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Abstract

Small, spherical vesicles are a widely used chassis for the formation of model protocells and investigating the beginning
of compartmentalized evolution. Various methods exist for their preparation, with one of the most common approaches
being gentle hydration, where thin layers of lipids are hydrated with aqueous solutions and gently agitated to form
vesicles. An important benefit to gentle hydration is that the method produces vesicles without introducing any organic
contaminants, such as mineral oil, into the lipid bilayer. However, compared to other methods of liposome formation,
gentle hydration is much less efficient at encapsulating aqueous cargo. Improving the encapsulation efficiency of gen-
tle hydration would be of broad use for medicine, biotechnology, and protocell research. Here, we describe a method
of sequentially hydrating lipid thin films to increase encapsulation efficiency. We demonstrate that sequential gentle
hydration significantly improves encapsulation of water-soluble cargo compared to the traditional method, and that this
improved efficiency is dependent on buffer composition. Similarly, we also demonstrate how this method can be used
to increase concentrations of oleic acid, a fatty acid commonly used in origins of life research, to improve the formation
of vesicles in aqueous buffer.

1 Introduction

The most common vessel used in biology, and a tool for investigation of the origins and earliest evolution of compart-
mentalized life, are liposomes, also called unilamellar vesicles (UVs) [1-3]. Compartmentalization was likely essential for
the emergence of life, as all biological cells are bound by a plasma membrane [4, 5. Liposomes consist of a spherical lipid
bilayer containing an aqueous inner solution (the lumen). They can act as a simple model of cell membranes, making
them an indispensable tool in studies of the origin of biological encapsulation. Liposomes can be cell-sized, ranging from
around 0.1 to 100 microns in diameter, and they often are constructed from phospholipids and cholesterol [6]. These
cell-like microcontainers have applications beyond the studies of the origins of life in synthetic biology, drug delivery,
cosmetics, and as bioreactors [6-10].

There are various methods of encapsulating aqueous cargo in liposomes, and these approaches can be defined as
either active or passive [11]. Active loading utilizes chemical, ionic, or pH gradients to encapsulate compounds in already
assembled liposomes. Active loading has high encapsulation efficiency; however, this efficiency is dependent on the lipid
composition and quality, solubility and pKa of the compound, the presence of functional groups on the compound, and
other factors [12, 13]. In the passive loading process, the internal solution is added to the lipids prior to the formation of
vesicles, and liposomes are formed as lipids assemble around the aqueous droplets. Examples of passive loading include
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gentle hydration (also called natural swelling), electroformation, and water-in-oil emulsion [6, 14-16]. During gentle
hydration, aqueous buffer is added to dried lipid thin films, and agitated by a combination of sonication, vortexing, and
rotation resulting in the “swelling” of vesicles containing the buffer [17]. However, passive loading tends to have lower
encapsulation efficiencies compared to active loading, which can result in wasted compounds.

Of the passive loading techniques, water-in-oil emulsion has the highest encapsulation efficiency of up to 65% [6].
However, this method often results in residual oil left between the leaflets of the membrane of liposomes [18]. The pres-
ence of residual solvent creates an uncontrolled variable during experiments and can negatively impact experimental
results if not accounted for. Residual solvent has been shown to affect the rigidity and fluidity of the membrane, which
can in turn affect membrane dynamic and protein behavior [19-21].

Thus, there is a need to increase encapsulation efficiencies of passive loading techniques that do not utilize mineral oil
or organic solvent. Here, we describe a method of sequential gentle hydration to increase encapsulation efficiency, while
introducing no mineral oil to the lipid mixture. We hydrated lipid thin films in aqueous buffer containing a fluorescent dye,
to create liposomes, and the buffer containing the liposomes and un-encapsulated dye are then added to hydrate a series
of thin films to increase encapsulation of dye. We tested this method using two common buffers, Tris and HEPES. Using
this method with HEPES buffer, we observed nearly a six-fold increase in encapsulation compared to traditional gentle
hydration. Buffers containing HEPES are used in transcription-translation (TXTL) systems, recreating model protocells and
the last universal common ancestor (LUCA) [22, 23]. The ability to improve encapsulation within lipid vesicles through
sequential gentle hydration in HEPES buffer indicates that sequential hydration can be a viable method to improve the
yield for protocells, and for other research utilizing cell-free and other enzymatic systems [24]. We also use this method
to increase the encapsulation of cargo in vesicles made from oleic acid, the fatty acid predominantly used in origins of
life research. We used bicine buffer when making oleic acid vesicles, as it is commonly used with those lipids.

2 Materials and methods
2.1 POPC and cholesterol thin film preparation

Thin films were prepared by dissolving 1-palmitoyl-2-oleoyl-sn-glycero-3-PC (POPC) and cholesterol (Cayman Chemical)
in chloroform to create 50 mg/mL solutions that were partitioned into amber glass vials. Vials were prepared containing
1 mM POPC and 1T mM cholesterol concentration for sequential gentle hydration, and vials containing 1-9 mM POPC/
cholesterol were prepared for non-sequential gentle hydration. Vials were left uncapped overnight in a fume hood to
allow for the solvent to evaporate and thin films to form. Thin films were capped and stored at —20 C.

2.2 Oleic acid thin film preparation

To prepare thin films, oleic acid (Cayman Chemical) was dissolved in chloroform to assist in pipetting the viscous liquid.
The solution was partitioned into amber glass vials, such that thin films for sequential gentle hydration contained 5 mM
oleic acid and thin films for non-sequential gentle hydration contained 10, 15, and 20 mM oleic acid. Vials were left
uncapped in the fume hood to allow the chloroform to evaporate overnight. The vials containing oleic acid were capped
and stored at room temperature.

2.3 Sequential gentle hydration

1 mL of either CHAN buffer (10 mM Tris, 100 mM NaCl, 1 mM disodium-EDTA, pH 7.0), HEPES buffer (100 mM HEPES,
pH 7.6), or bicine buffer (100 mM bicine, pH 8.0) containing 0.5 mM calcein disodium dye was added to lipid thin films.
Liposomes were formed through gentle hydration by vortexing each aliquot for 1 min, sonicating for 15 min at 60 C,
vortexing for another minute, sonicating for another 15 min at 60 °C, and vortexing for 1 final minute. Vials were put on
a rotator and were left on a rotator for 12-48 h. For the sequential process, lipids were incorporated into the solution
by adding 1 mM POPC and 1 mM cholesterol or 5 mM oleic acid at a time and vortexing and sonicating accordingly.
After each cycle of lipid addition and vortexing/sonication, aliquots were put on a rotator and were left on the rotator
for 12-48 h, until the next step of the process. No more than one addition of lipids was performed per day, and vials
containing oleic acid were left on the rotator for at least 24 h after each lipid addition. For the non-sequential control
process, all the lipids were resuspended from one thin film and the vortexing and sonication process was performed
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once. The final concentrations of cholesterol and POPC for both methods increased stepwise in increments of 1T mM of
both POPC and cholesterol. The final concentrations of oleic acid in solution increased stepwise in increments of 5 mM.

2.4 Size extrusion

Liposomes were extruded using a Mini-Extruder (Avanti), and filters and drain discs (Whatman). The extruder was assem-
bled using a 19 mm 1.0-um Nucleopore Track-Etched membrane extrusion filter and a 10 mm PE drain disc. The Teflon
bearing included in the Mini-Extruder assembly was not used. The liposome-containing solutions were pushed through
the filter 7 times between two 1 mL gas-tight glass syringes (Hamilton) to remove liposomes with a diameter larger than
1 um from the sample. A small loss of sample volume occurred during the extrusion process.

2.5 Sepharose purification and measuring encapsulation

Size-exclusion chromatography (SEC) was performed to separate the liposomes from the unencapsulated dye in the
buffer. A 10 mL column containing Sepharose 4B (Sigma Aldrich) was washed 4 times with buffer before liposomes were
loaded. 150 pL of each extruded liposome sample was gently loaded onto the Sepharose and buffer was used to wash the
liposomes through the column. The eluate was fractionated into a 96-well non-treated round bottom plate (CellTreat).
The plates were read on a microplate fluorometer (SpectraMax GeminiXS) to measure calcein fluorescence (excitation:
495 nm; emission: 515 nm; readings: precise (30); PMT: low) and the fluorescence values at each well were recorded. The
percentage of the buffer solution that was encapsulated within the liposomes was calculated using Eq. 1. The column
was washed with at least one volume of buffer between different samples.

Sum of fluorescence of liposome peak

Percent encapsulation = X
e Total fluorescence(sum from beginning of liposome peak to well 96)

100 (1)

3 Results
3.1 Sequential gentle hydration increases encapsulation efficiency in HEPES buffer

For sequential gentle hydration, 0.5 mM calcein disodium dye was added to HEPES liposome buffer for the internal
solution. T mL of the internal solution was added to 1 mM POPC/cholesterol thin films in glass vials. The vials were then
vortexed, sonicated, and put on a rotator overnight for formation of liposomes. The next day, the solution containing
the 1 mM POPC/cholesterol liposomes and unencapsulated buffer was added to a new 1 mM thin film. The vial was then
vortexed, sonicated, rotated overnight, and this process was repeated to create up to a 9 mM lipid mixture. When the
lipid solutions reached their final concentration, they were extruded through a 1 um filter to reduce size dispersion of
the liposomes for size exclusion chromatography (SEC).

To understand the degree of which gentle hydration of each additional thin film increased encapsulation efficiency,
SEC was used to separate liposomes encapsulating calcein from the free calcein within the buffer. During SEC, the gentle
hydration mixture is loaded into a column containing Sepharose gel beads with large pores that trap solute particles
that are not encapsulated, while the larger liposomes are able to pass through the gel beads and are eluted first from
the column [25]. The samples were loaded onto a column containing Sepharose 4B, fractionated into a microplate, and
fluorescence of the fractions was measured on a plate reader. The extruded liposomes were eluted first in the microplate
wells, followed later by the unencapsulated buffer. Thus, two distinct fluorescent peaks were observed: the peak from
the first wells on the microplate represent the fluorescence signal from the calcein trapped in liposomes that exit the
column first, and the second peak from the later fractions represents the calcein dissolved in the unencapsulated buffer.
The sum of the area under the peaks was used to determine the percent encapsulation (Fig. 1). The percent encapsula-
tion was compared between liposomes prepared by sequential gentle hydration and non-sequential gentle hydration.

Liposomes prepared by traditional gentle hydration had between 0.5 and 1.5% average encapsulation for thin films
ranging from 1 to 9 mM lipid concentration. The sequential gentle hydration method achieved an average of 5.7% encap-
sulation at 8 mM lipid concentration, an almost sixfold increase in encapsulation compared to the traditional method
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Fig. 1 Overview of sequential gentle hydration method. a Schematic of lipid and fatty acid monomers and liposomes. b Schematic of thin
film preparation and hydration. ¢ Workflow for sequential gentle hydration method. Thin films are hydrated with aqueous buffer, vortexed
and sonicated, and put on a rotator for 12-48 h. The resultant solution containing liposomes and residual unencapsulated material are
added to a new thin film and the process is repeated until the desired lipid concentration is achieved. Liposomes are extruded through a
filter and purified using Sepharose size exclusion chromatography (SEC). Fluorescence reads are taken, and the percent encapsulation is
calculated. d Example fluorescence data used to calculate percent encapsulation for POPC/cholesterol liposomes. During SEC, the purified
liposomes and unencapsulated dye are fractionated onto a 96-well microplate. The plate is then read using a fluorometer. The resulting
figure depicts two peaks correlating to the fractions: the first, smaller peak reflects the dye encapsulated in vesicles which is eluted first; the
second, larger peak reflects the unencapsulated dye eluted last. e Example fluorescence data for oleic acid used to calculate percent encap-
sulation

at 8 mM concentration. Sequential gentle hydration was able to produce significantly higher percent encapsulation
compared to non-sequential hydration at 4, 5, 6, and 7 mM POPC and cholesterol. However, there is a high amount of
variability in encapsulation when using the sequential gentle hydration method, which meant that the highest concen-
trations of sequentially hydrated POPC and cholesterol (8 and 9 mM) did not exhibit significantly higher encapsulation
efficiency than the non-sequentially hydrated lipids at the same concentrations. Interestingly, the average encapsula-
tion efficiency fell off between 8 mM (5.7%) and 9 mM (4.3%) (Fig. 2a, b, Table 1). We hypothesize this high variability
could be due to the longer rotation times needed to sequentially encapsulate higher lipid concentrations, which may
repeatedly jostle and disturb the liposomes, causing them to rupture. This may have freed lipid monomers, increasing
the concentration of available lipids in the solution such that more lipid monomers can interact with each other, allowing
multilamellar or larger liposomes to form.

3.2 Effect of buffer composition on encapsulation efficiency

The effect of buffer composition on encapsulation efficiency was also tested. Sequential gentle hydration was done with
two common buffering agents, Tris and HEPES. Tris and HEPES are both suitable for liposome preparation and storage.
Notably, HEPES is used in TXTL protein expression systems. For the Tris-containing buffer, we used our standard liposome
storage buffer which contains 10 mM Tris, 100 mM NaCl, and 1 mM disodium-EDTA.

Interestingly, the encapsulation rate for sequential gentle hydration with the Tris-based liposome buffer was
considerably lower compared to when HEPES buffer was used. There was no notable increase in encapsulation
between the sequential method and traditional method when the Tris liposome buffer was used (Fig. 2¢, d, Table 1).
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Fig.2 Percent encapsulation of calcein disodium dye in POPC/cholesterol liposomes made by sequential gentle hydration in HEPES and Tris
buffer. a Fluorescence measurements for liposomes made by the sequential and traditional methods were taken in triplicate for each lipid
concentration, and the T mM samples were included for reference to typical percent encapsulation of calcein in HEPES buffer. b The aver-
age percent encapsulation of calcein within liposomes in HEPES buffer is shown for both the sequential and non-sequential processes at
each lipid concentration. The sequential and non-sequential processes for HEPES buffer are shown with a linear regression to demonstrate
the relationship between lipid concentration and percent encapsulation, and the 1 mM samples were included in both the sequential and
non-sequential categories when calculating the trendlines. For HEPES buffer, the sequential method results in higher percent encapsulation
compared to the non-sequential method. ¢ The sequential and non-sequential processes for Tris liposome buffer. d The average percent
encapsulation of calcein within liposomes in Tris liposome buffer is shown for both the sequential and non-sequential processes at each
lipid concentration. The sequential method was not as effective in the Tris liposome buffer *p < 0.05, **p <0.01

We hypothesize this is due to the presence of additional salt in the buffer, which is known to suppress vesicle for-
mation as Na* and Cl™ ions interact with the lipid heads. Stronger interactions between lipid heads and the buffer/
salts leads to stronger sequestration of lipid tails away from the aqueous environment, causing tighter packing of
lipid molecules and reduced lateral movement [26]. This inhibits liposome formation and promotes formation of
micelles, which are not capable of encapsulating aqueous solutions. This likely explains why encapsulation efficiency
was reduced in the Tris buffer that contained 100 mM NacCl [26].

3.3 Sequential gentle hydration of oleic acid
We also wished to explore the effect of membrane composition on encapsulation efficiency using the sequential hydra-

tion method. We tested our method on vesicles made from oleic acid, a fatty acid that forms ufasomes (unsaturated
fatty acid vesicles). Fatty acids are simpler, more stable, and more permeable than phospholipids, and oleate is often
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Table 1 Percent encapsulation of calcein disodium dye in POPC/cholesterol vesicles

POPC and cholesterol Average % encapsulation  Average % encapsulationin  Average % encapsulation Average % encapsulation in
concentration (mM)  in HEPES buffer, sequential HEPES buffer, non-sequential in Tris buffer, sequential  Tris buffer, non-sequential

12 0.55% 0.55? 0.93? 0.93?
2 0.68 0.56 1.06 1.05
3 0.80 0.76 1.50 0.99
4 1.96* 0.81 1.34 143
5 2.25%* 0.93 1.20 1.34
6 2.40%* 1.44 1.18 1.84*
7 4.00* 1.12 1.09 1.49
8 5.72 0.96 1.68 1.25
9 4.25 1.22 1.59 1.60

Comparison between sequential and non-sequential gentle hydration in HEPES- and Tris-based buffers
*p<0.05, *p<0.01

#Percent encapsulation for the starting lipid concentration is a reference value for both data sets respective to buffer, since only one thin
film was used

used to model prebiotic membranes. Phospholipids and sterols are biosynthesized by specialized enzymatic pathways
that were not yet in existence at the time of the creation of the first cellular compartments; thus, simpler molecules are
used to study early membranes, and their high stability allows them to accumulate under unfavorable conditions even
when they are not being actively synthesized [27, 28]. Oleic acid-based vesicles are also used for drug delivery [29, 30].

For sequential gentle hydration, bicine buffer (100 mM, pH 8.0) containing 0.5 mM calcein dye was used to hydrate
oleic acid thin films. The thin films were dissolved sequentially in 5 mM increments as described in Methods. Ufasomes
made by sequential gentle hydration nearly doubled the encapsulation efficiency compared to ufasomes made through
traditional, non-sequential gentle hydration. Notably, when thin films were sequentially dissolved over a period of days,
higher concentrations of oleic acid (25-35 mM) were able to be dissolved in the buffer, whereas these higher concentra-
tions of oleate did not fully dissolve during the traditional overnight non-sequential hydration. These higher concentra-
tions of oleic acid produced higher encapsulation efficiencies up to 17.3%, which was significantly larger than the highest
average encapsulation efficiency of the non-sequential samples (5.99%) (Fig. 3, Table 2). Additionally, higher concentra-
tions of non-sequentially hydrated oleic acid were more difficult to extrude than sequentially hydrated oleic acid at the
same concentration, suggesting that non-sequential process tends to form a greater number of large ufasomes that
increase the force needed to extrude the vesicle-containing solution through the 1 um filter. Improving the encapsulation
efficiency of oleic acid ufasomes will be beneficial for applications in biotechnology as well as research into the origins
of life. For example, it has been proposed that channels in minerals near hydrothermal vents provided compartments
where biological molecules slowly accumulated and reached high enough concentrations to form liposomes that would
eventually become the first protocells [27, 31]. The process of sequentially hydrating lipids can mimic the slow increase
in lipid concentration in these environments over time more effectively than non-sequential hydration.

4 Conclusions

Sequential gentle hydration is an effective method for improving the encapsulation efficiency of aqueous cargo by
passive loading. Sequential gentle hydration of POPC/cholesterol thin films in HEPES buffer and oleic acid thin films
in bicine buffer improved encapsulation rates for water-soluble small molecules, compared to non-sequential gentle
hydration. While there was increased encapsulation using this method, we noted a wide distribution of encapsulation
efficiencies using the sequential method. This wide distribution may have occurred due to experimental constraints
(the time needed to dissolve the lipids), or it could be an inherent property of high concentration lipid systems. We
found that buffer composition influences the formation of vesicles using the sequential method: while the method
was effective using HEPES, the sequential process did not produce significantly higher average percent encapsula-
tion in the Tris-based buffer. Notably, that buffer contains 100 mM NacCl, and liposome formation is reduced in salt
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Fig. 3 Percent encapsulation of calcein disodium dye in oleic acid vesicles made by sequential gentle hydration in bicine buffer. a Fluores-
cence measurements for ufasomes made by the sequential and traditional methods were taken in triplicate for each oleic acid concentra-
tion, and the 5 mM samples were included for reference to typical encapsulation efficiency of calcein in bicine buffer. b The average per-
cent encapsulation of calcein in liposomes is shown for both the sequential and traditional methods at each oleic acid concentration. The
sequential and non-sequential processes are shown with a linear regression to illustrate the relationship between oleic acid concentration
and encapsulation efficiency, and the 5 mM samples were included in both the sequential and non-sequential categories when calculating
the trendlines. The sequential method produced higher encapsulation efficiency than the sequential method and increased the dissolvable
concentration of oleic acid to form higher-concentration oleic acid solutions that produced higher percent encapsulation values than the
traditional method *p <0.05, **p<0.01

Table2 Percent encapsulation Oleic acid concentration (mM) Average % encapsulation in bicine buffer, Average % encapsulation in

of c.alce.in disgdium dyein sequential bicine buffer, non-sequential
oleic acid vesicles

52 2.64% 2.64%

10 5.81 3.89

15 9.90* 5.57

20 11.15 5.99

25 12.53

30 17.35

35 16.82

Comparison between sequential and non-sequential gentle hydration. *p <0.05

#Percent encapsulation for the starting oleic acid concentration is a reference value for both data sets,
since only one thin film was used
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solutions with a concentration higher than 50 mM [26]. In high salt conditions, lipids are more tightly packed than in
pure water due to hydrophobic interactions, resulting in more rigid membranes that in turn reduces vesicle formation
[26]. Thus, the identity of the buffering agent itself (i.e. HEPES vs Tris) is likely less consequential than the concentra-
tion of salts present in the buffer. Encapsulation of dye within oleic acid vesicles made by sequential gentle hydration
nearly doubled compared to ufasomes made through the non-sequential method, and higher concentrations of oleic
acid were possible only when the sequential method was used. Those observations might provide insights for design-
ing high salt liposome experiments, under conditions simulating one of the possible prebiotic environments [32].
Improving encapsulation in the gentle hydration process through sequential gentle hydration in HEPES, which is
the buffer used in protein expression and other enzymatic reactions, expands the usefulness of gentle hydration in
model protocell research. In some scenarios, gentle hydration may be able to replace the emulsion method of forming
liposomes, yielding protocells that are more similar to biological cells, and therefore, these liposomes can more accurately
model LUCA and its immediate ancestors [14, 33, 34]. Expanding use of gentle hydration would ensure that the liposomes
do not have residual organic solvent in the bilayer, removing an uncontrolled variable from the experiment [14, 18-21].
Additionally, sequential gentle hydration increased the encapsulation efficiency, and the dissolvable concentration of
oleic acid forming ufasomes. This improved method of forming oleic acid protocells can be used in many areas of origins
of life research [27, 28, 31]. Sequential gentle hydration may be used to investigate the theory that channels in miner-
als near hydrothermal vents provided compartments where biological molecules slowly accumulated, reaching high
enough concentrations to form protocell liposomes [27, 31]. Sequential hydration is a realistic model for this process
because it can mimic the slow increase in lipid concentration in these environments over time. Overall, we present a
tool for foundational astrobiology research, and with potential utility for synthetic biology and biomedical applications.
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