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SUMMARY 

The prebiotic emergence of protocells is an important part of any origins of 
life scenario. While fatty acid-based vesicles are well studied, how they 
transitioned to phospholipid vesicles is uncertain. Herein we show that cyclic-
phospholipids formed from fatty acids and glycerol could have played a role 
by generating a heterogeneous library of vesicles with diverse morphologies 
and tolerance to a range of metal ions, temperature and pH. The cyclic 
phosphate moiety facilitates the natural emergence of vesicles composed of 
diacyl-phospholipids to become part of the chemical evolutionary process. 
Competing emergent properties of the various systems (facilitated by 
additives) could have led to an early preference of the sn-1,2-acyl-substitution 
on the glycerol backbone coincidental with extant biology. Thus, cyclic-
phospholipids could have played a significant role not only in early prebiotic 
protocellular chemistry but also in facilitating the chemical evolution of 
protocells from the structurally simple to the functionally more complex. 

Fatty acids, Glycerol, Protocells, Cyclic-phospholipids, Diacyl phospholipids, Vesicles 

INTRODUCTION 

The formation of membranous and vesicular structures are proposed as important intermediary 
steps towards the emergence of protocells in the chemical evolutionary processes leading to 
origins of life on early Earth.1-4 In that context, prebiotically plausible short chain fatty acids 

(e.g., carbon chains of C9 – C12) have been proposed as the most realistic candidates and 
shown to form vesicles of  

mailto:rkrishna@scripps.edu


 
 

 

Figure 1. Cyclic-phospholipid based scenario for the emergence of phospholipid vesicles. (a) Plausible 
prebiotic synthesis of cyclic-phospholipids starting from fatty acids and glycerol mediated by 
phosphorylation with diamidophosphate (DAP). (b) A proposed pathway of molecular transformations 
starting from fatty (decanoic) acid mediated by DAP and glycerol giving rise to cyclic-phospholipid cPC10. 
The hydrolysis of the energetic cyclic phosphate moiety is proposed to lead to the transient formation of 
single chain monophosphate lipids that on subsequent esterification with DA would form double-chain 
monophosphate lipids. Further esterification of the monophosphate would provide the double chain 
phosphodiesters. Note: we show the chirality of the compounds that were synthesized and used in this 
study and do not imply any chiral selection in the first step. (c) This series of transformations at the 
molecular level is suggestive of corresponding series of hypothetical transitions at the supramolecular 
level (of vesicles): the vesicles composed of simple fatty acid (DA) are proposed to be transformed by 
stepwise incorporation of (its products from the phosphorylation reaction) the glycerol ester, GMD 
and/or single chain cyclic-phospholipid (cPC10). This mixing is hypothesized to give rise to vesicles 
composed of mixtures (chimeric vesicles) based on cyclic-phospholipid (e.g., DA:cPC10 or GMD:cPC10). 
The subsequent transformation of the cyclic-phospholipid (via 9a and 9b) to form GDDP1 and GDDP2 is 
expected to transform the cPC-based vesicle-system to the next level of vesicles based on 
phosphomonoester double chain-based phospholipids which have the potential for further esterification 

at the phosphate moiety and for the emergence of double chain phosphodiester-based vesicles. GMN = 

glyceryl mono-nonanoate. cPCX: cP refers to cyclic Phospholipid and CX refers to the carbon chain length 

of the fatty acid (C9, C10 etc.). Red color in Figure 1C refers to cyclic-phospholipid or phospho-mono/di-
ester lipids present in the vesicle. Blue color in Figure 1C refers to double-chain phospholipids present in 
the vesicle. The mixture of color-layering represents the mixed (hybrid) composition of vesicles. 

homogeneous compositions capable of limited encapsulation, growth and division.5 However, 
these homogeneous short chain fatty acid vesicles have some disadvantages in terms of a 
narrow range of function and stability – for example, in terms of pH, temperature and metal 
ion concentrations – compromising their potential further development.6 Therefore, inclusion of 
other prebiotically plausible molecules (available from extraterrestrial sources such as 
meteorites or from reactions on early Earth geochemical environments) as additives such as the 
corresponding short chain fatty alcohols, and/or the respective mono-glyceride esters, or other 



 
 
small molecules -resulting in heterogeneous vesicle compositions- have been investigated and 
shown to provide relief to many of these shortcomings.6-10 For example, a system based on 
mixed decanoic acid and its corresponding mono-glyceride ester have been shown to have 
advantages with respect to stability to metal ions. And the presence of amino acids and 
nucleobases have been demonstrated to contribute to the stability of these decanoic acid-
based vesicles.  

As successful these studies have been, these do not address the question of roles played by 
the emergence of (and transition to) phospholipid derivatives that extant life is based on.11 In 
fact, it has been argued that amphiphilic molecules resembling contemporary phospholipids 
were unlikely to be available for the first forms of cellular life and that the first membranes 
assembled spontaneously from simpler amphiphilic compounds that were available in the 
prebiotic environment.1  

 Nevertheless, there are some examples considering phospholipids in a prebiotic context12-15, 
and recent work documenting the behavior of long chain phospholipids mixed with fatty 
acids16-18. For example, Deamer group’s pioneering work showed the prebiotic synthesis of 
phospholipids and subsequent formation of membrane structures starting from glycerol and n-
dodecanoate in the presence of dicyanamide and phosphate.12 Fiore and Strazewski have 
synthesized monoalkyl phosphates and their corresponding ethanolamine derivatives, which 
were shown to form giant vesicles while Bonfio et al have shown that glycerol-2-phosphate 
can be acylated with short chain fatty acids to form a library of acylglycerol phosphates that 
self-assemble to form stable vesicles.13,15 In spite of such studies, there is a general opinion 
that long-chain phospholipids are later descendants presumably from biological pathways.1 
And, there are some studies investigating the vesicle forming properties of single chain alkyl 
phosphates, which showed the scope and limitations of single chain phosphates in their 
propensity for vesicle formation at ambient conditions, such as near neutral pH.13,19,20 
Therefore, the primary focus continues to be on membranes derived from short chain fatty 
acids21 and mixtures derived from corresponding alcohols and glycerides, largely devoid of 
(short chain) phospholipid derivatives22,23, leaving open the conceivable routes by which 
prebiotically plausible short chain phospholipids can get involved in the process of chemical 
evolution of protocells.14,18,20,24 

We became interested in the role of short alkyl chain phosphoglycerides in protocell/vesicle 
formation based on the discovery that a one-pot prebiotic phosphorylation of a mixture of 
short chain fatty acid and glycerol yielded single-chain cyclic-phospholipids (cPCs), which 
enabled the formation of vesicles in the same reaction milieu (Figure 1A).25 Furthermore, 
though cPCs themselves could form vesicles (e.g., cPC9, high concentrations, ca 350 mM)25, it 
was shown that the combination of fatty alcohols, glyceryl monodecanoate (GMD) and cPCs 
produced vesicles at much lower concentrations (20 mM), are more robust to a range of pH 
and divalent metal ions, and in retaining negatively charged biological and small molecules, 
when compared to their corresponding fatty acid derived counterparts.26 Moreover, we 
observed that the cPCs could be selectively hydrolyzed to form the regioisomers of the 
corresponding single-chain GMD-monophosphates.27 These experimental observations led us 
to hypothesize (Figure 1B and 1C) that the concurrent prebiotic formation of cPCs from fatty 
acids and glycerol and their incorporation into primitive fatty acid-based vesicles could play 
a role in facilitating the chemical evolution of primitive vesicles (‘original simplicity’) into 
protocells already having the innate potential to transform to double-chain phospholipids 
(‘future complexity’)28 as depicted in Figure 1C. The ring opening of these ‘high-energy’ five-
membered cyclic phosphates followed by (concomitant) esterification reaction with fatty acids 
would be central to this hypothetical scenario. 

Accordingly, we chose to experimentally model such a transition by investigating the role of 
these single-chain cPCs and their corresponding double-chain phosphate derivatives in the 
context of vesicles derived from fatty acids and their corresponding glyceride derivatives. In 
this context, the selection of systems was motivated by (a) the types of compounds potentially 
generated by the prebiotic phosphorylation of a mixture of glycerol (1) and nonanoic acid (2, 
NA) by diamidophosphate (3, DAP) shown in Figure 1A and (b) the widely studied decanoic 
acid (6, DA) and glyceryl monodecanoate (7, GMD) based systems.6,25,29,30 The reaction 
components and its chemical reactions in Figure 1A allow, in theory, also for the double-chain 
GDDP systems 10a (GDDP1, glyceryl 2,3-didecanoate 1-phosphate) and 10b (GDDP2, 
glyceryl 1,3-didecanoate 2-phosphate) to form. Since we were following this sequence of 
events (Figure 1B) we did not consider the role of (a) fatty alcohols and (b) the corresponding 
phosphodiesters of GDDP in this investigation. For this proof-of-principle demonstration, thus, 
we chose to investigate the binary-mixtures derived from cyclic-phospholipid of GMD (8, 
cPC10) and the corresponding decanoic acid DA 6, GMD 7 and the phosphorylated glyceryl 
didecanoates (10a, GDDP1 and 10b, GDDP2) shown in Figure 1B. Our focus was on mapping 
the landscape of vesicles stemming from the cPC10-based systems leading to emergent 



 
 
properties, and not on finding an “optimal” protocell that could harbor one type of reaction 
scenario. 

Herein we report on the vesicle forming properties of these heterogeneous binary-mixtures 
and compare their behavior with their fatty acid counterparts. Our observations show that, 
even at the C10-level, there is a range of morphologically diverse and robust vesicles that are 
formed from prebiotically plausible mixtures generated from decanoic acid, its glycerides, the 
corresponding and double chain-cyclic-phospholipid derivatives. Such an observation provides 
support for a systems chemistry model that includes a spectrum of prebiotically plausible 
phospholipids from the very beginning as components of early protocells in a systems 
chemistry setting – and, therefore, harbor the potential to provide continuity and transition 
towards extant cells composed primarily of phospho-(diester)-lipids. 

Choice of binary systems for vesicle studies. In order to limit the chemical space of mixed 
composition of vesicles we focused on binary mixtures in the decanoic acid series. On the basis 
of our previous work25 and the hypothesized natural emergence of products in Figure 1B, we 
identified at the first level, three possible binary mixtures of (a) decanoic acid 6 with GMD 7, 
(b) decanoic acid 6 with cPC10 8 and (c) GMD 7 with cPC10 8 that can be used to generate 
vesicles. Since the binary combination of 6 and 7 has been extensively studied23,30-32, we 
focused on investigating the propensity of vesicle formation with binary mixtures from cPC10 
8 with 6 and 7.  

For the next level of binary systems based on Figure 1B, we considered the products 9a and 
9b produced by the hydrolysis of the cyclic phosphate moiety of cPC10 (Figure 1B). This was 
based on the previous observation that cPC10 8 is hydrolyzed selectively at the cyclic 
phosphate moiety and gives rise to a mixture of single chain phospholipids 9a and 9b.27 This 
allowed us to postulate a hypothetical scenario (Figure 1B) where further esterification of 
these single chain phospholipids 9a and 9b could give rise, eventually, to the double chain 
phospholipids GDDP1 10a and GDDP2 10b (by the same type of DAP mediated esterification 
process observed in Figure 1A). Single chain phosphates similar to 9a and 9b have been 
shown to need highly acidic pH (≈2) to form vesicles19, and more recently it has been shown 
that 9b does not form vesicle like structures under near neutral pH conditions.15 Therefore, we 
excluded 9a and 9b from this study, as we aimed to keep (a) the pH range from 4-8 thought 
to be conducive for many prebiotic scenarios and reactions33-35 and (b) the focus on its diacyl 
derivatives 10a and 10b. Thus, we chose two possible binary mixtures derived from the 
double-chain phosphates 10a and 10b: (a) GMD 7 with GDDP1 10a and (b) GMD 7 with 
GDDP2 10b which would be phospholipid counterparts to the well-known decanoic acid-GMD 
studies in the literature. All of the compounds derived from the decanoic acid series (Figure 
1B) were synthesized based on procedures described in the literature (see SI for details) 
starting from decanoic acid and (R)-(2,2-dimethyl-1,3-dioxalan-4-yl)methanol.27 

Experimental Approach: Vesicles were prepared modifying the procedure we developed in 
our previous work.26 We started either from the solutions/suspensions of the individual 
components in the buffer of choice or from mixing the individual components as solids and 
adding the desired buffer. Sonication, followed by short heating-cooling cycles and 
equilibration overnight with shaking (see SI for details) afforded the samples that we 
analyzed further.  

Since the critical aggregate concentration (CAC) was expected to change with varying binary 
compositions and pH, we used confocal microscopy and brightfield images employing various 
fluorescent dyes, primarily rhodamine 6G (R6G) along with AF488-dextran10 kDa and 
Cyanine5 carboxylic acid (Cy5), to visually inspect and judge vesicle formation as this was 
deemed more reliable for our purpose. Brightfield images were used to distinguish between 
vesicles and droplets.36 We examined different regions of the same sample and also from 
different trials to ensure reproducibility of the presence or absence of vesicles. Depending on 
the systems studied and the conditions under which they were formed, the number of vesicles 
ranged from a plethora to a few to none. In many of the systems studied here we observed a 
variety of heterogeneous mixtures of co-existing vesicle types made up of bilayer membranes, 
undefined shapes and aggregates etc. The various vesicles types were determined by visually 
inspecting the fluorescent dye-labeled confocal images and classifying them based on their 
appearance (e.g. circularity and the number of membranes) following the terminology 
described by Walde et al37 – such as the lamellarity [the number of the layer of membranes 
in a vesicle, unilamellar vesicles (ULV); oligolamellar (OLV); multilamellar (MLV); multivesicular 
(MVV)], aggregated vesicles (touching each other) and vesicles that share a section of the 
membrane. In cases where the fluorescent dye-labeled images of vesicles were not clear, the 
type and lamellarity was confirmed by visualization through brightfield images in confocal 
microscopy. Furthermore, the formation and presence of vesicles were corroborated by 
performing (a) a confocal z-stack profile of fluorescently labeled structures to visualize the 
three-dimensional shape along with the lacuna and (b) by encapsulation and leakage studies 
using AF488-dextran 10 kDa. 



 
 
To determine the optimal ratio of the binary mixture for vesicle formation we initially chose a 
total concentration of 40 mM and a pH range of 6-7 (usually around 6.5). The pH range was 
determined by the pKa of decanoic acid (6.4)38,39 and the fact that the cPC10 (pKa ≈ 2) and 
double-chain phospholipids (pKa ≈ 2 and 6.5 corresponding to the two ionization states of the 
monoalkyl-phosphate group) are going to be mostly in the deprotonated state in the plausible 
prebiotic pH range (4-8) under consideration. In certain cases, we also varied the pH and the 
ratios of the components to understand the effect of change of pH on the vesicle formation 
with changing composition. We also looked at the effect of heating-cooling protocols that are 
generally used in vesicle preparation (to get the fatty acids into solution). Once we settled on 
a particular method, ratio of the binary mixture and the pH, we investigated the effect of 
metal ions and temperature on the stability and the robustness of the vesicles using R6G and in 
select cases with AF488-dextran 10 kDa. Experiments were run in duplicate to check the 
reproducibility of the results. Since the cPC10 and the GDDP molecules are not commercially 
available and have to be synthesized, we had to make judicious choices about the types and 
number of experiments we could run. For example, as in the leakage assays which 
necessitated large volumes of running buffers containing these molecules for purification and 
isolation of vesicles by size-exclusion chromatography. 

RESULTS  

Cyclic-phospholipid (cPC) based heterogeneous systems form a variety of giant 
multilamellar (MLV), oligolamellar (OLV), multivesicular (MVV) and unilamellar (ULV) 
vesicles that coexist with other structures.  

 

Figure 2. Change in pH leads to different morphological shapes in vesicles generated from 2:1 
DA:cPC10 and 5:1 GMD:cPC10 systems. Confocal microscopy images of cPC10-based vesicles (total 
concentration 40 mM) as a function of pH (A) 2:1 DA:cPC10 (24 h) and (B) 5:1 GMD:cPC10 (18-21 h). 
Vesicles are labeled with R6G. Inset: Expansion of the pointed area. Yellow scale bars represent 10 µm as 
indicated above. For more information see SI (Figure S2 for 2:1 DA:cPC10; S16 for 5:1 GMD:cPC10). 

cPC10 based systems - decanoic acid 6 with cPC10 8 and GMD 7 with cPC10 8: We first 
studied a series of ratios and pHs and observed that the ratios of 1:1, 2:1 and 5:1 DA:cPC10 
formed MLVs and ULVs at pH ca. 6.5 (Figure S1). Moreover, the 2:1 DA:cPC10 system was 
found to have good vesicle structure and stability over a range of pH 4.0-6.6 as seen by 
confocal images (Figure S2), which led us to select this binary system for further studies. 
Increasing the pH in the 2:1 series resulted in a transition from ULVs (pH 4.0) to MVVs (pH 5.0) 
to OLVs and MLVs (pH 6.6) – suggesting that the various degrees of protonated forms of DA 
(pKa 6.4) are providing the necessary hydrogen-bonding (with the completely ionized cPC10, 
pKa ≈ 2) and along with charge repulsion effects – are primarily responsible for the different 
morphologies of the vesicles (Figure 2A). As expected, based on charge-repulsion effects, at 
pH 8.5 the combination of the two negatively charged decanoate and cyclic phosphate did 
not form vesicles. While decanoic acid alone did form vesicles around pH 7.5 and above, it 
formed more undefined shapes from pH 5.0-6.5 consistent with previous studies (Figure 
S1).40,41  

In the GMD 7 + cPC10 8 series we used pH 6.1 and 40 mM total concentration as a starting 
point to screen the ratio of the two components and observed vesicle formation starting from a 
ratio of 2:1 GMD:cPC10 onwards with a 5:1 and 7:1 ratio and exhibiting a greater 
abundance of heterogenous vesicles composed of bilayer membranes coexisting with 
amorphous aggregated vesicles (Figure S15). We chose the 5:1 system to investigate further 
which formed vesicles robustly over a pH range of 6.1-8.0 over a period of days (Figure 



 
 
S16). And as in the previous case, the lower pH of 6.1 produced a greater proportion of ULVs 
and MVVs with many nested smaller vesicles within larger (> 20-25 micron) vesicles, while the 
higher pH (7.0-8.0) tend towards a distribution containing more MLVs coexisting with other 
structures such as aggregated vesicles and vesicles that share membrane sections (Figure 2B). 
This transformation was also observed by confocal microscopy as the pH of the samples was 
adjusted in real time from 6.2 to 7.2 (Figure S18). Though vesicles were formed at 
concentrations as low as 5 mM the ones formed at 40 mM were found to have a greater 
degree of persistence over time (Figure S19). And starting from either pure component GMD 
7 or cPC10 8 at pH 6.1 (which were appearing as amorphous shapes) the addition of the 
corresponding percentage of the other component (16.6% of 8 or 83.3% of 7 respectively) 
led to relatively rapid (within 30 min.) formation of vesicles as observed in real-time by 
confocal microscopy (Figure S21). The CAC of these DA:cPC10 based systems was in the 
range of 5-13 mM whereas the GMD:cPC10 based systems was around 1.5 mM (Table S1, 
S2) compared to the 10 mM reported for cPC10 alone26,42. The lowering of the CAC in these 
hybrid systems is consistent with previous reports.26,42 Our results so far suggest (a) enhanced 
vesicle stabilization in these hybrid cPC10 systems, and (b) dependence of vesicle formation 
and morphology on solution conditions such as pH – consistent with physicochemical 
characteristics of these systems. We next proceeded to probe these heterogeneous vesicles in 
greater detail. 

Heating-cooling cycles control the structure and morphology of the cPC10 8 containing vesicles 
producing a mixture of thick-walled MLVs and OLVs: While evaluating various literature 
protocols37,43-46 (Section 2 in SI) for preparing the cPC10 containing vesicles we observed that 
heating (used to obtain a uniform suspension or solution of the vesicle components) seemed to 
affect the size, type and quality of the vesicles formed (Figure 3, Figure S3-S5, S20-S21), 
with short heating-cooling cycles producing giant MVVs, OLVs and MLVs. 

When the 2:1 DA:cPC10 vesicles at pH 6.5 were subjected to post warming-cooling (50-60°C 
to 35°C) protocols, giant multilamellar and oligolamellar vesicles (MLVs and OLVs) were 
formed robustly, a phenomenon that was accentuated by warming for longer times (Fig S4-S5, 
Videos S1-S3). For example, when the initially formed vesicles were heated to 60°C (10-15 
min) and cooled to 35°C (20 min) it resulted in the formation of giant ULVs and MLVs (Figure 
S5). When we used AF488-labeled dextran to monitor the effect of the heating (60 °C)-
cooling (35 °C) protocol we observed images that showed GUVs (giant unilamellar vesicles) as 
well as remodeling of the vesicles to MVVs (Figure 3C, Figure S4). In some cases, during the 
heat-cool induced transition process, we also observed that the AF488-dextran dye had 
become concentrated also in the membrane bilayers (Figure S4) – a phenomenon that was not 
expected, but not uncommon as some water-soluble dyes are known to interact with lipid 
bilayers.47 This allowed us to observe the spherical shape of the MVVs and its lumen 
containing the smaller vesicles via a z-stack image (Figure 3C, Videos S4-S6).  

 



 
 

 

Figure 3. Comparison of the effect of temperature on the vesicles generated from 2:1 DA:cPC10 versus 
5:1 GMD:cPC10 by monitoring in real-time by confocal microscopy and by use of fluorescent dyes. 
Confocal microscopy images of cPC10-based vesicles (total concentration 40 mM) as a function of 
temperature (heating-cooling) in the confocal microscope instrument: (A) DA, labeled with R6G, pH 6.6 
was heated to 60 °C and then 33% of cPC10 was added (as a stock solution from 40 mM stock solution) 
at 60 °C and cooled to 30 °C. (B) 5:1 mixture of GMD and cPC10, labeled with 0.04 mM R6G was imaged 
in real time at different temperatures while heating to 60 °C. (C) 2:1 DA:cPC10, labeled with 0.02 mM 
AF-488 dextran 10 kDa, purified by spin-column and imaged after one heating-cooling cycle (30-60-30 °C, 
total duration of 40 min). (D) 2:1 DA:cPC10, labeled with 0.01 mM Cy5 carboxylic acid and 0.02 mM AF-
488 dextran 10 kDa (imaged 2 hours after preparation without purification) – please see Figure S6 and 
captions for further details. The scale bars represent 10 µm and 5 µm as indicated above. (E) 5:1 
GMD:cPC10 labelled with 0.08 mM Cy5 carboxylic acid and 0.02 mM AF-488 dextran 10 kDa at pH 5.0 
(168 h). For more information see experimental section in SI (Figure S4, S6 for 2:1 DA:cPC10; Figure S21, 
S29 for 5:1 GMD:cPC10). 

Realtime observation by confocal microscopy showed the dynamic, accelerated and robust 
vesicle formation during the heat-cool process: Under the heating conditions the DA-based 
vesicles underwent a phase transition around 40°C and formed oil droplets (up to 60 °C) and 
did not reorganize into any observable vesicle like structures on cooling (Figure S4). In another 
experiment, we started with pure DA (using R6G dye) and heated it to 60 °C and then added 
33% cPC10 (from stock solution) to make the 2:1 DA:cPC10 mixture in situ. Monitoring this 
heterogeneous system by confocal microscopy over an hour showed the appearance of tube-
like structures which seemed to grow that led to the formation of giant MVVs during the 
cooling process (Figure, 3A, Figure S4) – corroborating the observations when we started with 
the 2:1 DA:cPC10 mixture from the beginning (Figure S1).  

The vesicles, thus generated by these heat-cool process, were found to be robustly stable over 
period of days and on many occasions exhibited dynamic behavior of division or fusion as 
observed by confocal videos (Videos S4-S15). Vesicle formation was confirmed by obtaining 
3-D images (“z-stack”) by confocal microscopy and by the use of a combination of the 



 
 
membrane-labelling dye Cy5 and the hydrophilic dye AF488-labeled dextran for 
encapsulation (Figure 3C-3D, Figure S6, Video S14-S15). Both of them clearly show the lumen 
of the vesicle corroborating the confocal images obtained by using the membrane labeling 
R6G dye alone.  

The 5:1 GMD:cPC10 system formed MVVs and MLVs robustly via the heating-cooling 
protocols employed in their preparation (Figure S17-20). And when they were subjected to 
heating to 60 °C they maintained their structural integrity while producing more MLVs (Figure 
3B, Figures S21). A big difference when compared to the DA:cPC10 system was the ubiquitous 
formation of giant unilamellar vesicles that encapsulated many other ULVs and/or MLVs 
(Figure S21). 

Our studies thus far demonstrate that the presence of cPC10 contributes to stability in mixed 
systems either with DA or GMD. Furthermore, our results suggest a somewhat higher stability 
of the GMD:cPC10 vesicles when compared to DA:cPC10 systems. This result is consistent with 
the charge-neutral character and hydrogen bonding capability of GMD stabilizing membrane 
formation with the negatively charged cPC10, also in keeping with the lower CAC noted 
above. We also note that strikingly, progress along the proposed chemical evolution pathway 
(Figure 1) from DA through GMD to cPC10 results in more stable mixed vesicles. It is plausible 
that such an increased stability could also drive reaction progress in this chemical evolution 
pathway by mass action or other physicochemical mechanisms potentially including a positive 
feedback loop in a systems chemistry context. 

Presence of cPC10 increased the tolerance of vesicles to metal ions when compared to DA 
(Figure 4): Next, the effect of metal ions on these cPC10-containing vesicles were probed. 
Previous observations have shown that vesicles formed from cPC10 (negatively charged 
molecule) and dodecanol (a neutral molecule) had a better tolerance for Mg2+ salts as 
compared to those from DA:dodecanol.26 Given the low pKa of ≈ 2 of cPC10 and the higher 
pKa of 6.4 DA, the role of pH and the valency of the metal ions were expected to have 
differing effects between the DA:cPC10 (charged:charged) system versus the GMD:cPC10 
(neutral:charged) system – based on the varying state of ionization of DA, valency of metal 
ions, screening of charge repulsion, degree of hydration/dehydration etc. At pH 6.6, the 2:1 
DA:cPC10 vesicles were stable to the presence of monovalent (Na+ and K+) salts up to 0.8 M 
NaCl and 2.0 M KCl (Figure 4A), with flocculation and amorphous structures appearing at 1.2 
M NaCl (Figures S7). In the case of divalent metal ions, up to 25 mM Mg2+ and Ca2+ were 
tolerated while higher concentrations of these metal ions led to flocculation/aggregation and 
nebulous shapes (Figure 4A, Figures S8). The use of synthetic sea salt which has a combination 
of monovalent and divalent metal ions showed the presence of the vesicles up to a 
concentration of 166 mM Na+, 20 mM Mg2+, 2 mM Ca2+ and 2 mM K+ beyond which the 
vesicles were destroyed (Figure 4A, Figure S10). Furthermore, we observed that the vesicles 
(beginning at 10 mM Mg2+) were morphing their shape, the thickness of the ‘membranes’ and 
lamellarity in response to increasing concentrations of Mg2+ (Figure S11-S12). This was also 
true in the case of K+ ions where higher concentrations resulted in more unilamellar vesicles 
(Figure S11) - implying these counterions can affect not only the stability of the vesicles but 
also control their morphological appearance.31,48 



 
 

 

Figure 4. Comparison of the effect of metal ions on the vesicles generated from 2:1 DA:cPC10 versus 
5:1 GMD:cPC10 by use of fluorescent- dyes. Confocal microscopy images of cPC10-based vesicles (total 
concentration 40 mM) labeled with R6G in the presence of various metal ions generated from of (A) 2:1 
DA:cPC10, pH 6.6 (24 h) and (B) 5:1 GMD:cPC10, pH 6.3 (72-120 h). Confocal microscopy images of 
vesicles generated from 5:1 GMD:cPC10, pH 5.0 labelled with 0.08 mM Cy5 carboxylic acid and 0.02 mM 
AF-488 dextran 10 kDa (C) in the presence of 0.1 M Mg2+ (168 h). (D) in the presence of 0.1 M NaCl (168 
h) (E) No salt (168 h). Inset: Expansion of the pointed area. Synthetic sea salt (1 mg in 130 µL of sample 
volume) contains 83 mM Na+, 10 mM Mg2+, 1 mM K+, 1 mM Ca2+. The scale bars represent 10 µm and 5 
µm as indicated above. For more information see SI (Figure S7-10 for 2:1 DA:cPC10; S24-29 for 
GMD:cPC10). 

A similar effect of the divalent metal ions and synthetic sea salt was observed with the 
corresponding 2:1 DA:GMD vesicles at pH 6.5 which survived up to 25 mM of Mg2+ or Ca2+ 
salts (Figure S9) while vesicles from DA alone was precipitated out by 1 mg of synthetic sea 
salt (that has 10 mM of Mg2+ and 1 mM of Ca2+, Figure S10). And as was seen with the 
cPC10:dodecanol systems, the presence of Na+ provided a higher tolerance for Mg+2 
concentrations (Figure S12) which was not the case for DA, which under identical conditions 
formed amorphous shapes (Figure S12). 

These results are striking considering the fact (a) that these divalent metal ions tend to cause 
precipitation49,50 (b) that the DA:cPC10 (two negatively charged species) combination is almost 
approximating the behavior of DA:GMD under identical conditions. And heating in the 
presence of the cations (1.2 M of Na+ and K+) caused flocculation and aggregation of vesicles 
by 24 hours. In the presence of up to 10 mM divalent Mg2+ a similar heating protocol resulted 
in morphological changes (remodeling) of the intact ULVs while higher Mg2+ concentrations 
caused aggregation/flocculation (Figure S11).  

GMD:cPC10 systems were more stable with divergent responses to monovalent and divalent 
metal ions when compared to DA:cPC10 systems: There was remarkable difference when it 
came to the effects of the monovalent versus divalent metal ions in the case of the vesicles 
generated from the GMD:cPC10 system (Figure 4). Increasing concentrations of both the 
monovalent ions Na+ or K+ led to decrease in the size, multi-lamellarity and number of the 
vesicles both at pH 6.2 and 5.0 (Figure S24), whereas increasing concentrations (up to 50 mM) 



 
 
of divalent metal ions Mg2+ or Ca2+ had little impact on GMD:cPC10 vesicles (Figure S25). 
Further increase to 75-100 mM of Mg2+ or Ca2+ did result in remodeling of the vesicles along 
with change in lamellarity and morphology; in addition, some flocculation had taken place. 
However, diluting the sample back to 50 mM of the metal ion restored the GMD:cPC10 
vesicles to their original multilamellar nature (Figure S27). The integrity of the vesicle structure 
at high divalent metal concentration (0.1 M Mg2+) was shown by the use of dyes Cy5 and 
Alexa-448 labeled dextran 10 kDa where both dyes showed that the structure of these 
vesicles had not been compromised (Figures S28-S29). The use of synthetic sea salt even at 
higher concentrations (390 mM Na+, 43 mM Mg2+ and 8.3 mM Ca2+) or heating in the 
presence of metals also did not disrupt the GMD:cPC10 vesicles (Figures S25 and S26).  

The stability of these GMD-cPC10 vesicles with respect to high Mg2+ salt concentrations even 
at the short chain (C10) level is significant when compared to the reported49,50 stability 
observed for blended long chain (C18) oleic acid/-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) membranes. These observations, not surprisingly, are different when 
compared to that of the vesicles formed by the DA+cPC10 system. Since GMD has a 1,2-
dihydroxyl moiety which could act as chelator51 of the divalent metal, it is plausible that the 
act of chelation could cause a change in morphology of the vesicles – by holding these 
divalent 

 

Figure 5. Extrusion of vesicles from 2:1 DA:cPC10 versus 5:1 GMD:cPC10 system result in giant 
unilamellar vesicles (GUVs) that are stable over time. Effect of extrusion on the cPC10-based vesicles 
(total concentration 40 mM). Confocal microscopy imaging of the 40 mM of (A) 2:1 DA:cPC10, pH 6.6 (B) 
the 5:1 GMD:cPC10, pH 6.3 as a function of time. The samples were labeled with R6G and extruded 11 

times through 0.4 m polycarbonate membrane. (C) and (D) are the corresponding unextruded control 
in the 2:1 DA:cPC10 and 5:1 GMD:cPC10 series respectively at comparable times. The scale bars 
represent 10 µm and 5 µm as indicated above. For more information see SI (Figure S14 for 2:1 DA:cPC10; 
Figure S22 for 5:1 GMD:cPC10). 

metal ions close to the negatively charged cPC10 8; and this in turn, by the interaction of the 
ions with water molecules, could cause changes by swelling of water layers between the 
bilayers52 leading to the morphological changes. And the increasing stability observed here is 
also in consonance with the previous observations of increased stability of GMD containing 
fatty acid vesicles to divalent metal ions as opposed to pure fatty acid vesicles.32 The 

corresponding 5:1 GMD:DA system also formed vesicles but with smaller dimensions and the 
addition of divalent metal ions led to a decrease in the number of the vesicles along with 
appearance of indistinct structures/shapes (Figure S30). Thus, our ion-dependence studies 
provide additional support for the idea that the combination of GMD+cPC10 seems to 
generate more robust and persistent vesicles when compared to the ones generated from the 
DA+cPC10 system. This is also true for the synthetic sea salt studies (Table S5). GMD alone 
under these conditions did form relatively smaller “vesicle like” structures an observation 
consistent with previous reports and were affected minimally with presence of metal ions and 
change in pH (Figure S31).6,32,53  

cPC10 containing vesicles extruded through 0.1-5 micron polycarbonate membranes show 
‘growth’ (increase in vesicle size) over time leading to re-forming giant vesicles (Figure 5): For 
most of the studies described above the cPC10 containing heterogeneous vesicles were 
generated as is by the simple mixing of their individual components. However, in many of the 
previous works, the vesicles are subjected to a final extrusion processing step through a 



 
 
polycarbonate membrane to generate homogeneous and/or unilamellar vesicles.54 The rapid 
movement of the lipids caused by the extrusion process is thought to lead to a 
thermodynamically more stable state quicker than the undisturbed cases where there is a slow 
movement of lipids. Therefore, to understand the effect of such extrusion process on the cPC10 
containing vesicles, we subjected the vesicles generated by the above-described procedures 
to extrusions (11 times) through the polycarbonate membrane and monitored by confocal 
imaging as to how they behaved over time.  

Extrusion of the 2:1 DA:cPC10 heterogeneous system through a 0.4 micron polycarbonate 
membrane gave rise to mostly uniform unilamellar vesicles (Figures S13-S14) with 
correspondingly smaller sizes (1-2 microns) within 3 hours. With time (24-72h) they formed 
larger vesicles (2-10 microns) as also seen by the change in size-distribution graphs over time 
and eventually matched the sizes seen in the unextruded sample – suggesting the increase in 
vesicle sizes over time. Furthermore, the size and lamellarity differed depending on the pH, 
with pH 5.0 showing more ULV and MVV character while pH 6.5 exhibited more MLV 
attributes – indicating that there is a tendency for the 2:1 DA:cPC10 to grow to a certain size 
with particular morphology depending on the conditions.  

The initially prepared giant vesicles derived from 5:1 GMD:cPC10 were subjected to 
extrusion through various polycarbonate membranes (0.1, 0.4 and 5 microns) and were 
observed to reform the giant vesicles over time – with the 0.1 and 0.4 microns forming more 
ULVs in comparison to the 5 micron membrane (Figure S22). The vesicles derived from 5:1 
GMD:cPC10 seemed show more resilience to the extrusion process as evidenced by the 
presence of bigger vesicles (avg 5 microns) even at 3 hours and growing over 48 hours 
(Figure S22). This behavior is similar to those observed with the vesicles formed from the DA 6 
with cPC10 8 system and seems to suggest that the presence of cPC10 may be the 
determining factor – since such a robust re-growth (increase in vesicle size) behavior was not 
observed with the corresponding 5:1 GMD:DA system (Figure S23). 

Such increases in vesicle size over time after extrusion have been observed before in other 
homogeneous systems.55-57 This growth-after-extrusion behavior has been attributed56 to (a) 
the possibility that immediate average sizes obtained by forced extrusion may not reflect the 
thermodynamic stable size/state and (b) vesicle growth (i.e., increase in vesicle size) by fusion 
may occur over time due to energy available at the equilibration conditions afterwards. In the 
cPC10-based heterogenous systems there may be an added factor at play – that is the 
vesicles’ compositional heterogeneity (such as population imbalance of DA, GMD and cPC10) 
that can cause growth by incorporation of components16,58 (related to point (a) above). 

GMD:cPC10 vesicles are able to encapsulate and retain AF488-dextran 10 kDa better than 
DA:cPC10 vesicles (Figure 6): In order to assess the stability of these 2:1 DA:cPC10 and 5:1 
GMD:cPC10 vesicles we prepared the AF488-dextran 10 kDa encapsulated vesicles and 
isolated them by size-exclusion chromatography (SEC).26 The purified dextran-containing 
vesicles were incubated under different conditions and the leakage of the dextran was 
determined over time by iterative SEC to separate the dextran containing vesicles from the 
leaked dextran (Figures S32-S38). Similar to previous studies, here the extent of leakage of 
dextran 10 kDa, which is a large hydrophilic molecule, is used to provide an idea about 
structural stability of the vesicle membrane that is not apparent by the mere observation of 
large MLVs, MVVs and ULVs by fluorescence spectroscopy.26,59 The 2:1 DA:cPC10 was found 
to retain about 80% dye over 48 hours while the 5:1 GMD:cPC10 exhibited higher retention 
capacity of 95% over 48 hours (Figures S32, S35). 



 
 

 

Figure 6. Comparison of the stability of vesicles from 2:1 DA:cPC10 versus 5:1 GMD:cPC10 system in 
the presence of Mg2+ as monitored by dye leakage over time. Retention of fluorescently (AF-488) 
labeled dextran 10 kDa in cPC10-based vesicles (total concentration 40 mM) over a period of 48 h of (A) 
2:1 DA:cPC10, pH 6.6; (B) 5:1 GMD:cPC10, pH 6.3. Lines connecting the data points are visual guides 
only. Error bars are ±SD. For more information see SI (Figure S32-S38). 

The increased stability of GMD:cPC10 system due to the inclusion of GMD is in consonance 
with what is known in DA-based vesicles.30 The 2:1 DA:GMD system showed similar propensity 
(80% retainment, Figure S34B) as 2:1 DA:cPC10 while the corresponding 5:1 GMD:DA system 
under the same conditions retained about >85% (Figure S36) comparable to the 5:1 
GMD:cPC10 system’s >95%. Similar comparison of the 2:1 DA:cPC10 system with vesicles 
derived from the corresponding pure DA system under identical conditions (40 mM, pH 6.6) 
was not possible since DA-system with AF488-dextran 10 kDa were found to be unstable to 
the SEC purification procedure, a behavior that has been reported previously60. Thus, the 
inclusion of cPC10 into vesicles seems to offer better membrane stability when compared to 
DA, as noted before with cPC10:dodecanol versus corresponding DA-based systems.26  

Based on the effect of Mg2+ on the stability of these two cPC10 containing vesicle systems we 
studied the leakage of the dye in the presence of 25 mM of Mg2+. In the case of 5:1 
GMD:cPC10 we observed > 95% retention over 48 hours (Figure S37). For the 2:1 DA:cPC10 
system we tested up to 10 mM of Mg2+ and observed about 80-90% retention at 48 hours 
(Figure S34A). However, we did observe some flocculation with 10 mM Mg2+ after SEC 
isolation of vesicles containing the dye at 24 hours (Figure S33). The parent system 5:1 
GMD:DA system was also stable and was found to retain ~ 99% of the dye over a period of 
48 hours even in the presence of 25 mM Mg2+ (Figure S38). 

The overall observations suggest that this cPC10 containing heterogenous system is quite 
dynamic and can be influenced by a variety of factors such as pH, temperature and metal 
ions. Furthermore, our results thus far also indicate that cPC containing vesicles (especially with 
GMD) are resilient and encode the ability to recover from destabilizing fluctuations in 
environmental conditions such as excursions to higher metal ion concentrations, temperatures or 
extrusion through small pores, all of which could have been relevant in plausible prebiotic 
scenarios. 

Some of the morphological changes and growth behavior could be related to the mechanism 
that has been postulated for the oleate derived vesicles where the addition of di-oleyl 
phosphatidic acid (DOPA) led to protocell membrane growth.16 Further physical studies are 
ongoing in order to understand the mechanisms behind the growth and morphological 



 
 
transformations in these cPC10-based systems and how (and if) they differ from the fatty 
acid-based systems.  

Glyceryl didecanoate phospholipids GDDP1 and GDDP2 based systems also form vesicles 
but with important differences when compared to the cPC10-based systems: The 1,2-
didecanoate GDDP1, 10a and 1,3-didecanoate GDDP2, 10b have (a) two C10-acyl chains 
and (b) a phosphate moiety instead of a phosphodiester group. Thus, the vesicles formed from 
GDDP1- and GDDP2-based systems, not unexpectedly, showed divergent behavior and 
properties when compared with the phosphodiester cPC10-based systems. We synthesized 
GDDP1 and GDDP2 by adapting literature procedures (see SI for details). 

 

Figure 7. GDDP1 and GDDP2 by themselves form vesicles (unlike cPC10) but are more susceptible to 
the presence of metal ions in comparison to cPC10-based vesicles. Confocal microscopy images (A) 
comparing the vesicle forming propensity of cPC10 (20 mM, pH 6.6), GDDP1 (20 mM, pH 6.3) and GDDP2 
(10 mM, pH 6.6) measured at 24 h; (B) and (C) comparing the effect of metal ions on the vesicles in the 
GDDP1 and GDDP2 (at 24 h). Vesicles are labeled with R6G. Scale bars represent 10 µm. For more 
information see SI (Figure S39, S42-44 for GDDP1, Figure S50, S53, S56 for GDDP2). 

Monophosphate double-chain GDDP1 10a and GDDP2 10b by themselves form vesicles which 
are stable under a narrow range of conditions: We observed that GDDP 10a and 10b by 
themselves were capable of forming vesicles under conditions where cPC10 by itself did not 
(Figure 7A). The CAC for both GDDP systems was around 1.5 mM as opposed to the 10 mM 
reported26 for cPC10. Strikingly, although the total concentration of acyl chains for the GDDP 
systems is twice that of the same molecular concentration of cPC10, the CAC is lower by a 
factor of around 7. This could be a result of increased hydrophobicity and a polyvalency 
effect due to the second linked C10-acyl chain in the GDDP systems. GDDP1, 10a15 generally 
formed more ULVs and thin-walled MVVs and MLVs as opposed to GDDP2 10b which formed 
thick-walled MLVs (Figure S39-S41 versus Fig S50-S52). The optimal pH range was 6.0-6.6; 
increasing the pH to 7.0 and beyond led to decreased propensity or absence of vesicles in 
both systems (Figure S41 & S50-51). This behavior can be understood based on the extra 
negative charge on the phosphate (as opposed to the single negative charge on the cPC10) 
and higher second pKa of the phosphate (≈ 7) when compared to that of cPC10 (≈ 2) – which 



 
 
causes the GDDP-based systems to change their protonated-deprotonated status depending 
on the pH ranges of 4.0-8.5, leading to repulsion at higher pHs.19 In a 0.2 M phosphate 
buffer (pH ≈ 6.5), GDDP1 vesicles were stable while the GDDP2 system did not form vesicles 
(Figure S47 versus S59), but did so in a 0.05 M phosphate buffer (Figure S47, S59). Together, 
these results can be rationalized based on a combination of charge, hydrophobicity and 
polyvalency effects, with additional differences emerging between the GDDP1 and GDDP2 
isomers. 

The presence of a phosphate-moiety in GDDP also caused the pure GDDP-based vesicles to 
be more sensitive to presence of metal ions at lower concentrations when compared to 
phosphodiester cPC10-based systems (Figure 7B-C). For example, concentrations of Na+ (up 
to 0.2 M) and Mg2+ (5-10 mM) were barely tolerated for vesicles from GDDP1 10a, while 
higher concentrations of metal ions led to precipitation and flocculation (Figures S42-S45). The 
GDDP2-vesicles from 10b while stable to 0.2 M Na+ (Figures S53-55), were 
precipitated/flocculated even with 5 mM of Ca2+ or 10 mM Mg2+ (Figure S56). Thus, the 
presence of short didecanoate-chains seems not to overcome the deleterious effect of divalent 
metal ions indicating that the number of phosphate charges exerts greater control at the C10 
short-chain fatty acid stage of phospholipids.15,48  

GMD:GDDP1 and GMD:GDDP2 systems form stable and robust ULVs and MLVs respectively 
over a range of ratios, pH and metal ion concentrations: As was observed with the cPC10-
based vesicles, addition of GMD 7 to GDDP 10a or 10b at various ratios led to more robust 
vesicles (with respect to pH and metal ions) when compared to the pure GDDP-based vesicles 
(Figures S39-S45 and S50-S58). Interestingly, the CAC for the GMD:GDDP systems (Table S3, 
S4) was around 1.5 mM (similar to that of the GMD:cPC10 and the pure GDDP systems) and 
did not vary with the increasing amount of GMD, which may reflect a balancing of stabilizing 
(lowering charge repulsion/H-bonding) and destabilizing (single acyl chain) effects of GMD vs 
GDDP. Based on the variation of ratios and pH we chose the 5:1, 2:1, 1:1 in the GMD:GDDP 
systems to investigate their behavior with respect to the effects of pH, metal ions and their 
ability to retain AF488-dextran 10 kDa with time.  

Inclusion of GMD with GDDP provides vesicles with a tangible tolerance to pH and metal ions, 
with GMD:GDDP1 combination being more robust than GMD:GDDP2 (Figure 8): The presence 
of GMD enabled the GDDP-based vesicles to form at higher pHs 7.0-8.5 (Figures S41, S50-
51) pointing to the mitigating effect of the hydrogen-bonding with the hydroxyl groups of 
GMD even with the increasing negative charges on the phosphate. The GMD:GDDP1 based 
compositions formed giant vesicles in phosphate buffer concentrations of 0.05-0.2 M buffer 
(Figure S47), while the GMD:GDDP2 based vesicles formed at 0.05 M and not very well at 
0.2 M phosphate buffers (Figure S59). At lower pH of 4.0 and 5.0 the GMD:GDDP1 based 
systems (Figure S41) showed dynamic behavior where (a) inner protrusions of an MLV starting 
from one side reaches over and fuses on the opposite side to produce a “trans-membrane 
vesicle” (Video S14) and (b) in MVV the smaller vesicles inside the larger vesicle fused with 
the membrane of the larger vesicle (videos S16-S27). The GMD:GDDP2 vesicles formed over 
a wide range of ratios (1:2 to 9:1), pH (4.0-8.5), and concentrations (40-2.5 mM) and were 
stable over days (Figures S50-52, videos S28-S30). As expected from the pKa values, 
increasing the ratio of GMD:GDDP2 to 1:5 led to vesicle formation only when the pH was 
lower than 7.0; above pH 7.0 it formed oil droplets (Figures S50-S51). GMD’s presence in the 
GDDP series improved the tolerance to metal ions with the 5:1 GMD:GDDP1-system faring the 
best enduring concentrations up to 0.4 M of Na+, or 25 mM Mg2+ or Ca2+ ions (Figures S42-
S44 ); at the higher end of Mg2+ ions,  

 

 



 
 

 

Figure 8. GMD:GDDP vesicles are more stable over a wide range of pH, composition with increased 
tolerance to metal ions. Confocal microscopy images showing (A) the range of pH over which the 5:1 
GMD:GDDP1 (total concentration 20 mM) vesicles are formed (measured after 24h); (B) the vesicles 
forming from various ratios of GMD:GDDP2 at pH 6.6 (after 24 h). (C) Effect of metal ions on the 5:1 
GMD:GDDP1 at pH 6.3 (after 24 h) and recovery of vesicles from 5:1 GMD:GDDP1 In the presence of 50 
mM of Mg2+ with 50 mM of EDTA, and (D) Effect of metal ions on the 5:1 GMD:GDDP2 at pH 6.6 (after 24 
h) and recovery of vesicles from 5:1 GMD:GDDP2 in the presence of 50 mM of Mg2+ with 50 mM of 
EDTA. Vesicles are labeled with R6G. Scale bars represent 10 µm. For more information see SI (Figure 
S41-S46 for 5:1 GMD:GDDP1; Figure S50, S53, S56, S57 for 5:1 GMD:GDDP2). 

the 5:1 GMD:GDDP1 vesicles started to morph into thick multilamellar shapes, while Ca2+ ions 
seemed to form unilamellar structures with increasing flocculation over time (Figure S43).48 In 
the case of 5:1 GMD:GDDP2, higher Mg2+ ion concentrations over time led to fluidic structures 
which resembled the behavior of pure GMD with the salts (Figures S53, S55-S56) – 
suggesting that GDDP2 was being removed from the system leaving the GMD in solution. 
Moreover, the presence of 0.2 M NaCl was not able to mitigate the flocculation in the 
presence of Mg2+ (unlike the cPC10-based systems26). Using synthetic sea-salt in place of the 
individual metal ions resulted in flocculation behavior (Figure S56) at concentrations that were 
consistent with the above observations with GMD:GDDP1 systems giving rise to remodeling of 
vesicles at higher synthetic sea salt concentrations. The GMD:GDDP1 system tolerated higher 
amounts of sea salt when compared to the GMD:GDDP2 system (Table S5) consistent with the 
observations above. In an effort to understand whether the precipitation and flocculation of 
the vesicles from the GMD:GDDP caused by divalent metal ions can be reversed, we added 
EDTA to the 5:1 GMD:GDDP systems that have been flocculated or precipitated in the 
presence of 25 mM Mg2+. And observed that -with time- the system reformed ULVs in the 5:1 
GMD:GDDP1 series (Figure S46) and the MLVs in the 5:1 GMD:GDDP2 series (Figure S57, 
Video S31-S32). A control experiment of EDTA addition to the GMD:GDDP systems showed 
that the presence of EDTA does not have a substantial effect on the vesicles (Figure S46, S57) 
– thus suggesting it is the sequestering of the divalent metal ions by EDTA that is responsible 
for reversing the effect caused by the metal ions.15,48 

Vesicles from the pure GDDP and the hybrid GMD:GDDP series retain AF488-dextran 10 
kDa dyes: We probed the integrity of the vesicles in this series with AF488-dextran 10 kDa 
dye and observed that both the pure GDDP and the GMD:GDDP series (5:1 in the case of 



 
 
GDDP1 and 2:1 and 5:1 for GMD:GDDP2) retained the dextran quite well over 48 hours 
(Figures S61-S65). The pure GDDP vesicles retained ≈95% of the dextran in 48 hours. In the 
presence of Na+ (in the ranges from 0.2 M – 0.7 M) the 5:1 GMD:GDDP1 vesicle retained 
about 90-64% of the dextran while in the case of 2:1 to 5:1 GMD:GDDP2 up to 0.2 M NaCl 
showed >90% retainment over 48 h (Figure 9). 

 

 

Figure 9. Comparison of the stability of vesicles from the pure GDDP systems versus 5:1 GMD:GDDP 
systems in the presence of Na+ as monitored by dye leakage over time. Retention of AF-488 labeled 
dextran 10 kDa in GDDP-based vesicles over a period of 48 h of (A) GDDP1-based system as a function of 
Na+ ion concentration at pH 6.3; (B) GDDP2-based system as a function of Na+ ion concentration at pH 
6.5. Lines connecting the data points are visual guides only. Error bars are ±SD. For more information see 
SI (Figure S61-S65). 

 

This behavior is better than the corresponding cPC10 based tertiary systems reported 
before26 and similar to the GMD:cPC10 systems shown above. We could not investigate the 
effect of divalent metal ions on the retention of AF488-dextran 10 kDa in the GDDP series 
since precipitation over time interfered with size exclusion chromatography step that was 
necessary to purify the vesicles containing the dextran from the free unencapsulated dextran. 



 
 

 

Figure 10. GDDP1-based vesicles show more ULVs compared to GDDP2-based vesicles before and after 
extrusion. Confocal microscopy images of the (A) unextruded vesicles (B) extruded vesicles (0.4 µm 
polycarbonate membrane) from GDDP1 and 5:1 GMD:GDDP1, pH 6.3 (72 h) and GDDP2 and 5:1 
GMD:GDDP2 at pH 6.5 (after 24 h). The samples were labeled with R6G. The scale bars represent 10 µm. 
For more information see SI (Figure S48 for GDDP1, 5:1 GMD:GDDP1; Figure S50, S55 for GDDP2, 5:1 
GMD:GDDP2). 

Vesicles from the pure GDDP and the hybrid GMD:GDDP series exhibit different behavior 
after extrusion (Figure 10): Upon extrusion (11 times) through a 0.4 micron membrane, vesicles 
from the pure GDDP series grew back to 5-10 micron sizes over 48-72 h period, with GDDP1 
exhibiting more ULVs (Figure S48) while GDDP2 gave thick-membraned MLVs (Figures S50-
S51). When the vesicles in the 1:1, 2:1 and 5:1 GMD:GDDP1 series was extruded via 0.4 
micron membrane (11 times) and allowed to equilibrate, over time (72 hours) giant vesicles, 1-
10 micron sizes, were reformed (Figure S48). While this is similar to the behavior of the cPC10 
containing vesicles, the number of giant vesicles in the GDDP1 series were less in number 
compared to cPC10 series. In the case of GDDP2 and its corresponding GMD 1:1, 2:1 and 
5:1  mixtures, the extrusion process led over time to dense population of vesicles with sizes less 
than 1 micron with few vesicles around the 2-10 micron sizes (Figure S50-S51). The extruded 
vesicles in the GMD:GDDP series seemed to be more affected by divalent metal ion 
concentrations (Figures S44, S45, S53, S55) when compared to the non-extruded samples, 
with the 5:1 GMD:GDDP systems once again faring better than the others. This may be 
related to the presence of more ULVs (which are generally less stable) in the extruded 
samples versus the MVVs and MLVs (more stable) in the non-extruded samples.28 

Overall, the GDDP1 based systems tolerated pH ranges, phosphate and divalent metal ions 
better than the GDDP2 based systems. Both of them also formed diverse morphological 
structures with dynamic behavior of fusion and division (videos S16-S30). The difference in 
behavior of the GDDP1, 10a- versus GDDP2, 10b-based vesicles with respect to stability to 
pH, phosphate buffers, metal ions and morphological changes after extrusion, suggests that 
they must be related to how the phosphate and the didecanoate chains in 10a versus 10b are 
self-assembled and positioned in their respective supramolecular assemblies. And can be 
correlated to the 1,3-symmetric structure in GDDP2 versus the 1,2-asymmetric structure in 
GDDP1, in turn affecting the curvature/other properties of the membranes and, subsequently 
their interaction with the divalent metal ions. Such a difference is reminiscent of the contrast in 
the physicochemical properties of 1,2-sn-diacylglycerol versus 1,3-sn-diacylglycerol and how 
they pack differently in crystalline arrangements – which is suggestive of how they may affect 
the structure and curvature differently when incorporated into membranous structures.61,62 
Whether such differences even at the C10-level are of significance and can lead to an 
evolutionary selection between the symmetric (10b) versus asymmetric (10a) arrangement of 
phospholipids, resulting in the predominance of the asymmetric phospholipids in extant 
cells63,64 needs further investigation. 

Effect of addition of choline chloride or ethanolamine on the vesicles from pure GDDP (Figure 
11): Since the vesicles were formed from GDDP1 or GDDP2 alone (unlike cPC10) but were 
more sensitive to the presence of the positively-charged metal ions (when compared to cPC10) 
– we wondered what the effect of the addition of positive charges in form of choline would 
be. The choice of choline was dictated by their plausible prebiotic availability and by the use 
of this amino-ethanol based moieties in extant phospholipids.14,65-68 We also used 



 
 
ethanolamine as another candidate which also served as a control to compare with choline. 
Therefore, we titrated in various equivalents of choline chloride and ethanolamine to the 
vesicles formed from only GDDP1, 10a and GDDP2, 10b and observed that increasing their 
amount led to interesting clustering and morphological changes (Figure 11).  

In the GDDP1 series, the vesicles changed from ULVs to MLVs and MVVs by the addition of 
choline chloride or ethanolamine, however there was a difference in the type of lamellarity of 
the MLVs formed between the two additives (Fig S49). The vesicles from ethanolamine 
addition to GDDP1, 10a gave rise to much thicker walled MLVs. When the GDDP1-vesicles 
were extruded to form ULVs and then exposed to choline chloride or ethanolamine, the 
presence of choline chloride led to thicker lamellar MVVs while the addition of ethanol amine 
led to more GUVs (Figure S49). In the case of the GDDP2, the addition of choline chloride led 
to a remarkable change to MVVs that resemble a collection of many MLVs and ULVs within a 
giant vesicle of 10-20 µm diameter in 24 hours (Figure S60). With time, the vesicles settled 
around 2-5 µm which was similar to the sizes from the control (no choline chloride addition), 
but still retained the MLV and MVV character. Furthermore, the extruded GDDP2-vesicles in 
the presence of choline chloride formed a large (10-15 µM) collection of ‘clusters’ of ULVs 
(Figure S60, Video S33- S35). The addition of ethanolamine, on the other hand, led to 
persistence of the MVVs and MLVs with time (Figure S60). 

Overall, the addition of choline or ethanolamine produces vesicles that are largely similar in 
nature (lamellarity, shape and size) to those obtained from the GMD:GDDP hybrid systems. 
The results from the addition of choline and ethanolamine suggests that the beneficial non-
covalent effects of these cationic additives could be made more ‘durable’ by forming a 
covalent bond between these additives with the phosphate group of GDDP – as observed in 
extant lipid structures. 

 



 
 

 

Figure 11. Pure GDDP vesicles show different morphological behavior in the presence of choline and 
ethanol amine. Confocal microscopy images of the (A) vesicles from GDDP1 and (B) from GDDP2, in the 
absence (control) and presence of choline chloride (25 mM) and ethanol amine (25 mM) at 24 h for 
extruded (through 0.4 µm polycarbonate membrane) and unextruded samples. The samples were 
labeled with R6G. The scale bars represent 10 µm. For more information see SI (Figure S49 for GDDP1; 
Figure S60 for GDDP2). 

The added benefit of forming a phosphodiester derivative (from GDDP) would result in 
reduced negative charges on the phosphate (from two to one) by converting it to a choline-
phosphodiester and perhaps leading to more robust vesicles even at C10-level that can 
withstand variations of prebiotic conditions. Such a study -which is beyond the scope of this 
paper- is underway in our lab and will be reported in due course. In this context, it is notable 
that Bonfio and co-workers69 have shown a plausible prebiotic route to diverse ethanol amine 
phospholipid headgroups that provides support for the hypothetical scenarios discussed in our 
work.  



 
 
Crude reaction mixtures generated from plausible prebiotic reaction contain cPC10, 
GMDP1, GMDP2, GDDP1 and GDDP2, and also form vesicles.  

With the above demonstrations of clean mixtures generated from pure synthetic compounds 8, 
9a-10b, we investigated whether a messy mixture resulting from a plausible prebiotic reaction 
scenario would also generate these phospholipids and lead to emergence of vesicles in the 
same scenario (Figure 12). Based on our previous work25 we turned to the DAP mediated 
concomitant esterification and phosphorylation of glycerol in the presence of decanoic acid. As 
an additional path we also studied whether the hydrolysis of the cPC10 followed by DAP-
mediated esterification reactions with decanoic acid would lead to the GDDP-types of 
molecules proposed in Figure 1. First, we hydrolyzed cPC10, 8 to the corresponding GMDP 
(1- and 2-phosphates) 9a (GMDP1, glyceryl 3-monodecanoate 1-phosphate) and 9b 
(GMDP2, glyceryl 1-monodecanoate 2-phosphate) based on previous procedure.27 The 
hydrolytic opening of the cyclic phosphate group of cPC10 is slow (on the order of days-
weeks at pH 4). Therefore, we employed a lower pH of 2-3 for the sake of expediency. This 
resulting crude mixture of 9a and 9b was subjected to wet-dry cycles in the presence of moist-
paste of DAP and decanoic acid in the presence and absence of Mg2+. LC-MS analysis of this 
mixture in both cases showed the formation of GDDP (ascribable to 10a/10b) as constituents 
along with cPC10, 8 and starting GMDP 9a and 9b (Figure S66). These crude reaction 
mixtures were used to prepare vesicles (using the same procedure for the cPC10 and GDDP 
series), we observed giant 5-20 µm unilamellar and oligolamellar vesicles at pH 6.6 using 
R6G dye (which was reproducible, Figures S67, S68). We also were able to observe 
entrapment of AF488-labeled dextran 10 kDa within the lumen of these structures, thus 
confirming the formation of vesicles (Figure 12A, Figure S67). 

We then took a step back and subjected a moist-paste mixture of decanoic acid and glycerol 
alone in the presence of DAP and imidazole to the wet-dry cycles to see if these higher order 
products (as proposed in Figure 1) would still be produced. When the reaction mixtures (with 
and without imidazole) were analyzed by LC-MS (Figure S69), we observed once again the 
formation of GMDP 9a/9b and GDDP 10a/10b (among other species) in the reaction mixture 
that contained imidazole (Figure 12B). In the mixture without imidazole, GMDP 9a and 9b 
were identified. And when these crude reaction mixtures were mixed with a pH 6.6 buffer, the 
mixture that contained the GDDP 10a/10b, generated in the presence of imidazole, showed 
more robust vesicle formation (MLVs and MVVs) compared to the one in the absence of 
imidazole which showed formation of GMDP 9a and 9b (Figure S70). Thus, these results from 
the prebiotic reaction mixture provides support for the early emergence of phospholipids and, 
in combination with the above studies, also for their role in the emergence of protocells. 

DISCUSSION  

The above studies highlight one possible pathway for how phospholipids can emerge as part 
of the primeval chemical evolutionary process, when phosphorylation step is introduced as 
early part of the prebiotic chemical scenario.14 Our study has focused on the early role of 
cyclic-phospholipids (e.g., cPC10) in such a scenario based on (a) its formation under 
plausible prebiotic conditions from the same type of prebiotic building blocks of short chain 
fatty acids and glycerol25 and (b) its ability to form vesicles and protocells as a ternary 
mixture with prebiotic components such as short chain fatty alcohols and GMD26. We show 
that simpler binary mixtures –resulting from cPC10 8 with its own precursor building blocks  



 
 

 

Figure 12. Mixtures of phospholipids formed by plausible prebiotic reaction produce vesicles 
consistent with those derived from the pure components. Confocal microscopy images of the crude 
mixtures produced from (A) the hydrolysis of cP10 8 and the reaction of the resulting products (GMDP1 
(9a) and GMDP2 (9b) with DAP and decanoic acid with/without Mg2+. Confocal images of the crude 
reaction mixture (after 4 cycles), labeled with R6G or AF488-dextran 10 kDa at pH 6.6, 50 °C (measured 
after 24 h equilibration). (B) The reaction of decanoic acid and glycerol with DAP, under the moist-paste 
wet-dry cycle reaction conditions at 50 °C. Confocal images of the crude reaction mixture (after 4 cycles), 
labeled with R6G at pH 6.6, 50 °C (measured after 24 h equilibration). The scale bars represent 10 µm. 
The sample labeled with AF488-dextran 10 kDa dye was purified through spin-column and measured. 
For more details see SI (Figure S66-S70). 

decanoic acid (DA) 6 and GMD, 7– themselves can give rise to a wide spectrum of vesicles 
with varied properties. The cyclic phosphate moiety represents the simplest form of 
phosphodiester containing one negative charge and mimics the phosphodiester nature of 
modern phospholipids with significant differences – in the shape of the head group, due to 
the cyclic phosphate in the cPC (as opposed to the linear phosphodiester) and having one 
long acyl chain (instead of two). Thus, while the DA:cPC10 based systems form a variety 
(ULV, MLV, OLV and MVV) of vesicles depending on the pH, the GMD:cPC10 mixtures gives 
rise to an assortment of MLVs spanning a wide pH (5-8) range. The formation of 
multilamellar- and oligolamellar- and multi-vesicular vesicles have been noted to offer 
advantages over ULVs, since they are less prone to rupture and leakages under stress.28 And 
their formation seems to explain the stability of many of these cPC10-based vesicles to high 
concentrations of divalent metal ions such as Mg2+ and Ca2+ and the extrusion processes. 
The morphing of some of these vesicles with change in pH and presence of divalent metal 
ions presents further opportunities to exploit them for growth and/or division by a simple 
change of environmental conditions.44 



 
 
Moreover, the same cyclic phosphate moiety allows for further reaction with nucleophiles 
to give higher order phosphodiesters or hydrolytic opening to form the mono-phosphate 
fatty acids esters 9a and 9b, enabling further progression from the monoacyl-cPC10 towards 
the next level of diacyl-phospholipids GDDP1 10a and GDDP2 10b. Though it is possible that 
the mixtures of GMD with 9a or 9b could also give rise to vesicles, we have not investigated 
this scenario in this study – due to our interest in investigating the diacyl-phospholipid 
derivatives. These diacyl-phospholipids by virtue of having two fatty acid chains have lower 
CAC, allowing for vesicles to form at much lower concentrations compared to cPC10-based 
systems. Consequently, the GDDP either by themselves or as admixtures with GMD, exhibit 
properties different from the cPC10-based vesicles. While the gains (over mono-acyl cPC10) 
due to the diacyl-moiety in GDDP are compromised to some extent by the presence of the 
phosphate (two negative charges) in GDDP that increases the sensitivity to divalent metal 
ions, this shortcoming could be overcome by the addition of GMD. Furthermore, there 
seems to be differences emerging between the vesicles based on GDDP1 versus those 
composed of GDDP2 on how they respond to a variety of conditions. Whether such 
differences (manifested at a C10 level) can be extrapolated to longer phospholipid 
sequences and explain the coincidental presence of the sn-1,2-asymmetric GDDP1 type 
structures in cell membranes in extant biology is unclear, necessitating more in-depth 
investigations. 

Thus, the range of vesicle morphologies stemming from the progression of cPC10 to GDDP 
based systems offer a variety of properties in terms of ease of formation, stability with 
respect to pH, variations of temperature and metal ions. Such a concatenation of 
constitutionally related vesicles and their emerging properties offer a multitude of 
candidate-vesicles for further studies at many levels70 such as (a) dynamic shapes lending 
themselves to growth and division, (b) replication of nucleic acids that rely on divalent metal 
ions dependent activation chemistries, and (c) hosting network of protometabolic reactions, 
to name a few. It is quite possible that a particular constituent-vesicle may be better suited 
for oligonucleotides replication studies while another kind of vesicle may be suited better 
for hosting protometabolic reactions or growth and division. Therefore, while it may be 
natural to search for one particular vesicle-system as “a solution” for a particular scenario, it 
may not be optimal at the prebiotic level in the long run. Rather it may be prudent to 
explore the “vesicle-library space” of a range of related compositions to see what 
opportunities naturally emerge.4 It may turn out the apparently differing optimal systems 
generated within a given composition can interact (“mix”) over time, and newer systems 
and unanticipated properties may emerge. One such intriguing possibility is whether the 
protocells themselves may act as ‘catalysts’ for certain reactions, a possibility that has been 
discussed in the context of a lipid-based model.71 And this could add another dimension of 
augmenting processes that feedback into the systems chemistry co-evolutionary scenario.  

Moreover, the presence of prebiotically plausible organic molecules could add another level 
of selection, and those non-covalent effects are not easily foreseen as part of chemical 
evolutionary scenario. It is for these reasons our investigation was designed to be agnostic 
with respect to the mapping of the landscape of vesicles stemming from the cPC10-based 
systems and not driven by trying to find “the optimal” protocell with one reaction scenario 
in mind. Whether the cPC10- and GDDP-based vesicles are useful in terms of hosting 
reactions of prebiotic interest (such as oligonucleotide replication demonstrated in other 
fatty acid based systems)28,72 remains to be demonstrated and ongoing work in other 
laboratories70 may shed light on these possibilities. And the next logical challenge would be 
if those ‘internal’ processes could be coupled to the dynamic behavior of the phospholipid 
vesicles (as seen in the videos S1-S35) for growth and division. 

In the context of the effect of the presence of organic molecules, the addition of choline and 
ethanol amine and their non-covalent effect was considered in our work based on the 
hypothesis that these positively charged amine systems would affect the GDDP-based 
vesicles and may help to minimize the shortcomings of the effect of monophosphate (two 
negative charges) on the supramolecular assemblies. The preliminary results seem to 
indicate that there is remodeling of the GDDP-vesicles in terms of the shapes and 
morphology based on these non-covalent charge-based interactions. This suggests that if 
these interactions could be made ‘permanent’ by a covalent linkage (via the formation of a 
choline- or ethanol amine-link)69 to the phosphate group, it would not only reduce the two 
negative charges in the GDDP to one, but also put a positive charge closer to the resulting 



 
 
phosphodiester bond that will mitigate any deleterious repulsion that can result in the 
absence of hydrogen-bond mediated associations and compromise vesicle integrity. Thus, it 
is clear that addition of small molecules capable of non-covalent interactions may also play 
role in the chemical evolution of phospholipids. In that context, it is important to note that 
we have not considered the effects of other prebiotically relevant compounds such as 
amino acids/peptides and nucleic acids. Such studies have been reported on fatty acid 
vesicles8,73,74 and it would be the next natural step to extend these types of experiments to 
the phospholipid systems described in our work.  

In addition to the cPC-phospholipid scenario described above, introducing the 
phosphorylation at the very early stage of chemical evolution may give rise to other 
chemical evolutionary pathways. For example, we have observed in our previous work the 
formation of cyclic phosphate of glycerol as a discrete intermediate on the path towards 
cPC-phospholipids.25 Thus, there could be other pathways, such as the reactions of cyclic 
phosphate of glycerol directly with nucleophiles to give rise to the GDDP-type molecules or 
acylation of glycerol phosphates, pathways that have been considered and investigated by 
others as well.14,15,69 

Thus, our observations coupled with the works of others suggest that transformation from 
the primordial vesicles to functioning protocells can be probed via studying a spectrum of 
dynamically varying vesicles’ compositions and, therefore, their evolving and emerging 
properties. Importantly, it suggests that the emergence of phospholipid-based vesicles can 
be early in the series of prebiotic events, concurrent with those based on fatty acids in a 
systems chemistry context – rather than as a separate, discrete and later evolutionary 
development. While the idea of early phospholipids-based protocells is in consonance with 
recent reports,14,15,69 there has also been arguments for heterogeneity in lipid composition 
as a necessary (intermediate) part of transition from vesicles based on fatty acids to those 
composed of phospholipids.10,50 Our results bring attention to another possibility that –from 
the very beginning– there may be a continuous spectrum of hybrid-composomes75 of 
vesicles with varied amalgam of the starting materials, intermediates and products. Such a 
systems chemistry in protocell evolution would be compatible with other systems chemistry 
perspectives in prebiotic chemistry and chemical evolution.4,76  
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Video S1. Part 1 of movie showing the effect of heating on 2:1 DA:CPC10 mixture. 40 mM 
of the 2:1 DA:cPC10, labelled with R6G (0.01 mM) heated to 60 °C. Frame interval: 1.0 sec.  

 
Video S2. Part 2 of movie showing the effect of cooling on 2:1 DA:CPC10 mixture and its 
transformation. 40 mM of the 2:1 DA:cPC10, labelled with R6G (0.01 mM) was heated to 60 
°C and cooled where around 45 °C a dynamic change was observed with tube-like structures 
forming and transforming into giant uni- and multi-lamellar vesicles. Frame interval: 1.0 sec.  
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Video S3. Part 3 of movie showing the overall effect heating-cooling on 2:1 DA:CPC10 
mixture and its transformation to vesicles. 40 mM of the 2:1 DA:cPC10, labelled with R6G 
(0.01 mM) was heated to 60 °C and cooled to 35 °C over a duration of 40 min resulted in a 
heterogenous mixture of GUVs and MLVs. Frame interval: 1.0 sec.  
 
Video S4. Movie of MVVs formed from heating of 2:1 DA:cPC10 vesicles. 40 mM of the 
2:1 DA:cPC10, labelled with AF488 dextran 10 kDa (0.02 mM) was purified by spin-column 
and heated to 60 °C and cooled to 35 °C (duration 40 min). Giant MVVs were observed in 
the videos taken at 35 °C showing that the dye has been retained inside and also 
incorporated in the lipid membrane. Frame interval: 0.31826 sec. 
 
Video S5. Movie of MVVs formed from heating of 2:1 DA:cPC10 vesicles. 40 mM of the 
2:1 DA:cPC10, labelled with AF488 dextran 10 kDa (0.02 mM) was purified by spin-column 
and heated to 60 °C and cooled to 35 °C (duration 40 min). Giant MVVs were observed in 
the videos taken at 35 °C showing that the dye has been retained inside and also 
incorporated in the lipid membrane. Frame interval: 0.15226 sec.  
 
Video S6. Movie showing corresponding Z-stack of MVVs from Video S5. Frame interval: 
ScalingZ: 0.1 mm.  
 
Video S7. Video showing a budding-type behavior of a MVV of GMD:cPC10. 40 mM of the 
4:1 GMD:cPC10, in 0.2 M bis-tris buffer, pH 6.7 labelled with R6G (0.04 mM), 72 h.  Frame 
interval: 0.78349 sec. 
 
Video S8. Z-stack video of GMD:cPC10 vesicles. 40 mM of the 5:1 GMD:cPC10, in 0.2 M 
bis-tris buffer contains ~5 mM NaOH, pH 6.2 labelled with R6G (0.04 mM) taken 1 h after 
sample preparation. The z-stack clearly shows the 3D view of MLVs. ScalingZ: 1.99 mm. 
 
Video S9. Movie suggestive of budding of smaller vesicle inside the giant ULV of 
GMD:cPC10. 40 mM of the 5:1 GMD:cPC10, in 0.2 M bis-tris buffer contains ~5 mM NaOH, 
pH 6.5 labelled with R6G (0.04 mM) taken 1 h after sample preparation. Frame interval: 
0.78349 sec 
 
Video S10. Movie showing the transformation to oligolamellar vesicle of 
GMD:cPC10. After the addition of 16. 6% of 40 mM cPC10 to 40 mM GMD at 60 °C and 
cooling down the sample. Movie taken at 44-43 °C. Labelled with R6G (0.02 mM) pH 6.1 in 
0.2 M bis-tris buffer. Frame interval: 0.31703 sec 
 
Video S11. Movie showing MVVs within a GUV of GMD:cPC10 vesicles. 10 mM of the 5:1 
GMD:cPC10, in 0.2 M bis-tris buffer, pH 6.3 labelled with R6G (0.04 mM). Movies were 
captured 24 h after sample preparation. Frame interval: 0.39251 sec. 
 
Video S12. Corresponding Z-stack of video S11 showing MVVs within a GUV of 
GMD:cPC10 vesicles. ScalingZ: 3 mm. 
 
Video S13. Z-stack video showing different morphologies of GMD:cPC10 vesicles. 40 mM 
5:1 GMD-cPC10  in 0.2 M bis-tris buffer pH 6.2 labelled with R6G (0.04 mM). Movies were 
captured within 2 h of sample preparation. ScalingZ: 3 mm. 
 
Video S14. Z-stack video showing 3D view of vesicles from GMD:cPC10 as seen via 
Alexa 488 dye labelled dextran 10 kDa (inside the vesicle) and Cy5 dye (in the 
membrane). 40 mM 5:1 GMD-cPC10 system, pH 5.0 in 0.2 M acetate buffer, 144 h. 

ScalingZ: 3 mm. 
 
Video S15. Z-stack video showing 3D view of various morphologies from GMD:cPC10 
vesicles as seen via Alexa 488 dye labelled dextran 10 kDa (inside the vesicle) and Cy5 
dye (in the membrane). 40 mM 5:1 GMD-cPC10 system, pH 5.0 in 0.2 M acetate buffer, 
144 h. ScalingZ: 3 mm. 
 
Video S16. Movie showing dynamic shapes of GMD:GDDP giant vesicles containing 
smaller vesicles. 10 mM 5:1 GMD-GDDP1 system, pH 6.3 in 0.2 M bis-tris buffer, labelled 
with 0.02 mM of R6G. Movies were captured 24 h after sample preparation. Frame interval: 
0.24393. 
 
Video S17. Movie showing dynamic changes of a giant MVV from GMD:GDDP. 10 mM 5:1 
GMD-GDDP1 system, pH 6.3 in 0.2 M bis-tris buffer, labelled with 0.02 mM of R6G. Movies 
were captured 24 h after sample preparation. Frame interval: 0.24393. 



 
 
 
Video S18. First part of a movie of GMD:GDDP vesicles showing formation of a smaller 
vesicle within a larger vesicle leading to oligolamellar vesicles with time. 10 mM 5:1 
GMD-GDDP1 system, pH 6.3 in 0.2 M bis-tris buffer, labelled with 0.02 mM of R6G, 25 mM 
of EDTA was added to the sample. Movies were captured 24 h after sample preparation. 
Frame interval: 0.24393 sec. 
 
Video S19. Continuation of Video S18 of GMD:GDDP vesicles showing formation of a 
smaller vesicle within a larger vesicle leading to oligolamellar vesicles with time. This 

second movie was taken within 1 min of the Video S18. Frame interval: 0.24393 sec.  

 
Video S20. Movie showing the dynamics within an unusual multilamellar and 
multivesicular GMD:GDDP giant vesicle. 10 mM 2:1 GMD-GDDP1 system, pH 6.7 in 50 mM 
phosphate buffer, labelled with 0.02 mM of R6G. Movies were captured 24 h after sample 
preparation. Frame interval: 0.24393 sec. 
 
Video S21. Part 1 of movie of an MVV showing the dynamics of an apparent fusion of the 
smaller vesicles with the membrane of the GMD:GDDP giant vesicle. 10 mM 5:1 GMD-
GDDP1 system, pH 5.0 in 0.2 M acetate buffer, labelled with 0.02 mM of R6G. Movies were 
captured 24 h after sample preparation. Frame interval: 0.24393 sec. 
 
Video S22. Part 2 of movie (continuation of Video S21) of an MVV showing the dynamics 
of an apparent fusion of the smaller vesicles with the membrane of the GMD:GDDP giant 
vesicle.  This second movie was taken within 1 min of the first. Frame interval: 0.24393 sec. 
 
Video S23. Movie of a GMD:GDDP giant MVV appearing to divide. 10 mM 2:1 GMD-
GDDP1 system, pH 4.0 in 0.2 M acetate buffer, labelled with 0.02 mM of R6G, 144 h. Frame 
interval: 0.24393 sec. 
 
Video S24. Movie showing a number of vesicles trapped within the membrane layers of a 
GMD:GDDP1 vesicle. 10 mM 2:1 GMD-GDDP1 system, pH 5.0 in 0.2 M acetate buffer, 
labelled with 0.02 mM of R6G, 144 h. Frame interval: 0.24393 sec. 
 
Video S25. Movie showing a small vesicle trapped within the thick layers of a 
GMD:GDDP1 vesicle. 10 mM 2:1 GMD-GDDP1 system, pH 5.0 in 0.2 M acetate buffer, 
labelled with 0.02 mM of R6G, 144 h. Frame interval: 0.24393 sec. 
 
Video S26. Movie showing an unusual trapping of MVVs within a giant oligolamellar 
GMD:GDDP vesicle. 20 mM 1:1 GMD-GDDP1 system, pH 6.3 in 0.2 M bis-tris buffer, 
labelled with 0.02 mM of R6G 10 mM of CaCl2 was added after sample preparation. Movies 
were captured 24 h after sample preparation. Frame interval: 0.24393 sec. 
 
Video S27. Movie showing a giant ULV hosting other ULVs in the GMD:GDDP system. 20 
mM 5:1 GMD-GDDP1 system, pH 6.3 in 0.2 M bis-tris buffer, labelled with 0.02 mM of R6G, 
5 mM of MgCl2 was added after sample preparation. Movies were captured  72 h after 
sample preparation. Frame interval: 0.24393 sec. 
 
Video S28. Movie showing giant ULV and MLV with various (tube) morphologies in the 
GMD:GDDP system. 10 mM of the 5:1 GMD:GDDP2, labelled with R6G (0.01 mM) at pH 6.6 
in 0.2M bis-tris buffer and extruded through 0.4 mm PC membrane, 96 h. Frame interval: 
1.9423 sec. 
 
Video S29. Movies showing a giant multilamellar multivesicular vesicle from GMD:GDDP 
system. 10 mM of the 5:1 GMD:GDDP2, labelled with R6G (0.01 mM) at pH 6.6 in 0.2M bis-
tris buffer and extruded through 0.4 mm PC membrane, 360 h. Frame interval: 0.48596 sec. 
 
Video S30. Z-stack video of vesicles shown in video S29.  ScalingZ: 0.99 mm. 
 
Video S31. Movie showing diverse and dense vesicles formed from 5:1 GMD:GDDP in the 
presence of Mg2+ and EDTA and their dynamic behavior. 10 mM of the 5:1 GMD:GDDP2, 
labelled with R6G (0.01 mM) was incubated with 50 mM of MgCl2 and 50 mM EDTA at pH 
6.6 in 0.2M bis-tris buffer, 72 h. The movie shows the dynamic movement and pearling-like 
behavior of tube-like vesicles. Frame interval: 0.78502 sec. 
 
Video S32. Movie showing another example of the dynamic behavior of diverse vesicles 
formed from 5:1 GMD:GDDP in the presence of Mg2+ and EDTA. 10 mM of the 5:1 



 
 
GMD:GDDP2, labelled with R6G (0.01 mM) was incubated with 50 mM of MgCl2 and 50 mM 
EDTA at pH 6.6 in 0.2M bis-tris buffer, 72 h. Frame interval: 0.78502 sec. 
 
Video S33. Movie showing MLVs from 5:1 GMD:GDDP in the presence of 10 mM of 
choline chloride. 10 mM of the 5:1 GMD:GDDP2, labelled with R6G (0.01 mM) was 
incubated with 10 mM of choline chloride at pH 6.6 in 0.2M bis-tris buffer. Taken after 24 h 
after the sample preparation. Frame interval: 0.97 sec. 
 
Video S34. Movie showing MVVs from 5:1 GMD:GDDP in the presence of 10 mM of 
choline chloride. 10 mM of the 5:1 GMD:GDDP2, labelled with R6G (0.01 mM) was 
incubated with 10 mM of choline chloride at pH 6.6 in 0.2M bis-tris buffer. Taken after 24 h 
after the sample preparation. Frame interval: 0.97 sec. 
 
Video S35. Z-stack video of MVVs shown in Video S34. ScalingZ: 0.1 mm. 
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