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Abstract

Giant Unilamellar Vesicles (GUVs) are a versatile tool in many branches of science, including
biophysics and synthetic biology. Octanol-Assisted Liposome Assembly (OLA), a recently
developed microfluidic technique enables the production and testing of GUVs within a single
device under highly controlled experimental conditions. It is therefore gaining significant interest
as a platform for use in drug discovery, the production of artificial cells and more generally for
controlled studies of the properties of lipid membranes. In this work, we expand the capabilities
of the OLA technique by forming GUVs of tunable binary lipid mixtures of DOPC, DOPG and DOPE.
Using fluorescence recovery after photobleaching we investigated the lateral diffusion coefficients
of lipids in OLA liposomes and found the expected values in the range of 1 um?/s for the lipid
systems tested. We studied the OLA derived GUVs under a range of conditions and compared the
results with electroformed vesicles. Overall, we found the lateral diffusion coefficients of lipids in
vesicles obtained with OLA to be quantitatively similar to those in vesicles obtained via traditional
electroformation. Our results provide a quantitative biophysical validation of the quality of OLA
derived GUVs, which will facilitate the wider use of this versatile platform.

Keywords

GUV, Octanol-Assisted Liposome Assembly, Microfluidics, lipid composition, FRAP


mailto:ufk20@cam.ac.uk
mailto:J.Cama@exeter.ac.uk

1. Introduction

Liposomes, small aqgueous compartments encapsulated by a lipid bilayer, have come a long way
since their first description by Bangham and Horne in 1964 [1,2]. Today liposomes, also known as
lipid vesicles, are a widely used tool in many branches of science and industry, including the
pharmaceutical and cosmetics industries [3]. Unilamellar liposomes of several microns in
diameter, termed Giant Unilamellar Vesicles (GUVs), are especially widespread in the fields of
biophysics and synthetic biology, where they are used in the bottom up construction of synthetic
cells [4,5]. GUVs have also been used as model membranes for drug transport studies across lipids
[6,7] and for studying antibiotic transport facilitated by bacterial porins [8]. Others have used
GUVs as micro containers for chemical reactions [9].

Different methods to obtain GUV have emerged over the years which typically fall into two
categories. They either generate GUVs via swelling from a solid substrate, or they are assembled
from fluid interfaces [10,11]. Among the swelling approaches, a technique called electroformation
found particularly widespread use [12]. Many techniques of the latter category are based on
microfluidics [13]. A new microfluidic technique to form GUVs on chip was presented by
Deshpande et al. in 2016 [14]. Depicted in Figure 1, GUV formation occurs in a process similar to
bubble blowing. At a six-way junction, an inner aqueous (lA) phase encounters a lipid-carrying 1-
octanol (LO) phase. A double emulsion droplet forms and is pinched off by an outer aqueous (OA)
fluid stream. Within the microfluidic chip, the double emulsion then separates, resulting in a
separate GUV and an octanol droplet [14,15]. Importantly, the separation occurs automatically
and the technique does not require washing or solvent extraction procedures, like other double
emulsion techniques [14,16]. Since the lipids for this technique are carried by the 1-octanol phase,
the method was coined Octanol-Assisted Liposome Assembly (OLA).

Given the advantages of lab-on-chip techniques for drug development studies [17], we integrated
OLA with a platform for the characterization of membrane active antimicrobials [18], as well as
with a platform for the quantification of drug permeation across membranes [19]. In the field of
synthetic biology, mechanical division [20], as well as membrane tension mediated growth [21] of
OLA vesicles has been shown. Furthermore, protocols for the purification of OLA liposomes have
been presented [22].

However, the capability of OLA in producing liposomes of defined lipid mixtures has not been
investigated in detail previously. Theoretical and experimental studies suggest different partition
coefficients of octanol into bilayers of PG, PE and PC lipids, respectively [23,24]. A lipid type with
a higher affinity to octanol could therefore potentially remain in the lipid-octanol (LO) phase
during liposome formation. It is important to quantify that no such demixing occurs and that the
membrane composition of the obtained liposome matches the lipid mixture in the LO phase.
Moreover, membrane properties such as the lateral diffusion coefficients of lipids in OLA vesicles
have not been compared to vesicles obtained from other GUV formation techniques. In recent
years, we have gained a better understanding of the importance of membrane composition as
well as lipid lateral diffusion on cellular processes. For instance, simulations by Duncan et al. show
that clustering of Kir channel proteins is modulated by the compositional complexity as well as the
lateral diffusion coefficient of the lipids in the membrane [25]. Other studies have revealed that
lateral lipid diffusion is rate limiting for many cellular processes [26]. The proposition of different
modes of lateral mobility [27], as well as the emergence of the field of lipidomics [28], furthermore
highlight the increasing importance attributed to membrane composition and the lateral mobility
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of lipids in the membrane. When using GUVs as a tool to study proteins, precise knowledge and
control of these two parameters is therefore of great importance.

In this work, we investigate the lipid composition of GUVs produced with OLA by a mean
fluorescence intensity analysis. Furthermore, we measure the lateral diffusion coefficients of
fluorescently labelled lipids in OLA vesicles using FRAP (Fluorescence Recovery After
Photobleaching) and compare the diffusion coefficients to those obtained from vesicles generated
by the established electroformation technique. We thus provide an important biophysical
characterization of liposomes produced using microfluidics, encouraging the wider uptake of
these novel liposome production methods in the field.

2. Materials and Methods
2.1 Microfluidic Chip Design and Fabrication

The microfluidic chip design, depicted in Figure 1A, is a modification of the original design
geometry by Deshpande et al. [14]. The chip consists of three inlets for the inner aqueous (lA),
outer aqueous (OA) and lipid-octanol (LO) phases, respectively. The LO and OA channel bifurcate
and meet the IA at a six-way junction, where the liposomes are formed. As depicted in Figure 1B,
the GUVs initially have an octanol pocket attached to them. The octanol typically separates from
the GUV within seconds to minutes after formation, as the vesicle flows towards the outlet
reservoir [14]. The dimensions of our junction are scaled up by a factor of ~2 compared to the
original design to obtain larger liposomes than typically possible with the originally published chip
design [14]. While the chip design by Deshpande et al. features a channel height and junction
width of 10 um each, these parameters are 16 um and 20 um in our design, respectively. The
scaled-up channels furthermore lead to higher flow rates and higher liposome production rates
than the original device [19]. The approximate doubling of all dimensions of the microfluidic
channels (width, height and length) reduces the fluidic resistance by a factor of 8. The volume flow
in our chip hence increases by a similar number, compared to the design by Deshpande et al. [14],
if the same pressures are applied.

The microfluidic chips were fabricated from polydimethylsiloxane (PDMS) using established
photo- and soft lithography techniques [19]. A master mold of the structures of the microfluidic
chip was produced by spin coating a thin layer of SU-8 2025 (Chestech, UK) on a 4-inch silicon
wafer (University Wafer, USA). The wafer was spun at 1800 rpm for 60 s with a ramp of 100 rpm/s
in a spin coater (WS-650-23NPP, Laurell Technologies, USA) to obtain features of 16 um height.
The wafer was then pre-baked on a hot plate at 65°C for 1 min and at 95°C for 6 min and placed
in a table-top laser direct imaging (LDI) system (LPKF ProtolLaser LDI, Germany). The LDI system
exposes the structures specified in the software directly to UV light, causing the photoresist to
crosslink and solidify. Following the exposure, the wafer was post-baked for 1 min at 65°C and for
6 min at 95°C. By rinsing the wafer with propylene glycol monomethyl ether acetate (PGMEA), the
unexposed photoresist was flushed away leaving the desired structures imprinted on the
substrate. Finally, the wafer was hard baked for 15 min at 120°C.

The silicon wafer was then used as a mold to fabricate the microfluidic devices. A 9:1 ratio mixture
of liquid elastomer and its corresponding curing agent (Sylgard 184, DowsSil) was desiccated to
remove air bubbles and cast into the mold. After curing for 60 min at 60°C, the PDMS was removed
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from the mold. Biopsy punches (0.7 mm diameter, WPI, UK) were used to cut fluid access ports
into the chip at the position of the inlets. Larger biopsy punches (4 mm diameter, WPI, UK) were
used to cut the outlet reservoir. The PDMS chip was then plasma-bonded to PDMS-coated
coverslips using a standard plasma bonding protocol (100 W, 10 s exposure, 25 sccm, plasma oven
from Diener Electric, Germany).

A Microfluidic Chip Design
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Figure 1: (A) Design of the microfluidic chip used to produce the liposomes. The chip has three inlets
for the inner (IA) and outer aqueous (OA) and the lipid-octanol (LO) phases, respectively. The
vesicles are formed at a six-way junction (1) and flow along the channel to the outlet where they
can be extracted or imaged directly. (B) Schematic of the OLA junction, where liposome formation
occurs. The IA fluid stream is flanked by two channels with the lipid-carrying LO phase. The OA
flows pinch off double emulsion droplets. The double emulsion self-assembles downstream into a
vesicle with a 1-octanol pocket attached to it, which later buds off. We propose that the lipid ratio
of the lipid-octanol mixture inserted into the microfluidic chip is maintained in the GUVs produced
with OLA.

A crucial step of the OLA protocol is to render the surface of the outlet channel hydrophilic while
keeping the LO and IA channel unaltered [14,15]. This was achieved by flushing the outlet channel
with a polyvinyl alcohol (PVA) solution for 15 min (50 mg/mL, 87-90% hydrolyzed molecular weight
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30,000-70,000 Da, Sigma-Aldrich) via the outer aqueous inlet while applying air pressure from the
other inlets. The PVA was removed from the chip by applying suction with a vacuum pump
(Gardner Denver Thomas GmbH, Germany). Finally, the microfluidic device was baked in an oven
at 120°C for 15 min.

2.2 Solution for the Lipid Composition Experiments

A mixture of 200 mM sucrose and 15% v/v (% volume fraction) glycerol in PBS buffer was used as
the standard solution for the inner aqueous (IA) phase of the lipid mixture experiments. The base
solution of the outer agueous (OA) phase was identical to the IA but contained an additional
50 mg/mL poloxamer Kolliphor P-188. For all experiments containing DOPE lipid, P-188 was also
added to the IA phase, as we found this increased liposome stability. Furthermore, a solution with
the same composition as the IA, but containing 200 mM glucose instead of sucrose was prepared.

Three different binary lipid mixtures were used in the LO phase to test for the membrane
composition. The tested lipids were combinations of 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-
glycerol)sodium salt (DOPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE). The lipids were sourced from Sigma-Aldrich.
According to the manufacturer, these lipids show very similar melting temperatures of -18°C, -17°C
and -16°C, respectively. As such, the lipids show very high miscibility with each other and there
exists no substantial broadening of the phase transition regime in the mixtures. These lipids
therefore do not spontaneously phase separate as a result of their different melting temperatures
and are therefore well suited for use when investigating the potential effects/influence of the
formation method on the lipid composition. Aliquots of the individual lipids were combined to
form binary lipid systems in three different ratios. The lipids were dissolved in 1-octanol to a final
concentration of 3.6 mg/mL to form the LO phase. For each lipid system, one of the lipids of the
binary mixture contained a small proportion of a fluorescently labelled lipid (18:1-12:0 NBD PC or
16:1 Liss Rhod PE, all tail group labelled) which was used to quantify the proportion of the
corresponding lipid in the mixture. The exact lipid mixing protocols can be found in the
Supplementary Information. The investigated binary lipid systems were as shown in Table 1.

Binary Lipid System Lipid A Lipid B
DOPIZSG—PI;:OPC 50 mg/mL DOPG witr? g.Tfyi/nT/Ln? (I\DIZE—PC
DOPPCC—PIZEOPE 90 mg/mL DOPC with o.?)g;: ?n/;nr’rl; Es(,)sp:hod PE
DOPIZSG—PEEOPE 50 mg/mL DOPG with o.?)g;: ?n/;nr’rl; Es(,)sp:hod PE

Table 1: Lipid stocks forming the binary lipid systems used to create GUVs with the OLA technique.
Lipid A and Lipid B were combined in 1:3, 2:2, and 3:1 volume ratios each. Lipid B contains a small
fraction of fluorescently labelled lipids. The membrane composition was evaluated by observing if
the fluorescence intensity of the liposomes scales as expected from the lipid mixture.



2.3 Solutions for FRAP Experiments

We formed GUVs of two different PC lipid types by both electroformation and OLA to obtain and
compare their lateral diffusion coefficients. The tested lipids were 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC). The LO phase
consisted of 4 mg/mL PC lipid with 0.5% m/m (% mass fraction) NBD-PC in octanol. The aqueous
solutions (200 mM sucrose, 15% glycerol) were prepared in milli-Q water and not PBS, as the
formation of GUVs using electroformation fails at high salt concentrations [13]. Two sets of
vesicles for each technique were investigated. The lateral diffusion coefficient of one set was
measured in a high P-188 environment, the other set was measured in a low P-188 environment.
In the high P-188 environment, 50 mg/mL P-188 was encapsulated in the interior of the vesicles,
and 14 mg/mL P-188 was present in the surrounding medium for both OLA and electroformed
vesicles. The low P-188 environment for electroformation was completely devoid of P-188 (inside
and outside the vesicle), while the OLA low P-188 environment had no P-188 encapsulated, but
14 mg/mL P-188 in the surrounding medium. Since OLA requires the addition of P-188 at least in
the OA phase to form vesicles, we were not able to create an environment for OLA vesicles that
was completely devoid of the poloxamer. The exact solution compositions used for liposome
formation and FRAP measurements are listed in Supplementary Tables S1 and S2. In order to
examine the effect of temperature and glycerol on the lipid lateral diffusion, we furthermore
performed FRAP measurements on electroformed DOPC vesicles at varying levels of glycerol (0%
vs 15% glycerol) and different temperatures (approx. 20°C vs. 37°C). For these experiments, we
used similar sucrose solutions, devoid of ions and P-188 as in Supplementary Table S1.

To facilitate imaging, we mixed the vesicles of all experiments with a low-density dilution stock.
The dilution stock was similar to the IA solution (no P-188) of the respective experiments but
contained 200 mM glucose instead of 200 mM sucrose. The higher molar weight of the sucrose
encapsulated within the vesicles leads to a higher density than the surrounding fluid. This causes
the vesicles to sink to the bottom of the chip, where they can be imaged more easily.

All chemicals were obtained from Sigma-Aldrich, unless stated otherwise.

2.4 Electroformation Protocol

The GUVs were formed using the Vesicle Prep Pro (Nanion Technologies GmbH, Germany) using
an established electroformation protocol [12]. 80 pL of a 5 mg/mL lipid suspension (containing
0.5% NBD-PC) in chloroform was spin coated (660 rpm for 2 min) on an Indium Tin Oxide (ITO)
coated glass slide (Visiontek) and desiccated for 60 min to evaporate the solvent. 600 uL of the IA
solution (Supplementary Table S1) was added and held in place by a rubber O-ring, and
sandwiched by another ITO slide. An A/C voltage was applied via the conducting surfaces of the
ITO slides inducing swelling of the lipid film and the formation of vesicles [12]. The
electroformation process was performed at 37°C and ran through the following protocol: the A/C
voltage linearly increased from 0 V to 3.2 V peak-to-peak (p-p) at 10 Hz over a time period of
1 hour. Then the voltage stayed at 3.2 V p-p and 10 Hz for 50 minutes. Finally, the frequency
decreased linearly to 4 Hz over a time window of 10 minutes and was held at 4 Hz for another 20
minutes. The vesicle suspension was then removed and stored in an Eppendorf tube.



2.5 Vesicle Formation and Extraction

The liquid flows were controlled with a pressure-driven microfluidic pump (MFCS-EZ, Fluigent)
equipped with a Fluiwell-4C reservoir kit. Polymer tubes (Micrewtube 0.5 mL, Simport) containing
the OLA solutions were screwed into the Fluiwell-4C. The solutions entered the microfluidic chip
via tygon tubing (microbore tubing, 0.020” x 0.060” OD, Cole Parmer). Cut dispensing tips
(Gauge 23 blunt end, Intertronics) were used as metal connectors between the tubing and the
chip. Liposome formation was performed by adjusting the respective fluid pressures. For a
detailed description of the setup of the method, we refer to a preceding publication by
Deshpande et al. [15].

The right pressure regime for achieving stable vesicle formation depends on several factors,
namely the width of the junction, the height of the channels, the downstream chip design and the
viscosity of the fluids. For the design used for the experiments in this paper, the inner aqueous (lA)
and lipid-octanol (LO) pressures were roughly the same magnitude and a factor of 2-5 lower than
the outer aqueous (OA) flow. The flow speed and frequency of vesicle formation can be controlled
by adjusting the pressures in the said range [14]. We typically operated the chip with input
pressures of 40 mbar for the IA and LO phase and 100 mbar for the OA phase. Based on the volume
of liquid that we collect in the outlet and the time for which we run the experiment, we estimate
that the total flow rate in this pressure regime is roughly on the order of 10 pL/h. In this flow rate
regime, we typically achieve vesicle production frequencies of tens of Hz. However, GUV
production rates of up to several hundred Hz are possible if we drive the fluid flows with pressures
of several hundred mbar.

OLA furthermore allows for the control of the sizes of the generated vesicles by adjusting the
microfluidic pressures of the respective IA, LO and OA channels. Lowering the IA and increasing
the OA pressure leads to smaller vesicles, whereas an increase of the IA and lowering of the OA
pressure leads to larger vesicles. A comparison of the size distribution of vesicles obtained with
OLA and electroformation, as well as an overview of the sizes of the vesicles obtained for the
different lipid compositions in OLA is given in Supplementary Figures S3 and S4.

Upon formation, the GUVs have an octanol pocket attached to them, which typically separates
from the GUV within seconds to minutes after formation, as the vesicle flows towards the outlet
reservoir. The separation occurs as a combination of surface tension minimization and shear stress
caused by the fluid flow and the PDMS channel walls. It should be noted that if the chip is operated
at very high flow speeds, it is possible that this does not leave enough time for every single GUV
to separate from its octanol pocket before it reaches the outlet. The flow speed therefore has to
be matched to the length of the outlet channel to avoid vesicles with residual octanol attached to
them.

In the lipid composition experiments, the outlet reservoir was used to both collect and directly
image the created liposomes. After a stable liposome formation was established, 15 uL of the low-
density dilution stock was pipetted into the outlet. The higher density of the liquid inside the
liposomes compared to the outside solution caused the liposomes to sink to the bottom of the
chip which facilitated imaging. Furthermore, this enabled the separation of the vesicles from the
octanol droplets, as octanol has a lower density than water. After 2-3 hours of GUV formation, the
microfluidic chip was disconnected from the microfluidic pump and imaged on a confocal
microscope.



The vesicles for the FRAP experiments were not imaged directly on the microfluidic chip. Instead,
the GUVs were extracted from the chip and transferred to a PDMS coated coverslip with an
incubation chamber (Grace Bio-Labs FlexWell, Sigma-Aldrich). After GUV formation was
established, 15 pL of the OA solution was added to the outlet reservoir of the OLA chip. After
2-3 hours of liposome formation, 20 pL of the GUV suspension was extracted from the microfluidic
chip using a wide bore pipette. The vesicle solution was added to the incubation chamber
containing 50 pL of the low-density dilution stock. Similarly, 20 uL of the electroformed vesicle
solution was added to 50 uL of the low-density dilution stock in a different visualization chamber.
The vesicles were left to settle at the bottom of the visualization chamber for 1 hour before
imaging.

2.6 Microscopy Parameters and Image Analysis

Standard epifluorescence microscopes (Nikon TE 2000U or Olympus IX 73) were used for imaging
the microfluidic devices during vesicle production and PVA treatment of the microfluidic
chips [19]. The recording of the fluorescence data of the lipid mixtures was performed on
commercial inverted confocal microscopes. Images were obtained with the focal plane of the
microscope set to the center of the vesicles in order to capture the fluorescence at the equator of
the vesicles. A Leica TCS SP5 Confocal was used to image PGPC liposomes fluorescently labelled
with nitrobenzoxadiazole (NBD), excited by a 488 nm laser. An Olympus FluoView FV1000 Confocal
Laser Scanning Microscope was used to image PGPE and PCPE liposomes fluorescently labelled
with Liss Rhod PE, which were excited by a 559 nm laser. Importantly, all optical parameters were
kept the same for the measurement of each lipid system. The detailed imaging parameters can be
found in the Supplementary Information. The mean intensity values of the fluorescent ring were
extracted using the open source software Imagel, as depicted in Supplementary Figure S1.

We performed a linear regression for each lipid system (PGPC, PCPE and PGPE) with the
fluorescence intensities of the liposomes on the y-axis and relative concentrations of the
fluorescently tagged lipid in the LO phase on the x-axis. The y-intercept for the regression was
fixed at zero. We then normalized the fluorescence intensities of each lipid system with the slope
of the linear function we obtained from the regression. By normalizing to the slope of the
regression, the new values scale directly with the relative concentrations of the fluorescently
doped lipid in the mixture. This results in expected values of 1,2 and 3 for the 3:1, 2:2 and 1:3
(non-fluorescent: fluorescent lipid ratio) systems, which facilitates comparison of the fluorescence
intensity ratios.

The FRAP measurements were performed on an Olympus FluoView FV1000 Confocal Laser
Scanning Microscope equipped with a cellVivo Incubation System. The field of view was focused
on the bottom of a GUV. By adjusting the pinhole diameter, the slice thickness was increased such
that the lower part of a GUV was observed as a fluorescent disc. Using the FRAP function of the
microscope’s software, a spot of @ 4 um was bleached and the fluorescence recovery observed.
8 images were collected pre-bleaching. Bleaching was performed over 0.1 s with 98% laser power
and the fluorescence recovery was recorded for 100 frames (2 ps/pixel exposure).

We calculated the fractional fluorescence recovery trace fx(t) for each vesicle, according to the
formula below [29,30]:

Fi (t) — F (0)
Fy (o) — Fx (0)

frk(@®) =



where Fg (t) is the measured fluorescence intensity, Fi (0) is the intensity just after bleaching and
Fy (o) is the recovered intensity. The recovered intensity was defined as the average of the last 8
frames of the fluorescence trace. Furthermore, the mobile fraction of each vesicle was calculated:

Fy (0) — F(0)

M= Fec < 0) = Fe0)

The fluorescence intensity before bleaching Fx (t < 0) is defined as the average of the 8 frames
recorded pre-bleaching.

An exponential function of the form y = yo*(1-exp(-a*t)) was fit to the fractional recovery curve of
each vesicle and the half-life recovery time t, ,, was extracted, as shown in Figure 4. We calculated
the lipid lateral diffusion coefficient of each vesicle, following the approach of Axelrod et al. [29]
and Soumpasis [30]:

2

w
D =0.224 —
t1/2

where w is the radius of the bleaching spot.

3. Results
3.1 Lipid Composition Experiments

We investigated the lipid composition of GUVs formed using the OLA system by performing a
mean fluorescence intensity analysis on PGPE, PGPC and PCPE binary lipid mixtures. One of the
lipids used contained a small (0.05% or 0.1% m/m) fraction of fluorescently labelled lipids. When
forming liposomes in different volume ratios of the two major lipids, the mean fluorescence of the
liposomes is expected to scale according to the amount of lipid with the fluorescent label.

Importantly, the images were acquired with identical optical parameters for all three volume
ratios of the binary lipid systems. The difference in fluorescence is therefore not the result of a
difference in excitation power, but of a higher number of the fluorescently labelled lipids in the
GUV membrane. When choosing the microscope parameters, we were careful to eliminate the
possibility of saturation of the photomultiplier tube (PMT), which would have skewed our
measurement. We always performed the measurement with the liposomes containing the largest
amount of fluorescently labelled lipids first, which was expected to have the highest fluorescence
intensity. After calibrating the microscope properties with this set and making sure no PMT
saturation occurred, the GUVs with lower expected intensities were imaged.

Figure 2 shows representative images obtained for the lipid mixtures PCPE (DOPC— DOPE) in three
different volume ratios. In this case, the DOPE stock contained 0.05% Liss Rhod PE lipids. As can
be seen in the images, the fluorescence intensity of the liposomes increases with larger DOPE
content in the LO phase, as expected. We also observed this behavior for the other two lipid
systems PGPE (DOPG — DOPE) and PGPC (DOPG — DOPC), where the DOPC phase was doped with
0.1% of the fluorescent NBD-PC. Representative images of all three binary lipid systems are shown
in the panels of Supplementary Figures S2a, S2b and 2c.
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Figure 2: Confocal images of the PCPE (DOPC-DOPE) lipid system in different volume ratios. The
fluorescence intensity of the liposomes scales according to the content of fluorescently labelled
DOPE in the lipid-octanol phase. PCPE 3:1 (A) vesicles with the least amount of DOPE show the
lowest fluorescence intensities, whereas PCPE 1:3 (C) vesicles with the highest content of DOPE in
the octanol expresses the strongest fluorescence. PCPE 2:2 (B) with equal amounts of DOPC and
DOPE lies in between the two.

We performed a mean fluorescence intensity analysis on each of the binary lipid systems under
investigation in order to quantify the shift in fluorescence between the different lipid mixing ratios.
The results are depicted in Figure 3. In the analysis, we performed a linear regression on the
fluorescence intensities of each lipid system and then normalized the fluorescence values to the
slope of the linear function we obtained. This results in a gradient of +1 for the normalized
intensity values with increasing relative concentrations of fluorescently doped lipid. For the 3:1,
2:2 and 1:3 lipid mixtures this translates into values of 1, 2 and 3, respectively, if the lipid
composition of the LO phase is maintained in the vesicles produced. We observe the expected 1-
2-3 scaling in our experiments. The PCPE vesicles showed values (mean + std. dev.) of 1.01 £ 0.1,
2.01 +0.68 and 2.98 + 0.62 for the mixing ratios 3:1, 2:2 and 1:3, respectively. The PGPC vesicles
yielded mean normalized intensities of 0.81 +0.13, 2.06 + 0.25 and 3.02 £ 0.32 for the mixing
ratios 3:1, 2:2 and 1:3, respectively. Note that we were not able to form stable PGPE liposomes in
the 3:1 lipid ratio. However, we were able to form PGPE vesicles in the ratios 2:2 and 1:3, which
followed the expected scaling with values of 1.99 + 0.29 and 3.00 + 0.33.
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Figure 3: Boxplots of the mean fluorescence intensity analysis for the binary lipid mixtures studied.
We normalized the fluorescence intensities to the slope of a linear regression with the fluorescence
intensities of the liposomes on the y-axis and relative concentrations of the fluorescently tagged
lipid in the LO phase on the x-axis. The normalized intensities of the lipid systems increase in
accordance with their larger fraction of the fluorescently doped lipid. The increase in fluorescence
for PCPE (A), PGPC (B) and PGPE (C) scales in a linear manner, as expected from the relative
concentration of the fluorescently doped lipid in the LO phase. It was not possible to form PGPE
lipid vesicles in a 3:1 mixing ratio. The upper and bottom ends of the box indicate the top and
bottom quartile, whereas the upper and lower whiskers indicate the smallest and largest value of
the set. Outliers *+ 3/2 of the upper and lower quartiles are not shown in the plot but are included
in the analysis. The line in the middle of the box indicates the median value.

We attribute the small deviations we observed from a linear increase in intensity to pipetting
error, photo bleaching as well as low signal-to-noise ratio. The latter affects primarily the vesicles
with low amounts of fluorescent lipid, as we imaged all lipid systems with constant optical
parameters and did not change the signal-to-noise ratio by adjusting the gain setting of the
microscope.

3.2 Lateral Diffusion Measurements

Using the FRAP technique, we measured the lateral diffusion coefficients of lipids in vesicles
generated with OLA and compared the results to those obtained in vesicles produced with
electroformation. We investigated vesicles of the PC lipid types DOPC and POPC. As stated in
section 2.3, we performed the FRAP experiments in two different chemical environments for each
technique. OLA requires the use of the Poloxamer P-188 in the OA phase, and we therefore
investigated whether or not this had any effect on lipid diffusion in GUV membranes. We
performed 4 sets of experiments, 2 each for electroformation and OLA produced GUVs, in varying
chemical environments to explore the phase space of possible P-188 combinations. These
measurements therefore allow us to assess the effect of different P-188 concentrations on the
lipid lateral diffusion coefficient both within the same production technique as well as between
OLA and electroformed vesicles. The different chemical compositions of the interior and exterior
of the vesicles, along with the production method are reported in Supplementary Table S1 and S2.
Furthermore, we investigated the effect of glycerol and temperature on electroformed DOPC
vesicles, by performing FRAP on GUVs both in a solution with 0% and 15% glycerol, as well as at
room temperature (approx. 20°C) and 37°C, respectively.
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Figure 4: (A) Example of a vesicle in the different stages of a FRAP measurement. The fluorescence
intensity of a circular disk is recorded pre-bleaching (i), bleached (ii) and recovered (iii). The
bleached region manifests itself as a dark circle on the vesicle membrane. Scale bar 10 um. (B)
Fractional recovery trace of a vesicle. An exponential curve is fit to the trace from which the half-
life recovery time t,,, is extracted. The lateral diffusion coefficient of the lipids is calculated using
the extracted half-life time and the area of the bleaching spot.

We followed the guidelines for FRAP analysis recommended by Chen et al. [31] and
Tocanne et al. [32], only including diffusion measurements performed on vesicles where the

radius of the bleached spot w was small compared to the diffusion area A (% > 5). Furthermore,

we kept the bleaching pulse tg short compared to half-life recovery time t, ,, (tp < 1—10 t1/2) and

used tz = 0.1 s, as recommended by Guo et al. [33]. Additionally, we excluded vesicles that
moved during the FRAP measurement, as well as vesicles whose fluorescence did not recover to
at least 75% of the pre-bleaching intensity (exclude mobile fraction of M < 0.75%). For the latter,
the assumption of an infinite lipid reservoir is not met, and the diffusion coefficient can be
underestimated due to the bleaching of substantial parts of the membrane. Typically, these
vesicles coincided with the vesicles excluded for one of the other requirements as well.
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Figure 5: Boxplots of the lipid lateral diffusion coefficients obtained via FRAP. (A) Comparison of
DOPC vesicles produced by OLA and electroformation with varying concentrations of encapsulated
P-188. The lateral diffusion coefficients are on the order of 1 um?/s for all investigated systems,
irrespective of the production method or the presence of P-188. (B) Lipid lateral diffusion
coefficients of electroformed DOPC vesicles at varying temperatures and glycerol concentrations.
We found a significant (p < 0.001) increase in lateral diffusion with rising temperature and
decreasing glycerol concentration, compared to the base line at room temperature (approx. 20°C)
and 15% glycerol.

The lateral lipid diffusion coefficients of DOPC vesicles obtained with the different formation
techniques are compared in Figure 5A. Without the presence of P-188 in the IA, the FRAP
experiments revealed values (mean * std. dev.) of 1.0 +0.2 pm?/s (N = 17) and
1.1+ 0.2 um?/s (N = 34) for electroformed and OLA vesicles, respectively. Note that in the above
case, the outside solution of the OLA vesicles contained 14 mg/mL P-188, whereas the outside
solution of the electroformed vesicles was devoid of P-188. As pointed out in section 2.3, the
reason for this lies in the fact that GUV formation with OLA is not possible without the presence
of P-188 in the OA phase. GUVs formed with 50 mg/mL P-188 encapsulated within the vesicle
showed values of 1.2 + 0.4 um?/s (N = 14) for electroformation and 1.0 + 0.3 pm?/s (N = 30) for
OLA. The measurements on POPC vesicles yielded similar results as the DOPC measurements in
the range of 1 um?/s. Electroformed and OLA vesicles without the presence of P-188 had lateral
diffusion coefficients of 0.8 + 0.2 um?/s (N = 28) and 1.0 + 0.3 um?/s (N = 49), respectively. With
50 mg/mL P-188 encapsulated in them, the GUVs yielded diffusion values of 1.3 + 0.4 um?/s
(N =20) and 0.9 + 0.3 pm?/s (N = 27) for electroformation and OLA, respectively.

We furthermore conducted FRAP measurements on electroformed DOPC vesicles with varying
glycerol content (0% vs. 15%) and temperatures (20°C vs. 37°C), shown in Figure 5B. We found a
stronger difference between the lateral diffusion coefficients with varying glycerol and
temperatures than between the different formation techniques or varying P-188 concentrations.
The diffusion coefficient (mean * std. dev) increases from 1.0 + 0.2 um?/s (N = 17) at 20°C and 15%
glycerol to 1.6 + 0.2 pm?/s (N = 12) without the presence of glycerol. At 37°C, the coefficients rise
to 1.9 £ 0.6 um?/s (N = 19) with 15% glycerol and 2.2 + 0.5 um?/s (N = 7) without glycerol.
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Interestingly, we were able to find vesicles with and without an attached octanol pocket amongst
the population of extracted OLA vesicles for both DOPC and POPC. Supplementary Figure S5 shows
isometric and confocal sliced views of GUVs with and without the octanol attached. We did not
observe a significant (p < 0.01) difference between the lateral diffusion coefficients of vesicles with
and without octanol pockets attached. The FRAP measurements of both DOPC and POPC, as well
as the measurements with varying temperature and glycerol content are summarized again in
Supplementary Tables S3 and S4. Statistical analyses for the FRAP measurements are reported in
Supplementary Tables S5-512.

4. Discussion
4.1 Lipid Mixture Experiments

Since the introduction of electroformation by Angelova and Dimitrov in 1986 [12], this technique
has been widely adopted in the biophysics community for the creation and study of model
membranes [34]. For instance, the method has been used to investigate the membrane phase
behavior [35] and mechanical properties [36] of lipid bilayers. In addition, electroformation has
also been used for the creation of liposomes with complex binary and ternary lipid mixtures
[35,37]. Our experiments show that OLA is likewise able to form GUVs of different binary lipid
mixtures. Furthermore, OLA provides the advantages that are typically associated with
microfluidic techniques to obtain GUVs [13]. For instance, the GUV formation is not affected by
presence of ions or buffers [14], thereby allowing measurements of membrane properties in an
environment more closely mimicking physiological conditions. Furthermore, the inside and
outside solutions in OLA are separated as of formation, allowing for selective encapsulation of
substances inside the GUVs [18].

The issue impeding our measurements with vesicles of PGPE 3:1 lipid ratio lies in the low stability
of these GUVs. Although it was initially possible for us to form these vesicles at the OLA junction,
they appeared to be less resistant to mechanical stress compared to the PCPE and PGPC vesicles.
The vast majority of PGPE (3:1) vesicles that were created at the OLA junction burst as they flowed
through the microfluidic chip towards the outlet reservoir. The likely reason is that these vesicles
burst when subjected to shear stress from the PDMS channel walls [19]. Although occasionally
individual vesicles survived to the end of the outlet channel in the reservoir, we noticed bursting
events for these vesicles after several minutes as well.

We partially attribute this behavior to the lipid polymorphism of PGPE (3:1) vesicles. PE lipids are
known to have a cone like shape which makes it energetically unfavorable for them to form
lamellar structures [38]. If forced into a GUV forming bilayer, the acyl chains are pressed together,
increasing the lateral pressure at the center of the membrane, a state coined ‘frustrated
bilayer’ [39,40]. In nature, this pressure can be balanced by enrichment of the non-bilayer lipid in
theinner leaflet of the membranes of cells [39,41]. The fact that we could produce PCPE liposomes
in all three lipid ratios suggests that other effects in addition to the lipid shape are responsible for
the low stability of PGPE (3:1) vesicles. Additionally, there are reports that PG stabilizes PE
membranes, which seemingly contradicts our findings [42]. However, these studies only looked at
PG fractions of up to 30 mol% , whereas the PGPE (3:1) GUVs in our experiments predominantly
consist of PG. Molecular Dynamics (MD) simulations by Murzyn et al. on POPG-POPE (1:3) bilayers
revealed that the prevailing interactions between lipid molecules are water bridges and
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H-bonds [43]. While PE predominantly forms all these bonds with PG lipids, PE also bonds to other
PE molecules. PG on the other hand barely bonds with other PG molecules [43]. The low H-bonding
capacity of PG lipids has also been observed in MD simulations on pure PG bilayers by Zhao et al.,
who attribute this to the net negative charge and electrostatic repulsion of the individual
molecules [44]. However, the two simulations diverge in the role of ion bridges between lipids.
Whereas Murzyn et al. found that Na* ion bridges are only a minor contributor to membrane
stability, Zhao et al. found strong ion-mediated interactions between the lipid molecules causing
attractive forces that overcome the electrostatic repulsion between the negatively charged PG
headgroups [44]. Our findings suggest that in addition to the effect of PE, the high content of
charged PG in the PGPE (3:1) GUVs further destabilizes the membrane. However, more research
is needed to explain the low stability behavior of the PGPE (3:1) vesicles that we observed.

We performed our mean fluorescence analysis using two different types of fluorescently labelled
lipids. The PCPE, as well as the PGPE measurements were performed using 16:0 Liss Rhod PE,
whereas the PGPC used 18:1-12:0 NBD-PC. The molecular weight (MW) of 16:0 Liss Rhod PE is
~75% more than that of unlabeled DOPE, whereas this number is only ~12% for 18:1-12:0 NBD-PC
and DOPC. The fluorescence analysis does not show significant differences between the
measurements caused by the use of the different fluorophores. The fluorescence in all cases scales
as expected. Furthermore, the spread of our measurements falls within the error margins that have
been reported for fluorescence calibration curves where known amounts of fluorescent dye were
added to the membranes of electroformed vesicles [45]. These findings suggest that the lipid mixture
in the OLA vesicles is not significantly affected by the difference in MW of the fluorophore.
However, this finding could be validated in future experiments by performing similar
measurements as the ones above, where the other counterpart of the binary lipid mixture carries
the fluorescent label.

4.2 Lateral Diffusion Experiments

Lateral lipid diffusion values reported in the literature vary greatly, as these are strongly affected
not only by the chemical and physical environment [46], but also by the choice of measurement
technique. Different techniques like Fluorescence Correlation Spectroscopy (FCS), FRAP and NMR
have vyielded different lateral diffusion coefficients [47]. For instance, Filippov et al. obtained
values of 9.32 um?/s for DOPC and 8.87 um?/s for POPC with NMR [48], both higher than the
values obtained by us. Furthermore, the choice of membrane platform, e.g. supported lipid bilayer
(SLB) vs. GUV [49] can influence the measurement. Guo et al. report POPC lateral diffusion
coefficients of 1.8 + 0.2 um?/s on supported lipid bilayers and 3.3 + 0.2 um?/s on GUVs [33] while
Pincet et al. measured DOPC lateral diffusion coefficients of 1.9 + 0.4 um?/s on supported lipid
bilayers and 3.4 + 0.7 um?/s on GUVs [49]. These values are in good agreement with the values we
obtained for OLA vesicles, albeit still significantly elevated. We explain this by the presence of 15%
v/v glycerol in the OLA solution, as both previous research and our control experiments reveal that
glycerol lowers the lateral diffusion coefficient [50]. Our FRAP measurements at elevated
temperatures and without the presence of glycerol match the above mentioned values more
closely. Furthermore, differences in the exact shape of the bleaching profiles, the imaging
parameters and data analysis can skew the obtained diffusion values [51]. Interestingly, our
control experiments also reveal that varying glycerol concentration and temperature both have a
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stronger effect on the lateral diffusion coefficient of electroformed DOPC vesicles than variations
in the P-188 concentration or the formation technique.

Within the investigated population of extracted DOPC and POPC OLA vesicles, we found vesicles
with a visible octanol pocket attached, as well as those without visible octanol pockets attached.
In the confocal scan of a vesicle, the octanol pocket manifests itself as a bright spot at the top side
of a GUV. This location is plausible, due to the lower density of octanol compared to the
surrounding aqueous solution. The brightness of the pocket compared to the rest of the vesicle
suggests a high amount of lipid dissolved in the octanol. 3D reconstructions of confocal scans of
both types of vesicles are depicted in Supplementary Figure S5. Remarkably, we found no
significant differences (p < 0.01) in lateral lipid diffusion coefficients between vesicles with or
without an octanol pocket. This is an interesting parallel to research by Karamdad et al. and
Moga et al. who compared the bending rigidity of electroformed vesicles to those obtained with
a microfluidic technique (using squalene oil) and a phase transfer method, respectively [52,53].
While lipid asymmetry has been shown to alter the bending rigidity of the membrane significantly
[54,55], the presence of residual oil in both the microfluidic as well as the phase transfer method
do not seem to significantly alter membrane properties [52,53].

While most studies report octanol having a lowering effect on the phase transition temperature
of lipids [56-58], conflicting reports exist on its effect on lateral lipid diffusion coefficients.
Molecular Dynamics simulations by Griepernau et al. on DMPC membranes showed a decrease in
lateral diffusion of the lipids in presence of 1-octanol [57], whereas NMR experiments by Rifici et
al. on the same lipid revealed an increase in lateral diffusion [58]. They furthermore reported
sudden changes in lateral diffusion near the phase transition temperature Tr [58]. A possible
explanation for why we did not observe a strong shift in lateral diffusion coefficients between OLA
vesicles containing octanol vs. electroformed vesicles without octanol might lie in the phase
transition temperature of the lipids used in our experiment. According to the manufacturer, DMPC
lipids investigated by the previously mentioned groups have a melting temperature of 24°C,
whereas the DOPC and POPC lipids we investigated have melting temperatures of -17°C and -2°C,
respectively. Since we performed our experiments at room temperature (approximately 20°C), the
lipids are well in the fluid phase and the effect of altered phase transition temperature due to the
octanol might have diminished. Furthermore, it is possible that the diffusion lowering effect of the
glycerol dominates our system. In addition, the so-called cutoff effect of anesthetics could play a
role in modulating membrane properties. The cutoff effect describes the phenomenon of the
increasing anesthetic potency of alcohols with increasing chain length, which suddenly levels off
and even reverses for much longer chain lengths [57-59]. Since the investigated DOPC and POPC
lipids have 18:1c9 and 16:0-18:1 acyl chains, respectively, octanol with a chain length of 8 might
reach into the domain where membrane modulation changes from a destabilizing to a stabilizing
effect. However, in this case, the effect should have also been observed in the 14:0 DMPC system.

Overall, our experiments suggest that neither the OLA formation technique, nor the presence of
P-188 changes the lateral diffusion coefficients in a substantial manner (see Supplementary Table
S3) excluding glycerol or temperature effects. Future experiments to characterize OLA produced
vesicles could involve the quantification of the actual content of octanol left in the membrane (if
any) after the budding off process, for instance by mass or Raman spectroscopy. A follow up
investigation would involve OLA vesicles of different lipid types with higher chain melting
temperatures, as they are likely to show more pronounced changes in membrane properties due
to the presence of any residual octanol.
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5. Conclusion

In this work, we showed that the lipid composition of vesicles formed with the novel Octanol-
Assisted Liposome Assembly (OLA) technique matches the composition of the lipid in the LO phase
input during the vesicle formation process. We did not observe any demixing effects, or cases with
one element preferentially remaining in the octanol phase upon liposome production, showing
that the technique reliably produces vesicles of desired lipid compositions. In addition, our lipid
composition experiments revealed the stable vesicle production of binary lipid mixtures of DOPG-
DOPC as well was DOPC-DOPE in 1:3, 2:2 and 3:1 ratios. However, DOPG-DOPE lipid mixtures could
only be formed in 2:2 and 3:1 ratios. We hypothesize that the low stability of PGPE vesicles with
high (>50%) PG content is due to the polymorphism and charge density of the PE and PG lipids,
respectively.

Future experiments involving the use of lysolipids could provide further evidence to indicate
whether the cone shape of PE lipids and the charge density of PG are responsible for the low
stability of the PGPE (3:1) vesicles we observed. Lysolipids, such as LPC, only have one acyl chain
and add a high positive curvature to the membrane. As such, they can counterbalance the negative
curvature induced by the PE lipids [38,39]. A tertiary lipid mixture of LPC, DOPG and DOPE should
therefore have a higher stability than binary PGPE mixtures. Other potential methods to yield
GUVs of arbitrary compositions involve stabilizing the membrane mechanically using
nanostructures. Since OLA allows for the efficient encapsulation of substances in the interior of
the vesicles, as well as coating from the exterior in well-defined conditions [18], an artificial
cytoskeleton could be applied to the membrane, such as a DNA cytoskeleton [60]. Future work
may also investigate the use of cholesterol or high-melting temperature lipids, as these are
important components of biological membranes and are frequently used in vesicle studies [35].

Furthermore, we compared the lateral lipid diffusion coefficients of DOPC and POPC liposomes
generated using both OLA and electroformation. We found the lateral diffusion coefficients for
DOPC and POPC vesicles to be on the order of 1 um?/s for all the chemical compositions and
formation protocols studied. The lateral lipid diffusion coefficients of the vesicles generated by
the two techniques, OLA and electroformation, showed relatively minor deviations from one
another, and additionally most of these differences were found to be statistically insignificant (Sl
Tables S5-S12). In contrast, an increase in temperature and the removal of glycerol from the
vesicle solution resulted in a more than two fold increase in the lateral lipid diffusion coefficient
(p < 0.001). Moreover, we were able to compare the lateral lipid diffusion coefficients of OLA
vesicles with and without octanol pockets and found that the octanol pocket does not alter the
lateral diffusion properties in a statistically significant manner (at the p < 0.01 significance level).
We attribute the presence of GUVs with incomplete separation of the octanol pocket to the
reduced shear that the vesicles are subjected to in our scaled up microfluidic device.
Shearing/squeezing, as well as surface tension minimization are believed to be the main drivers of
the separation of the double emulsion in OLA [14]. Krafft et al. have recently demonstrated that
osmotic shrinking can enhance the separation of oil droplets from GUVs in other microfluidic
double emulsion techniques [61]. This may be used in future studies to investigate whether or not
this effect can also be used for improving the separation of the octanol pocket in OLA derived
vesicles.

Overall, this set of biophysical characterizations demonstrates the similarities in membrane
properties for vesicles produced using OLA and electroformation, suggesting that the added
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functionality of the OLA platform does not involve any compromise in membrane quality. We
envisage OLA as being a game changer for the production and study of biomimetic membranes,
with major advantages over traditional vesicle formation techniques, for use in synthetic biology,
drug testing and the study of membrane biophysics.
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