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Alexis Cooper
Self-assembly of dry amphiphilic lipid films on surfaces upon hydration is a crucial step in the formation
of cell-like giant unilamellar vesicles (GUVs). GUVs are useful as biophysical models, as soft materials, as
chassis for bottom-up synthetic biology, and in biomedical applications. Here via combined quantitative
measurements of the molar yield and distributions of sizes and high-resolution imaging of the evolution
of thin lipid films on surfaces, we report the discovery of a previously unknown pathway of lipid self-
assembly which can lead to ultrahigh yields of GUVs of >50%. This yield is about 60% higher than any
GUV vyield reported to date. The “shear-induced fragmentation” pathway occurs in membranes
containing 3 mol% of the poly(ethylene glycol) modified lipid PEG2000-DSPE (1,2-distearoyl-sn-glycero-
when a lipid-dense foam-like
mesophase forms upon hydration. The membranes in the mesophase fragment and close to form GUVs
upon application of fluid shear. Experiments with varying mol% of PEG2000-DSPE and with lipids with
partial molecular similarity to PEG2000-DSPE show that ultrahigh yields are only achievable under
conditions where the lipid-dense mesophase forms. The increased yield of GUVs compared to mixtures
without PEG2000-DSPE was general to flat supporting surfaces such as stainless steel sheets and to
various lipid mixtures. In addition to increasing their accessibility as soft materials, these results

3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]),

demonstrate a route to obtaining ultrahigh yields of cell-sized liposomes using longstanding clinically-
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1 Introduction

Giant unilamellar vesicles (GUVs), single-walled phospholipid
vesicles with diameters > 1 pm, are useful for biomimetic
and bioinspired experiments since they can reproduce key
characteristics of cellular membranes such as their size, semi-
permeability, mechanical and surface properties in an experi-
mentally tractable minimal model."™ Due to their ability to
mimic these key characteristics of cells, GUVs show promise for
applications in soft matter,””® biomedicine,”*" and bottom-up
synthetic biology.">™**

GUVs are routinely obtained using thin film hydration,
which are a class of methods that involves hydrating dry thin
lipid films with low ionic strength aqueous solutions.'”™®
We recently reported an analytical framework to quantify the
distribution of diameters and molar yields of populations of
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approved lipid formulations that could be useful for biomedical applications.

GUVs using sedimentation, high-resolution confocal micro-
scopy, and large data set image analysis.’® Thin film hydration
results in a wide distribution of GUV diameters ranging from
1 um to 100 pm. To allow statistical comparison of the yields of
polydisperse populations of GUVs, we introduced the concept
of the molar yield of GUVs. The molar yield, calculated from the
diameters and counts of GUVs, measures the moles of lipid in
the membranes of the population of harvested GUVs relative to
the moles of lipids that was initially deposited on the surface.®
The molar yield accounts for the quadratic dependence of the
amount of lipid in a GUV membrane on the diameter of the
GUV. Additionally, the molar yield has an analogy to chemical
synthesis. The amount of lipid per unit area deposited onto the
surface is the concentration of the reactant and the amount of
lipid in the membranes of the harvested GUVs is the product.
The molar yield, the counts, and the distribution of sizes allow
for the interrogation of the effects of experimental variables on
the assembly of GUVs.'® By correlating the evolution of the film
on the surface with quantitative measurements of the yield,
we studied the effects of physicochemical parameters such as
the geometry and chemical composition of the substrate used
to support the lipid film,"° the lipid composition,"” the identity
of assisting polymeric compounds,'® the duration'® and the
temperature™ of incubation, and the ionic strength of the
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hydrating solution.'® Depending on the conditions of assembly,
mean GUV molar yields ranged from “low”, 0.3-4.9%, “moderate”,
5-19.9%, and “high”, 20-40%.

Surfaces composed of enmeshed nanocylinders, such as the
nanocellulose paper used in the PAPYRUS method, Paper-
Abetted amPhiphile hYdRation in aqUeous Solutions, resulted
in a higher yield of GUVs compared to the flat surfaces used in
the gentle hydration and electroformation methods."®*® This
result was explained by comparing the free energy of the lipids
configured as a spherical bud versus a bilayer remaining on the
substrate. Calculations showed that the free energy change to
form a bud can be negative for bilayers on nanocylinders, while
the free energy change to form a bud is always positive for
bilayers on flat surfaces. Once formed, merging of the buds
with each other to reduce the total number of buds reduces the
elastic energy of the system. A hypothetical pathway involving
both budding and merging provides an energetically favorable
path for bilayers on nanoscale cylinders to form large GUV-
sized buds. In contrast, the path on flat surfaces requires the
input of energy.’® A similar free energy argument shows that
the dissolution of partially soluble polymers exerts an osmotic
pressure that can balance the increased adhesion between
bilayers due to the screening of electrostatic charges in salty
solutions. The osmotic pressure contribution lowers the free
energy of budding, thus resulting in high yields of GUVs in salty
solutions."™

In this work, we investigate the effects of adding 0.1-10 mol%
of poly(ethylene glycol) modified (PEGylated) lipids on the pathway
of assembly of GUVs composed of the zwitterionic lipid DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) through the PAPYRUS,
gentle hydration and electroformation methods.'®'®> PEG2000-
DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[meth-
oxy(polyethylene glycol)-2000]) has a long history of use in clinical
lipid formulations because it improves the circulation lifetime by
reducing opsonization of nano-sized liposomes and lipid nano-
particles by serum proteins.>*>® For applications involving GUVs,
PEGylated lipids are used to prevent the aggregation of GUVs in
salty solutions. These lipids have been used in GUVs designed
to target and induce apoptosis in leukemia cells,"" deliver
intracellular cargo,”® drive differentiation of neuronal cells,*
trigger DNA-mediated fusion,®" and augment the functionality
of bioprinted artificial tissues."® They are also used in GUVs
that encapsulate cytoskeletal proteins’® and cell-free gene
expression mixtures,>” and in GUVs used in test-strip based
sensing.** PEG2000-DSPE consists of an uncharged hydrophilic
polymer of 45 repeating ethylene glycol monomer units with an
average molecular weight of 2000 g mol " that is covalently
attached to the headgroup of the phospholipid DSPE. The
utility of PEG2000-DPSE for applications has led to many
experimental and theoretical investigations of its effects on
the physicochemical properties of membranes such as inter-
membrane forces,**” phase behavior,*®**° mechanical proper-
ties,"*> permeability,"****® and protein adsorption.*®*°
Model systems that have been investigated include oriented
multilayers,”®**?” supported lipid bilayers,*>***° small uni-
lamellar liposomes,***” GUVs,** multilamellar vesicles,>*>>37°
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and Langmuir monolayers.”® Most studies employ lipid mem-
branes in the gel-phase,®3* 363944474951 Comparatively less is
known about the effects of PEGylated lipids on the pathway of
assembly of GUVs®>® or in fluid phase membranes,®”**®
despite the wide use of GUVs with fluid phase membranes in
experiments.' 74

We find, unexpectedly given previous results,"®'® that we
can obtain yields of >50% of GUVs when the lipid mixture
contained 3 mol% PEG2000-DSPE using the gentle hydration
method on flat glass surfaces in low salt solutions. This yield is
~175% higher than the yield of GUVs obtained using pure
DOPC through the gentle hydration method. The yield is the
highest that has been measured thus far, leading us to add a
classification of “ultrahigh” for yields >45% and to extend the
upper range of “high” molar yields to 44.9%. Interestingly,
obtaining this ultrahigh yield was specific to the gentle hydra-
tion method and only when the mixture had 3 mol% PEG2000-
DSPE. We find that there was no difference in GUV yields
between the mixture containing 3 mol% PEG2000-DSPE and
pure DOPC obtained using the PAPYRUS method. Furthermore,
performing the gentle hydration method using mixtures with
other mol percents of PEG2000-DSPE resulted in yields that
ranged from 16-30%.

High resolution three-dimensional confocal microscopy
images of the hydrated lipid films on the surface show that
the DOPC + 3 mol% PEG2000-DSPE lipid mixture rapidly forms
a lipid-dense foam-like mesophase. Although a qualitatively
similar mesophase forms with a DOPC + 5 mol% PEG2000-
DSPE lipid mixture, the lipid content of the mesophase was low
and micelles were present in the solution. There was no
mesophase for the other mol percents of PEG2000-DSPE or
on the surface of nanocellulose paper. Instead, the lipid
assembles into surface-attached buds for mixtures containing
<1 mol% of PEG2000-DSPE and sparse free-floating clusters of
GUVs and micelles for mixtures containing 10 mol% PEG2000-
DSPE. Importantly, we find that different configurations of the
lipid on the surface can lead to similar yields of GUVs upon
harvesting.

To understand the physical interactions that promote the
formation of the foam-like mesophase, we use lipids with
partial molecular similarity to PEG2000-DSPE. We find that
use of lipids that do not have both a charged headgroup and a
covalently attached PEG2000 chain did not result in the for-
mation of the foam-like mesophase nor did it result in GUV
yields different from pure DOPC. Additionally, we find that
screening of the charge on PEG2000-DSPE by using solutions
with dissolved salts prevents the formation of the foam-like
mesophase and results in a dramatic drop in GUV yields.
We also show that an increase in GUV yield upon addition of
3 mol% PEG2000-DSPE appears general to other lipid mixtures
and other flat surfaces.

Guided by these results, we propose a mechanism of assem-
bly of GUVs when the lipid mixture contains 3 to 5 mol%
PEG2000-DSPE. During harvesting with a pipette, the lamellar
membranes in the foam-like mesophase fragments due to fluid
shear and self-close to form GUVs. This ‘“shear-induced
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fragmentation” of the mesophase is an alternate, previously
unrecognized, pathway for forming GUVs with fluid phase
membranes containing PEG2000-DSPE that can lead to ultra-
high yields.

2 Materials and methods
2.1 Chemicals

We purchased sucrose (BioXtra grade, purity > 99.5%), glucose
(BioXtra grade, purity > 99.5%), sodium chloride (BioXtra
grade, purity > 99.5%) and casein from bovine milk (BioReagent
grade) from Sigma-Aldrich (St. Louis, MO). We purchased chloro-
form (ACS grade, purity > 99.8%, with 0.75% ethanol as pre-
servative) Thermo Fisher Scientific (Waltham, MA). We obtained
18.2 MQ ultrapure water from a Milli-Q® IQ 7000 Ultrapure Lab
Water System (Burlington, MA). We purchased 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), cholesterol (ovine wool), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rhod-PE), 23-(dipyrrometheneboron difluoride)-24-norcholesterol
(TopFluor-Chol), 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000] (PEG2000-DSPE), 1,2-
distearoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (PEG2000-
DSG), 1,2-distearoyl-sn-glycero-3-phospho-(1-rac-glycerol) (sodium
salt) (DSPG), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE) from Avanti Polar Lipids, Inc. (Alabaster, AL).

2.2 Materials

We purchased premium plain glass microscope slides (75 mm x
25 mm, catalog number: 12-544-1) from Thermo Fisher Scien-
tific (Waltham, MA). We purchased indium tin oxide (ITO)
coated-glass slides (25 x 25 mm squares, surface resistivity of
8-12 Q sq ') from Sigma-Aldrich (St. Louis, MO). We purchased
a hole punch cutter (EK Tools) and acid free artist grade tracing
paper from (Jack Richeson and Co. Inc) on Amazon. We
purchased 0.001 inch (0.025 mm) thick stainless steel sheets
from McMaster-Carr.

2.3 Cleaning of substrates

We clean all substrates as previously described.'® We clean the
glass slides and ITO-coated glass slides by sequentially sonicat-
ing for 10 minutes in acetone, 200 proof ethanol, and ultrapure
water. We then dry the slides under a stream of ultrapure
nitrogen to remove any visible water. We allow the slides to
dry further in an oven set to 65 °C for a minimum of 2 hours.

We cut sheets of 0.001 inch (0.025 mm) thick stainless steel
into rectangles of 75 mm x 25 mm using a glass slide as a
template. We clean the stainless steel rectangles following the
same procedure for cleaning glass slides.

We clean the tracing paper as previously described'® by
soaking the tracing paper in 100 mL of chloroform in a 500 mL
glass beaker for 30 minutes with occasional manual agitation.
We discard the chloroform and repeat the process with fresh
chloroform. Then, we remove the tracing paper and leave the
paper in the fume hood for 30 minutes. The substrates are then
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View Article Online

Paper

soaked in 500 mL of ultrapure water for 30 minutes. We discard
the ultrapure water and repeat the process with fresh ultrapure
water. The tracing paper is then placed on a clean sheet of
aluminum foil and dried in a 65 °C oven for 2 hours.

2.4 Preparation of lipid stocks

Lipid mixtures were prepared as previously described with minor
adaptations.”>"®'® We prepared working solutions of DOPC with
0, 0.1, 1, 3, or 10 mol% PEG2000-DSPE and 0.5 mol% TopFluor-
Chol and DOPC with 3 mol% each of DSPE, PEG2000-DSG,
or DSPG and 0.5 mol% TopFluor-Chol. The mol% of DOPC was
adjusted to accommodate the minority lipids. For phase separ-
ating GUVs, we created working solutions of DOPC/DPPC/
Cholesterol/PEG2000-DSPE/Rhodamine-DOPE/TopFluor-Chol

at 34.5/34.5/27.5/3/0.25/0.25 mol%, and DOPC/DPPC/Choles-
terol/Rhodamine-DOPE/TopFluor-Chol at 36/36/27.5/0.25/
0.25 mol%. All working solutions had a concentration of
1 mg mL~". The lipid solutions were stored in clean glass
vials with Teflon lined caps, purged with argon to avoid lipid
oxidation, and stored in a —20 °C freezer. Lipid solutions were
used within 7 days of preparation.

2.5 Deposition of lipids

To ensure that the nominal surface concentration remained
constant, we deposited 10 pL of the lipid working solution over
a circular area with a diameter of 9.5 mm. For application on
glass slides and ITO-coated glass slides, we punched three 3/8-
inch diameter holes on the adhesive side of a 3 x 3 in Post-it®
using a circular punch (EK Tools Circle Punch, 3/8 in.). The
Post-it™ was then affixed to the underside of the slides to create
a removable and reusable template for spreading the lipid
within a 9.6 mm diameter circular area. For assembly on
tracing paper, we punched out a 9.6 mm diameter circular
piece of tracing paper using a clean circular punch. For
assembly on stainless steel sheets, we cut a template from
paper using a circular punch and cut the stainless steel sheets
to size using a pair of scissors. Lipids were deposited using a
glass Hamilton syringe. Then, the lipid-coated substrates were
placed in a standard laboratory vacuum desiccator for 1 hour to
remove traces of chloroform.

2.6 Procedure for GUV assembly

For the gentle hydration method, circular poly(dimethyl)siloxane
(PDMS) gaskets (inner diameter x height = 12 x 1 mm) were
affixed to the glass slides around the dried lipid films to create
a hydration chamber. We then added 150 pL of a solution of
100 mM sucrose and allowed the lipid films to hydrate for
1 hour at room temperature (22 °C). We do not place a coverslip
on the chamber. To reduce evaporation, we enclosed the
samples and a water-saturated Kimwipe in a 150 mm diameter
Petri dish. The films were allowed to hydrate for 1 h. The gentle
hydration method that we use here, first reported in ref. 16
employs flat glass microscope slides as substrates, lower lipid
amounts spread as a thin layer, and smaller hydration volumes
compared to other implementations of the gentle hydration
method which required the inclusion of charged lipids, a
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prehydration step with saturated water vapor, and long incuba-
tion times.'®?°> The hydrating lipid films are furthermore
housed in custom built poly(dimethyl)siloxane (PDMS) cham-
bers that allow reproducible conditions for micropipette-based
harvesting.'® These characteristics likely explains why the gen-
tle hydration method using glass slides results in GUVs within a
relatively short incubation time, and without requiring the
addition of charged lipids or a prehydration step with saturated
water vapor. The variation in the properties of populations of
GUVs that result from different methodologies is receiving
increasing attention in the field.*?

We assemble phase-separated GUVs on a hotplate set to
45 °C to be above the transition temperature of DPPC (41 °C).
A similar experimental setup to the procedure for assembly
at room temperature resulted in the solution evaporating
completely within 1 hour. We thus modified the hydration
procedure by stacking three circular PDMS gaskets to create a
tall hydration chamber (inner diameter x height =12 x 3 mm)
which allowed us to place a coverslip on the chamber without
contacting the liquid. We found that when the coverslip con-
tacted the liquid, removal of the coverslip results in fluid shear
that affected reproducibility. We placed the sample in a closed
150 mm diameter Petri dish and set the dish on the hotplate for
1 minute to preheat. An average of ~17 pL of liquid evaporates
from the chamber. To account for evaporation, we add 167 puL
of a solution of 90 mM sucrose. The solution was preheated to
45 °C before adding it into the hydration chamber. We then
gently placed a coverslip on top of the tall PDMS chamber,
placed a water-saturated Kimwipe in the dish, and replaced
the lid on the Petri dish. The films were allowed to hydrate.
After 1 h we removed the coverslips carefully to avoid the
condensed water droplets from falling into the sample.
We measured the osmolarity of a 20 pL aliquot using a freezing
point depression multi-sample osmometer (Model 2020,
Advanced Instruments, USA). Using this procedure, we obtained
an average final sample volume of 150 + 3 pL with an osmolarity
of 100 + 2 mM.

For the PAPYRUS method and gentle hydration method
using the stainless steel sheets, the 9.5 mm diameter circles
of the lipid-coated tracing paper or stainless steel sheets were
placed in individual wells of a 48-well plate. 150 pL of a solution
of 100 mM sucrose was then added to the wells and incubated
for 1 hour at room temperature.

We follow previously established protocols to prepare GUVs
using the electroformation method.'®'***%> We use the same
lipid deposition procedure as described in Section 2.5 to be
consistent with the PAPYRUS and gentle hydration samples.
Briefly, we affixed circular PDMS gaskets (inner diameter x
height = 12 x 1 mm) around the dried lipid film on an ITO-
coated glass slide to construct a barrier for hydration.
We added 150 pL of 100 mM sucrose in ultrapure water and
close the chamber using a second ITO-coated glass slide. The
ITO-coated surfaces were then connected to the leads of a
function generator (331204, Agilent) using conductive copper
tape. We applied a sinusoidal AC field at a frequency of 10 Hz
and a field strength of 1.5 V. mm ™" peak-to-peak for 2 hours.

9550 | Soft Matter, 2024, 20, 9547-9561

View Article Online

Soft Matter

The GUVs were harvested from all the surfaces by pipetting
100 pL of the solution up and down 6 times with a micropip-
ette. On the 7th time, we fully aspirated the solution containing
the GUVs and stored the solution in an Eppendorf tube.
Aliquots were taken immediately for imaging. Each condition
was performed N = 3 independent times.

2.7 Imaging of the harvested vesicles

Imaging was conducted as previously described.'® Briefly, we
imaged the GUVs in custom-made square poly(dimethylsiloxane)
(PDMS) chambers with dimensions of 5.9 mm x 5.9 mm x 1 mm
(length x width x height) affixed to a glass slide. We passivated
the chambers with 1 mg mL ' casein dissolved in PBS.
We sedimented a 2 pL aliquot of the sucrose-filled GUVs in
58 uL of an isomolar solution of glucose in the imaging chamber.
The GUVs are allowed to sediment for 3 hours, followed by
imaging using an upright confocal laser scanning microscope
(LSM 880, Axio Imager.Z2m, Zeiss, Germany), using a 488 nm
argon laser and a 10x Plan-Apochromat objective with a numer-
ical aperture of 0.45. The pinhole was 15.16 Airy Units to capture a
slice thickness of 79.3 pm allowing imaging of GUVs with
diameters from 1 um to 150 um. For phase separated vesicles,
we captured dual channel images using a 488 nm argon laser and
a 561 nm diode pumped solid state laser. The intensity and gain
of the two channels were adjusted so that the mean intensity of
both channels was similar. We imaged using an automated
tile scan routine with autofocus (49 images [5951.35 pm X
5951.35 pm, (3212 pixels x 3212 pixels)]) to capture the entire
area of the chamber. The routine focused 5 pm above the surface
of the glass slide.

2.8 Image processing and calculation of yields

We processed and analyzed the images as previously described.®"®

Briefly, we use a custom MATLAB (Mathworks Inc., Natick, MA)
routine to segment fluorescent objects from the background
and the regionprops function to obtain the diameters and pixel
intensities of the objects. To distinguish GUVs from non-GUV
lipid structures such as multilamellar vesicles and nanotubes,
we selected objects based on the coefficient of variation (CV) of
their intensity values. Objects that fell within 1.75 times the full
width at half the maximum (FWHM) of the highest peak in the
histogram of CV values were classified as GUVs. Additionally,
objects that had more than 10% of their pixel values higher
than 200 on a 256 intensity units scale were classified as not
GUVs. We had previously confirmed that the number of GUVs
identified using an o-hemolysin induced fluorescent dye leak-
age assay and the image analysis routine was similar.>® The
advantage of the image analysis routine compared to the dye
leakage assay is that it allows a tractable workflow to collect the
diameters of n ~ 100000 GUVs per repeat from multiple
independent repeats. The large dataset allows statistical
hypothesis testing to distinguish the effects of experimental
variables on the distribution of sizes, yields, and fraction of
non-GUV structures. Counts of GUVs were normalized per pg of
lipid deposited on the substrate. We calculate the molar yield,

This journal is © The Royal Society of Chemistry 2024
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2nmVy n 22
NadnMVa 5 )
In this equation, m is the molecular weight of the lipid, V}, is the
volume of the harvested GUV suspension, N, is Avogadro’s
number, Ay, is the headgroup area of the lipid, M is the mass of
lipid deposited on the surface, V, is the volume of the aliquot
in the imaging chamber, n is the number of GUVs in the
imaging chamber, and d; is the diameter of vesicle i."°

expressed as a percentage, using Y = 100(

2.9 Statistical tests

All statistical tests were performed in MATLAB. We conduct
student’s t-tests to determine the statistical significance of any
difference in magnitude between two independent group
means. We conducted a one-way balanced analysis of variance
(ANOVA) when comparing the significance of the difference in
magnitude of means in experiments with more than two
independent groups. If the ANOVA showed that the means
were significantly different, we conducted a post hoc Tukey’s
honestly significant difference (HSD) to determine the statis-
tical significance between pairs of means.

2.10 High resolution Z-stacks

We obtained confocal Z-stacks using a Plan-Apochromat
20x DIC M27 75 mm water dipping objective with a numerical
aperture of 1.0. We took 189 slices of the hydrated lipid films at
intervals of 0.9 pm starting from 4.5 um into the surface of the
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substrate to 165.6 um above the surface of the substrate. The
images were 151.82 x 151.82 pm (1272 x 1272 pixels). Imaging
locations were chosen to best represent the surface. Image
processing was performed in FIJI.°7 We used the “reslice”
function to obtain x-z slices from the confocal Z-stacks.
We enhance the contrast of the x-z slices by using the “enhance
contrast > equalize histogram’” option in FIJI to show dim
features and bright features. Non-contrast enhanced images
are shown in the ESI.f We obtain x-y z-projections by summing
the slices of the first 18 um, starting 3 slices below the surface.

3 Results and discussion

3.1 The addition of 3 mol% PEG2000-DSPE to the lipid
mixture affects the yield and distribution of sizes differently
depending on the method of assembly

We assembled GUVs with membrane compositions of 99.5:
0.5 mol% DOPC : TopFluor®-Chol and 97.5:3:0.5 mol% DOPC:
PEG2000-DSPE : TopFluor®-Chol using the PAPYRUS and gen-
tle hydration methods.'® For brevity, we refer to these lipid
compositions as “pure DOPC” and “DOPC + 3 mol% PEG2000-
DSPE” respectively. TopFluor®-Chol is a fluorescent sterol used
to visualize the lipid membranes through confocal fluorescence
microscopy. Fig. 1a shows the molar yields of GUVs obtained
using the PAPYRUS method and Fig. 1b shows the molar yield
obtained using the gentle hydration method. Each bar is an

a b (o] B PAPYRUS Pure DOPC
[E1<d<10 ym B 1<d<10 ym @ PAPYRUS DOPC + 3 mol % PEG2000-DSPE
[ 110<d<50 ym [110=d<50 ym [l GH Pure DOPC
60 [J1d=50 ym 60 [Jd=50 ym 35 @ GH DOPC + 3 mol % PEG2000-DSPE
*%k% v ’ v ’ ’ v /7
1 /
/
50} ] sof ] %% +/ ]
IS /
325F 7/ <
—~40} ns. {40} {12 ’
& i S A 4
o] :[ e} (2] 20 F /7 -
T . [} =
=30} 1< 30} {2
= >
[ — o V4
@®© @© 5 15F b
B -a /7
o o - P
=20} 1= 20 ) P
=10} ’ .
© 7/
o . g R .
=5t ]
/
7/
0 i ; i i i :
Pure DOPC + Pure DOPC + 0 10 20 30 40 50 60 70
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DOPC 3 mol % DOPC 3 mol % Molar Yield (%)
PEG2000- PEG2000-
DSPE DSPE

Fig. 1 Molar yields of GUVs from mixtures of pure DOPC and DOPC + 3 mol% PEG2000-DSPE. (a) Stacked bar plots showing the molar yield of GUVs
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Each data point is the average of n = 3 independent repeats. The error bars are one standard deviation from the mean. Statistical significance was
determined using a student’s t-test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, n.s.: not significant.
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average of N = 3 independent repeats and the error bars are one
standard deviation from the mean. Following previous
convention,'>'®'® we divide the molar yield into GUVs with
diameters, d, between 1 pm < d < 10 pm, 10 um < d < 50 pum,
and d > 50 pm. The population classes were chosen because
GUVs between 1 pm < d < 10 um are of the sizes of blood cells,
intracellular organelles, and bacteria, and GUVs between 10 pm
< d < 50 um are of the size of mammalian cells. We show
representative images of the harvested GUVs and the histogram
of diameters in ESIL,T Fig. S1 and S2.

The mean yield of GUVs obtained using the PAPYRUS
method is 33 + 2% and 35 £ 2% for pure DOPC and DOPC +
3 mol% PEG2000-DSPE respectively (Fig. 1a). The 2% difference
in the mean yields between these two lipid compositions was
not statistically significant (p = 0.451). The mean yield of GUVs
obtained using the gentle hydration method is 20 + 2% and
55 + 2% for pure DOPC and DOPC + 3 mol% PEG2000-DSPE
respectively (Fig. 1b). The 35% difference in yield between
the two lipid compositions was highly statistically significant
(p = 5.22 x 10°). Furthermore, the ~20% difference in yield
between DOPC + 3 mol% PEG2000-DSPE obtained using the
gentle hydration method compared to the yields obtained using
the PAPYRUS method for both compositions of lipid was highly
statistically significant (both p < 0.001). Indeed, the 55% yield
is the highest yield that has been measured to date for any thin
film hydration method.">'®*?

We plot the yield of GUVs with d > 10 pum (large GUVs)
versus the total molar yield of GUVs to show the effects of the
addition of 3 mol% PEG2000-DSPE on the distribution of sizes
(Fig. 1c). The gray dashed line represents the boundary where
half of the molar yield is from GUVs with d > 10 pm. Data
points that fall to the right of the line indicate that the sample
has a smaller fraction of large GUVs compared to data points
that fall to the left of the line. Consistent with previous results,
GUVs with d > 10 pm make up to ~57% and 39% of the total
yield for the lipid composition consisting of pure DOPC
obtained using the PAPYRUS and gentle hydration
methods."®" In contrast, GUVs with d > 10 um make up to
52% and 53% of the total yield for the lipid composition
consisting of DOPC + 3 mol% PEG2000-DSPE obtained using
the PAPYRUS and gentle hydration methods.

These results show that the addition of 3 mol% PEG2000-
DSPE to the lipid mixtures affects the yield and distribution of
sizes differently depending on the method of assembly. For the
PAPYRUS method, the addition of 3 mol% of PEG2000-DSPE to
the lipid mixture does not affect the yield but decreases the
fraction of GUVs with d > 10 um. For the gentle hydration
method, the addition of 3 mol% PEG2000-DSPE to the lipid
mixture increases both the yield and fraction of GUVs with
d > 10 pm.

We evaluate these results within the framework of the
budding and merging (BNM) model for the assembly of
GUVs.'®" eqn (1) and (2) gives the free energy for the formation
of spherical buds of radius Ry from cylindrical bilayers, AEg_,
and disk-shaped flat bilayers, AEg_q. Bilayers on both surfaces
are assumed to be continuous with no breaks prior to budding,
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Derivation of eqn (1) and (2) can be found in ref. 16.

L
AERy . = kB (8 — ?C) +4nR.A — 2R L& (1)

C

AEg, 4 = 81k + 2R4A — TR4*¢ (2)

In these equations, the bending modulus, g, the edge
energy, 4, and the effective adhesive contact potential, &, are
the physical parameters of the lipid bilayer. The radius of the
cylinder, R, the length of the cylinder, L., and the radius of
the disk, R4, are the geometrical parameters of the bilayer.
The first term on the right-hand side measures the change in
the bending energy to change the curvature of the bilayer, the
second term measures the change in the edge energy if breaks
in the bilayer must form to allow budding at a constant area,
and the third term measures the change in adhesion energy to
separate the bilayers. We take that the bilayers are in a stack of
multiple bilayers. Thus, the effective adhesive contact potential,
¢, is that of bilayers interacting with each other.

The free energy change to form a spherical bud from a
cylindrical bilayer can be negative while the free energy change
to form a spherical bud from a flat bilayer is always
positive."®"® This result can be readily shown by using the
characteristic dimensions of a cylindrical bilayer on a nanocel-
lulose fiber, R. = 20 nm, L. = 2000 nm and a flat disk Ry =
242 nm, and with kg =8.5 x 1072°J, A =1 x 10°** Jm™?, and
&=-1x 107" J m™? for DOPC.?® The energy to form a bud of
radius Rg = 141 nm from the cylindrical bilayer is AEg . ~
—4754 kT and from the flat bilayer is AE; g ~ 5439 kgT. Here
the energy is expressed relative to the thermal energy scale
1 kgT = 4.11 x 10~ >' J. Because of the large and positive free
energy change for the formation of buds from flat bilayers
relative to the thermal energy scale, the formation of most GUV-
sized buds occurs within 1 minute of hydration due to energy
released upon hydration.'® For the PAPYRUS method, in addi-
tion to bud formation upon hydration, additional nanoscale
buds form and merge up to 30 minutes post-hydration."®
Merging of the nanoscale buds with each other and with
GUV-sized buds results in a higher molar yield and a greater
fraction of GUVs with d > 10 pm compared to the gentle
hydration method. The budding and merging model is consis-
tent with the assembly of GUVs using pure DOPC.

We consider changes to the physical constants of the
membrane which could explain the effect of incorporation of
PEG2000-DSPE on the yield of GUVs. To explain the observed
results, there should be no change in the magnitude of the free
energy change for bud formation from cylindrical bilayers
whereas the magnitude of the free energy change for bud
formation from flat disk-shaped bilayers should be greatly
reduced. Keeping the same geometrical parameters, a hypothe-
tical reduction of the magnitude of kg by five times to 1.7 x
10~ Jresults in AEg_.=27.5 kgTand AEg_4 = 5023 k7. Taking
the limit of no adhesion between bilayers, ¢ = 0, AE; . =
—5367 kgT and AE, 4 = 4831 kgT. Taking the limit of no edge
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energy, 4 = 0, AEg . = —5366 kgT and AEg q = 1128 kgT.
We surmise that, (i) a change in the bending modulus can
have a large effect on the free energy change of budding from
cylindrical bilayers but has a small effect on the free energy
change of budding from flat bilayers, (ii) a change in the
adhesive contact potential results in similar changes in the
magnitudes of the free energy change of budding from cylind-
rical bilayers and flat bilayers, and (iii) a change in the edge
energy has a small effect on the free energy change of budding
from cylindrical bilayers but can have a large effect on the free
energy change of budding from flat bilayers.

Since putative changes in the physical parameters of the
membrane do not provide a conclusive explanation for our
results, we hypothesized that an additional pathway of assem-
bly other than budding and merging may be operational in
membranes containing 3 mol% of PEG2000-DSPE.

3.2 Films of DOPC + 3 mol% PEG2000-DSPE form a foam-like
mesophase on glass but not on nanocellulose paper

To test our hypothesis, we probed directly by imaging the lipid
films using high-resolution confocal microscopy. We show
representative orthogonal x-z slices in the upper panels and
x-y sum projections in the lower panels of Fig. 2a-d.
We enhance the contrast of the x-z slices using histogram
equalization to show both bright and dim regions. We show the
original non-contrast enhanced images in ESI,{ Fig. S3. The
other images in Fig. 2 retain their original intensity values.
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Similar to previous reports, GUV-sized buds were abundant
and close-packed on the surface of nanocellulose paper for the
lipid composition consisting of pure DOPC (Fig. 2a).'° The
samples prepared with DOPC + 3 mol% PEG2000-DSPE did not
show any apparent differences from the samples consisting of
pure DOPC (Fig. 2b). Both samples had buds that appeared as
5-6 size stratified layers above the surface of the paper (Fig. 2a
and b). On the glass slide, buds on the lipid film consisting of
pure DOPC formed a single layer on the surface and appeared
sparse compared to the buds on the surface of nanocellulose
paper (Fig. 2c)."® The sample prepared with DOPC + 3 mol%
PEG2000-DSPE on the glass slide however showed a marked
difference compared to the other three samples. The lipid
film formed a voluminous mesophase that extended up to
130-160 pm from the surface of the glass (Fig. 2d). The
mesophase had non-fluorescent polyhedral and spherical
regions of the aqueous continuous phase that were bounded
by the fluorescent lipid membranes. In appearance, the meso-
phase was reminiscent of a foam. We thus refer to this
mesophase as a “foam-like” mesophase. The foam-like meso-
phase is composed of lamellar lipid membranes and is fully
suspended in an aqueous phase. It is thus not a true two-phase
foam, which is a gaseous phase dispersed in a liquid or
solid phase.

We highlight key areas in the image using white and red
arrows and show x-y slices corresponding to these locations in
Fig. 2e-g. The region closest to the glass slide consisted of a few

Gentle Hydration

3% PEG2000-
d DSPE

z=45 ym

0 10 20 30 40 50 60 70
z=135 pm

Fig. 2 Configuration of the hydrated lipid films containing pure DOPC and DOPC + 3 mol% PEG2000-DSPE. (a)-(d) Upper panels show orthogonal x—z
planes of confocal Z-stacks of the lipid films on the surface. Bottom panels are x—y planes consisting of summed z-projections of the first 18 um from the
surface of the substrate. (a) Pure DOPC on nanocellulose paper. (b) DOPC + 3 mol% PEG2000-DSPE on nanocellulose paper. (c) Pure DOPC on glass.
(d) DOPC + 3 mol% PEG2000-DSPE on glass. The red arrows show the lipid septa in the mesophase. (e)-(g) x—y slices from the regions indicated by the
white arrows in (d). Scale bars are 15 pm.
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spherical buds located between large, connected membrane
septa (red arrows in Fig. 2d). The septa met at vertices of 3 to
4 septa (white arrows in Fig. 2d lower panel). Further away from
the surface, the mesophase had lipid dense regions, regions of
separated septa, and pockets of GUV-like spherical structures.
The lipid dense regions appear to have regions of low fluores-
cence intensities, which we interpret to be regions of contin-
uous phase (Fig. 2e). These regions of low intensity were in a
lattice with hexagonal symmetry 1 um apart (see ESL,T Fig. S4
showing zoomed images and fast Fourier transforms (FFT) of
the images). The lipid dense regions appeared connected and
continuous with the separated septa. In this region, the septa
enclosed the continuous phase forming polyhedral cells
(Fig. 2f). Unlike the septa on the surface, the septa in this
middle region show two clearly distinguishable membranes
that appear to touch at 2 &+ 0.6 um intervals (white arrows in
Fig. 2f). Further away from the surface and in regions within the
mesophase, pockets of spherical GUV-like objects were evident
(Fig. 2g).

Since the mesophase appears to correlate with the ultrahigh
yields of GUVs, we probed the dynamics of the formation of the
mesophase. We captured confocal Z-stacks at 7 minutes,
30 minutes, and 60 minutes (Fig. 3a). See ESI, Fig. S5 for
original non-contrast enhanced images. Remarkably, the meso-
phase was already present at 7 minutes after hydration and
remains relatively unchanged at 30 minutes and 60 minutes.
The GUV yield obtained by harvesting at 10 minutes was 52 +
1% which was statistically indistinguishable from the sample
harvested at 60 minutes (p = 0.118). We show a histogram of the
distribution of GUV diameters in ESL{ Fig. S6. We conclude
that the GUVs originate from this foam-like mesophase and
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can, in principle, be obtained within 10 minutes. This mode of
obtaining GUVs from a volume-spanning lamellar mesophase
with the inclusion of the 3 mol% PEG2000-DSPE is distinct
from surface-attached budding and merging of pure DOPC
bilayers, explaining why the budding and merging model could
not describe the measured yields. The rapid formation of the
mesophase is consistent with the expectation that the energy
released upon hydration drives the dynamics of the lipid films
on flat surfaces.'® Evidently, the enmeshed nanocellulose fibers
of nanocellulose paper inhibits the formation of the foam-like
lipid mesophase.

To further understand this alternative GUV formation path-
way, we characterize the surface configuration of the films, the
yield, and the size distributions of the harvested population of
GUVs, (i) with various mol% of PEG2000-DSPE, (ii) with lipids
that have partial molecular similarity to PEG2000-DSPE,
(iii) with different lipid compositions, and (iv) with flat surfaces
of different types.

3.3 The configuration of the lipid film on the surfaces and the
molar yields are affected by the mol% PEG2000-DSPE

We assembled GUVs using the gentle hydration method with
mixtures consisting of DOPC and 0.1, 1, 5, and 10 mol% of
PEG2000-DSPE. Changes in the mol% of PEG2000-DSPE affects
the physical properties of the membranes. Increasing the mol%
of the PEG2000-DPSE increases the surface charge density of
the membrane and causes the PEG2000 chain to transition
from a gas of globular mushrooms to extended brushes.*>*°
This transition is gradual, and occurs when a fluid phase mem-
brane contains 3-5 mol% of PEG2000-DSPE. At these concen-
trations, the distance between the PEG2000-DSPE molecules
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60 [1d=50 ym

t =60 min
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Fig. 3 Dynamics of the lipid-dense mesophase formed from DOPC + 3 mol% PEG2000-DSPE. (a) Orthogonal x-z planes of confocal Z-stacks of the
assembled mesophase over time. (b) Molar yield of GUVs harvested after 10 minutes of incubation. The stacks show the percentage of the molar yield
that is comprised of the size classifications as listed in the legend. The data is an average of n = 3 independent repeats. The error bars are one standard

deviation from the mean.
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Fig. 4 Effect of the mol% of PEG2000-DSPE on the configuration of the film and molar yields. (a)—(c) Upper panels show orthogonal x—-z planes of
confocal Z-stacks of the lipid films on the surface. Bottom panels are x—y planes consisting of summed z-projections of the first 18 um from the surface
of the substrate. (a) DOPC + 1 mol% PEG2000-DSPE. (b) DOPC + 5 mol% PEG2000-DSPE. (c) DOPC + 10 mol% PEG2000-DSPE. Example of small
micelle-like structures from the region shown by the white arrow in (b) and (c). (d) 5 mol% PEG2000-DSPE. (e) 10 mol% PEG2000-DSPE. The large bright
objects are GUVs and MLVs (white arrows). (f) Molar yields of GUVs with increasing mol% of PEG2000-DSPE. The stacks show the percentage of the
molar yield that is comprised of the size classifications as listed in the legend. Each bar is an average of n = 3 independent repeats. Statistical significance
was determined using a balanced one-way ANOVA and Tukey's HSD post hoc tests. (g) Scatter plot showing the molar yield from GUVs > 10 pm in
diameter versus the total molar yield. Each data point is the average of n = 3 independent repeats. The grey dashed line indicates where half the lipid

molecules are in GUVs with diameters > 10 pm. Scale bars are 15 pm.

falls below twice the Flory radius, Rp = 3.66 nm of PEG2000.>**°
Additionally, high mol% of PEG2000-DSPE in membranes
favors the formation of micellar phases.***°

Confocal images show that the lipid film after 1 hour
demonstrated configurations that depended on the mol% of
PEG2000-DSPE (Fig. 4a—-c). See ESI, T Fig. S7 for the original non-
contrast enhanced images. In mixtures containing 0.1 and
1 mol% PEG2000-DSPE, GUV-sized buds were present on the
surface. There was no noticeable difference between the con-
figuration of buds for pure DOPC and the DOPC + 0.1 mol%
PEG2000-DSPE mixture (image not shown). In contrast, the
DOPC + 1 mol% PEG2000-DSPE mixture had 5-6 stacked layers
of buds, similar to the configuration of the buds on the surface
of nanocellulose paper (compare Fig. 4a with Fig. 2a and b). For
the DOPC + 5 mol% PEG2000-DSPE mixture, a volume-
spanning foam-like mesophase that was qualitatively similar
to the DOPC + 3 mol% of PEG2000-DSPE mixture was present.
However, this mesophase had a noticeably lower lipid density
than the mesophase that formed with the DOPC + 3 mol%
PEG2000-DSPE mixture. The lower lipid density is apparent by
the large fraction of continuous phase between the septa and
the lack of lipid dense regions. For the DOPC + 10 mol%
PEG2000-DSPE mixture, the foam-like mesophase was no
longer evident. Instead, structures that appeared to be clusters
of detached GUVs, the majority that have diameters <10 pum,
appeared to form. Very few buds were attached to the surface.
Both the 5 mol% and 10 mol% PEG2000-DSPE had regions with
small bright speckles that diffused freely (white arrows in

This journal is © The Royal Society of Chemistry 2024

Fig. 4b and c, x-y images in Fig. 4d and e). These bright
speckles were not present in mixtures containing 3 mol% or
lower of PEG2000-DSPE. These speckles are consistent with
micelles that are known to form in mixtures with high mol% of
PEG2000-DSPE.***

Fig. 4f shows a plot of the molar yields obtained using the
lipid mixtures. We show representative images of the harvested
objects and histograms of the size distributions in ESI,¥
Fig. S8 and S9. For 0.1,1, 5, and 10 mol% of PEG2000-DSPE,
the molar yield was 26 + 3%, 32 £ 3%, 25 £+ 1%, and 16 + 2%,
respectively. In addition to the DOPC + 3 mol% PEG2000-DSPE
lipid mixture, only the DOPC + 1 mol% PEG2000-DSPE lipid
mixture showed a yield significantly different from pure DOPC
(p = 7.76 x 10 *%). Furthermore, this yield was statistically
indistinguishable from the yield of GUVs obtained using the
PAPYRUS method (p = 0.348). For lipid mixtures with 0.1, 1, 5,
and 10 mol% of PEG2000-DSPE, the fraction of GUVs with
d > 10 pm was 31%, 50%, 46%, and 30%, respectively (Fig. 4g).
Thus, the DOPC + 1 mol% PEG2000-DSPE and DOPC + 5 mol%
PEG2000-DSPE lipid mixtures had a higher fraction of GUVs
with d > 10 um compared to pure DOPC. The DOPC +
0.1 mol% PEG2000-DSPE, and DOPC + 10 mol% PEG2000-
DSPE lipid mixtures had lower fraction of GUVs with d >
10 pm compared to pure DOPC. All these mixtures had a lower
fraction of GUVs with d > 10 um compared to pure DOPC
obtained using the PAPYRUS method and compared to DOPC +
3 mol% PEG2000-DSPE obtained using the PAPYRUS and the
gentle hydration methods.
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To surmise, only the mixtures containing 1 and 3 mol% of
PEG2000-DSPE resulted in yields significantly different from
pure DOPC, and only the mixture containing 3 mol% PEG2000-
DSPE had ultrahigh yields. Consistent with their similar surface
configuration of a close-packed layer of size-stratified buds, the
lipid mixture containing 1 mol% of PEG2000-DSPE had similar
yields to the PAPYRUS method despite the flat geometry of the
surface. All the other compositions, despite showing similar
yields to pure DOPC, had different configurations of hydrated
lipid on the surfaces. The DOPC + 0.1 mol% PEG2000-DSPE
lipid mixture showed similar configuration of a single sparse
layer of buds to pure DOPC, the DOPC + 5 mol% PEG2000-DSPE
lipid mixture had a lipid-poor foam-like mesophase and
micelles, while the DOPC + 10 mol% PEG2000-DSPE lipid
mixture had clusters of detached GUVs and micelles. These
results show that similar yields of GUVs could arise from
different configurations of the hydrated lipid on surfaces.

3.4 Long-range electrostatic and short-range steric
interactions are both needed for the formation of the
lipid-dense foam-like mesophase and for obtaining
ultrahigh yields

We investigated the molecular mechanism for the formation of
the foam-like mesophase by using lipids with partial molecular
similarity to PEG2000-DPSE. We prepared lipid films composed
of DOPC with 3 mol% DSPE, 3 mol% PEG2000-DSG, or 3 mol%
DSPG. Fig. 5a shows the structures of the lipids relative to
PEG2000-DSPE. DSPE is the lipid portion of PEG2000-DSPE.
PEG2000-DSG has a poly(ethylene glycol) chain similar to
PEG2000-DSPE but does not have a negatively charged phos-
phate group. DSPG has a negatively charged phosphate group
similar to the negatively charged phosphate group of PEG2000-
DSPE but does not have a poly(ethylene glycol) chain. Confocal
images show that the films form surface-attached buds for all
three lipid mixtures. There is no foam-like mesophase (Fig. 5b).
See ESI,f Fig. S10 for the original non-contrast enhanced
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images. Furthermore, we find that none of the lipid mixtures
resulted in GUV yields significantly different from pure DOPC,
albeit the distributions in sizes were different (Fig. 6a). We find
that the addition of 3 mol% of DSPE, PEG2000-DSG, and DSPG
resulted in a yield of 16 £ 0.5%, 17 + 3%, and 26 £+ 2%
respectively. The fraction of GUVs with d > 10 um for DSPE,
DSPG, and PEG2000-DSG was 25%, 48%, and 35% respectively
(Fig. 6b).

Since PEG2000-DSG had no effect on the yield of GUVs, we
reasoned that the formation of the foam-like mesophase and
the increase in yield requires the charge group in addition to
the poly(ethylene glycol) chain. The range of the electrostatic
interaction is highly sensitive to the ionic strength of the
solution. The Debye screening length provides an estimate of
the range of electrostatic interaction.>® At the Debye length, the
electrostatic potential decays by 1/e. To test the relative impor-
tance of the range of the electrostatic interaction for forming
the foam-like mesophase, we hydrated films of DOPC + 3 mol%
PEG2000-DSPE in 100 mM sucrose + 1 mM NaCl and in 100 mM
sucrose + phosphate buffered saline (PBS) (PBS composition:
137 mM NaCl, 2.7 mM KCl, 8 mM Na,HPO,, and 2 mM
KH,PO,). The Debye screening lengths are 170 nm, 9.6 nm,
and 0.75 nm in 100 mM sucrose, 100 mM sucrose + 1 mM of
NaCl, and 100 mM sucrose + PBS, respectively. Thus, in these
solutions, the screening lengths are ~37x, 2x, and 0.2x the
Flory radius of PEG2000-DSPE. The yield of GUVs dropped to
23 + 2% in the solution with 1 mM Nacl (Fig. 6c). In PBS, the
yield of GUVs was 0.8 + 0.2%."> Upon the inclusion of salt, the
fraction of molar yield from GUVs with d > 10 pm reduced to
21% in the solution containing 1 mM NacCl and to 4% in PBS
(Fig. 6d). See ESI,T Fig. S11 and S12 for representative images of
the harvested objects and histograms of the sizes.

We conclude that the formation of the foam-like mesophase
is unique to PEG2000-DSPE and requires both the short-range
steric repulsion of the poly(ethylene glycol) chain and the long-
range repulsion of the phosphate group. In molecularly similar

PEG2000-
DSPE in 1
mM NaCl

PEG2000
-DSG

0 0 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Fig. 5 Chemical structures of lipids and configuration of the films on the surface. (a) Chemical structures of lipids used. The PEG chain is highlighted in
pink and the negative charge is highlighted in yellow. (b) Orthogonal x—z planes of confocal Z-stacks of the lipid films on the surface after 1 hour of

hydration.
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size classifications as listed in the legend. Each data point is the average of n = 3 independent repeats. The error bars are one standard deviation from the
mean. Statistical significance was determined using a balanced one-way anova and tukey's hsd post hoc tests when comparing multiple means or a
student’s t-test when comparing two means. *: p < 0.05, **: p < 0.01, ***: p < 0.001, n.s.: not significant.

lipids lacking one of these interactions, or when the range
of electrostatic repulsion is reduced by screening in salty
solutions, the mesophase does not form.

3.5 Addition of PEG2000-DSPE increases yields of GUVs of
complex lipid mixtures, on stainless steel substrates, and in the
electroformation method on ITO slides

We determine the generality of the strategy of incorporating
3 mol% PEG2000-DSPE to increase the molar yield and fraction
of large GUVs. We conducted experiments that varied the lipid
composition, the identity of flat substrate, and employed the
electroformation method on ITO slides.

For the experiments testing lipid composition, we use a
ternary mixture consisting of the unsaturated lipid DOPC, the
saturated lipid DPPC, and cholesterol as our model lipid
composition. This lipid composition is a canonical mixture
used to study lateral phase separation and membrane
organization.>>*® Without PEG2000-DSPE, the molar yield was
21 + 1%. 25% of the molar yield was from GUVs with d >
10 pm. Incorporation of 3 mol% PEG2000-DSPE results in a
1.7 x increase in the molar yield to 36 4+ 3% and a 1.4 x increase
of the molar yield from GUVs with d > 10 um (Fig. 7a and b).
We show representative images and histograms of the sizes in
ESI,t Fig. S13.

For the experiments testing the identity of flat substrate, we
use stainless steel sheets because it is a durable material used
to fabricate sterilizable tools for biomedical applications.®*

This journal is © The Royal Society of Chemistry 2024

Without PEG2000-DSPE, the molar yield was 19 + 3%. 19% of
the molar yield was from GUVs with d > 10 pm. Incorporation
of 3 mol% PEG2000-DSPE results in a 2.1x increase in the
molar yield to 40 £ 3% and a 1.6 x increase in the molar yield of
GUVs with d > 10 um (Fig. 7c and d). We show representative
images and histograms of the sizes in ESI,{ Fig. S14.

For the electroformation method, we find without PEG2000-
DSPE, the molar yield was 17% (ESL, Fig. S15a).">"® 37% of the
molar yield was from GUVs with d > 10 um. Incorporation of
3 mol% PEG2000-DSPE results in a 2x increase in the molar
yield to 34% and 1.3x of the increase of the molar yield was
from GUVs with d > 10 pm (ESLi Fig. S15b). We show
representative images and histograms of the sizes in ESLf
Fig. S16.

In all these conditions, the inclusion of 3 mol% PEG2000-
DSPE results in an increase in molar yield of GUVs and an
increase in the fraction of large GUVs. Thus, we conclude that
adding PEG2000-DSPE to lipid mixtures could be a general
strategy to increase the yields and fraction of large GUVs
obtained using the gentle hydration method on planar surfaces
and electroformation on ITO slides in low salt solutions.

3.6 Shear induced fragmentation of the foam-like mesophase
contributes to the formation of ultrahigh yields of GUVs in
mixtures containing 3 mol% PEG2000-DSPE

We show in Fig. 8 schematics of the proposed mechanism
of the assembly of GUVs in the presence of PEG2000-DSPE.

Soft Matter, 2024, 20, 9547-9561 | 9557
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* p < 0.05 **: p < 0.01, ***: p < 0.001, n.s.: not significant.

From 0 to 1 mol% PEG2000-DSPE, GUV-sized buds assemble
through budding and merging on the surface (Fig. 8a and b).
We propose that concentrations of 0.1 mol% and lower do not
change the physical parameters of the bilayer enough to result
in statistically significant changes in the yield compared to
using pure DOPC (Fig. 8a). At 1 mol% of PEG2000-DSPE, the
increase in buds obtained via budding and merging on the
glass surface could be due to changes in the membrane
physical parameters such as a decrease in the membrane
adhesion potential, edge energy, or bending rigidity (Fig. 8b).

At 3 mol% PEG2000-DSPE, we propose that the repulsive
forces contributed by both the long-ranged electrostatic inter-
actions and short-ranged steric interactions causes the rapid
expansion of the film to form a lipid-dense foam-like meso-
phase (Fig. 8c). GUVs assemble due to shear-induced fragmen-
tation and closure of the membranes in the mesophase when
the pipette is used for harvesting. Two lines of evidence support
this proposed mechanism. (1) The median size of GUVs, 3.9 +
0.1 um, is smaller than the median size of the polyhedral cells
in the mesophase, 25 + 10 um. This observation suggests that
the large structures in the mesophase break up. (2) The
mesophase is present within 7 minutes and harvesting using
the pipette at 10 minutes shows a similar yield of GUVs to
harvesting at 60 minutes. This observation suggests that self-
assembly of the mesophase over the duration of 1 hour is not
needed to obtain the GUVs. The GUVs are obtained upon
application of fluid shear during harvesting, be it at 10 minutes
or 60 minutes.

9558 | Soft Matter, 2024, 20, 9547-9561

Although similar shear-induced fragmentation is expected
to occur at 5 mol% of PEG2000-DSPE (Fig. 8d), micellization
reduces the density of lamellar membranes. At 10 mol% of
PEG2000-DSPE, the mesophase appears to lose integrity (Fig. 8e).
We propose that at this high mol% of PEG2000-DSPE, the lipids
are mainly in micelles and only small clusters of GUVs remain on
the surface. The micellization at these higher PEG2000-DSPE
mol% results in the reduction in GUV yields.

With the conditions of assembly that we employed, having a
substrate with flat geometry is essential for the formation of
the foam-like mesophase. The cylindrical geometry and the
entangled fibers of nanocellulose paper appear to prevent
the formation of the mesophase. Instead, buds evolve on the
surface due to budding and merging even when 3 mol% or
PEG2000-DSPE is present in the membrane.

4 Summary and outlook

This work shows that incorporation of PEG2000-DSPE results in
complex but measurable effects on both the yield of GUVs and
configuration of the lipid film on the surface. The complex
effects that we find belie simplistic correlation to changes in
a single physical parameter of the membrane, such as an
expected increase in intermembrane repulsion,*” upon
incorporation of PEG2000-DSPE. At 1 mol% of PEG2000-
DSPE, there are size-stratified layers of surface-attached GUV-
sized buds on the surface, while at 3 mol% PEG2000-DSPE,

This journal is © The Royal Society of Chemistry 2024
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PEG2000-DSPE. (b) DOPC + 1 mol% PEG2000-DSPE. (c) DOPC + 3 mol% PEG2000-DSPE. (d) DOPC + 5 mol% PEG2000-DSPE. (e) DOPC + 10 mol%

PEG2000-DSPE.

a foam-like lipid dense mesophase forms that is broken up
during harvesting. Fragmentation of this lipid dense meso-
phase is a pathway of assembly that can result in ultrahigh
yields of GUVs. At 5 mol% of PEG2000-DSPE, the mesophase
becomes lipid poor before appearing to disintegrate at 10 mol%
of PEG2000-DSPE.

This journal is © The Royal Society of Chemistry 2024

Incorporating 3 mol% of PEG2000-DSPE in a phase separat-
ing mix and on stainless steel substrates is effective in doubling
the yields of GUVs compared to mixtures without PEG2000-
DSPE. This effect appears to be unique to PEG2000-DSPE and
does not occur in lipids with partial molecular similarity such
as those that only have a charged phosphate headgroup or only
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a PEG2000 chain. Furthermore, when the range of the electro-
static interaction of the charged phosphate headgroup on
PEG2000-DSPE is screened, the yield of GUVs falls. The yield
of GUVs becomes negligible in solutions of physiological ionic
strength.

From a mechanistic perspective, this work reports the dis-
covery of an alternate pathway for forming GUVs via mesophase
break up of membranes containing 3 and 5 mol% PEG2000-
DSPE. This pathway is distinct from budding and merging on
surfaces.'® Thus, two different pathways that depend on the
membrane composition and the geometry of the surface can
result in the assembly of GUVs from thin lipid films.

Looking forward, we anticipate other factors such as the
surface concentration of lipid and the composition of the
membrane could favor the formation of GUVs via one pathway
over the other. The framework that couples quantitative mea-
surements of yield with direct high-resolution visualization of
the lipid film that we use here could be useful for under-
standing these other conditions. Furthermore, PEG2000-DSPE
in the range of 1 to 3 mol% is used widely in clinical
applications®”*® and surfaces such as stainless steel are used
in bioreactor chambers.®" Our results show that in addition
to conferring properties such as ‘“stealth” capabilities and
increased circulation lifetime, addition of 1 to 3 mol% of
PEG2000-DSPE into lipid mixtures provides a route to obtaining
high and ultrahigh yields of GUVs via the gentle hydration
method using myriad planar substrates.
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