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Article
Biomimetic asymmetric bacterial membranes
incorporating lipopolysaccharides
Mareike S. Stephan,1 Valentin Dunsing,2,3 Shreya Pramanik,1 Salvatore Chiantia,3 Stefanie Barbirz,4

Tom Robinson,1,* and Rumiana Dimova1,*
1Max Planck Institute of Colloids and Interfaces, Potsdam, Germany; 2Aix-Marseille Universit�e, CNRS, IBDM, Turing Center for Living
Systems, Marseille, France; 3University of Potsdam, Institute of Biochemistry and Biology, Potsdam, Germany; and 4Department
Humanmedizin, MSB Medical School Berlin, Berlin, Germany
ABSTRACT Gram-negative bacteria are equipped with a cell wall that contains a complex matrix of lipids, proteins, and
glycans, which form a rigid layer protecting bacteria from the environment. Major components of this outer membrane are
the high-molecular weight and amphiphilic lipopolysaccharides (LPSs). They form the extracellular part of a heterobilayer
with phospholipids. Understanding LPS properties within the outer membrane is therefore important to develop new antimicro-
bial strategies. Model systems, such as giant unilamellar vesicles (GUVs), provide a suitable platform for exploring membrane
properties and interactions. However, LPS molecules contain large polysaccharide parts that confer high water solubility, which
makes LPS incorporation in artificial membranes difficult; this hindrance is exacerbated for LPS with long polysaccharide chains,
i.e., the smooth LPS. Here, a novel emulsification step of the inverted emulsion method is introduced to incorporate LPS in the
outer or the inner leaflet of GUVs, exclusively. We developed an approach to determine the LPS content on individual GUVs and
quantify membrane asymmetry. The asymmetric membranes with outer leaflet LPS show incorporations of 1–16 mol %
smooth LPS (corresponding to 16–79 wt %), while vesicles with inner leaflet LPS reach coverages of 2–7 mol % smooth
LPS (28–60 wt %). Diffusion coefficient measurements in the obtained GUVs showed that increasing LPS concentrations in
the membranes resulted in decreased diffusivity.
SIGNIFICANCE This research article introduces a new method to create artificial biomembranes that mimic the cell
envelope of Gram-negative bacteria. The membrane system represents artificial cell mimetic, namely giant vesicles that
incorporate the bacterial cell wall component lipopolysaccharide (LPS). LPSs are amphiphilic molecules that show
challenging properties regarding membrane incorporation mainly because of their high self-aggregation rate and their
polydisperse size. These amphiphiles are known to form a hydrophilic barrier and provide rigidity that hinders the entry of
antimicrobial substances. In the context of the emerging spread of antibiotic resistances, this membranemodel system can
be employed to study the properties and relevance of LPS to develop new antimicrobial strategies.
INTRODUCTION

The Gram-negative outer membrane (OM) as the outermost
structure of the bacterial cell envelope forms a barrier to-
ward the extracellular space. In the context of the global
challenge of antibiotic resistances (1), understanding the
biophysical properties at the bacterial cell surface is critical.
Lipopolysaccharides (LPS) are found in the exterior leaflet
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of OM and provide a hydrophilic barrier that hinders the
penetration of hydrophobic substances, macromolecules,
and antimicrobial agents (2). LPS are amphiphilic mole-
cules that are composed of the membrane anchor lipid A
(�2.3 kDa), a core saccharide (�2.5 kDa) and a facultative
polysaccharide chain, called the O-antigen (2.5–25 kDa).
Lipid A consists of a phosphorylated diglucosamine group
that fixes the molecules via four to seven acyl chains (gener-
ally C10-C16 chains) in the membrane (2–4), and is cova-
lently linked to the core saccharide (4,5). The outermost
structure is the O-antigen, which can extend up to 10 nm
from the bacterial surface (2,3). The length of the
O-antigen for different LPS molecules varies according to
metabolic state and environmental conditions (5), resulting
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in polydisperse size distributions. LPS molecules equipped
with the O-antigen are classified as smooth LPS, whereas
truncated molecules lacking the polysaccharide moiety are
referred to as rough LPS (4). In the OM, divalent cations
bridge the negatively charged phosphate groups of LPS
and contribute to a rigid and highly stable barrier. Removal
of the cations reduces membrane stability and renders the
cell envelope permeable (6).

The incorporationofLPSmolecules inmodelmembranes is
challengingowing to the unique properties ofLPS, and the dif-
ficulties are particularly exacerbated for the smooth LPS. The
smoothLPSofSalmonella enterica subsp. enterica (S.)Typhi-
murium is water soluble but shows a high aggregation rate
with a critical micelle concentration of about 10–20 mg
mL�1 (7). The micellar state is very stable and it is assumed
that, even below the criticalmicelle concentration, LPS is pre-
sent rather as small self-assembled structures than as free
molecules. This makes the release of LPS molecules for inte-
gration into artificial membranes or assembly at water-oil in-
terfaces less favorable. Moreover, due to size polydispersity,
the solubility of the different LPS molecules in aqueous solu-
tions varies dependingon the lengthof theO-antigen chain (7).
This changes both the affinity for incorporation into mem-
branes and the adsorption at water-oil interfaces.

Model membranes allow the study of effects and contri-
butions of individual components by eliminating the biolog-
ical complexity and thus interference of different cell
envelope components. Giant unilamellar vesicles (GUVs)
are versatile tools, as they represent cell-sized free-standing
bilayers that can be observed with an optical microscope (8).
GUVs opened up various lines of synthetic biology research
toward building artificial cells with specialized functionality
(9,10). A number of methods exist for the preparation of
these systems (8,11–16). The most widely used approaches
rely on dissolving the membrane components (e.g., lipids)
in an organic solvent, depositing and drying this solution
on a substrate, followed by subsequent swelling of the
formed lipid bilayers in the presence of an aqueous solution,
either spontaneously or under the influence of electric field
or osmosis (these methods include the so-called sponta-
neous swelling, electroformation, and gel-assisted swelling
(16)). These approaches are not easily amenable to intro-
ducing smooth LPS at a substantial fraction because the
LPS molecules are not soluble in the organic solvents.
Even if this difficulty is overcome, the membranes obtained
with these methods would have symmetric leaflets. Kubiak
et al. have succeeded in producing symmetric LPS-GUVs
via the electroformation protocol (17) via a two-step pro-
cess, including LPS incorporation in oligolamellar vesicles
(employing a dehydration-rehydration approach as intro-
duced earlier (18)) and further purification from free LPS.
Smooth LPS molecules could be incorporated up to
14 mol %, while rough LPS could be incorporated up to
25 mol % (17). The obtained LPS-GUVs revealed different
phase behaviors: while the presence of rough LPS mole-
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cules resulted in the formation of micrometer-sized gel-
like domains (17,19,20), GUVs containing smooth LPS
appeared homogeneous under microscopy observations,
but seemed to form submicroscopic clusters at higher con-
centration (17). Similarly, Nair et al. (21) formed LPS con-
taining GUVs employing the gel-assisted swelling method
(22). All of these approaches allowed the formation of
GUVs with a symmetric LPS distribution at the inner and
outer leaflet of the membrane. Since asymmetry is an impor-
tant property of OM, synthesizing membranes with asym-
metric LPS distribution would yield a more accurate
model of real bacterial membrane.

The production of GUVs with asymmetric membrane leaf-
lets became possible with the introduction of the phase-trans-
fer method (also known as droplet-transfer or emulsion
transfer), first pioneered by Tr€auble and Grell (23), and later
commented on by Szoka and Papahadjopoulos (24), and
popularized with the reports by Weitz and co-workers (25)
as well as by Noireaux and Libchaber (26). These approaches
rely on the stepwise assembly of the vesicle membrane leaflet
by leaflet: first, preparing water droplets (suspended in a
nonpolar solvent, i.e., oil) stabilized by one (mono)layer of
lipids on their surface and, then, ‘‘enwrapping’’ the droplets
by a second lipid layer to obtain the vesicle architecture.
The process is aided by gravity, centrifugation, or microflui-
dic flow (see, e.g., (27)). Alternative approaches to generate
GUVs with asymmetric membrane composition are based
on hemifusion (28,29), cyclodextrin-mediated lipid exchange
(30–32), and microfluidic jetting (33).

So far, only a few groups have managed the difficult task
of preparing asymmetric LPS-GUVs. An approach was
recently presented by Maktabi et al. using microfluidics to
generate GUVs at high-throughput rates with asymmetric
LPS distribution (34). Micropipette aspiration experiments
showed that LPS molecules in the membrane cause a reduc-
tion in area expansion and bending modulus (34). The pre-
pared vesicles had a monodisperse size distribution, which
can be advantageous, due to the more homogeneous sample
properties, facilitating comparison between different prepa-
ration conditions or for bulk studies. However, such micro-
fluidic systems are very complex, difficult to handle, and not
readily available in every laboratory. Thus, the alternative
approach we considered for incorporating smooth LPS is
the inverted emulsion technique, which allows the one-pot
formation of symmetric and asymmetric GUVs aided not
by microfluidics but by gravity or centrifugation (35,36).
This approach requires only a simple benchtop centrifuge
and sonication bath and is therefore applicable in most lab-
oratory settings. Paulowski et al. demonstrated the applica-
bility of this protocol by incorporation of rough (truncated)
LPS mutants into asymmetric GUVs and verified the mem-
brane asymmetry via a quenching assay (19). Rough LPS
molecules can be treated similarly to lipids as they have
similar solubility in chloroform and oil. The study demon-
strated phase separation in membranes with rough LPS,
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which supports the results of Kubiak et al. obtained with
symmetric rough LPS GUVs (17). However, rough LPS
molecules are only a small subset of the LPS variations
found in the bacterial cell envelope. Since smooth LPS var-
iants differ in their solubility properties and are not soluble
in chloroform or oil, the protocol used requires adaptation
for the integration of smooth LPS species.

In this work, we introduce a new inverted emulsion pro-
tocol for the incorporation of smooth LPS into asymmetric
model membranes. We introduce modifications to the stan-
dard protocol for inverted emulsions to account for the prop-
erties of smooth LPS and improve the yield. In addition,
we develop a technique for determining the LPS content
on individual GUVs instead of bulk composition analysis.
Moreover, we quantify membrane asymmetry and diffusion
coefficients of LPS and lipids in the membrane.
MATERIALS AND METHODS

Chemicals and buffers

Polyvinyl alcohol (PVA), fully hydrolyzed, with a molecular weight of

approximately 145 kDa, 6-carboxyfluorescein, and MgCl2 were purchased

from Merck (Darmstadt, Germany). Glucose, sucrose, chloroform, buffers

(Tris and HEPES), NaCO3, NaPO4, NaIO4, NaCl, sodium dithionite,

MgSO4, glycerol, DMSO, and b-casein (from bovine milk) were obtained

from Sigma-Aldrich (St. Louis, Missouri, USA). Rhodamine B, Alexa647

hydrazide, and TexasRed hydrazide (also referred below as free

TexasRed dye) were purchased from Thermo Fischer (Waltham, Massachu-

setts, USA). NBD hydrazine was purchased from Chemodex (St. Gallen,

Switzerland). Light mineral oil was obtained in 10 mL glass bottles from

Roth (Karlsruhe, Germany) and Sigma-Aldrich; larger bottle volumes

were avoided to minimize effects of humidity.
Phospholipids

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dio-

leoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-

4-yl) (18:1 NBD-PE) were purchased from Avanti Lipids Polar, Alabaster,

AL. TexasRed 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine

was purchased from Thermo Fischer (Germany).
LPS isolation and labeling

The isolation of smooth LPS from Salmonella enterica subsp. enterica (S.)

Typhimurium was achieved as described previously (37,38). To break up

micellar structures and micelles, all LPS solutions were treated with five

freeze/thaw cycles and 10 to 20 min sonication before usage.

LPS was labeled with either Alexa647 hydrazide, NBD hydrazine, or

TexasRed hydrazide, employing the protocol from Kubiak et al. (17). In

brief, 3 mg mL�1 LPS were dissolved in 900 mL 100 mM NaCO3 (pH

5), mixed with 100 mL freshly prepared and ice-cold 100 mM NaIO4 and

incubated for 30 min at 4�C in the dark. These conditions caused oxidation

of the vicinal diol groups that are present in the core saccharides, resulting

in the generation of aldehyde groups (39,40). The oxidation was stopped by

addition of glycerol (final concentration 15 mM). After 30 min, the oxidized

LPS sample was dialyzed (dialysis membrane Spectra/Por cutoff: 3500 Da,

Repligen (Waltham, Massachusetts, USA)) overnight at 4�C against 10 mM

NaPO4, 150 mM NaCl (pH 7.4). The fluorophore (Alexa647 hydrazide,

NBD hydrazine, or TexasRed hydrazide) was dissolved in DMSO and

added to the oxidized LPS to a final concentration of 2.5 mM. During an
overnight incubation the fluorophores covalently linked to the aldehydes

at the core saccharides via hydrazone bonds. To remove unbound fluoro-

phore, the sample was purified using a PD-10 Desalting Column (GE

Healthcare, Chicago, Illinois, USA). Fractions containing the labeled

LPS were centrifuged (280,000 � g, 3 h) and resuspended in 30 mL water.

This step was repeated three times. After the last centrifugation, the LPS

was resuspended in 1 mL water and stored at �20�C until usage.

In S. Typhimurium LPS, reactive vicinal diols are found in sugars of the

core region, i.e., in heptose and 3-deoxy-D-manno-octulosonic acid resi-

dues. Enzymatic truncation of labeled LPS molecules with the specific

bacteriophage depolymerase tailspike enzyme P22TSP specifically re-

moves the O-antigen polysaccharide but leaves the core intact (41).

P22TSP was purified after the protocol described by Miller et al. (42).

When we treated GUVs containing labeled LPS with P22TSP to cleave

off the O-antigen after the approach in (41), the membrane fluorescence

signal showed no detectable changes compared with non-truncated sam-

ples. We thus conclude that the periodate oxidation step directed the fluo-

rescence label to the core saccharide.

Depending on the application, LPS samples were labeled with different

fluorophores chosen for most optimal performance considering the respec-

tive approach. TexasRed-labeled LPS was applied to determine LPS con-

tent in the membrane by comparing the membrane intensities with that of

vesicles containing defined concentrations of TexasRed-labeled lipid. Via

FCS and sFCS analysis, a labeling with maximum one fluorophore per

LPS molecule was confirmed (for details on quantification of membrane in-

tensities and labeling efficiency see Results and Discussion section on As-

sessing the LPS concentration in the membrane). LPS-Alexa647 molecules

were employed in fluorescence recovery after photobleaching (FRAP) mea-

surements together with NBD-PE lipids. FCS analysis showed that LPS

molecules were labeled with one Alexa647 fluorophore (Fig. S3 C). The

Alexa647 dye provides a larger spectral difference compared with the fluo-

rescence spectra of NBD, avoiding unwanted fluorescence cross talk. To

assess the membrane asymmetry via the quenching assay, LPS was labeled

with NBD. The labeling ratio of LPS with NBD was not assessed. Consid-

ering the small contribution of the label to the LPS molecular weight,

changes in LPS solubility and diffusion were not expected.
Preparation of symmetric and asymmetric GUVs

Lipid oil preparation

A thin lipid film was formed by drying solutions of lipids solubilized in

chloroform (40 mM POPC or 1.15 mM NBD-PE) in a glass vial via evap-

oration under argon flow. The used volumes were adjusted depending on

desired final lipid concentration (400 or 800 mM) and lipid oil volume.

To remove all traces of chloroform the sample was dried for 1 h in a vacuum

chamber. The dried lipids were dissolved in mineral oil. For better solva-

tion, the sample was sonicated for 30 to 60 min in discontinuous mode.

The mineral oil was added at low humidity (<10%) in a custom-built glove-

box filled with nitrogen and monitored with a humidity gauge (Klimalogg

Pro, TFA Dostmann, Wertheim-Reicholzheim, Germany). After overnight

incubation in the dark at room temperature, the lipids were completely dis-

solved. When stored at 4�C, the lipid oil was used within 1 week.

Preparation of inner and outer aqueous solutions

Milli-Q Millipore water was used for the preparation of all aqueous solu-

tion. For the preparation of POPC-GUVs, an inner solution of 650 mM su-

crose and an outer solution of 650 mM glucose were used. The preparation

of GUVs with LPS in the outer leaflet (LPS-GUVs) required solutions con-

taining glucose (650 mM), salt (10 mMNaCl, 10 mMMgSO4, or 1–10 mM

MgCl2), 10 mM Tris-HCL (pH 7.6), LPS (10, 100, 200, or 500 mg mL�1)

and Alexa647-, TexasRed- (1.2 mol % of total LPS), or NBD-labeled

LPS (6 mol % of total LPS). The concentration of the inner sucrose solution

was adjusted to be isotonic to the outer aqueous solution (�700 mOsmol).

Osmolarities were measured and adjusted with an osmometer (Osmomat
Biophysical Journal 122, 2147–2161, June 6, 2023 2149
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3000, Gonotec, Berlin, Germany). For the preparation of GUVs with LPS in

the inner leaflet, an inner solution of 650 mM sucrose solution containing

10 mM MgCl2, 10 mM Tris-HCl (pH 7.6), 100 mg/mL LPS, and

1.2 mol % TexasRed-labeled LPS was employed. The outer glucose solu-

tion was adjusted to be isotonic to the inner aqueous solution (�700 mOs-

mol). The high concentrations of the sugar solutions were chosen to ensure

high yield as reported by Moga et al. (36).

GUV preparation via the inverted emulsion method

Symmetric POPC and asymmetric GUVs containing LPS in the inner

leaflet. Outer solution (250 mL) was placed in a 1.5 mL Protein LoBind

tube (Eppendorf, Hamburg, Germany), followed by 250 mL 800 mM

POPC lipid oil (intermediate oil layer), which was layered on top. To

form an interfacial monolayer, the sample was incubated for 3 h at room

temperature. In the next step, 150 mL of a sucrose-in-oil emulsion was

added on top and the sample was centrifuged for 10 min at 130 � g. The

sucrose-in-oil emulsion was created by adding 5 mL inner solution

(POPC: 650 mM sucrose; GUVs with LPS in the inner leaflet: 650 mM su-

crose solution containing 10 mM MgCl2, 10 mM Tris-HCl (pH 7.6), 100

mg/mL LPS, and 1.2 mol % TexasRed-labeled LPS) and 250 mL 400 mM

POPC lipid oil in an additional Eppendorf tube and emulsifying via me-

chanical agitation along a standard Eppendorf tube rack for three times.

Asymmetric GUVs with LPS in the outer leaflet. Outer solution (250 mL)

was placed in a 1.5 mL Protein LoBind tube, followed by 200 mL lipid-free

mineral oil (intermediate oil layer), which was layered on top. To increase

the amount of LPS at the water-oil-interface, the sample tube was mechan-

ically agitated along a standard Eppendorf tube rack to form an oil-in-water

emulsion. After incubation at room temperature for 30 min, the sample was

centrifuged for 10 min at 600 � g and incubated for a further 3 h or over-

night. In the next step, the sample was centrifuged for 10 min at 4500� g to

establish bulk phase separation of the oil and aqueous phase. A 50 mL

amount of 400 mM POPC lipid oil was added to fill the gaps between the

assembled LPS molecules at the water-oil-interface. After 15 min incuba-

tion at room temperature, 150 mL of a sucrose-in-oil emulsion was added

on top. The sample was centrifuged for 10 min at 130 � g. The sucrose-

in-oil emulsion was created by mixing of 5 mL inner solution and 250 mL

400 mM POPC lipid oil in an additional Eppendorf tube via mechanical

agitation along a standard Eppendorf tube rack for three times.

PVA-assisted swelling of GUVs

PVAwas dissolved in water by shaking at 95�C. Glass slides 7� 2 cm were

coated with 40 mL 40 mg mL�1 PVA solution and dried for 1 h at 35�C. A
lipid solution (10 mL) of 4 mM POPC and DHPE-TexasRed (0.25 � 10�3,

0.5 � 10�3, 1 � 10�3, or 2.5 � 10�3 mol %) were spread on the slides and

dried under a stream of nitrogen followed by 1 h incubation in a vacuum

chamber. The lipid-coated glass slides were assembled together with a

Teflon spacer to form a swelling chamber (chamber volume was 2 mL)

and filled with 650 mM sucrose solution. The GUVs were harvested after

10–20 min swelling duration. For imaging, 20 mL GUVs was added to

180 mL 650 mM glucose, 10 mM MgCl2, 10 mM Tris-HCL (pH 7.6),

and transferred to the observation chamber.
Confocal microscopy

Glass slides were incubated with 2 mg mL�1 b-casein for 15 min to coat

their surface and avoid adhesion and bursting of the vesicles. Then they

were rinsed with water and an observation chamber was assembled using

a silicon spacer. Images of the GUVs were acquired using a confocal micro-

scope (Leica microsystems TCS SP8, Wetzlar, DE) and a 40� oil immer-

sion objective. Depending on the used fluorophores, different laser lines

were employed: NBD was excited with an argon laser line at 488 nm and

the emission signal was collected in the range 500–600 nm, TexasRed

was excited using a diode-pumped solid-state (DPSS) laser at 561 nm,

and emission collected in the range 600–700 nm and, Alexas647 was
2150 Biophysical Journal 122, 2147–2161, June 6, 2023
excited with a HeNe laser at 633 nm and emission collected in the range

650–750 nm. For the z-stacks of the water oil interface, images in

0.5 mm steps were taken using a 25�, 0.95 NA water objective.
Carboxyfluorescein permeability test

To check for the membrane permeability, carboxyfluorescein was dissolved

(5 mM) in the sucrose (inner) solution for the formation of LPS-GUVs. The

fluorescence in the vesicle lumen was recorded 2, 24, and 48 h after vesicle

preparation. The carboxyfluorescein fluorescence was recorded by excita-

tion using the 488 nm line of an argon laser and emission detected in the

range 500–600 nm. To compare the fluorescence signals of the different

days, the background fluorescence was subtracted from the lumen signal.

For signal detection, circular regions of interest (ROIs) with diameters of

5 mm were created at the equatorial plane and placed in the vesicle lumen

center and background (at the same height of imaging), respectively.
Quenching assay for membrane asymmetry
estimation

Thedithionite quenching assay (43)wasused todetermine symmetric or asym-

metric distribution of NBD-PE- and NBD-labeled LPS. The assay was opti-

mized to a robust and stable protocol by Leomil et al. (in preparation). In

brief, unquenched GUVs were imaged at the equatorial plane and the mem-

brane intensity was calculated using a custom-written MATLAB code (The

MathWorks, Natick, MA). For symmetric lipid GUVs, a membrane composi-

tion of POPC and 0.5mol %NBD-PEwas employed. LPS-GUVswere doped

with LPS-NBD. To quench the NBD fluorescence, 2.5 mL sodium dithionite

stock solution of 0.1 M in 1 M Tris-HCl (pH 10) was added to a 97.5 mL

GUV sample to a final concentration of 2.5 mM sodium dithionite. After

5min the samplewasdiluted toafinaldithionite concentrationof 0.5mMusing

equimolar glucose solution. The membrane intensity of the quenched GUVs

was determined and compared with the unquenched membrane intensity. At

least 12 GUVs were measured for each population. In the case of LPS-

GUVs, a quencher concentration of 100 mM was employed to compensate

for free NBD aggregates (left over from the labeling and due to inefficient

washing).Higher dithionite concentrationswere avoided to preventmembrane

permeation. To verify that the membrane of the investigated vesicles is not

leaky and that no quencher permeates it and quenches the inner leaflet, free

Alexa647 was added to the outer solution to a final concentration of 200 nM

and the dye fluorescence distribution across the membrane was monitored.
Membrane tubulation test upon vesicle deflation

To probe for the preferred membrane curvature, we examined the direction

of tube formation in deflated vesicles. LPS-GUVs were loaded in a micro-

fluidic chip (44) and flushed with a hyperosmolar solution. The lumen of the

vesicles was 600 mM sucrose, while washing solution contained 650 mM

glucose.
FRAP

FRAP was conducted to determine the diffusion coefficients of fluores-

cently labeled lipids (NBD-PE and DHPE-TexasRed) and LPS (TexasRed-

LPS and Alexa647-LPS) in POPC- and LPS-GUVs. To avoid any

movement, the GUVswere left to sediment to the bottom of microtiter plate

wells (Corning, Corning, New York, USA) for �1 h. Two approaches in

bleaching were employed as summarized next.

Spot FRAP measurements at the top of the GUVs

Spot FRAP was conducted to determine the diffusion coefficients of NBD-

PE lipids and fluorescent LPS molecules. The confocal volume was
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focused at the top of the GUV. Images (296 � 296 pixels) were recorded

at bidirectional scan mode (1000 Hz) and with a pinhole at 1 Airy unit.

Ten images at attenuated laser intensity (below 5%) were recorded fol-

lowed by the photobleaching step. Photobleaching was performed using

the maximum laser intensity for 526 ms (3 frames) through a circular

ROI with a nominal radius of rn ¼ 2.5 mm. Afterward, the laser

intensity was attenuated and the recovery was recorded for 18.35 s

(70 frames). For LPS-GUVs that were labeled with NBD-PE and con-

tained LPS-Alexa647, sequential scanning with the two laser lines at

561 and 638 nm was performed. The diffusion coefficient via FRAP

measurements was calculated as described previously (45) (see also Lira

et al. (46)):

D ¼ r2e þ r2n
8t1=2

; (1)

where re and rn are the effective and nominal radius and t1 =

2
is the halftime

of fluorescence recovery. The nominal radius is the user-defined radius of
the bleached area, while the effective radius describes its actual bleaching

radius, which differs from rn because of diffusion occurring already during

photobleaching. The efficient radius re is derived from the line profile

through the bleached area of the first post-bleached image and determined

from fitting the line profile with

f ðxÞ ¼ 1 � K exp
� 2x2

r2e
: (2)

The halftime of fluorescence recovery t1=2 is the time at which half of the

recovered fluorescence is reached:

F1=2 ¼ FNþF0

2
: (3)

The evaluation of the FRAP data was conducted with a custom-written

MATLAB code (Fig. S1).

FRAP of one half of a GUV imaged at the equatorial plane

The second FRAP approach was conducted to investigate the diffusion

behavior of NBD-PE lipids and fluorescent LPS molecules at the equato-

rial plane of LPS-GUVs and to compare them with each other. After

bleaching one half of a GUV, the fluorescence in the bleached area recov-

ered while the fluorescence intensity in the unbleached area decreased.

The image recording was conducted until the fluorescence of both sides

(bleached and unbleached) became equal due to diffusion. In the next

step, the halftime of fluorescence recovery (t1 =

2
) is identified (see Eq. 3)

from the recovery data. By recording the signal from the labeled lipid

and LPS for one GUV at the same time, the ratio of the LPS and lipid re-

covery halftime ðt1=2ÞLPS=ðt1=2ÞNBD can be directly assessed. This value de-

scribes the diffusion behavior of LPS molecules relative to that of lipid

molecules in one GUV. Since these two parameters are recorded for the

same GUV and converted to a relative ratio, the size of the GUV can be

neglected.

The confocal microscope was focused at the equatorial plane of a

selected GUV. Images (128 � 128 pixels) were recorded at bidirectional

scan mode (1000 Hz) and with a pinhole at 1 Airy unit. Ten images at atten-

uated laser intensity (below 5%) were recorded followed by the photo-

bleaching step. Photobleaching was performed using the maximum laser

intensity for 1890 ms (15 frames) through a rectangular ROI, including

one half of the GUV. Afterward, the laser was reduced to attenuated inten-

sity and the recovery images were recorded until the signal equilibrated at

both GUV halves. For LPS-GUVs that were labeled with NBD-PE and

LPS-Alexa647, sequential scanning with the two laser lines 561 and

638 nm was performed.
Fluorescence correlation spectroscopy

To assess the molecular brightness and diffusion coefficient of free

TexasRed dye and TexasRed-labeled LPS, fluorescence correlation spec-

troscopy (FCS) measurements were performed as described previously

(47) on a confocal microscope (Leica Microsystems TCS SP8, Wetzlar,

DE) using a 63�, 1.2 NAwater immersion objective. Samples were excited

with a 561 nm DPSS laser. Fluorescence was detected between 600 and

700 nm using a HyD SMD 2 detector in photon counting mode. The mea-

surements were performed in spot acquisition mode for 3 � 12 times with

10 s intervals.

Leica files containing recorded photon arrival times were converted to in-

tensity time series with time binning of 0.5 ms and subsequently analyzed

using a custom-written MATLAB code. First, the autocorrelation function

(ACF) of the fluorescence signal FðtÞ was calculated as follows, using a

multiple tau algorithm:

GðtÞ ¼ CdFðtÞdFðt þ tÞDt
CFðtÞD2t

; (4)

where dFðtÞ ¼ FðtÞ � CFðtÞDt . To avoid artifacts caused by rarely occur-

ring LPS aggregates inducing single bright events, ACFs were calculated
segment-wise (10 segments) and then averaged. Segments showing clear

distortions were manually removed from the analysis. Next, a model for

three-dimensional diffusion and Gaussian focal volume geometry (48),

GðtÞ ¼ 1

N

�
1þ T

1 � T
e
� t

tb

��
1þ t

td

�� 1�
1þ t

S2 td

�� 1=2

;

(5)

was fitted to the ACFs, resulting in parameter estimates of the diffusion time

td and particle number N. The exponential term accounts for photophysical
transitions, e.g., to a triplet state, of an average fraction T (0%T% 1Þ of
fluorophores. The parameter tb was obtained from FCS measurements in

TexasRed dye solutions and then fixed to the average value (around 8 ms)

for the analysis of LPS-TexasRed samples. The structure parameter S was

fixed to the value (typically around 5) obtained from daily calibration mea-

surements of rhodamine B in water. From the diffusion time td , the diffu-

sion coefficient D was determined by D ¼ u2
0

4td
: The beam waist u0 was

determined from calibration measurements of rhodamine B in water, using

the previously determined diffusion coefficient of DRhoB ¼ 430 mm2=s

(49). Molecular concentrations c were calculated from the particle number

N and the effective focal volume Veff using c ¼ N
VeffNA

¼ N
p3=2Su0

3NA
; where

NA denotes the Avogadro number.

To determine the average labeling ratio, the molecular brightness CFðtÞDt
N

(i.e., the average photon count rate emitted by each diffusing entity) was

calculated and normalized to the average value determined for free

TexasRed dye. For a labeling ratio of one, the brightness of the free dye

and the labeled LPS molecule should be the same. All measurements

were performed at room temperature.
Scanning FCS

To determine the molecular brightness and diffusion time of TexasRed-

labeled LPS in LPS-GUVs and of TexasRed-DHPE in POPC GUVs pre-

pared via PVA-assisted swelling, scanning FCS (sFCS) measurements

were performed on a Zeiss LSM880 system using a 40�, 1.2 NAwater-im-

mersion objective. The molecular brightness was measured to compare the

quantum yield of the TexasRed fluorophore when linked to LPS and a lipid

(as in TexasRed-DHPE). The probes were excited with a 561-nm diode

laser. Fluorescence was detected after passing through a long-pass

571 nm bandpass filter. Data acquisition and analysis were performed as

described previously (48,50). In brief, line scans of 128 � 1 pixels (pixel

size 41.5 nm) were performed perpendicular to the GUV membrane with

a 291 ms scan time. A total of 500,000 lines were acquired (total scan
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time �3 min) in photon-counting mode. Low laser power was used

(�24 mW) to minimize photobleaching and fluorescence saturation effect.

Data were exported as TIF files, and then imported and analyzed in

MATLAB using custom-written code (48,50). The analysis of the thus-ob-

tained auto-correlation curves with a two-dimensional diffusion model re-

sulted in the determination of the number of fluorophores in the confocal

volume (N) and their apparent diffusion times. Furthermore, total fluores-

cence intensity at the GUV membrane and TexasRed-DHPE and LPS-

TexasRed brightness were determined after background subtraction.

To confirm the labeling ratio, sFCS measurements were performed on the

membrane of LPS-GUVs to assess the molecular brightness of LPS-

TexasRed. By applying multiple bleaching cycles, the membrane intensity

was reduced down to 10% of the initial value. If an LPS molecule were

labeled with only one fluorophore, we would expect the molecular bright-

ness to stay constant despite the total intensity becoming reduced. Whereas,

if multiple fluorophores were linked to an LPS molecule, we would expect a

decrease of the molecular brightness due to the bleaching of individual flu-

orophores in the same LPS molecule. To illustrate this, the bleached inten-

sities of the different LPS membranes were normalized to the unbleached

membrane intensity of the respective vesicle and plotted against the molec-

ular brightness (Fig. S2 B). For better display, the molecular brightness of

each bleaching cycle of one vesicle was normalized to the molecular bright-

ness measured for the unbleached vesicle membrane.
Quantifying membrane fluorescence signal

Confocal cross-section images of spherical GUVs were recorded using con-

stant settings (size, 1024 � 1024 px2; scan speed, 400 Hz; bidirectional

scanning mode; line average 3; pinhole, 1 Airy unit). The raw TIF images

were loaded and analyzed using a custom-written MATLAB code (see

Fig. S3). In brief, a Gaussian filter (kernel size, 2 pixels) was applied and

areas of the image that should not be considered for the further analysis

(e.g., lipid aggregates, neighboring GUVs, etc.) were excluded. After selec-

tion of the vesicle center, a radial line profile was calculated. By cubic curve

fitting, the baseline of the line profile was identified. After subtraction of the

baseline, the area of the line profile’s peak was computed. The peak area

was used to estimate to the average concentration of fluorophore in the

vesicle membrane (Fig. S3).
RESULTS AND DISCUSSION

Due to the unique characteristics of LPS, and especially
smooth LPS, their incorporation into an asymmetric mem-
brane is non-trivial and required extensive modification of
the inverted emulsion technique (35,36). This protocol is
based on the stepwise formation of two separate leaflets to
build the final GUVs. The leaflets derive from monolayers
of amphiphilic molecules assembled at the surface of
aqueous droplets in oil (inner leaflet) and at a planar water-
oil interface (outer leaflet). By application of centrifugal
force, the droplets cross the interface combining the two
monolayers to leaflets of a complete vesicle bilayer. The
self-assembly of amphiphiles, such as lipids at water-oil in-
terfaces, is a spontaneous process that is governed by shape
anisotropy and enthalpic forces (hydrogen-bonds and
p-stacking) and is characterized by high affinity of the lipids
for the interface (51). However, the interaction of LPS mole-
cules with water-oil interfaces is less favorable due to the
micellar structures that LPS form in aqueous solutions (7).
The monolayer self-assembly of charged polymeric amphi-
2152 Biophysical Journal 122, 2147–2161, June 6, 2023
philes is characterized by slow kinetics, limited by conforma-
tional and packing constraints (52). Due to these reasons, the
original method of the inverted emulsion technique (35,36)
yielded vesicles with very low levels of LPS incorporation
(as discussed later and shown in Fig. 3 A). Longer incubation
times of LPS with the water-oil-interface did not produce
substantial improvement. The same held true for a large va-
riety of modifications we explored in terms of different
centrifugation speeds, used oils, volume ratios, and LPS
and sugar concentrations. Thus, we attempted to optimize
the protocol by introducing a new step. In our study we
used smooth LPS isolated from S. Typhimurium (thereafter
referred to as LPS) to prepare the outer GUV leaflet and
the lipid POPC for the inner one. Fluorescently labeled
LPS was used to monitor LPS incorporation into the GUV
membranes or the water-oil interface, and fluorescent lipids
were used to monitor lipid distribution and mobility.
New emulsification/incubation step leads to
successful LPS-GUV preparation

We speculated that the crucial deficiency of the inverted
emulsion protocol is the poor adsorption of LPS from the
aqueous phase to the water-oil interface. Therefore, we
aimed at increasing the surface area of the water-oil inter-
face and reducing the diffusion distance of LPS to this inter-
face, which we expected to help better assemble the outer,
LPS-rich vesicle leaflet. To achieve both of these aims, we
introduced the new step of emulsification of lipid-free min-
eral oil in LPS-containing aqueous solution and hence pro-
vided an increased interface area for more LPS molecules to
adsorb (illustrated in the red box in Fig. 1). Furthermore, we
assume that this additional step increases the probability of
an encounter between the dispersed oil droplets and LPS mi-
celles, causing ‘‘spreading’’ of LPS molecules and mixing
of material, originating from the micellar structures, onto
the emulsion droplets. Subsequent centrifugation leads to
restoring the continuous water-oil interface with increased
number of assembled LPS molecules. The processes during
this additional emulsification/centrifugation step and the
complete method are sketched in Fig. 1. To probe the valid-
ity of this speculated mechanism of enriching the water-oil
interface by additional emulsification, we examined the
equilibrated interface (Fig. 1 C) with z-stack confocal imag-
ing (Fig. 2). Simple incubation of the LPS solution with
mineral oil (Fig. 1 A) did not lead to a detectable monolayer
formation at the water-oil interface; z-scans only showed
homogenous distribution of labeled LPS in the bulk
(Fig. 2 A). The emulsification of LPS solution and mineral
oil and subsequent centrifugation led to accumulation of
LPS molecules (Fig. 2 B) at the interface; see line profiles
indicating the absence or presence of increased LPS content
at the interface (Fig. 2). However, not all LPS molecules
assembled at the interface, as some remained in the bulk.
Note that, even after this step, the water-oil interface was



FIGURE 1 Schematic illustration of the preparation of bacterial membrane mimetic system, namely asymmetric LPS-containing GUVs, using a modified

inverted emulsion protocol. (A and B) To create the outer leaflet of the GUV, an LPS monolayer has to be formed at a water-oil interface. In aqueous solutions,

the LPS molecules form micellar structures, which hinder the assembly of LPS molecules at the water-oil interface. To assist the LPS monolayer formation, a

glucose solution containing LPS is emulsified in lipid-free oil increasing the area of the water-oil interface and reducing the diffusion time of LPS to such

interface. (C) A continuous water-oil interface is re-established by centrifugation at 600 � g for 10 min. During an interfacial incubation time of 3–19 h

allowing for conformational sampling and rearrangement, the LPS molecules form patches at the interface. (D) To fill the gaps between the LPS molecules,

a lipid oil is layered on top of the sample. During an incubation time of 15–30 min, lipid molecules assemble at the free spaces at the water-oil interface. (E) In

parallel, a sucrose solution is emulsified in lipid oil and applied on top of the sample. The formed sucrose droplets in oil provide the lumen and the inner

leaflet of the GUVs and the lipids assembled at the droplet-oil interface form the inner GUV leaflets. During centrifugation (130 � g, 10 min), the denser

sucrose droplets cross the LPS monolayer and lead to the formation of a complete bilayer and thus to the formation of LPS-doped asymmetric GUVs. LPS

incorporation was monitored using a fraction of fluorescently labeled LPS, in which the fluorophore is located at the core saccharides, as illustrated in the

legend. To see this figure in color, go online.

Asymmetric mimetic bacterial membranes
not homogenously covered but exhibited patches of
enhanced LPS fluorescence signal (Fig. S4 as sketched in
Fig. 1 C). To ensure a sufficient vesicle yield, the gaps
between the LPS-rich patches at the interface were filled
up by POPC molecules by layering lipid oil on top of the
sample (Fig. 1 D). Then, following the conventional steps
in the protocol, a sucrose-in-oil emulsion stabilized by lipids
well plate and centrifuged at 90� g for 10 min. The z-stack was recorded directly

is demonstrated by the peak in the line profile in the right panel. To see this fig
is added on the sample, followed by centrifugation
(Fig. 1, E).

The LPS GUVs produced with this modified protocol
showed heterogeneous size distribution, with diameters
ranging from 5 to 45 mm with a mean of 19 5 8 mm
(Fig. S5). This size distribution was similar for all tested
preparation conditions. The vesicles appeared stable for at
FIGURE 2 Imaging and analysis of the water-oil

interface and formation of LPS monolayer. Side

view rendering from a confocal microscope z-stacks

(0.5 mm steps) show the accumulation of LPS mole-

cules (labeled with Alexa647, magenta) at the water-

oil interface. A line profile is measured along the

dashed blue line and plotted in the right panels to

show the distribution of LPS-Alexa647. The scale

bars correspond to 10 mm. (A) Water-oil interface af-

ter 1 h incubation of 25 mL LPS-containing aqueous

solution with 50 mL lipid-free mineral oil. The line

profile on the right shows that no detectable LPS

monolayer has formed. (B) After the new additional

emulsification/centrifugation step (as sketched in

Fig. 1, A–C) using LPS-containing aqueous solution

and lipid-free mineral oil, a continuous water-oil

interface and an LPS monolayer was formed. LPS-

containing solution (25 mL) was mixed with 50 mL

mineral oil via mechanical agitation once along an

Eppendorf rack. The emulsion was transferred in a

after the centrifugation. The assembly of the LPS molecules at the interface

ure in color, go online.
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least 2 days showing no leakage of encapsulated carboxy-
fluorescein dye (Fig. S6 A) nor loss of LPS signal (moni-
tored with fluorescently labeled LPS-Alexa647) when
washed in isotonic glucose (Fig. S6 B). Between 90 and
98% of all GUVs showed LPS incorporation. This is a
very high yield compared with samples obtained without
the emulsification step, which showed only very low levels
of LPS incorporation (�2.5% of all GUVs; compare panels
in Fig. 3, A, B, and F). GUVs containing LPS displayed an
increased fluorescence signal at the membrane that was ab-
sent in GUVs without LPS (see Fig. 3, C–E). The back-
ground fluorescence around the vesicles was caused by
free unincorporated LPS-Alexa647 and/or free Alexa647
dye molecules that were not completely removed during
the LPS labeling process. The LPS surface coverage of
the GUVs obtained with the new protocol also showed var-
iations from vesicle to vesicle.

To probe whether the new emulsification step alters lipid
packing and/or introduces differential stress in the mem-
brane (53), we examined the vesicle morphology upon
deflation and measured lipid diffusion in POPC lipid
GUVs prepared with electroformation, the standard inverted
emulsion approach, and the modified protocol introduced
here. Vesicle deflation in all different samples yielded pro-
late or multisphere GUVs as expected for vesicles, with su-
crose/glucose asymmetry across the membrane (54), and the
FRAP experiments showed similar diffusivity regardless of
the protocol used for preparation (Fig. S7).
FIGURE 3 Incorporation of LPS in asymmetric GUVs and vesicle yield. LPS

signal of LPS labeled with Alexa647 dye (magenta signal). (A and B) LPS-GUV

incubation step. Confocal images illustrating the GUV population in samples tha

illustrate the heterogeneity of the GUVs in size and LPS incorporation. With the

membrane increased from 2.5 to 90–98%. (C) GUVwithout LPS-incorporation. (

in (C and D). Successful LPS incorporation in the membrane is exhibited by a p

the signal in the GUV surroundings and distance is plotted in units of the vesicle

bars) were tested for different preparation conditions: LPS concentration, MgCl

new emulsification step. All samples had an interfacial incubation time of 1 h. M

fixed. Red rectangle: salt conditions were varied while the LPS concentration wa

10 random images (100� 100 mm2) per replicate were recorded. The error bars s

ing the total number of GUVs present (only vesicles with diameter larger than 1

see this figure in color, go online.
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To achieve a higher LPS fraction in the outer leaflets, the
used LPS concentration had to be high enough to cover large
areas of thewater-oil interface. In the given experimental set-
up, a concentration of 100 mg mL�1 proved to be optimal, as
higher concentrations (200 mg mL�1) did not lead to higher
yield of LPSGUVs. Lower concentrations (10 mgmL�1) still
resulted in high fractions of LPS GUVs, but at the expense of
the overall GUV yield (Fig. 3 F).

Divalent cations have been shown to be critical for LPS-
doped membrane stability and maintenance of bilayer asym-
metry in solid-supported bilayers (6). They bridge the
negative charges of the phosphate groups at the LPS inner
cores (55) and preventmutual electrostatic repulsion.Divalent
cations, such as calcium ions, affect also LPS-free mem-
branes; exhibiting on the one hand tension increase and spon-
taneous-curvature effects upon adsorption to GUVs made of
charged lipids (56–58), but, on the other hand, also stabilizing
such membranes upon poration (59). Calcium ions have been
also shown to induce substantial conformational changes in
LPS monolayers (60). Thus, we assumed that divalent cations
would facilitate the formation and stability of the LPS mono-
layer in the preparation step of our protocol. The optimal con-
centration of divalent cations should be higher than the
minimum concentration required to bridge the negative
charge, but still low enough to reducevesicle-vesicle adhesion
caused by divalent cations (8). For the chosen settings, a con-
centrationof 10mMwas foundoptimal (Fig. 3F).Monovalent
cations, such as sodium ions, cannot bridge the negative
incorporation in the GUV membrane was quantified from the fluorescence

yield improves dramatically after implementation of the new emulsification/

t were prepared without (A) and with (B) the emulsification step. The images

emulsification step, the yield of LPS-GUVs showing enhanced signal at the

D) GUVwith LPS incorporation. (E) Radial intensity profiles of the vesicles

eak in the fluorescence. The fluorescence intensity data were normalized by

radius. (F) Fraction of LPS-GUVs (blue bars) and overall GUV yield (green

2 concentration, usage of NaCl or MgSO2 instead of MgCl2, absence of the

agenta rectangle: LPS concentrations were varied while 10 mMMgCl2 was

s fixed to 100 mg/mL. Three replicates of each condition were prepared and

how the standard deviation. The images were evaluated by manually count-

0 mm were considered) and which of them show any LPS incorporation. To



Asymmetric mimetic bacterial membranes
charge of neighboring LPS molecules, but they can screen it
and thus avoid electrostatic repulsion. However, the use of
NaCl resulted in a lower fraction of LPS GUVs compared
with the conditions when MgCl2 or MgSO4 were used. Re-
placing MgCl2 by MgSO4 resulted in similar (albeit lower)
fraction of LPS-GUVs.Chloride ions are less kosmotropically
active comparedwith sulfate ions (61).Due to the stronger sta-
bilization of hydrophobic interactions (61), sulfate ions might
promote aggregation of LPSmolecules and thereby adversely
affect the monolayer assembly at the water-oil interface.
Therefore, MgCl2 was chosen as optimal salt type and used
in further experiments.
LPS is asymmetrically distributed across the
membrane

The preparation protocol as sketched in Fig. 1 suggests that
LPS should be distributed exclusively at the outer GUV
leaflet. However, we cannot monitor the production process
directly to see whether LPS has flipped/migrated to the inner
leaflet either because of improper resealing, or leakage, or
protrusions. After deflation (ii), the GUV formed an outward tube (see arrowhead

was changed to visualize the tube better. The scale bars correspond to 5 mm. To
stress in the membrane. To probe the actual distribution of
LPS in the membrane, a quenching assay was performed
based on the use of NBD-labeled LPS or PE lipids. The
membrane-impermeable quencher sodium dithionite, added
externally, irreversibly quenches the NBD fluorophores in
the outer leaflet of the vesicle membrane. The fluorophores
in the inner leaflet are not affected (Fig. 4). In vesicles with
symmetrically distributed NBD, a fluorescence loss of 50%
occurs which we confirmed on symmetric GUVs prepared
with POPC and NBD-PE lipids, see data in green in
Fig. 4 B. Vesicles with an asymmetric NBD distribution,
either on the inside or outside, should show no loss or a com-
plete loss of the fluorescence signal, respectively. LPS
GUVs with NBD-labeled LPS in the outer leaflet lost
79 5 10% of the original fluorescence (Fig. 4, data in
magenta), indicating an asymmetric LPS distribution. This
decrease in fluorescence indicates that not all fluorophores
could be quenched. In addition to the above-listed reasons,
this result could be caused by protected fluorophores at
the inner leaflet or not fully efficient quenching. More
importantly, in the case of LPS GUVs, free LPS-NBD might
FIGURE 4 LPS is preferentially distributed at

the outer GUV leaflet as shown by quenching assay

and vesicle tubulation. (A) Schematic illustration

of the mechanism of the NBD-quenching assay.

The NBD signal from the labeled molecule is

quenched by sodium dithionite (Na2S2O4).

Because sodium dithionate does not permeate the

membrane, only fluorophores at the outer leaflet

are quenched. For symmetric dye distribution

the initial fluorescence signal (Ifluo) decreases by

50%. Asymmetric GUVs that incorporate the

NBD label only in the outer leaflet show a com-

plete loss of fluorescence, while GUVs with the

NBD label in the inner leaflet only retain their fluo-

rescence. (B) The initial (not quenched) NBD fluo-

rescence intensities for NBD-PE in POPC GUVs

(green) and LPS-NBD in LPS-GUVs (magenta)

were recorded and normalized to 100% after sub-

tracting background signal. After incubation of

the POPC and LPS-GUVs with the quencher, the

fluorescence dropped by 43 5 12% and 79 5

10%, respectively. This indicates symmetric fluo-

rophore distribution for POPC GUVs and an asym-

metric fluorophore distribution for LPS GUVs.

Each point represents one measurement on a

different GUV. The dashed reference line refers

to 50% of initial fluorescence intensity; the mean

and standard deviations are displayed to the right

of the data. (C) Single-vesicle deflation in a micro-

fluidic chip leads to outward tube formation. An

LPS GUV was washed with hyperosmolar glucose

solution in a microfluidic chip; the channel bound-

ary (dashed white line) in which the vesicle was

trapped is well visible in fluorescence (i) due to ad-

sorbed free LPS, which is washed away with the

deflation step in (ii). Before the deflation the

vesicle is spherical and free of defects and

), indicating asymmetric distribution of the LPS molecules. The focal plane

see this figure in color, go online.
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be still present in the vesicle exterior, which could exhaust a
fraction of the quencher reducing the quenching efficiency.

In addition to fluorophore quenching, membrane asym-
metry can be verified via membrane deformations. Asym-
metric transmembrane distribution of molecules with large
headgroups has been shown to lead to tubulation in giant
vesicles upon deflation (62,63). These tubes are stabilized
by non-zero membrane spontaneous curvature (64),
which can be generated by various types of asymmetry
(63,65–71). Even if the two leaflets of the membrane are
tensionless, small asymmetry in the molecule distribution
can lead to significant spontaneous curvature (72). In the
case of GUVs prepared with a method based on the sequen-
tial assembly of monolayers at the water-oil interface, one
could expect that the residual oil molecules retained in the
hydrophobic core of the bilayer can act as an agent reducing
the leaflet tension, as cholesterol does with its frequent flip-
flop (72). However, the asymmetric LPS distribution in our
systems can be expected to result in large spontaneous cur-
vature of the GUVs. Because LPS is in the outer leaflet, the
spontaneous curvature should be high and positive. The
sugar asymmetry characteristic for our system should also
generate positive but small spontaneous curvature with a
magnitude of about 1 mm�1 (54). Thus, depending on the
LPS coverage, we expected the formation of outward tubes
that are thin (with diameters below optical resolution) for
vesicles with higher LPS coverage or 1–2 mm thick for ves-
icles at lower LPS coverage. The necessary condition for
these morphologies to occur is that the vesicles have excess
area available for shape changes. To allow this, we deflated
the vesicles with hyperosmolar solutions (see Materials and
methods section on Membrane tubulation test upon vesicle
deflation). When this is done in the bulk, many vesicles
could exhibit tubulation; however, the initial morphology
of the vesicle is unknown. To be able to follow a single
vesicle with a known shape (sphere), we deflated individual
vesicles while monitoring their shape change in a microflui-
dic device described earlier (44). One example of such a
2156 Biophysical Journal 122, 2147–2161, June 6, 2023
vesicle is provided in Fig. 4 C. After deflation, the initially
spherical and tube-free vesicle develops a long thin outward
tube. Vesicles with lower LPS coverage were observed to
develop thicker tubes as expected (Fig. S8). These observa-
tions confirm the asymmetric distribution of LPS in the
obtained GUVs and point to an approach for modulating
the membrane morphology based on this asymmetry. In
contrast, GUVs with LPS localized at the inner leaflet devel-
oped inward pointing tubes after deflation (Fig. S9), further
corroborating this concept.
Assessing the LPS concentration in the
membrane

As indicated above, the vesicles showed heterogeneous LPS
coverage demonstrated by the variations in the signal from
fluorescently labeled LPS in the membrane (Fig. 3). To
determine the LPS coverage on individual GUVs, we used
a calibration fluorophore standard. The membrane intensity
of LPS-GUVs containing TexasRed-labeled LPS was
compared with the membrane intensity of POPC-GUVs pre-
pared with distinct concentrations of TexasRed-labeled
DHPE lipids (note that the POPC vesicles used for the cali-
bration were prepared using the method of PVA-assisted
swelling (22) to avoid uncertainties regarding the fluoro-
phore fraction incorporation that could be expected of pref-
erential partitioning to the oil-water interface). In brief, the
total membrane intensity of different GUVs in the reference
samples were measured (as described in Materials and
methods section on Quantifying membrane fluorescence
signal and Fig. S3) and converted into a single leaflet inten-
sity by dividing by the factor 2. Plotting the membrane
leaflet intensity as a function of the molar fraction of
TexasRed-DHPE in the corresponding reference samples re-
veals a linear relation (Fig. 5 A) described as nTR�DHPE ¼
ðI � 0:06Þ=33:2, where nTR�DHPE is the mole fraction of
TexasRed-DHPE (in mol %) in one vesicle leaflet and I is
the membrane intensity (in arbitrary units). This linear fit
FIGURE 5 Membrane intensity calibration and

calculation of LPS incorporation in asymmetric

vesicles. Experiment and recording conditions are

kept constant. (A) The membrane intensities of

POPC-GUVs doped with varied TexasRed-DHPE

concentrations and their respective membrane

signals showed a linear relation, which was used

as calibration of leaflet intensity and TexasRed

membrane concentration. Fifteen vesicles for

each TexasRed-DHPE concentration were imaged.

(B) The concentration of TexasRed-labeled LPS in

the inner or outer leaflet of the membrane of asym-

metric GUVs, respectively, is calculated via the fit

function of the calibration data and correction fac-

tors for LPS labeling efficiency and fluorophore

quantum yield. The mean and the standard devia-

tions are displayed on the right of the data. To

see this figure in color, go online.



FIGURE 6 LPS incorporation after application of different incubation

times for monolayer incubation (Fig. 1 C). Incubation times of 1 h, 3 h,

and overnight (�19 h) were tested and the individual LPS concentrations

in the vesicle membrane were calculated. Three replicates of each condition

were prepared (numbers 1, 2, and 3) and 16 random vesicle images per

replicate were recorded. The mean and the standard deviations are dis-

played to the right of the data. To see this figure in color, go online.

Asymmetric mimetic bacterial membranes
is used to determine the molar fraction of TexasRed fluoro-
phore in the outer or inner leaflet of the LPS GUVs from the
measured intensity. However, to perform this conversion, we
needed to know how many TexasRed groups were bound to
one labeled LPS molecule. We used two approaches to find
out. First, FCS experiments measuring number and bright-
ness of LPS-TexasRed and free TexasRed in bulk showed
that the molecular brightness of LPS-TexasRed is slightly
lower compared with that of the free dye. This indicated
that LPS was labeled with a maximum of one fluorophore
per molecule (compare Fig. S2 A). This measurement, how-
ever, does not address potential difference between the
quantum yield of the TexasRed fluorophore when free or
bound to LPS. Thus, we used a second approach, namely,
by performing sFCS measurements on the membrane of
LPS-GUVs (48,50). By applying multiple bleaching cycles,
the membrane intensity was reduced down to 10% of the
initial value (for more details see Materials and methods
section on sFCS). Since the molecular brightness stayed
constant during the bleaching cycles (Fig. S2 B), the label-
ing of approximately one fluorophore per LPS molecule was
confirmed. Therefore, it can be assumed that the fluorophore
concentration in the LPS-GUV membrane is equal to the
concentration of LPS-TexasRed in the membrane.
Finally, to correct for the difference in quantum yields of
TexasRed when bound to LPS compared with when bound
to DHPE, we performed molecular brightness analysis via
sFCS experiments. The data revealed that LPS-TexasRed
exhibits a 15% lower quantum yield than TexasRed-DHPE
(data not shown). Therefore, the molar concentration of
LPS-TexasRed, as deduced from the calibration curve
(Fig. 5 A) was correspondingly corrected, i.e., nTR�DHPE

1� 0:15 . Since
only 1.2% of the total LPS for vesicle preparation was
labeled with TexasRed, the total LPS concentration in the
membrane was additionally corrected as nTR�DHPE

1� 0:15
1

0:012.
With the approach described above, we assessed the LPS

fraction in GUVs in the outer leaflet (LPS-outside GUVs)
and in GUVs with LPS in the inner leaflet (LPS-inside
GUVs). In the outer leaflet, 1–16 mol % (16–79 wt %)
LPS were incorporated, while only 2–7 mol % (28–60
wt %) LPS could be incorporated in the inner leaflet
(Fig. 5 B). These fractions describe the LPS fraction in
the respective leaflet. Presumably, the lower LPS content
in the LPS-inside GUVs is caused by the altered preparation
protocol (Fig. S10). For this system, the LPS monolayer is
formed by emulsification of the inner aqueous solution
with lipid mineral oil. The general incubation time of this
emulsification is much shorter and the presence of POPC
lipids during interface incubation led to competition in
terms of amphiphilic arrangement at the interface. In
contrast, LPS-outside GUVs were incubated longer and
without the presence of POPC molecules.

By measuring the LPS concentration, we further probed
the effect of monolayer incubation times (Fig. 6 and step
(C) in Fig. 1): 1 h, 3 h, and overnight (�19 h) were tested
for the amount of LPS incorporation using fluorescence im-
aging. In all three cases, every GUV in the samples showed
LPS incorporation in the membrane, but the membrane in-
tensities and thus LPS coverage varied. An incubation
time of 1 h resulted in only 1–4 mol % LPS in the membrane
on average, while 3 h or more allowed LPS incorporation
yields in the range of 1–16 mol % (Fig. 6).
Higher LPS coverage slows membrane diffusion

Compared with phospholipids, LPS molecules exhibit
enhanced lateral interactions due to three structural properties
of the molecule. (i) As mentioned above, the bridging of the
negatively charged phosphate groups by divalent cations leads
to strong electrostatic interaction between LPS molecules. In
the presence of Mg2þ ions, Takeuchi and Nikaido observed
the existence of pure LPS domains (stable for days) without
mixing with phospholipid molecules (73). Several studies
have shown that LPS molecules in membranes adopt a gel-
like state in the presence of divalent cations, which reduces
the mobility of the individual molecules and LPS domains
(2,6,74–76). (ii) The presence of seven fatty acyl chains in
the lipid A portion compared with only two in phospholipids
provides a greater surface area, allowing for stronger hydro-
phobic interactions between the lipid A portions of the LPS
molecules (2). (iii) Smooth LPS has been shown to have
higher melting temperature than truncated LPS molecules
(75,77,78), indicating an additional contribution to the lateral
interactions between the elongated sugar chains. These inter-
action characteristics are missing in phospholipids.

Employing spot FRAP measurements (see Materials and
methods section on Spot FRAP measurements at the top of
the GUVs and Fig. S1 for details) we explored how these
enhanced interactions affect diffusivity in the membrane
of asymmetric LPS-GUVs. Both lipid and LPS diffusion
were explored and compared with lipid mobility in LPS-
free membranes. The diffusion coefficient of Alexa647-
labeled LPS (4.3 5 0.8 mm2 s�1, magenta data in
Biophysical Journal 122, 2147–2161, June 6, 2023 2157
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Fig. 7 A) was found to be 20% lower than the lipid diffusion
coefficient (5.35 1.3 mm2 s�1, light green data in Fig. 7 A)
in the membrane of LPS GUVs. Note that, because of the
presence of lipids on both sides of the membrane, the diffu-
sion coefficient that was measured for the lipid signal origi-
nated from both the inner and outer leaflet.

This decrease is understandable considering the large mo-
lecular size of LPS. We also compared the lipid diffusion
in LPS-free with LPS-doped GUVs. A two-group t-test
showed that the mean diffusion coefficient of NBD-PE
lipids in POPC GUVs and LPS-GUVs are not significantly
different (light and dark green data in Fig. 7 A). Presumably,
the relatively low fraction of LPS in the membrane is not
sufficient to slow down lipid diffusion significantly also
considering that NBD-PE was present in both leaflets, in
the outer LPS-doped one and in the inner LPS-free one
where diffusion is unhindered. We cannot exclude that diffu-
sion of labeled lipids can be different from that of the unla-
beled lipid (POPC), but considering the large difference of
the molecular weights of the labeled lipid and LPS we
expect that the LPS versus lipid behavior should be qualita-
tively correctly reflected by our diffusion measurements.

In view of the large scatter in the data for the LPS mem-
branes, we questioned whether the diffusion coefficients in
individual vesicles correlate with their specific LPS surface
coverage. The FRAP experiments revealed that increasing
LPS concentration in the membrane lowers LPS diffusivity
(Fig. 7 B). This finding corroborates previously reported
data on LPS mobility in symmetric membranes: Kubiak
et al. speculated that higher LPS coverage leads to the for-
mation of gel-like LPS domains that are below the resolu-
tion of confocal microscopes and which caused the
decrease in the measured diffusion coefficients (17).

Due to the slow diffusion and relatively low coverage, spot
FRAP measurements were not possible on all LPS-GUVs.
During the recording of the post-bleach images, back-
diffusing LPS-Alexa647 molecules were photobleached, pre-
venting the recording of a fluorescence recovery of the
bleached area and hindering data acquisition (see Fig. S1
D). Therefore, we developed a single-vesicle essay in which
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we assess the different diffusion behaviors of POPC lipids
and LPS by bleaching half of a GUV at the equatorial
plane (for details see see Materials and methods section on
FRAP of one half of a GUV imaged at the equatorial plane).
This adapted protocol allows following the fluorescence re-
covery without photobleaching the back-diffusing molecules
by reducing the laser power. In brief, one half of the LPS
GUV was bleached at the equatorial plane and the recovery
curves for NBD-PE and LPS-Alexa647 were recorded simul-
taneously. The ratio of the LPS and lipid recovery halftimes
ðt1=2ÞLPS=ðt1=2ÞNBD--PE was determined and used to describe
the diffusion behavior of LPS molecules relative to that of
lipid molecules in one GUV (Fig. 8). Since these two param-
eters were recorded for the same GUV and converted to a
relative ratio, the size of the GUV does not play a role. We
find that the diffusion of LPS is by a factor of 2.33 5 0.50
slower than that of lipids in the same GUVs. This result is
in excellent agreement with sFCS measurements, which
showed that the diffusion time of LPS-TexasRed in LPS
membranes is 2.23 times higher than the diffusion time of
TexasRed-DHPE in POPC GUVs prepared via PVA-assisted
swelling (Fig. S11 B). This agreement emphasized the valid-
ity of our approach based on half-GUV FRAP.
Summary and conclusions

In this work we report the production of a vesicle-based
model of the OM of S. Typhimurium using a novel inverted
emulsion method. In contrast to the complex microfluidic
method that achieves asymmetry leaflets, this technique is
applicable in many laboratory settings, as only a benchtop
centrifuge and sonication bath are required.

The presented protocol allowed the production of
asymmetric GUVs containing LPS either in the outer
(1–16 mol %, corresponding to 16–79 wt %) or inner mem-
brane leaflets (2–7 mol %, corresponding to 28–60 wt %),
respectively. The asymmetric distribution of LPS was
confirmed with a quenching assay. Furthermore, we demon-
strated that, upon deflation, the vesicles exhibit membrane
tube formation, whereby the tubular structures are stabilized
FIGURE 7 Diffusion of labeled lipids and LPS

in POPC- and LPS-GUVs measured via spot-

FRAP. In both panels, each point represents one

measurement on a different GUV. (A) Diffusion co-

efficients measured for NBD-PE in POPC GUVs

(dark green) and in LPS-GUVs (NBD-PE present

in both leaflets, light green), and LPS-Alexa647

(dark magenta) in LPS-GUVs. The diffusion coef-

ficients of NBD-PE and LPS-Alexa647 are signif-

icantly different (two-sample t-test, p % 0.001).

The mean and the standard deviations are dis-

played to the right of the data. (B) The diffusion

coefficients of LPS-TexasRed in LPS-GUVs corre-

late with the corresponding LPS content in the

membrane. To see this figure in color, go online.



FIGURE 8 Bleaching of the GUV half to assess

the ratio of the recovery times of lipids and LPS in

the same vesicle. (A) Half-GUV FRAP illustrated

with images from one vesicle sequentially acquired

in two different channels (LPS-Alexa647 in

magenta and NBD-PE in green). The fluorescence

on both halves of the GUV is equilibrated after 10

and 48 s for NBD-PE and LPS-Alexa647, respec-

tively. (B) The recovery data illustrate the equili-

bration of the fluorescence signals at both vesicle

halves after the bleaching. The halftime of recov-

ery is assessed via Eq. 3. The ratio of the half-re-

covery time of LPS-Alexa647 to NBD-PE on the

same vesicle is 2.33 5 0.50 (n ¼ 6). The scale

bar corresponds to 20 mm. To see this figure in co-

lor, go online.

Asymmetric mimetic bacterial membranes
by spontaneous curvature resulting from the LPS asymmetric
distribution. The vesicles were stable for at least 2 days and
retained the LPS molecules in the membrane even after a
washing step in a microfluidic chip. The GUVs were em-
ployed to determine the diffusion coefficients of LPS
(4.3 5 0.8 mm2 s�1) and lipids (5.3 5 1.3 mm2 s�1) in
LPS membranes using conventional FRAP measurements.
It was shown that the diffusion coefficient decreased with
increasing LPS incorporation. In the context of the heteroge-
neous LPS content, which is often overlooked, we introduced
a calibration standard that allowed the determination of the
LPS coverage of individual GUVs. By using this technique,
properties of individual LPS GUVs can be directly compared
with regard to varying LPS concentrations, which is not
possible in bulk compositional studies. We also developed
a single-vesicle FRAP assay, in which we directly compare
the mobility of lipids and LPS by bleaching and monitoring
the recovery in one half of a GUV. This assay allows compar-
ison of diffusivity in the same membrane irrespective of
vesicle size and LPS coverage, which vary in different sam-
ples. Especially in cases in which conventional spot FRAP
cannot be applied because of photobleaching of slow back-
diffusing molecules, this variant could serve as an alternative
FRAP approach.

Rana et al. showed that in S. Typhimurium 30–40 mol %
of the OM lipids are composed of LPS (79). However, LPS
is present exclusively on the outer leaflet (80) and covers
88% of the bacterial cell surface (81). Since the remaining
12% is mainly covered by proteins and only very small
amounts of phospholipids are present (80–83), the actual
LPS-lipid ratio at the outer leaflet is likely to be much
higher. Although the LPS concentrations in our membrane
model were lower compared with the natural compositions
of the outer leaflet, the inferred LPS content in the LPS ves-
icles was in a similar range to the LPS incorporation in sym-
metrical LPS GUVs by Kubiak et al. (17).

We hypothesize that the limited incorporation of smooth
LPS into artificial membranes was caused by its unique mo-
lecular properties, especially its tendency to form aggre-
gates. To face the high self-aggregation rate in aqueous
solutions, extra steps and considerations were necessary.
Several freeze/thaw cycles and ultrasound treatment of the
LPS solutions were crucial to break larger LPS aggregates.
To further support the assembly at the water-oil interface, an
additional emulsification step increased the surface of wa-
ter-oil interface and reduced diffusion distances. Further-
more, we assume that the dispersed oil droplets interfered
with the LPS micelles and caused fusion of micellar struc-
tures and emulsion droplets. Centrifugation forces the emul-
sion droplets back to the continuous interface, relocating the
LPS molecules to cluster here.

Despite the limited LPS incorporation, the generated ves-
icles can serve as a membrane model to study the effects of
asymmetrically distributed LPS molecules on membrane
properties and their changes at different LPS concentrations.
By incorporating additional membrane components, such as
OM proteins and bacterial lipids, the LPS-GUVs open a
path toward a bottom-up approach of generating more com-
plex membranes in which the effect of antimicrobial agents
could be explored.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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