3.0 sec. Gain: 1.0. 

The MS was set to the API-ES ionization mode. The mass range scanned 

masses between 0.1 and 1kD. The fragmentor was set to 70. The drying gas flow 

rate was 12 L/min, and the drying gas temperature was 350 °C.  The nebulization 

pressure was 35 psig. The step-size was 0.10, the quad temp was 0 °C, and the 

Vcap was 3000 V.  

The settings detailed above resolved all peaks on the ELSD and diode 

array detector. Each peak found on either detector was aligned with and 

identified by a corresponding peak on the MS as shown in Fig S4. For most 

analytes (see the C12 triazole-phospholipid and TLTA ligand shown in Fig S4), a 

resolved peak with a characteristic retention time was simultaneously visible on 

all three devices. 
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Concentrations of analytes were determined by injecting known standards 

into the LCMS and creating a calibration curve from diode-array detector and/or 

ELSD data points.  

 
Microscopy 

Microscopy of a serial transfer experiment was performed following the 

addition of CuSO4 to each reaction mixture. 10 µL of reaction mixture was placed 

on a glass slide and covered with a #1 cover slip, which was subsequently 

sealed with nail polish to prevent dehydration. For vesicle counting experiments 

(Fig S14), vesicles were labeled with 0.4 mol% Tx Red-DHPE before addition to 

the reaction mixture. A 10 µL sample was placed on a glass slide with an EM 

spacer (120 µM thick), and a 10 x 10 matrix of contiguous frames were acquired 

in the center of the sample. All photos were collected with a 100x 1.46 NA oil 

immersion objective on a Zeiss AxioObserver Z1 inverted Microscope outfitted 

with a Yokogawa CSU10 spinning-disk (Tokyo, Japan) and a photometrics 

Evolve 512 EMCCD camera (Tucson, AZ). To excite the Texas Red-DHPE, a 

561 nm DPSS-laser was used, and the acquired images were processed using 

ImageJ 1.45j.  

 
Vesicle membrane retention of catalyst 

A 20 µL sample of vesicles consisting of 5 mM POPC and 500 µM TLTA 

was run through a Sephadex G50 column. If TLTA was not retained in vesicular 

lipid bilayers, loss of ligand would be expected after gel filtration. We tested for 
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such a loss by comparing the ratio of POPC to catalyst before and after 

separation by Sephadex. Five contiguous fractions containing vesicles, each 

consisting of ~40 µL, were collected after gel filtration, and a 10 µL aliquot from 

each fraction was sampled via LCMS. Absorbance was measured at 210 nm for 

each POPC and TLTA signal by calculating the area under each curve.  The data 

collected from the five samples were averaged together and compared against 

seven LCMS samples of the same vesicle population that had not been 

subjected to gel filtration, as shown in Fig S1. Vesicles were prepared as 

described previously with the following modification: after sonication, vesicles 

were centrifuged for 3 min at 16K rpm to remove any residual large particles in 

the suspension. 
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C12/C16 azide preferential uptake experiments 

C12-TPC vesicles with TLTA were prepared in a buffer with 350 mM TES and 

20 mM MOPS by two rounds of serial transfer reactions seeded with POPC/TLTA 

vesicles as described previously, but with one modification: the concentration of 1-

azidododecane was 2x (2.16 mM). Negative controls were prepared identically, 

except the reactions were originally seeded with POPC vesicles containing no TLTA. 

Seed vesicles were centrifuged after preparation to remove any large residual 

particles. Selection experiments were performed by incubating negative controls or 

TLTA containing C12-TPC vesicles in an emulsion mix containing 650 µM alkyne 

lysolipid, 1.08 mM 1-azidododecane and 1.08 mM azidohexadecane at a TES 

concentration of either 400 mM or 600 mM.  

To deliver the same concentration of the two azides to both the 400 and 600 

mM TES emulsions, a concentrated emulsion stock was diluted with one of two 

different concentrations of buffers as follows. In an LCMS vial, 47.66 µL of 15 mM 

alkyne lysolipid in chloroform and 39.6 µL of an azide mixture containing 30 mM 1-

azidododecane and 30 mM azidohexadecane in chloroform were mixed together 

and evaporated under nitrogen. The azides and alkyne were hydrated with 550 µL of 

550 mM TES and 20 mM MOPS and sonicated for 20 minutes with no heat. The 

stock was split into two fractions, and each fraction was diluted by 50 % with 20 mM 

MOPS and either a 250 or 650 mM TES. The reaction was initiated as follows: 
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Table 2.4 Preferential uptake procedure 
 

Order 
of 
addition 

Component 

1 95.8 µL emulsion (1.08 mM C12 azide, 
1.08 mM C16 azide and 650 µM alkyne 
lysolipid) in 400 or 600 mM TES + 20 mM 
MOPS 

2 1.2 µL 5 mM tripropargylamine in 100% 
EtOH 

3 1.5 µL 4 mM hydroquinone in water 
4 11 µL of vesicles from 2nd round of serial 

transfer reaction 
5 1.5 µL 8 mM CuSO4 in water 

 

Excluding any unreacted hydroquinone, tripropargylamine, dodecane azide 

and alkyne lysolipid carried over from the previous reaction, initial concentrations 

were as follows: 930 µM dodecane azide, 930 µM hexadecane azide, 566 µM 

alkyne lysolipid, 0 or 54 µM tripropargylamine, 120 µM CuSO4, 54 µM hydroquinone, 

20 mM MOPS and 400 or 600 mM TES. 

 
Dependence of TLTA and triazole phospholipid synthesis on the presence of 

preexisting phospholipid 

For emulsions, 36 µL of 30 mM lauryl azide in chloroform and 43.3 µL of 15 

mM alkyne lysolipid in chloroform were mixed together, dried and hydrated in 1 mL 

of 400 mM TES and 20 mM MOPS. Lipid films were prepared by drying 0 or 35 µL 

of 100 mM POPC in chloroform and 0 or 35 µL of 10 mM TLTA in chloroform in a 

glass vial. Films were hydrated with 700 µL of 400 mM TES and 20 mM MOPS. For 



82 

82	  

all reactions, stocks were added with the volume and the order shown in the 

following table: 

Table 2.5 Dependence of TLTA on membranes procedure 
 

Order of 
addition 

Component 

1 129 µL emulsion (1080 µM alkyl azide + 
650 µM alkyne lysolipid) in 400 mM TES 
+ 20 mM MOPS 

2 1.5 µL of 100% EtOH  or 5 mM 
tripropargylamine in 100% EtOH 

3 2.25 µL 4 mM hydroquinone in water 
4 15 µL of vesicles (0 or 5 mM POPC + 0 

or 500 µM TLTA in 400 mM TES + 20 
mM MOPS) 

5 2.25 µL 8 mM CuSO4 in water 
 

Initial reaction conditions: 560 µM alkyne lysolipid, 940 µM dodecane azide, 

120 µM CuSO4, 60 µM hydroquinone, 0 or 50 µM tripropargylamine, 0 or 500 µM 

POPC and 0 or 50 µM TLTA in 400 mM TES and 20 mM MOPS buffer.  

 
Dependence of Autocatalysis on varying lipid concentrations 

Lipid films were prepared by drying the following volumes of chloroform 

stock solutions in a glass vial under nitrogen: 3.1 µL of 40 mM lauryl azide, 3.15 

µL of 5 mM of TLTA and 2.74, 5.48, 10.98 or 13.7 µL of 32.8 mM POPC. Vesicles 

were then formed upon hydrating the films in 450 µL of 140 mM TES and 40 mM 

MOPS while sonicating with heat for 85 minutes. Reactions were initiated by mixing 

190.8 µL of vesicles with 3 µL of 4 mM hydroquinone, followed by 3.2 µL of 5 mM 
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tripropargylamine and finally, 3 µL of 8 mM CuSO4. At 85 minutes into the reaction, 

20 µL of reaction were loaded into an LCMS vial for a 10 µL injection. 

Initial reaction conditions were as follows: 140 mM TES, 40 mM MOPS, 

120 µM CuSO4, 60 µM hydroquinone 33 µM TLTA, 263 µM lauryl azide, 80 µM 

tripropargylamine and 200 µM, 400 µM, 800 µM or 1000 µM POPC 
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Mathematical modeling 

The kinetic model of the autocatalytic synthesis of triazole membranes in 

the most simplified form includes only five chemical reactions: synthesis of ligand 

(L) from alkyl azide (A) and tripropargylamine scaffold (S) catalyzed by the Cu1+-

ligand complex (CL) (3 reactions), formation of Cu-ligand complex from ligand (L) 

and copper (C), synthesis of triazole phospholipid (T) from alkyl azide and 

lysolipid (LL), also catalyzed by Cu1+-ligand (see Fig 1): 

 

 

 

There is one additional reaction that describes the sequestration of the 

Cu-ligand complex by TES buffer through reversal binding, which reduces the 

active concentration of the Cu-ligand complex: 

 

 

 

In the mass action approximation, the differential equations for this model 

read 
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where T is triazole phospholipid, A is alkyl azide, S is the tripropargylamine 

scaffold, SA1 is scaffold with single alkyl azide chain, SA2 is scaffold with 2 alkyl 

azide chains, L is the ligand, LL is lysolipid, C is Cu1+, CL is the Cu1+−ligand 

complex, TES is the effective TES buffer, and CLTES is TES-sequestered 

Cu1+−ligand complex. Square brackets denote concentrations of these 

chemicals. kT, kL, kCL, kTES+, kTES- are the rate constants of the four reactions and 

exponent n accounts for the non-linear effect of the catalyst. 

Here we take into consideration that alkyl azide, lysolipid, scaffold, and 

copper are consumed in the synthesis reactions. From the conservation of mass,  

 

C1 = [A]+[SA1]+2[SA2]+3[L]+3[CL]+[T]+3[CLTES], 

C2 = [LL]+[T], 

C3 = [S]+2[SA2]+[SA1]+[L]+[CL]+[CLTES], 

C4 = [C]+[CL]+[CLTES], 
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where constants  

 

C1=[A]0+[SA1]0+2[SA2]0+3[L]0+3[CL]0+[T]0+3[CLTES]0, 

C2=[LL]0+[T]0, 

C3=[S]0+[SA2]0+[SA1]0+[L]0+[CL]0+[CLTES]0, 

C4=[C]0+[CL]0+[CLTES]0 

 

and the subscript 0 indicates initial concentrations of the corresponding 

components. The final asymptotic state will depend on the relative concentrations 

of these four components. If [LL]0+3[S]0≤[A]0, both lysolipid and scaffold deplete 

before alkyl azide, and the system will reach a unique final state [T]=[LL]0. In the 

opposite case ([LL]0+3[S]0>[A]0) the amount of alkyl azide is the primary limiting 

factor, so it will deplete before both lysolipid and scaffold. For such conditions, 

the stationary state is [A]0=[SA1]+[SA2]+3[L]+3[CL]+[T]+3[CLTES], where the final 

concentration of  is undetermined. It will depend on the initial concentrations 

of all components and the kinetic parameters of the system.  

We fit the kinetic parameters of this system based on the experimental 

data shown in Fig 2. Specifically, we analyzed the growth of autocatalyst 

concentration for different initial concentrations of ligand (Fig 2A), the growth of 

triazole phospholipid concentration for different initial concentrations of ligand 

(Fig 2B), and the growth of triazole phospholipid concentration with and without 

the scaffold (Fig 2C). The model describes all these regimes well.  

 

[T ]
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The fitted parameters values associated with this model were: n=0.87, 

kT=1.0·10-5µM-1.87hr-1, kL=2.3·10-3µM1.87hr-1, kCL=5.4·10-3µM-1hr-1, kTES+=0.14µM-

1hr-1, kTES-=7.9·10-7µM-1hr-1. The effective TES concentration for the Fig 2A,B was 

estimated to be 12.1 µM, while for Fig. 2C it was 73.7 µM. 

 
Image Analysis and Vesicle Tracking 

Vesicle growth was monitored using a membrane-staining fluorescent dye 

(Rh-DHPE) and time-lapse confocal microscopy. We used MATLAB® image 

toolbox functions to perform image analysis and identify individual vesicle 

objects. After background (generated using mean filter) subtraction, an Otsu 

threshold was applied to raw images, followed by filling of holes, and removal of 

objects that were deemed too small (<10pixels) to be considered vesicles. 

Vesicle objects were tracked using an automatic vesicle tracking algorithm based 

on previously developed single-cell tracking algorithm (54). Single vesicle area 

trajectories were calculated using total pixel number of tracked vesicle objects. 

Results of single vesicle tracking and analysis are shown in Fig. 4B and 4C. In 

addition, vesicles greater than 10 pixels were counted before and after the 

agitation experiments to show an increase in vesicle number (Fig. S14).  
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HPTS-labeled Vesicle Experiments  

HPTS-labeled MLVs were prepared by modifying an existing protocol (37). 

Briefly, vesicles hydrated with HPTS were separated from unencapsulated dye 

by dialysis with a 3-micron filter, and no extrusion step was performed. Sonicated 

vesicles were also prepared in the presence of HPTS, and unencapsulated dye 

was separated from vesicles by 10 rounds of washing with buffer using a spin 

filter. 
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NMR Spectral Data 

	  
Figure 2.29 Dodecane azide proton (top) and carbon (bottom) NMR 
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Figure 2.30 Tetradecane azide proton (top) and carbon (bottom) NMR 



91 

91	  

	  

	  
Figure 2.31 Hexadecane azide proton (top) and carbon (bottom) NMR 
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Figure 2.32 TLTA proton and carbon NMR 
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Figure 2.33 TMTA proton and carbon NMR 
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Figure 2.34 TPC proton and carbon NMR	    
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Chapter 3: Self-reproducing catalyst drives repeated 
phospholipid synthesis and membrane growth  

3.1   Abstract 

As more methodologies for generating and manipulating bio- mimetic 

cellular systems are developed, opportunities arise for combining different 

methods to create more complex synthetic biological constructs. This 

necessitates an increasing need for tools to selectively trigger individual 

methodologies. Here we demonstrate ruthenium tris-bipyridine mediated 

photoredox triggering of the copper catalyzed alkyne azide cycloaddition reaction 

(CuAAC), resulting in the synthesis of biomimetic phospholipids in situ, and 

subsequent membrane assembly. The use of a ruthenium–copper electron 

transport chain to trigger phospholipid assembly opens up future opportunities for 

spatiotemporal synthesis of membranes.  

3.2   Introduction 

Sunlight offers a non-toxic, inexpensive and inexhaustible supply of 

sustainable energy (1,2). Nature has exploited light to drive the electron transport 

chain through membrane bilayers, a metabolic pathway central to all living 

organisms. While there has been interest for over 100 years in mimicking 

nature’s ability to harness light energy, photoredox reactions have long been 

viewed as incompatible with many organic reactions and compounds which lack 

the ability to absorb light (1,2). Recently, groundbreaking work by Yoon, 
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Macmillan and Stephenson has made use of a ruthenium polypyridine complex, 

ruthenium tris-bypyridine (Ru(bpy3)
2+), to provide new opportunities in catalyzing 

bond-forming reactions with photoredox systems (2-4).  

Ru(bpy3)
2+ is one of the best characterized transition metal catalysts in 

terms of both transition metal photocatalysis and solar energy conversion (1). Its 

attractive properties include long lifetime of the photo-excited state, the stability 

of the ground state, and a high quantum efficiency of formation (5). Additionally, 

a metal to ligand charge transfer (MLCT) absorption band centered on 450 nm 

corresponds with an excited state that is both a better oxidant and than the 

ground state and that often facilitates intermolecular redox reactions (1,5,6). For 

these reasons, photoredox catalysis is also garnering more attention in other 

disciplines, including materials science and chemical biology (1). 

Recently, we have developed methods to build and functionalize 

biomimetic cellular membranes, including in situ synthesis of phospholipid 

membranes, membranes that self- propagate, and directing in situ localization of 

genetically expressed products to membrane surfaces (7-9). As these methods 

are integrated together to create more complex artificial systems, there is an 

increasing need for tools capable of manipulating spatial and temporal triggering 

of nano-scale events, such as membrane synthesis. We hypothesized that 

electron transport, mediated by Ru(bpy3)
2+, could be harnessed to trigger 

phospholipid synthesis followed by membrane formation (Figure 3.1, 3.2).  
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Figure 3.1 A proposed ruthenium-copper electron transport chain. 
Triethylamine reduces Ru*(bpy3)2+ ; Ru(bpy3)+  reduces Cu2+ to Cu+, and 
Cu+ mediates the CuAAC reaction to form triazole phospholipids. 
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Figure 3.2 Ru(bpy3)2+ acts as a phototrigger by absorbing visible light and 
shuttling electrons from TEA to copper(II). Copper(I) mediates the CuAAC 
reaction between alkyne lysolipid and alkyl azide to synthesize triazole 
phospholipid. The chain lengths of alkyl azide and alkyne lysolipid were chosen 
to yield a triazole phospholipid that mimics an abundant choline phospholipid 
found in nature (10 -12).  
 

There are a few past examples of using light to drive lipid membrane 

formation. Shima et al. observed vesicles upon irradiating aggregates of dioleyl-

phosphocholine and a photo-active amphiphile with UV light (13). De Clue et al. 

conjugated a nucleobase to a ruthenium polypyridine complex capable of 

photolyzing an ester (6). Decomposition of the ester starting material yielded 

amphiphiles that self-assembled into vesicles. We were intrigued with using a 

ruthenium polypyridine complex, but we also desired to draw upon a more 

abundant electron source than a one electron-donating moiety conjugated to the 
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such as the one depicted in Scheme 1, that would build up functional complexity, 

instead of starting with more complex molecules that would be broken down into 

simpler products. A building up of complexity would more faithfully mimic the de 

novo lipid synthesizing processes that occur in living systems.  

3.3   Results and Discussion 

The CuAAC reaction is typically initiated in situ by reduction of copper(II) 

to copper(I) when in aqueous conditions, and previously triazole phospholipid 

synthesis was initiated with ascorbate or hydroquinone (7,8,14). In situ reduction 

of the CuAAC reaction has also been previously reported with the photo-

activating catalyst riboflavine tetra-acetate (15). This photoinducible system 

provides temporal control over the CuAAC reaction but is also sensitive to 

oxygen. More recently, Adzima et al. demonstrated both temporal and spatial 

control over the CuAAC reaction by 3D patterning hydrogels with a UV 

photoinitiator (16). While this technology has potential for diverse functional 

applications, we desired a photocatalyst sensitive to visible wavelengths and 

having more compatibility with biological systems. Our goal here was to use a 

reductant that would be incapable of reducing Cu(II) without the photoredox 

properties of Ru(bpy3)
2+. Triethylamine (TEA) is a well-known weak reductant 

and has long been used as a quencher of polypyridyl complexes of ruthenium(II) 

(17, 18).  

                                                                                                                                                                                                                                                                                                      To verify that TEA would not reduce copper(II), we used liquid 
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chromatography-mass spectrometry-evaporative light scattering detection (LC-

MS-ELSD) to monitor triazole lipid synthesis. After 120 minutes, no lipid 

synthesis was observed with 200 µM CuSO4, 200 µM TEA, 625 µM alkyne 

lysolipid, and 1 mM alkyl azide (Figure 3.3). We repeated this experiment 

multiple times, including with longer time durations (155 min); we also placed the 

reaction underneath an 11-watt CFL (∼0.5 mW cm−1), and negligible triazole 

lipid synthesis was observed (Figure 3.4A – green bar). In contrast, upon 

illuminating a reaction with 33 µM Ru(bpy3)
2+ present (Scheme 2) and all other 

concentrations identical for a period of 155 minutes, a significant amount of 

triazole phospholipid was synthesized (Figure 3.4A – blue bar) and alkyne 

lysolipid was completely consumed (Figure 3.4B), indicating that Ru(bpy3)
2+ is 

required for both reduction of copper(II) and triazole lipid synthesis. 
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Figure 3.3 Triazole lipid Synthesis in the absence of Ru(bpy3)2+. Conditions: 200 
µM CuSO4, 200  µM TEA, 625 µM alkyne lysolipid, and 1 mM alkyl azide. Alkyne 
lysolipid retention time = 2.9 min; triazole phospholipid rentention time = 3.8 min.  
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Figure 3.4 Monitoring triazole lipid synthesis and consumption of alkyne lysolipid 
with LCMS-ELSD. Conditions: 215 µM Copper, 0 or 200 µM TEA, 0 or 33 µM 
Ru(bpy3)2+, and with or without visible light. (A) Triazole lipid synthesis measured 
with UV-Vis (see Figure 3.5 for ELSD equivalent). Each bar represents three 
independent experiments. Error = standard deviation. (B) Triazole lipid synthesis 
and consumption of alkyne lysolipid measured by ELSD. Traces 1–3 represent 
three independent experiments with copper, light, TEA and Ru(bpy3)2+. After 155 
minutes, the alkyne lysolipid (retention time = 2.85 minutes) is completely 
consumed. Trace 4 represents an experiment with Cu and Ru(bpy3)2+ and 
without TEA. Although some triazole lipid is synthesized, very little alkyne 
lysolipid is consumed.  
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Figure 3.4 Monitoring triazole lipid synthesis and consumption of alkyne lysolipid 
with LCMS-ELSD, continued. 
 

Lipid synthesis could potentially result from a light independent copper 

reduction process. To rule out this possibility, we compared lipid synthesis 

between a light and a dark reaction. Under the conditions mentioned previously 

(Figure 3.4A – blue bar), a reaction was set up and partitioned into two vials. One 

vial was covered with aluminum foil, and both vials were placed under a CFL for 

155 min. LC-MS-ELSD results for the dark reaction (Figure 3.4A – purple bar) 

yielded negligible synthesis compared to the light reaction (Figure 3.4A – blue 

bar).  
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Figure 3.5  Triazole Lipid Synthesis monitored via ELSD. Conditions: 215 µM 
CuSO4, 33  µM Ru(bpy3)2+, 200 µM TEA, 625 µM alkyne lysolipid, and 1 mM 
alkyl azide. Results recapitulate absorbance data shown in Figure 3.4. 
 

Upon excitation, the transition state of Ru(bpy3)
2+ is known in some 

circumstances to undergo an oxidative quenching step, resulting in the strongly 

oxidizing (+1.29 V) Ru(bpy3)
3+ (18). Ru*(bpy3)

2+ could potentially reduce 

copper(II) without TEA present (Figure 3.6) (19). Results (Figure 3.4A – red bar) 

might suggest the presence of such a pathway. The kinetics and mechanism of 

electron transfer between aqueous copper(II) ions and Ru*(bpy3)
2+, including the 

back reaction between copper(I) and Ru(bpy3)
3+, have been studied (20). 

Regardless of this pathway, the data in Figure 3.4 support the conclusion that 
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total triazole phospholipid production without TEA is significantly lower than with 

TEA (Figure 3.4A – blue bar vs. red bar; Figure 3.4B – traces 1, 2, 3 vs. 4), 

lending further evidence to a photoredox triggered pathway in which the overall 

flow of electrons is from TEA to Ru(bpy3)
2+, and then to copper. Additionally, 

ELSD results (Figure 3.5) for all experiments shown in Figure 3.4 appear 

identical to UV-Vis data.  

	  
	  
Figure 3.6  An oxidative quenching Ru(bpy3)2+ scheme. The photoexcited 
Ru*(bpy3)2+  is quenched by copper (II), yielding copper(I) and Ru(bpy3)3+. 
Ru(bpy3)3+  is a strong oxidant (+1.29V) and can oxidize copper(I) back to 
copper(II). 

 

If TEA acts as a reservoir of electrons for copper reduction, then reducing 

TEA concentrations should result in decreased triazole lipid synthesis. We set up 

another experiment using our previous experimental design, and varied the TEA 
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concentration between 50–200 µM. After illuminating reactions for 120 minutes, 

we monitored the progress of triazole lipid synthesis (retention time = 3.8 

minutes) and the loss of the alkyne lysolipid starting material (retention time = 2.9 

minutes) with LC-MS-ELSD (Figure 3.7). As shown previously, TEA 

concentration is positively correlated with triazole lipid synthesis, and these 

results further support TEA’s role as a reductive quencher and a source for 

electron donation. A control with 0 µM TEA resulted in no triazole phospholipid 

synthesis over the duration of this experiment (Figure 3.8).  
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Figure 3.7 The effect of TEA on triazole phospholipid synthesis was measured 
with an ELSD at 2 hr in the presence of light, 40 µM Ru(bpy3)2+, 200 µM copper, 
650 µM alkyne lysolipid and 1 mM alkyl azide. Alkyne lysolipid retention time = 
2.9 min; triazole phospholipid retention time = 3.8 min.  
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Figure 3.8 Triazole Lipid Synthesis with 0 µM TEA. Conditions: 200 µM CuSO4, 
40  µM Ru(bpy3)2+, 625 µM alkyne lysolipid, and 1 mM alkyl azide. Alkyne 
lysolipid retention time = 2.9 min; triazole phospholipid retention time = 3.8 min.  
 
 Knowledge of the self-assembling properties of lipids dates back to the 

early 1960s; we have previously shown that triazole phospholipids self-assemble 

into membrane bilayers (7,8,21). These synthetic membranes were shown with 

anisotropy measurements to have similar fluidity and packing characteristics to 

natural phospholipid membranes (7). Here we demonstrate that ruthenium 

photoredox-triggered triazole phospholipids also spontaneously self-assemble 

into phospholipid vesicles (Figure. 3.9). To observe vesicle formation with 

epifluorescence microscopy, a trace amount of membrane staining dye, 
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Rhodamine-DHPE, was added to reactions before or after illumination. Reactions 

containing copper, TEA, Ru(bpy3)
2+, alkyne lysolipid and alkyl azide yielded 

extensive vesicle formation after irradiation with a CFL or a 470 nm laser (Figure 

3.9 left). In addition to numerous vesicles, we occasionally observed 

multilamellar structures, tubular morphologies and some vesicles having a 

diameter of ∼10 µm. Ruthenium phototriggered vesicles were also confirmed with 

Cryo-EM (Figure 3.9 right).  

       

Figure 3.9 Epifluorescence micrograph of synthetic vesicles (left). Scale bar = 20 
µm. Cryo-EM of a photo-triggered triazole phopholipid vesicle (right). Scale bar = 
300 nM.  
 

The diversity of vesicle morphologies and transformations, including 

budding and division, is of fundamental importance. For this reason, coupling in 

situ methods of membrane synthesis with methods to exert more control over 

vesicle shapes and transitions is desirable. Recently, Hirahara et al. used a 

polypyridine ruthenium complex that photoisomerizes and induces shape 



116 

116	  

changes in vesicles (22). The complex has a core structure of Ru(bpy3)
2+ with 

two bipyridines that both have a single aliphatic alkyl chain to promote 

associations with a bilayer. Future studies could couple such photoredox 

catalysts with our lipid synthesis system. For instance, two reactive alkyl azides 

could conjugate onto a Ru(bpy3)
2+ complex bearing alkyne moieties and change 

the in situ functionality of the photocatalyst, so that it could both trigger 

membrane synthesis and induce changes in membrane shape. Future work 

along these lines is underway in our lab.  

3.4   Conclusion 

We have designed a Ru(bpy3)
2+ photoredox-triggered tool to reduce 

copper(II), initiate the CuAAC reaction, and synthesize triazole phospholipids in 

situ, which subsequently self-assemble into membrane vesicles. Incorporating a 

photo-activating catalyst into a biomimetic membrane-synthesizing system offers 

future possibilities for exerting spatiotemporal control over artificial cellular 

constructs and fundamental studies of lipid bilayers. Coupling light and an 

electron transport system with lipid bilayers is also an exciting step towards more 

complex synthetic biological systems.  
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3.5   Materials 

Triethylamine (≥99%), Copper sulfate pentahydrate (≥98%), and 

Ru(bpy3)2+  were purchased from Sigma Aldrich. Rhodhamine DHPE was 

purchased from Invitrogen. Alkyne lysolipid and alkyl azide were synthesized as 

reported previously (1, 2).  

 

3.6   Methods 

Ru(bpy3)2+ Photoredox-Triggered Triazole Phospholipid Synthesis 

Preparation of a 1 mM dodecane azide and 650  µM alkyne lysolipid 

solution was prepared by  adding 43.3 µL of a 15 mM alkyne lysolipid in 

chloroform stock and 27 µM of 40 mM alkyl azide in chloroform stock to a 2 mL 

LCMS vial. The chloroform was evaporated under a gentle stream of nitrogen. To 

the remaining residue of pure alkyne lysolipid and alkyl azide, 1 ml of water was 

added. The solution was briefly vortexed and then sonicated in a bath sonicator 

(3510 Branson) for 15 minutes.  

Reactions were prepared by mixing together the alkyne-azide solution, a 

triethylamine in ethanol solution, a copper sulfate in water solution, and a 

Ru(bpy3)2+ in water solution in a 2 mL LCMS vial containing a 250 µL insert. The 

75 µL reaction consisted of 72 µL of the alkyne-azide solution, 0.5 µL of 30 mM 

triethylamine, 1.0 µL of 15 mM copper sulfate and 1.5 µL of 2 mM Ru(bpy3)2+.  
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The reaction was placed on a shaker rotating at 100 rev/min and placed ~8’’ from 

an 11 watt CFL. Triethylamine, Ru(bpy3)2+ and alkyne-azide solutions were 

prepared fresh daily.   

Starting reaction conditions: 40 µM Ru(bpy3)2+, 200 µM triethylamine, 200 

µM copper sulfate pentahydrate, 1 mM dodecane azide  and 650  µM alkyne 

lysolipid. 

 
Effect of triethylamine on triazole phospholipid synthesis 

Reactions were prepared as described in the previous section with the 

following changes. Serial dilutions of a 30 mM triethylamine in ethanol solution 

were performed to create stock solutions of 22.5 mM, 15 mM and 7.5 mM, 

corresponding to reaction concentrations of 200 µM, 150 µM, 100 µM and 50 µM. 

For the 0 µM TEA control, 0.5 µL of pure ethanol was added in place of a 

triethylamine in ethanol solution.  

Starting reaction concentrations: 40 µM Ru(bpy3)2+, 200 µM, 150 µM, 100 

µM, 50 µM or 0 µM triethylamine, 200 µM copper sulfate pentahydrate, 1 mM 

dodecane azide  and 650  µM alkyne lysolipid. 
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Liquid Chromatography/Mass Spectrometry/Evaporative Light Scattering 

Detection (LC/MS/ELSD)  

Protocols were based upon previously reported settings and procedures 

(8). Mass identification of alkyne lysolipid and alkyl azide was previously reported 

(7, 8). 

 
Cryo-EM microscopy  

Veicles for Cryo-EM were prepared with the following conditions: 0 or 40 

µM Ru(bpy3)2+, 200 µM triethylamine, 200 µM copper sulfate pentahydrate, 1 mM 

dodecane azide  and 750  µM alkyne lysolipid. No vesicles were observed in the 

negative control (reaction without Ru(bpy3)2+). Conditions for freezing: blot time = 

5 seconds, glow discharge time = 25 seconds, sample incubation time = 60 

seconds.  

 
Fluorescent Microscopy 

Reaction conditions: 40 µM Ru(bpy3)2+, 200 µM triethylamine, 200 µM 

copper sulfate pentahydrate, 2.5 mM dodecane azide  and 2.5 mM alkyne 

lysolipid. Reactions were exposed to 20 mW/cm2 for 1 hour or to 50 mW/cm2 for 

30 min. 
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Chapter 4: Conclusion 

4.1   Proof of Concept – an Assessment 

 In reexamining Shapiro’s five requirements for a system to be labeled 

‘living’, our system satisfies four of the requirements and addresses the fifth. 

Lipid vesicles create a natural partition between ‘self’ and the exterior 

environment (fulfills requirement 1). The network’s organizing processes are 

ultimately driven by free energy in the form of high-energy chemical (azide) 

bonds (fulfills requirement 2). An autocatalyst serves to dissipate the high-energy 

azide bonds, resulting in order-forming anabolic reactions (fulfills requirement 3). 

The chemical network modulates the incorporation of different precursors of 

varied chain lengths in response to environmental changes (addresses 

requirement 4). The molecular network (figure 4.1) also grows and effectively 

‘reproduces’ in that all of the system’s essential components are copied and 

amplified in number when sufficient precursors are present (fulfills requirement 

5).  
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 Components_____________________ 
S1 :   alkyl azide 
S2 :  TPA 
S3 :  Cu(I) or Cu(II) 
S4 :  alkyne lysolipid 
P1 :  autocatalyst 
P2 :  triazole phospholipid 
I1 :   1st  intermediate = 1 alkyl azide  + TPA 
I2 :   2nd intermediate = 2 alkyl azides + TPA 
I3 :  3rd intermediate = 3 alkyl azides + TPA 
 
 Additional Components_____________ 
coordinating  
    buffer:  TES 
reducing 
     agent: hydroquinone 
ions:  Na+, SO4

2- 
solvent:  H2O 

Figure 4.1   A self-propagating molecular network. The whole system is 
comprised of a dozen components 
 

4.2   Requirement 5 

 One could argue that our system fails Shapiro’s fifth requirement, owing to 

an inadequate demonstration of vesicle growth and division, is poorly conceived. 

Vesicle growth and division, like RNA, presumably became a finely tuned and 

elegantly controlled process sometime after a life-like system emerged. The 

desire for vesicle growth and division to closely resemble the growth and division 

we see in life today seems similar to the desire for RNA to have persisted, 

unchanged, since the very beginning of life.  However, for all of the reasons 

discussed in chapters 1.5 – 1.7, it is unlikely that the finely-tuned mechanisms we 
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observe today are all identical to their earliest counterparts, which were 

presumably much rougher and more imperfect.  

 Better evidence to demonstrate vesicle growth and division would be 

desirable indeed, but our system already demonstrably fulfills Shapiro’s fifth 

requirement: “The network must grow and reproduce” (2).  Shapiro recognized 

the importance of compartmentalization (requirement 1), presumably in the form 

of lipid vesicles, but compartmentalization is an altogether different requirement 

than the requirement for growth and division. He carefully related the processes 

of growth and division to the word ‘network’ and not to the words ‘vesicles’ or 

‘compartments.’ This was motivated by recognition of the number of complex 

processes in life. The word ‘network’ encompasses not only the totality of the 

components and processes involved in life but also the order and arrangement of 

the components in relation to each other, which is essential for the system to 

sustain itself (see section 1.7 – 1.9).  

 Our work demonstrates the dependence of each component on each 

other component in the system: the autocatalyst requires membranes (figures 

2.8-2.9), and the membranes require autocatalysts (figures 2.7-2.8). The 

requirement that these components are coupled together can be thought of a 

type of information that is inherent to and propagated within the system, but more 

importantly, this requirement forms an essential ordering in the system that is 

sustained and propagated. We also demonstrate that the system copies these 

components and amplifies them over time (figures 2.6 – 2.11). Because the 
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autocatalyst is insoluble in the aqueous phase, autocatalytic products (new 

autocatalysts) will reside in membrane bilayers, and that ordering of the system 

must be maintained for the system to propagate (figures 2.2, 2.8, 2.9). Taken 

together, these results support the conclusion that the network grows and 

reproduces.  

4.3   Requirement 4 

 The most exciting, though tenuous, result from our work supports 

Shapiro’s fourth requirement for life: ‘A chemical network must be formed to 

permit adaptation and evolution’ (2). How a life-like system could have emerged 

from natural processes and ‘adapted’ or ‘evolved’ before the advent of a familiar 

genetic molecule (nucleic acids) is perhaps the most mysterious and contentious 

aspect of life’s origins. Some deny that a system can even ‘live’ without the 

presence of RNA, but Joyce points a paradox with this viewpoint:  “Without 

evolution it appears unlikely that a self-replicating ribozyme could arise, but 

without some form of self-replication there is no way to conduct an evolutionary 

search for the first, primitive self-replicating ribozyme” (3). The puzzle is not a 

problem if evolution’s reach extends beyond nucleic acids. Joyce similarly states 

that a resolution to the problem “is to abandon the RNA-first view of the origin of 

life and suppose that RNA was not the first genetic molecule (Cairns-Smith 1982; 

Shapiro 1984; Joyce et al. 1987; Joyce 1989, 2002; Orgel 1989, 2004a)” (3). 

 The first systems to ‘evolve’ or ‘adapt’ to local environments were 

presumably both less sophisticated than RNA and more limited in their ability to 
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adapt to novel environments. One possible primitive adaptation might be to 

undergo anabolic reactions faster; Shapiro states: “To survive and grow, the 

network must gain material faster than it loses it” (2). This statement highlights 

the importance of kinetic rates in metabolic processes and also suggests the 

‘adaptive’ nature of our system presented here. The CuAAC reactions that lead 

to additional autocatalysts and phospholipids in our autocatalytic membrane 

system are slowed by the presence of the buffer TES, which acts to mildly 

chelate copper. When autocatalytic membranes are challenged with a more 

formidable, high-TES environment, selection favors an adaptation that leads to 

CuAAC proceeding in spite of slowed reaction rates. Neal Devaraj pointed out 

that the residence times of the alkyl azide precursors in lipid membranes is 

expected to be longer for precursors with longer chain-lengths. Longer 

membrane-residence times for precursors would increase the likelihood of a 

membrane-bound autocatalyst mediating CuAAC reactions and producing more 

products. Thus, longer chain length alkyl azides might provide adaptive qualities 

for autocatalytic membranes to better persist in concentrated salt (high TES-like) 

environments.  

4.4   Future Directions 

 The obvious and most impactful follow up experiments for this project 

would address the ‘adaptive’ nature of this system. In addition to repeating and 

verifying the results shown in figure 2.25, other variations might also lead to 

compelling results.  Many properties are known to affect the size, distribution and 
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stability of lipid vesicle systems (including pH, number of types of lipids present, 

degree of unsaturation in lipid chains, charge state of lipid head groups, and 

types of ions present), and in principle, any of these properties might provide 

opportunities for selection experiments. For example, the degree of unsaturation 

in lipid chains could be selected for by reducing the mechanical energy (from a 

shaker) delivered to the vesicles to prevent flocculation. All of the lipid and 

autocatalyst alkyl chains in these experiments were completely saturated, and 

this presumably reduced the average lifetime of individual autocatalytic vesicles 

in the absence of vigorous shaking. Another property that could be modulated in 

different conditions is the lipid head group, which is related to both vesicle 

stability and ionic strength (4). Any evidence that definitively proves a simple 

molecular network is capable of adapting would be tremendously exciting.  

4.5   Building complexity 

 Our autocatalytic membranes were preceded by a previously published 

CuAAC phospholipid system that proceeded in the absence of copper chelating 

salts like TES (5). With the exception of changing the initial copper reducing 

agent from ascorbate to hydroquinone, the only changes introduced to create 

autocatalytic membranes were the addition of TES and TPA. TES acted as a 

challenge to the lipid synthesis reaction, creating a harsher environment for the 

CuAAC reaction to proceed in and reducing the likelihood of subsequent vesicle 

production. TPA provided a solution to the harsher environment by allowing the 

formation of an autocatalyst capable of increasing reaction rates in more 
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challenging conditions. With the emergence of autocatalysts, vesicles effectively 

insource lipid synthesis, which was previously an environmental process. 

Autocatalytic vesicles could theoretically carry copper to a copper-free 

environment and continue to synthesize autocatalytic ligands and triazole 

phospholipids. The incorporation of metal catalysts into early origins of life 

models is well documented (6).  

 In even more challenging high-salt environments, autocatalytic vesicles 

respond, or ‘adapt’, by increasing reaction rates through selectively incorporating 

longer chain-length alkyl azides. These vesicles have a different lipid and 

autocatalyst profile than autocatalytic vesicles exposed to the same precursors in 

lower salt conditions. Additionally, adding two possible precursors in two different 

salt environments was more akin to a typical selection experiment. In contrast to 

the development of the autocatalyst, which was consciously designed, the 

selection of one type of precursor over another was a property that we observed 

and did not design or even correctly predict beforehand.  

 It seems with the addition of only two simple molecules, our previously 

simple (and I would argue elegant!) system quickly morphed into a rich and 

complex molecular network with a number of characteristics that resemble life. 

There is no other instance in the literature of a molecular network that builds from 

simple, novel compounds and so closely resembles life.  
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