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ABSTRACT
One of the prevailing theories of the origin of life postulates an RNA world that existed
before life arose, in which RNA stored information and carried out catalysis. However, in order
for a dilute ocean of simple RNAs to yield anything like a cell, these important biological
molecules and ions would first have to be highly concentrated and protected. One such
mechanism involves compartmentalization via liquid-liquid phase separation (LLPS). In this
study, we focused on a particular type of LLPS called complex coacervation. When oppositely
charged polyelectrolytes are in solution together, they will often phase separate into liquid
droplets, which are highly concentrated in polyelectrolyte, and a dilute bulk water phase.
Complex coacervation is of particular interest for the RNA world because, as RNA is a highly
negatively charged polymer, it can be concentrated through coacervation. Another necessary
condition for cellular life besides concentration is a highly selective membrane. Phospholipid
bilayers not only protect cells from their environment, they also make selective transport
possible, which is necessary in order to create gradients and drive energy production. That is
why in this study we focused on the interactions between phospholipids formed into liposomes
and different coacervate systems formed using different charge density molecules at different
charge ratios. The coacervates were characterized through microscopy, their absorption and their
surface charge. The liposomes were characterized through zeta potential as well as dynamic light
scattering. Then, the interactions between the liposomes and coacervates were observed using
fluorescent microscopy. Fluorescent recovery after photobleaching (FRAP) was then used in
order to investigate the extent of bilayer formation. We observed three different types of
interactions: liposome assembly at the interface, aggregation of liposomes at the interface, and
the aggregation of liposomes. FRAP data showed no recovery after 10 minutes, which indicates a
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bilayer was not formed and that the liposomes’ lateral movement is restricted by the interface.
This has to do with the strength of the interaction between the liposome and the coacervate
surface as well as the liposome and the free polyelectrolyte in the solvent. While no bilayer
formation was observed, the many systems that resulted in liposome assembly at the interface are
a positive indication of the possibility of bilayer formation under different conditions and to the
continued viability of coacervates as a protocell model.
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Introduction
The origin of life is a fundamental question for biology. While Darwinian evolution
provides the mechanism by which complex life arose, the question remains as to how it could
have begun. The origin of life is also a deeply human question. Ever since the idea of myth was
created, people have been speculating on our beginnings, such as Hesiod did in his famous
Theogony, where out of Chaos all of existence was born (Hesiod, 700 BCE). If we wish to
explore the origin of life scientifically, however, our methods move from the speculative
musings of myth to the construction of models. From what we can gather geologically about the
conditions of the early Earth, from what characteristics we know modern cellular life has, and by
focusing on simplicity, we can attempt to build models that might have spontaneously arose out
of the ‘prebiotic soup’ and served as a stepping stone to modern cellular life.
One hypothesis of the early Earth that has garnered much attention as of late is the ‘RNA
World’.1, 2, 3 Modern molecular biology still follows the basic principles of the Central Dogma
proposed by Crick, in which DNA encodes and replicates information, RNA transmits that
information and proteins are built out of this information to carry out all the functions within the
cell.4 The RNA World, however, suggests that this system is much too complicated to have
arisen all at once and that with our increasing understanding of functional RNAs, it is possible to
imagine life began with RNA both carrying information and carrying out functions.
While some experiments have been able to show that non-enzymatic polymerization of
RNA is possible, these results were only possible in high concentrations of activated nucleotides
(~50 mM).5, 6 Because of this, it is very likely that the RNA available on the early Earth would
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have been very dilute. Therefore, the key step towards cellular life would have involved the
concentrating of these important prebiotic macromolecules and ions, such as RNA and Mg2+,
through

compartmentalization.

Several

mechanisms

have

been

proposed

for

this

compartmentalization such as mineral surfaces7, aerosols8 and fatty acid vesicles9, however, the
focus of this paper will be on a type of liquid-liquid phase separation (LLPS) called complex
coacervation.
LLPS has become a well-known phenomenon over the past few years because several
well-known biological features, such as P granules, have only just recently been observed as
acting like liquids, instead of solid aggregates.10 Similarly, the nucleoli, Cajal bodies and other
membraneless organelles have also been recently shown to act as liquid phases.10, 11 Complex
coacervation is a particular type of LLPS that is driven by charge interactions. For example, if
RNA, which is a largely negatively charged polymer, is in solution with poly(allyl)amine, which
is a largely positive polymer, the solution will phase separate into many liquid droplets
containing a high concentration of the two polymers, and a dilute phase of manly water and
dispersed polymers. Coacervation formation is diagramed in Figure 1. Historically, coacervation
was first studied and coined by Bungenberg de Jong and Kruyt in 1929.12 The name comes from
the joining of the Latin word ‘acervus’ meaning aggregation or heap, with ‘co’ which refers to
the coming together over more than one species. Alexander Oparin even postulated in his
seminal work, Origin of Life, that coacervation could have served as an important point in the
development of early microbes.13
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Figure 1. Coacervate Formation

In solution, oppositely charged polyelectrolytes can come together and form liquid droplets called coacervates. Courtesy of
Fatma Pir Cakmak.

One example of the relevance of coacervation for the RNA world can be seen in the
effective concentration of both RNAs and relevant ions. Experiments have shown that
concentrations of the components within coacervates can be in the molar range and that the water
content can be as low as ~40% by weight.14, 15 Additionally, the PAH-ATP coacervate system
has been shown to concentrate Mg2+, which is often required for the folding and catalytic activity
of functional RNAs, as many ribozymes have magnesium-dependent rate constants.16, 17
The particular properties of every coacervation system are determined by numerous
variables, such as the length of the polymers, the functional groups of the polymers, the charge
density of the polymers, the charge concentration ratios of the polymers, the pH, the salt
concentration and the temperature.

For example, polyU-spermine coacervates only form

coacervates above 20 °C.18 It has also been shown that weak pairs of polyelectrolytes are more
likely to form liquid-like coacervates than strongly associating polyelectrolytes.15 Common weak
polyelectrolytes used in coacervation include PAH and polyacrylic acid (PAA). PAH is a
polymer consisting of many primary amines side chains, as where PAA is a polymer consisting
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of many carboxylic acid side chains, both of which are weak bases and acids respectively. The
pH then becomes an important factor controlling coacervation as the percent of charged
sidechains is reflected in their pKa values. Additionally, salt concentration is also a key factor in
coacervation. A salt’s effect on coacervation is similar to the general explanation of the
Hofmeister series.19 As the concentration of a salt increases, the ion-polymer interactions
increase which decreases the polymer-polymer interactions, causing the coacervates to
dissolve.20
Coacervates have been shown to be a compelling model for the development of a
protocell in the RNA due to their compartmentalization and concentrating of relevant molecules.
Because of this, it is important to explore other important facets in the process of the origin of
life. Looking at modern cells, while they display a fabulous amount of diversity, they all have
one structure in common: membranes. Phospholipid bilayers form the outer and inner
membranes of cells, as well as the eukaryotic organelle membranes, like the mitochondria,
nucleus, Golgi bodies, endoplasmic reticulum. Additionally, phospholipid membranes make
vesicles transportation possible which is crucial for endocytosis and the degradation of cellular
waste. While LLPS can create compartments, these compartments are often subject to a dynamic
equilibrium exchange of their contents.16 In order to create the highly specific selection
necessary for essential cellular processes, such as metabolism using the mitochondrial
membranes to generate a proton gradient to drive ATP synthase, a membrane would have to be
formed around the protocell. Therefore, in this study we explored the possibility of phospholipid
bilayer formation on the surface of different coacervate systems by characterizing the
interactions between liposomes and coacervates. If coacervates are to model how life may have
arisen on the early Earth, they must be able to support the formation of such a crucial structure.
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Our experimental strategy can be broken down into three steps. First, we characterized
coacervate systems using polycations with different charge densities at different charge
concentration ratios via their turbidity. Bright field imaging was also conducted in order to
determine the general morphology of each coacervate system at each charge ratio. Second, we
measured the surface charge (known as the zeta potential) of our coacervate and liposome
systems separately because we hypothesized one of the driving forces of liposome and
coacervate interactions would be their ionic interactions. Finally, using fluorescent microscopy,
we observed the interactions of the coacervate systems with the liposome systems. Because a
continuous bilayer has a significantly faster coefficient of diffusion than the bulky liposomes, we
then used fluorescent recovery after photobleaching to observe if the liposomes had formed a
bilayer or simply collected on the surface of the coacervates.
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Materials and Methods
Materials: Polyuridylic acid potassium salt (polyU, Mw ~600 kDa), polyacryclic acid (PAA,
Mw= 1.8 kDa), adenosine diphosphate sodium salt (ADP, Mw = ), poly(allylamine) hydrochloride
(PAH, Mw=50 kDa), polyvinylamine (PVA, Mw=25 kDa), poly(vinylbenzyl)trimethylammonium
chlordide (PVTAC, Mw=100 kDa), Poly(diallyldimethylammonium chloride) (PDADMAC,
Mw= <100 kDa and Mw= 240 kDa), sodium chloride, tris(hydroxymethyl)aminomethane, and
HPLC grade water were all purchased from Sigma Aldrich. 1-palmitoyl-2-oleoyl-sn-glycero-3phospho-L-serine (PS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospocholine (PC), 1-palmitoyl-2oleoyl-sn-glycero-3-phosphoethanolamine (PE), PE-rhodamine were all purchased from Avanti
Polar Lipids.

Coacervation Preparation and Analysis: Coacervate samples were prepared in charge
concentration ratios of 10 mM with a total volume of 100 µL in HPLC grade water and 10 mM
Tris and 100 mM NaCl. The order of addition was as follows: Water, NaCl, Tris, polyanion,
polycation. Samples were pipette mixed and transferred to a plate. The absorbance spectrum was
taken from 300 nm – 800 nm using a microplate reader, the Tecan M1000 Pro. Then, the samples
were imaged at 100x on an inverted microscope, the Nikon Eclipse TE200. Finally, their pH was
determined using the Mettler Toledo Seven Excellence pH meter.
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Liposome Preparation: In order to prepare the liposome samples, the lipids were first dried into
a film and hydrated in buffer overnight. For 1:1 PS:PC, 50.72% by mass of PS and 49.28% by
mass of PC were diluted in cholorform. For 1:2:1 PS:PC:PE, 25.92% by mass of PS, 50.26% by
mass of PC and 23.64% by mass of PE were diluted in chlorform. In order to prepare lipids for
fluorescent microscopy and FRAP, 0.17% PE-rhodamine was added. A stream of argon gas was
then used to dry the lipids into a film. 1 mL of 10 mM Tris, 100 mM NaCl buffer was added to
the dried lipids. The sample was left at 40 °C overnight to hydrate. Once the lipid samples were
hydrated, they were then extruded. The lipid samples were extruded using the Avanti Polar
Lipids extruder through 200 nm and 50 nm membranes 11 times.

Zeta potential and Liposomes Size Determination: Zeta potential and size measurements were
taken on the Malvern Zetasizer Nano-ZS. The Malvern Zetasizer uses electrophoretic mobility to
measure zeta potential and dynamic light scattering (DLS) for determining particle size. Both
coacervates and liposomes had their zeta potentials measured, but only the liposomes had their
sizes measured using DLS. The size of the coacervates were measured using the inverted
microscope and imageJ, as coacervates are suspended by adjitation and readily coalesce and
settle, which makes their size difficult to determine using DLS. The same samples were made as
for the coacervation study, except the final volume was 1 mL. Zeta potential measurements,
except for polyU systems, were taken in triplicate and each sample was measured three times.
Only one sample was made of the polyU systems and it was measured five times. For measuring
the zeta potential and size of the liposome samples, 20 µL of the hydrated liposomes were
diluted in 980 µL of 10 mM Tris, 100 mM NaCl buffer.
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Fluorescent Microscopy and FRAP: Coacervate samples were prepared according to the
coacervation preparation section, except 10 µL of water was replaced with 10 µL of extruded
liposomes, which was added last. Images were taken on the Leica TCS SP5, a laser scanning
confocal inverted microscope exciting fluorescence at 543 nm. In order bleach a segment of the
liposomes, a 10-frame prebleach sequenced was used. Then, the sample was fully bleached by a
5-10 frame bleach at 100% 458, 476, 488, 514, 543 and 633 nm. Recovery was then measured
via fluorescence intensity for 10 minutes.
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Results
Coacervation Study: In order to investigate the ionic interactions between coacervates and
liposomes, we first needed to characterize our coacervate systems at different charge
concentration ratios. The charge concentration is the concentration of the polyelectrolyte,
multiplied by the charge per molecule, accounting for the percentage of protonation at pH 7.4.
The charge density of a polymer in this paper will be defined as the ratio between the number of
charges per carbons per repeat. In this study, we used polycations with charge densities ranging
from 1/2 to 1/12. Polyvinylamine (PVA) has a charge density of 1/2, poly(allylamine)
hydrochloride (PAH) of 1/3, Poly(diallyldimethylammonium chloride) (PDADMAC) of 1/8 and
poly(vinylbenzyl)trimethylammonium chlordide (PVTAC) of 1/12. For our polyanions, we
chose polymers of vary sizes, from a monomer of adenosine diphosphate (ADP), a 25-mer of
polyacryclic acid (PAA 1.8k) and a ~2600-mer of polyuridylic acid (polyU). Structures of the
coacervate components can be seen in Figure 2. These components were then mixed at charge
ratios of 1:1, 1:2 and 1:3 of polyanion to polycation at pH 7.4 in buffer (10 mM TRIS buffer, 100
mM NaCl). Different charge ratios were examined as previous research has shown that
coacervates formed using different charge ratios have different zeta potentials and we
hypothesized that the zeta potential of the coacervate would be a governing property of the
coacervate-liposome interaction.21 Additionally, the TRIS and NaCl buffer system has been
shown to support bilayer formation.22
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Representative images of each system at each charge ratio are presented in Table 1.
Coacervation was observed in PVA 25k with all of the polyanions at all three charge ratios, in
PAH 50k with ADP and PAA 1.8k at all three charge ratios with aggregation with polyU at all
three charge ratios, in PDADMAC<100k with PAA1.8k and PolyU, but not with ADP, at all
three charge ratios, in PDADMAC240k with PAA1.8k and PolyU, but not with ADP, at all three
charge ratios, and finally in PVTAC100k with PAA1.8k and PolyU, but not with ADP, at all
three charge ratios.
Figure 2. Structure of Polyelectrolytes

The structures of the molecules used in coacervation. Polycations included: polyvinylamine (PVA), poly(allyl)amine
hydrochloride (PAH), poly(diallyldimethylammonium chloride) (PDADMAC) and (vinylbenzyl)trimethylammonium chloride
(PVTAC). Polycations included: adenosine diphosphate (ADP), polyacrylic acid (PAA) and polyurdylic acid (polyU).

The images show the variety of different coacervate morphologies possible as well as
confirming their liquid like behavior. Notable, coacervates made with polyU typically formed
much larger droplets compared to PAA and ADP. However, images of PAH:polyU indicate that
solid aggregates were formed instead of liquid coacervates. The images also corroborate the
turbidity data presented below.
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Table 1. Images of Coacervates at Varied Charge Ratios
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Images of the following polycations with ADP, PAA1.8k and PolyU A. PVA 25K B. PAH 50k C. PDADMAC <100k D.
PDADMAC 240k E. PVTAC 100k

Coacervation was also analyzed via its absorbance at 500 nm. The absorbances collected
by the plate reader then had to be adjusted to the appropriate pathlength of 10 mm using equation
1:

(1)
Araw is the absorbance from the plate reader, A975(Cuvette) is the absorbance of the buffer at 975
nm on a 10 mm pathlength UV-Vis, A900(Cuvette) is the same except measured at 900 nm,
A975(Well) is the absorbance of the buffer at 975 nm on the plate reader and A900(Well) is the
same, except at 900 nm. These corrected absorbances were then converted into turbidity, a
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standard measure of coacervation. Turbidity is a measure of how cloudy a solution is and is
calculated using the equation 2:

(2)
Turbidity of the coacervation samples can be found in Figure 3. Overall, as the charge ratio was
increased, turbidity increased or stayed the same. Additionally, those systems that did not show
any coacervation through imaging had no turbidity.
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Figure 3. Extent of Coacervation via Turbidity

The turbidity of each coacervate system at charge ratios 1:1, 1:2 and 1:3 was measured by taking the absorbance at 500 nm.
Absorbance was converted to turbidity using equation 1. The buffer had a turbidity of 0 % and 1 µm polystyrene particles, a
positive control coacervate sample, had a turbidity of 100 %.
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This absorption data and these images show that our coacervation was consistent over all
three charge ratios and that our systems had a resistance to the 100 mM NaCl salt concentration.
Additionally, PVA and PAH showed stronger ion-pairing as they were able to form coacervates
with the monomer ADP and PAH formed aggregates with the large and highly charged polyU, as
where PDADMAC and PVTAC were unable to form coacervates with ADP.

Zeta Potential and Size Determination: Once our systems’ extent of coacervation was
determined, they were further characterized through measuring their zeta potentials. Coacervate
systems that did not result in coacervates (ADP:PDADMAC <100k, ADP:PDADMAC 240k and
ADP:PVTAC 100k) and those that resulted in solid aggregates (PolyU:PAH 50k) were not
measured, as they do not have any zeta potential to measure. Coacervate zeta potential data is
graphed in Figure 4. Overall, zeta potentials increased from 1:1 to 1:2 and stayed largely the
same from 1:2 to 1:3. Additionally, while ADP coacervates had a slightly positive zeta potential
at 1:1, the polyU coacervates were largely negative and PAA coacervates were neutral.
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Figure 4. Surface Charge of Coacervates

Coacervate systems were prepared and had their zeta potential measured at charge ratios of 1:1, 1:2 and 1:3 using their
electrophoretic mobility on the Malvern Zetasizer. A. PVA25k with ADP, PAA and PolyU B. PAH50k with ADP and PAA C.
PDADMAC<100k with PAA and PolyU D. PDADMAC240k with PAA and PolyU E. PVTAC100k with PAA and PolyU.
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As the concentration of polycation was increased, the zeta potential became increasingly
positive. Additionally, at the 1:1 charge ratio, ADP formed coacervates with a postive zeta
potential, but PAA and polyU at the 1:1 charge ratio formed coacervates with negative charges.
This is significant as the zeta potential is not necessarily the sum of the polyelectrolyte charges.
Two different liposome systems were used in this study. The first being a 1:1 ratio of
phosphatidylcholine (PC) and phosphatidylserine (PS) and the second being a 1:2:1 ratio of PS,
PC and phosphatidylethanolamine (PE). The structures of the three lipids are presented in Figure
5. These two liposome systems were chosen because they have been shown in previous research to lead
to bilayer formation on solid polyelectrolyte supports.22 Because they can form bilayers on solid
polyelectrolyte supports, we hypothesized that they would be the best possible candidates for bilayer
formation on a liquid polyelectrolyte support. The lipids were first hydrated in buffer and then

extruded through a layer of 200 nm and 50 nm membranes. The zeta potentials’ of the liposomes
were determined using electrophoretic mobility on the Malvern Zetasizer. Dynamic Light
Scattering (DLS) was then used in order to measure the size of each liposome. This data is
presented in Table 2. The 1:1 PC:PS liposomes had an average diameter of 88.6 ± 1.21 nm and a
zeta potential of - 33.66 ± 0.98 mV. 1:2:1 PS:PC:PE liposomes had an average diameter of
87.3 ± 1.20 nm and a zeta potential of -27.04 ± 2.92 mV.
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Figure 5. Structure of Lipids

The structures of the lipids used in this study: phosphatidylethanolamine (PE), phosphatidylcholine (PC) and phosphatidylserine
(PS).

Table 2. Size and Surface Charge of Liposomes

Lipid Composition

Average diameter in
buffer (nm)

Polydispersity Index (PDI)

Zeta Potential in
buffer (mV)

1:1 PC: PS

88.6 ± 1.21

0.08 ± 0.01

- 33.66 ± 0.98

1:2:1 PS: PC: PE

87.3 ± 1.20

0.07 ± 0.01

- 27.04 ± 2.92

The zeta potential and size were measured using electrophoretic mobility and dynamic light scattering respectively.

The 1:2:1 lipids had a slightly smaller negative charge, which agrees with the addition of
PE, as PE has a positively charged amine on the head, and the decreased relative amount of PS,
which has a negatively charged carboxylic acid group on the head. However, the difference in
charge between the two liposome systems is small. Additionally, the DLS confirmed that both
systems formed similar sized liposomes after extrusion.

Coacervate and Liposome Interactions: Once the properties of the coacervates and liposomes
were determined, we finally used fluorescent microscopy to investigate their interactions. Three
different types of interactions were observed: liposomes assembly at the interface, liposomes
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aggregation at the interface and liposome aggregation. The type of liposome interaction, as well
as the zeta potentials, for each system is presented in Tables 3 and 4. This data was collected and
analyzed by the supervising graduate student, Fatma Pir Cakmak.
Table 3. Liposome-Coacervate Interactions for High Charge Density Polycations

Using fluorescent microscopy, three different types of interactions were observed: liposomes assembly at the interface, liposomes
aggregation at the interface and liposome aggregation. The interaction as well as zeta potential for PVA and PAH systems with
A. lipids 1:1 and B. 1:2:1.
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Table 4. Liposome-Coacervate Interactions for Low Charge Density Polycations

Using fluorescent microscopy, three different types of interactions were observed: liposomes assembly at the interface, liposomes
aggregation at the interface and liposome aggregation. The interaction as well as zeta potential for PDADMAC100k,
PDADMAC240k and PVTAC100k systems with A. lipids 1:1 and B. 1:2:1.

The most significant trend in liposome assembly was that both liposome systems
assembled at the interface of the polycation systems with the greater charge density, PVA and
PAH, with ADP and PAA but not with polyU. This may be the result of polyU, which is long
and highly charged, interaction with the liposomes and disrupting assembly. Two other
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assemblies were observed besides assembly at the interface, including aggregates at the interface
and aggregation of the liposomes and polyelectrolytes. Representative images of the three
different kinds of coacervate-liposome interactions can be found in Figure 6.
Figure 6. Three Different Types of Liposome Coacervate Interactions

Using fluorescent microscopy, three different types of interactions were observed A. Liposomes assembly at the interface
(PAH50K:ADP, 1:3 charge ratio and 1:1 PC : PS lipids) B. Liposomes aggregation at the interface, indicated by the white arrows
(PAH50K:PAA1.8k, 1:3 charge ratio and 1:2:1 PE : PC : PS lipids) C. Liposome aggregation, indicated in the white circle
(PAH50k:PolyU, 1:3 charge ratio and 1:2:1 PE : PC : PS lipids). On the left: image of coacervates. On the right: rhodamine
labeled liposomes. Courtesy of Fatma Pir Cakmak.
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All of the liposome-coacervate systems which displayed assembly of liposomes at the
interface were then investigated using FRAP. In every case, after 10 minutes, there was zero
recovery. A representative image can be found in Figure 7.
Figure 7. FRAP Results

Using fluorescent microscopy and FRAP the diffusion of liposomes at the coacervate interface was measured. None of the
systems presented any fluorescent recovery. A. Prebleach image of coacervate on the right, and fluorescent image of the lipids on
the left. The green box indicates the area targeted for bleaching. B. 10 minutes after bleaching. Imaged is the
PDADMAC100k:PAA1.8k coacervate system at 1:1 charge ratio with 1:2:1 PE : PC : PS liposomes as a representative sample.
Courtesy of Fatma Pir Cakmak.
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Discussion
This study was undertaken to understand the interaction between a protocellular model system,
the coacervate, and liposomes, in order to probe the possibility of membrane formation, an essential
feature of a complete protocellular model. To do this, we first generated a matrix of possible coacervate
systems that involved polycations with different charge densities, ranging from 1/2-1/12, with polyanions
with different lengths, ranging from a single monomer to a 2600-mer. These systems were characterized
via their turbidity and their zeta potentials. The turbidity indicates the extent of coacervation and the zeta
potential is essential for understanding the ionic interactions between the coacervates and liposomes.
Then, the properties of two different liposome systems were investigated, 1:1 PS:PC and 1:2:1 PE:PC:PS.
The size and zeta potential of both liposome systems were determined. Lastly, we combined our
coacervates and liposomes and used fluorescent microscopy to examine their interactions. FRAP was then
used to measure the diffusion of the lipids at the coacervate interface, which may indicate whether a
bilayer had formed.

To summarize the coacervation experiments, it is notable that every combination of
polyelectrolytes formed coacervates except ADP with PDADMAC100k, PDADMAC240k and
PVTAC100k. As the charge density of the polyelectrolyte decreased, it became more difficult to
form a coacervate with ADP, the monomer. This suggests there may be a connection between
charge density of the polyelectrolytes and the strength of their interactions, which would place
size restrictions on the second polyelectrolyte. It is also worth noting that our primary amine
polycations, PVA and PAH, were able to coacervate with ADP, as where our quaternary amine
polycations, PDADMAC and PVTAC, were unable to. This agrees with the results in a similar
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study that found that PVA and PAH have a greater ion-pairing strength than PDADMAC and
PVTAC.15 Additionally, it is also notable that if a coacervate could form at a 1:1 charge ratio,
both 1:2 and 1:3 ratios were also effective. For PVA and PAH, as the charge ratio was increased,
the extent of coacervation also increased. For the less charge dense polycations, the increase in
charge ratio did not increase their coacervation, as they were near 100% turbidity at 1:1 charge
ratios. Finally, the only system that formed solid aggregates was the least charge dense PVTAC
with the large polyU. Overall, polyU was much more likely to form aggregates, which
corresponds to its long and highly charged structure.
Looking at the zeta potentials of the coacervates, all of the systems’ surface charges
became more positive as more polycation was added. This is an understandable outcome because
as the concentration of one polyelectrolyte increases, the composition of that polyelectrolyte may
increase within the coacervate as well. As the population of a polyelectrolyte increases, it follows
that the properties of the coacervate would become more dominated by that polyelectrolyte.
However, it is also possible that the concentration of polycation in solution would increase
instead, therefore it is significant that there was a consistent increase in zeta potential with an
increase in polycation. What was more surprising was the presence of negative surface charges at
the 1:1 charge ratio for nearly every system, except ADP:PVA and ADP:PAH. This suggests that
ADP is able to more evenly disperse itself within the coacervate because it is much smaller than
the other two polyanions. It is interesting, however, that not only are the surface charges nonneutral for the larger polyanions, in particular polyU in all cases, but also that they are always
negative, instead of a mix of negative and positive surface charges if the tangling of the
polyelectrolytes were random. This indicates that there may be some stabilizing force when the
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polyanions are closer to the surface compared to the polycations, which are similar in length, or
simply the result of their different solubilities.
In the liposomes-coacervate interactions, three general types of coacervation were
observed: liposome assembly at the interface, liposomes aggregation at the interface and
liposome aggregation. An interaction schema is diagrammed in Figure 8. The data presented in
Table 3 and Table 4 show that the systems that showed the best liposome assembly were the high
charge density polycations, PVA and PAH. Additionally, they showed improved liposome
assembly for the liposomes with a smaller negative charge. The low charge density polycations,
PDADMAC and PVTAC, were more likely to lead to aggregation with the liposomes but
showed improve interface assembly with the 1:2:1 liposomes, which had a smaller negative
charge. This is a significant finding as liposome assembly at the interface of coacervates has only
previously been seen with PEGylated liposome systems, which face a significant steric barrier
for liposomes fusion due to their bulky PEG (polyethylene glycol) groups.18
Figure 8. Diagram of Liposome-Coacervate Interactions

A diagram of the three-possible liposome-coacervate interactions. A. Liposome assembly at the interface B. liposome
aggregation at the interface C. Aggregation. Courtesy of Fatma Pir Cakmak

Finally, all of the FRAP data of the systems with liposome assembly at the interface
showed zero recovery of fluorescence. While a fast, free diffusion of lipids was expected for a
continuous bilayer, which was not observed, a slower amount of diffusion of lipids was expected
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for assembly of the liposomes without rupturing, which was also not observes. This suggests that
there may be some interactions stabilizing the lipids on the coacervate surface that is preventing
diffusion. While it seems unlikely that a continuous bilayer has formed, it is possible that one
indeed has but that the polyelectrolytes are reaching up between the lipids and preventing
diffusion. More experiments, such as the zeta potentials of liposomes in the supernatant, could
provide more conclusive evidence of the structure of the lipids at the interface.
In summary, we found a variety of coacervate systems that readily assemble two different
liposome systems at their interface. Moreover, these liposomes were not pegylated and so have
significantly less steric interactions preventing their possible fusion under different conditions.
The systems described here are another example of the complicated structures that can arise in
simple solutions and they demonstrate the vast potential of coacervates in modeling prebiotic
cells.
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