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A B S T R A C T   

The reconstruction of accurate yet simplified mimetic models of cell membranes is a very challenging goal of 
synthetic biology. To date, most of the research focuses on the development of eukaryotic cell membranes, while 
reconstitution of their prokaryotic counterparts has not been fully addressed, and the proposed models do not 
reflect well the complexity of bacterial cell envelopes. Here, we describe the reconstitution of biomimetic bac-
terial membranes with an increasing level of complexity, developed from binary and ternary lipid mixtures. 
Giant unilamellar vesicles composed of phosphatidylcholine (PC) and phosphatidylethanolamine (PE); PC and 
phosphatidylglycerol (PG); PE and PG; PE, PG and cardiolipin (CA) at varying molar ratios were successfully 
prepared by the electroformation method. Each of the proposed mimetic models focuses on reproducing specific 
membrane features such as membrane charge, curvature, leaflets asymmetry, or the presence of phase separa-
tion. GUVs were characterized in terms of size distribution, surface charge, and lateral organization. Finally, the 
developed models were tested against the lipopeptide antibiotic daptomycin. The obtained results showed a clear 
dependency of daptomycin binding efficiency on the amount of negatively charged lipid species present in the 
membrane. We anticipate that the models proposed here can be applied not only in antimicrobial testing but also 
serve as platforms for studying fundamental biological processes in bacteria as well as their interaction with 
physiologically relevant biomolecules.   

1. Introduction 

Bacterial lipid membranes differ significantly from their mammalian 
analogs in terms of composition and structural organization. Mamma-
lian cytoplasmic membranes are composed of different phospholipids 
such as phosphatidylcholine (PC), phosphatidylserine (PS), phosphati-
dylethanolamine (PE), sphingomyelin (SM) and cholesterol [1], while 
bacterial membranes contain mostly PE, phosphatidylglycerol (PG), and 
cardiolipin (CA). However, the differences between mammalian and 
bacterial cell membranes go beyond just the lipid composition, as they 
are distinct also in terms of structural organization. The gram-negative 
bacterial cell envelope is composed of two membranes separated by 
the periplasm, which is a gel like substance containing a thin layer of 
peptidoglycans [2]. The outer membrane (OM) is composed of phos-
pholipids, lipoproteins, OM proteins and glycolipids, of which the most 
common are lipopolysaccharides. The inner membrane consists of 

phospholipids such as PE, PG and CA [3]. Contrary to gram-negative 
bacteria, the cell envelope of gram-positive bacteria is simpler and 
does not contain the OM. To withstand the potentially unfavorable 
environmental conditions their cell membranes are surrounded by a 
much thicker layer of peptidoglycans, compared to those present in 
gram-negative bacteria. Moreover, the composition of the inner mem-
brane (IM) differs significantly, it contains mostly PG, lyso-PG, and a 
much higher amount of CA than in gram-negative bacteria [4]. 

The widely used biomimetic models reflect well the characteristics of 
mammalian cell membranes. On the contrary, the models of prokaryotic 
membranes are usually very simple, composed of one type of lipids. 
Alternatively, in many cases, some characteristic lipids are replaced by 
their mammalian substitutes (such as phosphatidylcholine), which are 
easier to incorporate within the model membranes [5,6]. Such over-
simplification can lead to misinterpretation of the obtained results and 
formulation of false conclusions. On the other hand, studies on bacterial 
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cell membranes reconstituted from lipids extracted directly from bac-
terial cells are difficult to perform. Although bacterial cell membranes 
derive from simpler organisms than eukaryotic cells do, they are still 
characterized by a high level of complexity due to the presence of 
numerous lipids, proteins, and carbohydrates, which makes it difficult to 
identify the specific membrane constituents responsible for the observed 
processes [7]. The sophisticated structure of natural bacterial mem-
branes together with the possible biosafety risks inevitably associated 
with the handling of bacterial cells has led to the development of bio-
mimetic membrane models with different levels of complexity [8]. 

A variety of model membranes, such as supported lipid bilayers 
[3,9–11], tethered bilayer lipid membranes [12–14], and liposomes 
[15–17] have been used to mimic prokaryotic cell membranes. Giant 
unilamellar vesicles (GUVs) have received great interest as cell mem-
brane mimetics due to their tractable geometry such as spherical shape 
and size, which is comparable to the dimensions of natural cells [18–20]. 
The elimination of solid support (inherent to planar model systems) 
abolishes the impact of the substrate on one of the leaflets, and allows 
for the use of symmetric or asymmetric solutions across the membrane, 
consequently giving the possibility to study processes such as division 
[21,22], deformation [23], invagination [24], diffusion [25] or trans-
port and release of biomolecules as the basic models of exo- and endo-
cytosis [26]. Although GUVs have been widely employed in studying 
eukaryotic cell membranes [27–29], the research on prokaryotic GUVs 
is still limited and the scarce literature reports focus mostly on the gram- 
negative inner bacterial cell membranes [30–33], and do not address the 
structurally different membranes of the gram-positive bacteria. 

The simplistic, yet accurate models of cell membranes, whether 
developed from synthetic lipids or natural polar lipid extracts, are 
necessary for studying the impact of ions [34,35], molecules [36], hy-
dration [37], or antimicrobial agents [38–40] on the prokaryotic 
membranes. The use of models with well-defined compositions signifi-
cantly eliminates the effect of other compounds present in native 
membranes that could influence the obtained results. Usually, the 
determination of exact factors responsible for specific cellular responses 
is far from trivial when studying live cells in vitro. Indisputably, there is a 
strong need for accurate, stable, and fully tunable models of prokaryotic 
membranes that could mimic differences in cell envelopes not only be-
tween gram-positive and gram-negative bacteria but also between spe-
cific strains, which deviate significantly in terms of lipid composition 
and as a consequence structural and mechanical properties such as 
membrane charge, leaflet asymmetry, and presence or absence of phase 
separation, just to mention a few. 

The present study sought to develop biomimetic membranes 
resembling those present in gram-positive and gram-negative bacteria 
with an increasing level of complexity. We applied the commonly used 
electroformation method to form GUVs composed of different molar 
ratios of PC and PG; PC and PE; PE and PG, ending with the most ac-
curate models containing PE, PG, and CA. All models were prepared 
from binary or ternary lipid mixtures, allowing for tuning of the final 
lipid composition to mimic membranes characteristic for specific bac-
terial strains. We show that depending on the used lipids and their final 
ratio, the obtained models differ significantly in terms of size, membrane 
curvature, charge and lateral organization. We demonstrate that the 
interchangeable use of lipids with similar chemical structures or 
restricting the model membrane composition to only one or two lipid 
species can drastically change the overall properties of bacterial mem-
branes and lead to false conclusions. Finally, as a proof of concept, we 
tested the obtained models containing PG and CA against the lip-
opeptide antibiotic daptomycin and presented the clear dependency of 
its binding efficiency on the amount of negatively charged lipids present 
in the membrane. 

2. Materials and methods 

2.1. Materials 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1- 
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) 
(POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
(POPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1′,3′- 
bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol (sodium salt) (18:1 
CA), and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7- 
nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (16:0 NBD-DPPE), 
1,1′,2,2′-tetraoleoyl cardiolipin[4-(dipyrrometheneboron difluoride) 
butanoyl] (ammonium salt) TopFluor® Cardiolipin (TF-CA) and dap-
tomycin were obtained from Avanti Polar Lipids, Alabaster, AL, USA. 
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine labeled with Atto 633 
(DOPE-Atto 633), sucrose (BioUltra, HPLC grade), glucose (D- 
(+)-Glucose, BioUltra, HPLC grade), β-casein (from bovine milk), and 
chloroform (LiChrosolv®) were purchased from Merck KgaA, Darm-
stadt, Germany. The ultrapure water was obtained by using Milli-Q® 
Reference Water Purification System from Merck KgaA, Darmstadt, 
Germany. All the materials were used without further purification. 

2.2. Electroformation of GUVs 

GUVs were prepared by the electroformation method following the 
previously reported protocols [41]. Chloroform stock solutions of POPC- 
POPE, POPC-POPG, POPE-POPG, or POPE-POPG-CA were mixed at 
desired molar ratio to the final lipid concentration of 4 mM in each 
mixture. For imaging purposes, 0.1 mol% of DOPE-Atto 633, 0.5 mol% 
of NBD-DPPE or 0.5 mol% of Top Fluor-CA were added. 10 μL of as 
prepared stock solutions were spread on two conductive indium tin 
oxide (ITO)-coated glasses (50 mm × 50 mm, resistance 20 Ω/sq., 
Präzisions Glas & Optik, Iserlohn, Germany), equipped with a pair of 
adhesive copper strips (3 M, Cergy-Pontoise, France) and placed in a 
desiccator for 2 h to remove residual traces of chloroform. To assemble 
the chamber, a 2 mm thick Teflon spacer was placed between the ITO- 
glasses, and the formed chamber was filled with 2 mL sucrose solution 
with an osmolarity of 100 ± 1 mOsmol/kg for vesicles made of the bi-
nary mixtures or sucrose solution with an osmolarity 300 ± 1 mOsmol/ 
kg for GUVs composed from ternary lipid mixtures (POPE, POPG and 
CA). The osmolarity was measured with a freezing point osmometer 
Osmomat 3000 (Gonotec, Berlin, Germany). The electroformation was 
done by applying AC electric field at 10 Hz with a peak-to-peak voltage 
of 1.6 V for 1 h. In the case of vesicles made from ternary lipid mixtures, 
the electroformation was performed at 65 ◦C, which is above the phase 
transition temperature of cardiolipin (60 ◦C). The vesicles were har-
vested from the chamber using a 1 mL pipette and transferred to 
Eppendorf tube for further imaging on the same day. 

2.3. Vesicle imaging 

Observation chambers were constructed from two coverslips and a 
spacer (CoverWell™ incubation chamber, Grace Bio-Labs, Oregon, 
USA). To prevent vesicles from bursting upon contact with glass, the 
coverslips were coated with β-casein (2 mg/mL), and left for 15 min to 
dry. 10 μL of GUVs solution was deposited onto the coverslip together 
with 10 μL glucose solution with the same osmolarity as the inside su-
crose solution (100 mOsmol/kg or 300 mOsmol/kg for GUVs composed 
of binary or ternary lipid mixtures respectively). The sucrose-glucose 
solution density difference induced GUVs sedimentation onto the glass 
coverslip. In each experiment GUVs were allowed to settle for around 30 
min prior to imaging. 

The fluorescence imaging was done using Leica SP5 or Leica SP8 
confocal microscopes (Leica Microsystems, Mannheim, Germany). 
Argon laser with wavelength 488 nm was used for NBD-DPPE and TF-CA 
excitation. The emitted light was collected in the wavelength range of 
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500–550 nm. The excitation of Atto 633 was done using HeNe laser with 
wavelength 633 nm, and the emission was collected in the range of 
650–750 nm. Images were obtained using 40×, NA 1.3 oil immersion 
objective (Leica SP8) or 40×, NA 0.75 dry objective (Leica SP5) in 
bidirectional scan mode at 400 Hz. Minimal laser powers were used to 
minimize the photobleaching. To determine the size distribution of 
GUVs at least 150 GUVs from 3 different preparations of the same lipid 
composition were analyzed using Fiji (ImageJ) software [42]. We per-
formed 3–5 scans in the z-direction over large imaging areas to include 
vesicles of different sizes and ensure that always the equatorial cuts are 
analyzed. Vesicles with diameters smaller than 1 μm were not consid-
ered in the analysis. 

2.4. Preparation of LUVs for zeta potential measurements 

Chloroform stock solutions of POPC-POPG, POPE-POPG, and POPE- 
POPG-CA were mixed at the desired molar ratio to the final lipid con-
centration of 10 mM in each mixture. Lipid films were dried under a 
nitrogen stream and left under a vacuum pump for overnight incubation, 
to ensure the removal of residual organic solvent. The films were 
rehydrated with 2 mL of the sucrose buffer with an osmolarity of 100 
mOsmol/kg and exposed to four cycles of heating on a hot plate (65 ◦C) 
and vortexing. Each step of heating and vortexing was performed for 1 
min. The lipid suspension containing multilamellar vesicles was 
extruded 21 times through a polycarbonate membrane with a 100 nm 
pore diameter using a mini-extruder from Avanti Polar Lipids. 

2.5. Zeta potential measurements 

Zeta potential measurements were performed on GUVs and on large 
unilamellar vesicles (LUVs) using ZetaSizer Nano ZS (Malvern, UK). The 
measurements of zeta potential on GUVs are challenging due to low 
stability and sedimentation of the vesicles during repeated measure-
ments. According to Carvalho et al. [43], the zeta potential measured on 
GUVs correlates well with the values obtained for LUVs, thus we tested 
both model systems to quantify the surface charge. Approximately 600 
μL of GUVs or LUVs suspension in the symmetric sucrose solution was 
placed directly in DTS1070 folded capillary cell with integrated gold 
electrodes (Malvern). All measurements were performed at 21 ◦C. The 
electrostatic potential at the shear plane was calculated using the 
Helmholtz-Smoluchowski Eq. (1) 

ξ =
μη
εε0

(1)  

where μ is the electrokinetic mobility of the vesicle, η is the viscosity of 
the aqueous solution (sucrose in this case), ε is the dielectric constant of 
the aqueous medium, and ε0 is the permittivity of free space. 

2.6. Binding of daptomycin to GUVs and imaging 

GUVs composed of binary lipid mixtures containing POPE:POPG in 
molar ratios 7:3, 1:1 and 3:7, and from ternary lipid mixtures POPE: 
POPG:CA in molar ratios 7:2:1 and 3:6:1 were prepared in 300 mM 
sucrose solution using the electroformation method. The samples were 
mixed by placing 10 μL of glucose containing 20 mM CaCl2 with the final 
osmolarity of 300 mOsmol/kg followed by the addition of 10 μL of GUVs 
suspension. GUVs were allowed to settle for 10 min prior to the addition 
of 1 μL of 22 μM daptomycin (in water). Daptomycin is intrinsically 
fluorescent due to its kynurenine residue which can be excited using 
405 nm laser diode, giving the possibility for imaging without an 
additional fluorescent probe bound to this antibiotic. The emitted light 
was collected in the wavelength range of 415–470 nm. The images for 
intensity analysis were acquired at fixed laser power and gain, 30 min 
after the addition of daptomycin to ensure the same incubation time for 
all samples. The intensity analysis of GUVs was performed using the 

ImageJ plugin Radial Profile Angle. The fluorescence intensity was 
plotted as a function of normalized radial coordinate after subtracting 
the background intensity using peak finder in OriginLab software. 

3. Results and discussion 

3.1. POPC/POPE GUVs as basic models of the inner cell membrane of 
gram-negative bacteria 

Phosphatidylethanolamine (PE) is one of the major lipid components 
of all prokaryotic cell membranes and the most abundant constituent of 
the inner membrane of gram-negative bacteria [44]. The inner cell 
membrane of E. coli is composed of 70 % of PE, 25 % of PG, and around 
5 % of CA. The chemical structure and zwitterionic character of PE make 
it very similar to phosphatidylcholine (PC), which differs only in the 
methylation of the amine group. Consequently, PC, which due to its 
cylindrical shape favors flat bilayer structures, has been widely used as a 
substitute for PE in most studies. However, some of the intrinsic prop-
erties of PE lipid, for instance the ability to be a hydrogen bond donor 
[45], or PE membrane properties such as increased curvature [46], 
which in native membranes leads to stabilization of transmembrane 
proteins [47], make it a unique membrane constituent. 

In order to recreate the most basic model of the inner cell membrane 
of gram-negative bacteria and to assess whether PC and PE can truly be 
used interchangeably at any ratio, we explored four different mixtures of 
lipids, containing POPC:POPE in molar ratios 9:1, 7:3, 1:1 and 3:7. We 
have chosen lipids with one saturated 16:0 and one unsaturated 18:1 
fatty acid chain, which are the most abundant types of acyl chains 
present in cell membranes of both gram-negative and gram-positive 
bacteria [48,49]. Moreover, the eukaryotic and prokaryotic cell mem-
branes in vivo contain high content of lipids with mixed acyl chains 
(such as POPE or POPC), while lipids with both monounsaturated acyl 
chains (such as e.g. DOPE or DOPC) are sparsely present in the biological 
systems [50]. As presented in Fig. 1A, GUVs with 10 % of POPE did not 
show any signs of phase separation. When the amount of POPE increased 
to 30 % we observed membrane domains with different (lower) fluo-
rescence intensities of the labeling dye NBD-DPPE. At 21 ◦C, which is the 
temperature maintained during all measurements reported here, POPC 
which has a phase transition temperature of − 2 ◦C, is in a disordered 
liquid crystalline phase (Ld), while POPE with its phase transition tem-
perature of 25 ◦C remains in ordered gel phase (So) [51]. The difference 
in lipid packing is the main driving force leading to the observed phase 
separation. Given the melting temperatures of the two lipids and the 
increasing area fractions of the domains with increasing POPE mole 
fraction, we conclude that the dark domains are POPE-rich. The irreg-
ular shape of the domains (see Fig. S1) and the fact that their 
morphology does not change over time corroborate the conclusion that 
they are solid-like. They could drift along the vesicle surface confirming 
that the surrounding phase is fluid. NBD-DPPE appeared to be distrib-
uted in the fluid POPC-rich regions rather than POPE phase, consistent 
with previous observations for preferential partitioning to liquid disor-
dered phases [52]. To further confirm the partitioning of NBD-DPPE dye 
to POPC-rich domains we introduced the dye Atto-DOPE as an addi-
tional fluorescent marker. We observed that regions of higher NBD- 
DPPE intensity colocalize perfectly with Atto-DOPE labeled areas (see 
Fig. S2). Thus we conclude that NBD-DPPE prefers the higher fluidity 
regions over areas composed of lipids with the same headgroup. It 
should be noted that PE derivatives with saturated chains are charac-
terized by a rather unpredictable partitioning within membranes, and 
many of them (such as Rh-DPPE) prefer incorporation within fluid-like 
regions over ordered phases [53]. 

Images of the equatorial cross-section of GUVs showed that regions 
of POPE bend inward (towards the vesicle interior) while the saddle- 
shaped rims of the domain boundaries are occupied by the more flex-
ible fluid POPC-rich phase (consistent with the previous observations 
[54]). The polar headgroup of POPE has a smaller diameter than its 

E. Krok et al.                                                                                                                                                                                                                                    



BBA - Biomembranes 1865 (2023) 184194

4

hydrocarbon chain (truncated cone shape geometry), leading to its af-
finity to assemble and stabilize hexagonal phases. POPE molecules are 
characterized by high negative curvature of approximately − 0.33 nm− 1 

[55], while POPC which can be considered as having a cylindrical shape, 
favors lamellar phases as its curvature is 0.022 nm− 1 [55,56]. These 
molecular curvatures are not to be confused with the curvature of the 
membrane, which in our system is relatively low and of the order of 0.1 
μm− 1. High membrane curvature is typically generated by asymmetry of 
the bilayer leaflet composition [57–60] or the solution across the 
membrane [35,61], whereby the latter was also shown to modulate the 
phase state of charged membranes [62–64]. 

We noticed that the relative content of POPC and POPE had a strong 
influence on the size of the formed GUVs. Size distribution is one of the 
most important parameters determining the potential application of 
GUVs. When used as drug delivery agents, GUVs should be bigger than 
the volume of the desired cargo [65], while those used as simple models 
of eukaryotic or prokaryotic cells, should have dimensions compatible 
with the size of natural cells, which for the most bacterial strains varies 
between 1 and 2 μm. To determine the size distribution of GUVs with 
different POPC and POPE ratio at least 250 GUVs were analyzed from 3 
different sample preparations. As shown in Figs. 1B and S3 we observed 
clear dependence between the POPE content and GUVs size, where the 
latter decreased with the increasing amount of POPE. It should be noted 
that the area per lipid, which is a parameter describing the packing of 
lipids within the membrane differs significantly for POPE (56.6 Å2) [66] 
and POPC (68.1 Å2) [67]. The smaller size of GUVs containing higher 
amounts of POPE can be explained two-fold: on the one hand, the higher 
population of more densely packed lipids might lead to the decreased 
size of the formed GUVs; and on the other hand, the differences in 
molecular curvatures force vesicles to adopt more energetically favor-
able shape. 

The observed changes in lateral organization, curvature and size 
clearly show that PC and PE should not be used interchangeably to 
model bacterial membranes as membranes composed of one or the other 
lipid (or with varying relative ratio) exhibit very different properties. 

3.2. POPC/POPG GUVs as basic models of gram-positive bacterial cell 
membranes 

The cell membranes of gram-positive bacteria such as S. aureus 
(responsible for 34 % of post-implantation infections) or B. subtilis 
(pivotal strain used in fermentation processes) contain up to 70 % of 
negatively charged PG lipids. To mimic the gram-positive bacterial cell 
membrane it is therefore crucial to incorporate large fractions of nega-
tively charged lipids. Thus, the most basic model of these membranes, 
proposed here consists of POPC:POPG lipids at molar ratio 9:1, 7:3, 1:1, 
and 3:7. We observed that membranes containing >30 % of POPG 
exhibited inward-pointing protrusions in the form of tubes and buds (see 
Fig. 1C). This is consistent with earlier reports [68] showing the pres-
ence of nanotubes in GUVs containing PC and PG lipids prepared by the 
electroformation method. The tubes are stabilized by negative sponta-
neous curvature resulting from the transbilayer lipid membrane asym-
metry between the inner and outer leaflet. The latter is caused by the 
presence of the electrode electrostatic charge that is inseparable factor 
driving GUVs formation in this technique. As shown in [68], this 
asymmetry can easily be eliminated by using gel-assisted swelling [69], 
an alternative method, which allows formation of GUVs at high salt 
concentrations that screen the negatively charged POPG. It should be 
noted that the asymmetrical assembly of different types of lipids is 
highly desirable, as this type of arrangement emerges as the preferential 
structural organization in all prokaryotic [33,70,71], and eukaryotic cell 
membranes [72–74]. Membrane asymmetry affects basic membrane 
properties [57,59,68,75,76] such as surface charge, permeability, cur-
vature, shape, stability, mechanics and membrane potential, and it is 
essential for a wide range of biologically relevant processes, among 
them signal transduction [73], apoptosis [77], cell-cell fusion [78] and 
immune response of the cell [79]. Consequently, the formation of GUVs 
with different lipid compositions in the inner and outer leaflets can be 
considered as a more accurate and biologically significant model of 
naturally occurring cell membranes. 

It should be noted that we did not observe phase separation for any of 
the tested POPC:POPG lipids compositions. The transition temperature 
of POPC and POPG is − 2 ◦C, which means that at room temperature 
(~21 ◦C) both lipids are in liquid disordered phase [51]. Moreover, 

Fig. 1. Phase separation and sizes of GUVs prepared from binary lipid mixtures containing POPC and lipids typical for bacterial cell membranes: (A) Confocal cross 
section images of GUVs mimicking gram-negative bacterial cell membranes composed of POPC and POPE in molar ratios 9:1, 7:3, 1:1 and 3:7, labeled with 0.5 mol% 
of fluorescent probe NBD-DPPE. The low-intensity regions were ascribed to the POPE-rich phase. (B) Average diameter of GUVs containing POPC:POPE at different 
molar ratios, error bars correspond to the standard deviation. Number of analyzed vesicles was N9:1 = 352, N7:3 = 292, N1:1 = 268, N3:7 = 517. (C) Confocal cross 
section images of GUVs mimicking gram-positive bacterial cell membranes prepared from binary lipid mixture of POPC and POPG in molar ratios 9:1, 7:3, 1:1 and 
3:7, labeled with 0.1 mol% of fluorescent probe DOPE-Atto 633. (D) Average diameter of GUVs containing POPC:POPG at different molar ratios, error bars 
correspond to the standard deviation. Number of analyzed vesicles was N9:1 = 255, N7:3 = 308, N1:1 = 215, N3:7 = 151. See Figs. S3 and S4 for size distribution 
histograms. Image acquisition was done at 21 ◦C. 
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POPC and POPG are characterized by the same chain length and almost 
zero spontaneous curvature, which are other important factors that 
could influence the lateral organization. 

Furthermore, contrary to GUVs composed of POPC and POPE, there 
was no compositional dependence on the size of POPG-doped GUVs. As 
shown in Figs. 1D and S4, only vesicles that contained 70 % of POPG had 
a significantly smaller diameter. It should be noted that these samples 
exhibited also a very high content of tubes. These inward-pointing 
protrusions are good mimics of mesosomes – convoluted membranous 
structures present in prokaryotic cells upon their exposure to perturbing 
events such as mechanical contraction or cell injury [80]. This specific 
type of invagination of the plasma membrane has not been well studied; 
however, the presence of mesosomes has been proven as inseparable 
during the replication and separation of chromosomes, cell division, and 
extracellular transport [81]. Moreover, mesosomes are considered to be 
prokaryotic equivalents of eukaryotic mitochondria - a connection that 
still has not been well understood [82]. The model of gram-positive cell 
membranes proposed here lays the groundwork for the follow-up 
research on both asymmetric membranes as well as on the behavior of 
mesosomes and their role in various cellular mechanisms. 

3.3. POPE/POPG binary lipid mixtures as model bacterial cell 
membranes 

It is estimated that only 10 % of all gram-positive and gram-negative 
bacteria possess PC as a membrane lipid and only up to 15 % of them 
have the ability to synthesize this lipid [83]. Although the structure of 
PC is very similar to PE, which explains its use in model bacterial cell 
membranes, it cannot be considered as a typical lipid constituting bac-
terial cell membranes. We analyzed lipid profiles of the most common 
bacterial strains from gram-positive and gram-negative groups. Most of 
them are composed of high fractions of PE and PG and differ only in their 
relative ratio as presented in Fig. 2A (dark violet and pink dots corre-
spond to the most common strains of gram-positive and gram-negative 
bacteria, respectively) and in Supplementary Table 1. Thus, in the 

next step towards the development of bacterial cell membranes we chose 
to use PE and PG lipids without the addition of PC. As shown in 
Fig. 2B–D, despite the high content of negatively charged POPG, we 
were able to form defect-free GUVs, which in general did not contain 
tubes or vesicles trapped inside. Contrary to vesicles containing POPC 
and POPE, there was no phase separation observed for any of the tested 
compositions (7:3, 1:1 and 3:7) containing POPE and POPG. The 
absence of micrometer size domains does not exclude their potential 
presence on the nanometer scale, i.e., below the resolution limit of the 
fluorescence microscope. However, AFM measurements reported in [84] 
revealed that phase separation in the binary lipid mixture of POPE:POPG 
strongly depends on the presence of Ca2+ ions. In the absence of this 
divalent cation, supported lipid bilayers composed of POPE and POPG 
do not exhibit phase separation, which is consistent with our findings for 
POPE/POPG GUVs obtained in sucrose/glucose buffer. Moreover, we 
did not observe variation in membrane local curvature in GUVs con-
taining POPE and POPG, contrary to the models that were composed of 
POPE and POPC. This clearly shows that the replacement of POPE or 
POPG with POPC, which is commonly applied in the preparation of 
bacterial models, can drastically change the overall membrane proper-
ties. The analysis of size presented in Figs. 2E and S5, revealed that these 
GUVs did not show any variation in size regardless of the used POPE: 
POPG ratio. However, it should be noted that vesicles containing only 
POPE and POPG had a maximum diameter not exceeding 45 μm (see 
Fig. S5), which makes them much smaller than GUVs containing POPC 
as the major component. 

3.4. Gram-positive and gram-negative cell membranes reconstructed from 
ternary lipid mixtures 

Gram-positive bacterial cell membranes are characterized by a high 
content of negatively charged lipids such as POPG and CA and in most 
cases only a small amount of POPE [85]. A model of gram-positive 
bacterial cell membrane was prepared from ternary lipid mixture of 
POPE:POPG:CA in a molar ratio 3:6:1. To prepare GUVs mimicking the 

Fig. 2. (A) Ternary diagram of lipid membrane compositions for the most common gram-positive (dark violet dots) and gram-negative (magenta dots) bacterial 
strains; green and blue stars correspond to the lipid compositions tested in this study; rectangular, orange area indicates the compositions for GUV preparation that 
could readily be achieved by mixing the desired ratio of POPE:POPG:CA (see section on membrane models obtained from ternary lipid mixtures); see Supplementary 
Table S1 for details on membrane compositions. (B) Fluorescence image of GUVS containing POPE and POPG in molar ratio 7:3, (C) POPE:POPG 1:1, and (D) POPE: 
POPG 3:7, GUVs were labeled with 0.5 mol% NBD-DPPE. (E) Average diameter of GUVs prepared from binary lipid mixture of POPE and POPG. Number of analyzed 
vesicles was N3:7 = 185, N1:1 = 174, N7:3 = 128. See Fig. S5 for size distribution histograms. Image acquisition was done at 21 ◦C. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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inner cell membrane of gram-negative bacteria we have chosen the 
ternary lipid mixture of POPE:POPG:CA in a molar ratio 7:2:1, which 
resembles well the composition of commonly used E. coli polar extract. 
The incorporation of CA in models of gram-positive and gram-negative 
bacterial cell membranes is crucial, as this unique lipid is abundantly 
present in prokaryotic membranes (see Fig. 2A) and plays a pivotal role 
in creating binding sites for membrane-specific proteins [86]. 

Both mixtures of POPE:POPG:CA in molar ratio 3:6:1 and 7:2:1 
corresponding to gram-positive and gram-negative bacterial cell mem-
branes respectively, resulted in the successful formation of GUVs. We are 
not aware of studies where the electroformation method has been 
applied for preparing bacterial GUVs with such a high content of 
negatively charged lipids, which is characteristic for membranes of 
gram-positive bacteria. The available literature proposes only the use of 
PVA gel-assisted swelling as successful formation technique [38]. 

As shown in Fig. 3A, the labeling of the membranes with NBD-DPPE 
revealed the formation of patches with brighter fluorescence intensity in 
7:2:1 POPE:POPG:CA GUVs. Addition of a second probe - Atto-633 
DOPE, which is known to incorporate within Ld phase, showed that 
NBD-DPPE resides preferentially in the fluid phase. To clarify further the 
origin and character of the clearly visible phase separation and the role 
of CA in this lateral arrangement we performed an additional experi-
ment where NBD-DPPE was replaced by another fluorescent probe Top 
Fluor-CA (see Fig. S6). Because regions containing Atto-633 DOPE and 
Top Fluor-CA showed perfect colocalization, we assigned them to more 
fluid and CA-rich areas, which is in agreement with results reported by 
Khoury et al. [87], where GUVs composed of PE:PG:CA in molar ratio 
60:21:11 contained flower-like CA domains. Moreover, as shown in 
Fig. S7A we have prepared GUVs with the lipid composition DOPE: 
POPG:CA at molar ratio 7:2:1, which differ in the replacement of POPE 
with more unsaturated (fluid) lipid DOPE. Although, the relative lipid 
composition was the same as for GUVs composed of POPE:POPG:CA, we 
obtained homogeneous GUVs with no signs of phase-separation in the 
form of cardiolipin-rich domains. As presented in Fig. S7B we have also 
prepared GUVs with varying ratio of POPE and POPG, keeping the 

amount of CA constant and observed that formation of domains occurs 
solely for one specific lipid composition 7:2:1 characterized by a large 
fraction of POPE. Surprisingly, as shown in Figs. 3B and S6, and despite 
containing the same CA amount, GUVs that possessed a higher fraction 
of POPG (reflecting gram-positive bacterial membranes) were charac-
terized by homogeneous distribution. They lacked the presence of CA- 
rich microdomains, which were clearly visible in GUVs composed pre-
dominantly of POPE with only 20 % of POPG and 10 % of CA (Fig. 3A). 

Undoubtedly, the presence of CA leads to the structural changes 
within the membrane, as no phase separation was observed for GUVs 
containing only POPE and POPG. The formation of lipid domains or so- 
called “lipid rafts” in bacterial cell membranes is still debatable, how-
ever, recent publications clearly state that specific strains of gram- 
positive and gram-negative bacteria can exhibit phase separation 
within their cell envelopes [87–89]. The CA-specific fluorescent dye 10- 
N-nonyl-acridine orange revealed lateral heterogeneities in E. coli 
membranes, where CA-rich domains localized preferentially in septal 
regions and on the poles of the bacterial cell envelope [90]. Moreover, 
the formation of phosphatidylethanolamine (PE)-rich domains in 
B. subtilis cells was detected by using the cyclic peptide probe Ro09- 
0198, which binds specifically to PE lipids [91]. The proposed models 
reflect the CA segregation observed in vitro, thus they can successfully be 
applied to study changes in the lateral organization and structural het-
erogeneities in bacterial membranes; to investigate the lipid-protein 
interactions, since domains are the preferential binding sites for some 
membrane proteins [92]; as well as used in antimicrobial testing of 
phase-specific drugs. 

The sizes of GUVs composed of ternary lipid mixtures were smaller 
(on average between 5 and 10 μm in diameter) than those of GUVs made 
of membranes containing PC (Fig. 3C, D). Mohanan et al. [79] obtained 
vesicles with an average size of 45 and 43 μm for gram-negative and 
gram-positive bacterial membranes respectively, using PVA gel-assisted 
swelling in HEPES buffer, suggesting that the size of bacterial GUVs 
depends on the formation technique and type of the swelling solution. 
The small size of GUVs can limit their application in studying the 

Fig. 3. Appearance and size distribution of GUVs mimicking bacterial cell membranes reconstituted from ternary lipid mixture of POPE, POPG and CA: (A) Confocal 
cross section images of GUVs with lipid composition characteristic for the inner cell membrane of gram-negative bacteria, containing POPE:POPG:CA in molar ratio 
7:2:1, labeled with 0.5 mol% of NBD-DPPE and 0.1 mol% of DOPE-Atto 633. Atto-labeled regions correspond to the more fluid domains rich in CA and POPG. (B) 
Fluorescence images of GUVs with lipid composition characteristic for the inner cell membrane of gram-positive bacteria, containing POPE:POPG:CA in molar ratio 
3:6:1, labeled with 0.5 mol% of NBD-DPPE and 0.1 mol% of DOPE-Atto 633. (C) Histogram of size distribution of GUVs mimicking cell membranes of gram-negative, 
Davg refers to the average diameter of GUVs, number of analyzed vesicles N = 165 from 3 different samples preparations. (D) Histogram of size distribution of GUVs 
mimicking cell membranes gram-positive bacteria, Davg refers to the average diameter of GUVs, number of analyzed vesicles N = 281 from 3 different samples 
preparations. Image acquisition was done at 21 ◦C. 

E. Krok et al.                                                                                                                                                                                                                                    



BBA - Biomembranes 1865 (2023) 184194

7

diffusion of lipids and incorporated molecules. Methods such as fluo-
rescence recovery after photobleaching, which is based on the bleaching 
of a small spot, and observation of its recovery, will not be applicable in 
determining diffusion coefficient as the standard size of the spot (typi-
cally a few micrometers in diameter) is usually comparable with the 
average size of the GUVs obtained here (~5–10 μm); an approach based 
on half-vesicle bleaching might still be applicable [58]. Nevertheless, 
the average size of the bacterial cell lies between 1 and 2 μm, with only a 
few exceptions such as e.g. T. majus, which can reach up to 20 μm [93]. 
Therefore, the formation of biomimetic membranes with dimensions 
similar to bacterial cells seems more reasonable than the use of models 
with sizes adapted to mimic eukaryotic cells. 

We noticed that the production yield differed for both membrane 
models. To study the stability as well as to obtain an idea about the 
formation yield, GUVs from both groups were harvested and placed in 
an observation chamber followed by 24 h incubation. As shown in 
Fig. S8 the population number was much higher for GUVs containing 
POPE:POPG:CA at molar ratio 3:6:1 (mimicking gram-positive bacterial 
cell membranes) than for 7:2:1 POPE:POPG:CA GUVs (corresponding to 
cell membranes of gram-negative bacteria). Presumably, the high 
amount of negatively charged lipid species in gram-positive membranes 
leads to more efficient production when using electroformation method; 
as demonstrated earlier, vesicle growth may be improved if the phos-
pholipid mixtures contain charged lipids [94]. The number of GUVs 
composed of POPE:POPG:CA at molar ratio 3:6:1 was so high that they 
completely covered the whole observation area and scanning in the z- 
direction confirmed the presence of multiple layers of GUVs. Thus, for 
prolonged experiments performed on this model, it is recommended to 
further dilute the GUVs solution, to obtain more dispersed and easier to 
image samples. 

As presented in Fig. S8, 3:6:1 POPE:POPG:CA GUVs (containing high 
content of negatively charged lipids characteristic for gram-positive 
bacteria) had a strong tendency to form multivesicular structures. This 
suggests that the electroformation of gram-positive GUVs can be used as 
an alternative protocol for the formation of multivesicular structures or 
so-called “vesosomes” [95]. These structures are mother vesicles 
encapsulating non-concentrically arranged vesicles trapped inside their 
lumen. Vesosomes can be treated as very basic models of primitive cells, 
where internal vesicles mimic well cellular compartmentalization. 
Moreover, vesosomes are widely applied as drug delivery systems, 
where molecules trapped inside inner vesicles are protected by the 
mother vesicle from contact with body fluids [96]. Finally, they are 
commonly used as confined reaction compartments for enzymatic re-
actions [97]. 

The reconstitution of model gram-positive and gram-negative bac-
terial cell membranes was performed in this research by mixing the 
appropriate ratio of lipids instead of using commercially available ex-
tracts. E. coli total and polar extract are the most common lipid mixtures 
used for the preparation of bacterial cell membranes. Both extracts are 
obtained from E. coli B (strain nomenclature: ATCC 11303) grown in 
Kornberg Minimal media at 37 ◦C and taken at 3/4 log growth phase. 
E. coli polar extract has been successfully used for studying the impact of 
antimicrobial peptides such as ciprofloxacin [98], norfloxacin [38], 
gramicidin S [99], ovispirin-1, and magainin 2 [100] on the recon-
structed model bacterial cell membranes. Moreover, GUVs developed 
from E. coli extract were reported as simplistic, yet accurate models for 
studying interactions of bacterial membranes with magainin 2 [101], 
lactoferricin B [102,103], melittin [104] and AMPR-11 [105]. Bacterial 
extract can be considered as a more biologically relevant lipid mixture 
due to the presence of higher level of lipid tails diversity. In general, 
extracts are not limited to PG and PE lipids with specific fatty acid 
chains, but contain lipids with a wider variety of chain lengths, and 
different degree of saturation, including also branched fatty acids 
commonly present in bacterial membranes. The physical properties of 
the lipid membranes such as fluidity, bending modulus, membrane 
permeability and phase separation are directly related to the types of 

hydrocarbon chains and their relative amount within the lipid bilayer. 
However, it should be emphasized that contrary to the extracted lipid 
mixtures, the proposed bottom-up approach gives the possibility for 
modifying the GUVs composition in a controlled fashion and for pre-
paring membranes with specific lipid profile characteristic not only for 
E. coli inner cell membrane but also for other gram-negative bacteria. By 
varying the ratio of PE, PG and CA we are also able to recreate mem-
branes of gram-positive bacteria mimic, for which there are no extracts 
available. Finally, it should be noted that the exact lipid composition in 
the bacterial extracts can vary even between different cultures of the 
same strain and firmly depends on the growth parameters, which in 
consequence can influence the reproducibility of the obtained experi-
mental results [106]. These differences in GUVs final lipid profile are 
significantly reduced when preparing model membranes by mixing the 
desired ratio of lipids. 

3.5. Zeta potential measurements 

In general and within the same sample, vesicles made of the ternary 
mixture can vary in composition [107], presumably, because during 
handling, GUVs can bud, pinching off a domain of certain composition. 
GUVs composed of POPC and POPE showed phase separation and for-
mation of POPE-rich domains, which increased in size with the 
increasing POPE content. Thus, it is very likely that these model mem-
branes contained both types of lipids. To corroborate the presence of 
negatively charged POPG in GUVs that were not characterized by phase 
separation we measured the zeta potential. We are aware that zeta po-
tential measurements are subject to errors and cannot be directly used to 
quantitatively compare amounts of negatively charged lipids in GUVs of 
different composition. Nevertheless, zeta potential measurements were 
applied here to confirm that GUVs indeed contained negatively charged 
lipids, which was a key prerequisite for the subsequent experiments with 
the antimicrobial peptide daptomycin (see Fig. S9). 

From the size histograms, it was clear that our GUVs were very 
polydisperse in size. Sample heterogeneity is disadvantageous in zeta 
potential measurements as it leads to a quasi-average value from the 
whole population [68]. Moreover, GUVs containing high content of 
negatively charged lipids are not stable in the electric field, which is 
inherently applied during the measurement. However, it has been 
shown that zeta potential values for GUVs correlate well with those 
measured for LUVs of the same lipid composition [43]. Consequently, 
the prepared MLVs were extruded through a 100 nm pore size filter in 
order to decrease and homogenize their size. 

Both PG and CA are negatively charged lipids, with the latter car-
rying two negative charges. As presented in Fig. 4, zeta potential was 
negative for all samples, which confirmed the presence of negatively 
charged lipids in all tested systems containing POPG and/or CA. More-
over, increasing POPG content for LUVs formed from binary lipid mix-
tures led to more negative zeta potential. This effect is also evident for 
the samples composed of ternary lipid mixtures, where LUVs composed 
of POPE:POPG:CA at molar ratio 7:2:1 (mimicking gram-negative bac-
terial membranes) and POPE:POPG:CA at molar ratio 3:6:1 (proposed 
model for gram-positive bacterial membranes) had zeta potential values 
of − 54 ± 5 mV and − 67 ± 5 mV, respectively. As discussed previously, 
membranes of gram-positive bacteria were composed of a much higher 
content of negatively charged POPG and CA, which is the reason for this 
significantly lower value of zeta potential when compared with LUVs 
mimicking gram-negative bacterial membranes. 

As shown in Figs. 4 and S9, the zeta potential values did not scale 
proportionally with the increase of the fraction of negatively charged 
lipids for both LUVs and GUVs, which could lead to the conclusion that 
the amount of POPG incorporated in the membrane was lower than the 
initial composition of stock solutions. However, as shown in [108,109] 
the changes of zeta potential with increasing amount of negatively 
charged lipids are minor when performed in pure sucrose buffer or in 
sucrose containing low (1–5 mM) concentrations of NaCl. The 
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dependence of the zeta potential on the membrane surface charge be-
comes prominent when the amount of NaCl is increased to 100 mM. The 
screening effect in the presence of high salt concentration leads to the 
partial neutralization of the vesicles charge. Overall, the zeta potential 
measurements can be a reasonable indicator of the incorporation of 
negatively charged lipids into the membrane, however they cannot be 
used for directly correlating the zeta potential values with the fraction of 
negatively charged lipids in the membrane, as this correlation strongly 
depends on the ionic strength of the buffer. 

3.6. Application of proposed model prokaryotic membranes in 
antimicrobial testing 

To validate the applicability of the proposed model bacterial mem-
branes to study membrane response to antimicrobial drugs, we exposed 
GUVs to the commonly used antibiotic daptomycin. In vitro, daptomycin 
has a strong activity against gram-positive bacteria at very low con-
centrations, ranging from nM to μM. The exact mechanism of action is 
not known, however many studies propose that most likely daptomycin 
alters the membrane curvature, and induces holes which lead to potas-
sium ion leakage, consequently causing the loss of membrane potential 
[110,111]. Daptomycin is an acidic, 13-amino acid cyclic lipopeptide, 
which preferentially binds to anionic lipids such as PG [112], which are 
abundantly found in membranes of gram-positive bacteria [113]. The 
activity of daptomycin as well as other antimicrobial peptides strongly 
depends on the ionic composition of the local environment. The elec-
trostatic interactions between the antimicrobial agents and lipid mem-
brane influence not only the process of binding but also the final 
response of the bacterial membrane expressed by the formation of pores 
[114], local changes of the bilayer curvature [115] or increase of lipid 
dynamics [116], to name a few. Additionally, antimicrobial peptides 
have found utility beyond physiological environments (e.g. with appli-
cations in non-physiological settings such as food preservation and crop 
protection). Here, among diverse physiologically relevant ions, we focus 
on Ca2+ cations, which possess unique properties, making them crucial 
for effective binding of daptomycin to the bacterial cell membrane as 
well as for facilitating daptomycin antimicrobial activity [117–119]. 
The role of Ca2+ ions in the mechanism of daptomycin binding is three- 
fold: (i) neutralization of daptomycin charge, (ii) bonding the lipids and 

daptomycin and (iii) induction of two daptomycin conformational 
changes: the first one exposes the hydrophobic surface of daptomycin, 
enabling interaction with negatively charged lipids, while the second 
conformational change allows deeper insertion of daptomycin into the 
lipid membrane [120]. We examined the binding of daptomycin to GUVs 
containing negatively charged lipids, composed of binary lipid mixtures 
of POPE and POPG in molar ratio 7:3, 1:1 and 3:7 and ternary lipid 
mixtures resembling gram-positive (POPE:POPG:CA in molar ratio 
3:6:1) and gram-negative bacterial cell membranes (POPE:POPG:CA in 
molar ratio 7:2:1). For the outside medium, we used a solution con-
taining 240 mM glucose supplemented with 20 mM CaCl2 with a final 
osmolarity of 300 mOsmol/kg. The lipid membrane was visualized with 
NBD-DPPE and Atto-633 DOPE dyes, which were incorporated during 
GUVs preparation, while daptomycin was imaged through its intrinsic 
fluorescence signal. 

The binding of daptomycin to the membrane was confirmed in all 
tested model GUVs, however, the efficiency of this process was clearly 
dependent on the amount of negatively charged lipids present in the 
membrane (see Fig. 5A). To quantify the dependence of daptomycin 
binding on the GUV composition, samples containing negatively 
charged lipids were supplemented with 1 μL of 22 μM daptomycin to the 
final daptomycin concentration 1.05 μM in the GUVs suspension. GUVs 
were imaged 30 min after the addition of daptomycin, using fixed im-
aging conditions such as detection settings and laser power. We also 
selected vesicles that of similar size. The membrane fluorescence was 
determined for spherical GUVs by measuring the fluorescence intensity 
profile as a function of the distance from the center of the vesicle 
(Fig. 5B) following an approach reported in [121]. The average inte-
grated fluorescence intensities as assessed from the peak areas were 5 ±
3, 90 ± 40, and 290 ± 60 for GUVs composed of POPE:POPG in molar 
ratio 7:3, 1:1 and 3:7, respectively, showing a significant increase with 
the increasing POPG content as presented in Fig. 5C. It is expected that 
daptomycin intensity would be similar for GUVs containing POPC 
instead of POPE, as both of these lipids do not bind daptomycin due to 
their zwitterionic character (see Fig. S10). However, as shown by 
Kreutzberger et al. [122], when exposed to daptomycin, GUVs 
composed of POPC:POPG tend to form domains rich in anionic lipids. In 
contrast, we did not observe local aggregation of POPG lipids in any of 
the tested samples. We conclude that although the net charge of mem-
branes composed of POPE:POPG and POPC:POPG is the same for the 
specific ratio of both lipids, the response to daptomycin in terms of 
structural organization is different. GUVs with the composition char-
acteristic for the gram-positive bacterial cell membranes (POPE:POPG: 
CA 3:6:1 molar ratio) exhibited fluorescence intensity 320 ± 50 which is 
similar to the value of 290 ± 60 measured for GUVs composed from 
binary lipid mixture POPE:POPG in molar ratio 3:7, although the 
amount of POPG in these vesicles was lower than for 3:7 POPE:POPG 
GUVs. This indicates that daptomycin does not bind only to PG lipids, 
but also to CA, which carries two negative charges. The intensity of 
GUVs mimicking the inner cell membrane of gram-negative bacteria 
(POPE:POPG:CA 7:2:1 molar ratio) had a value of 70 ± 30, which is 
slightly below the results obtained for 1:1 POPE:POPG. Indeed, the 
amount of negatively charged lipids in gram-negative GUVs (20 % of 
POPG, each lipid carrying one negative charge and 10 % CA with two 
negative charges) is similar to 1:1 POPE:POPG composition. Finally, 
GUVs incubated for >1 h in glucose-CaCl2 buffer containing daptomycin 
started to collapse and burst on the glass coverslip, which is shown in 
Fig. S11. 

To confirm that the bursting of GUVs was indeed caused by the 
antimicrobial peptide, we incubated reference GUVs for 1 h in the same 
experimental conditions, using identical buffer composition (glucose 
with 20 mM CaCl2 with the final osmolarity 300 mOsmol/kg) but in the 
absence of daptomycin. In this case, the bursting of GUVs was negligible, 
showing that the GUVs were stable for much longer than the timescale of 
the experiment and discarding the possibility that the composition of the 
outside solution (presence of CaCl2) contributed to the extensive 

Fig. 4. Zeta potential measurements of LUVs in sucrose solution. LUVs pre-
pared by extrusion of MLVs made of POPC:POPG mixtures at molar ratio: 7:3, 
1:1, 3:7; POPE:POPG 7:3, 1:1, 3:7; POPE:POPG:cardiolipin in molar ratio: 7:2:1 
and 3:6:1 corresponding to gram-negative and gram-positive bacterial cell 
membranes, respectively. The error bars represent the standard deviation of the 
calculated values. Student's t-tests were performed to determine the p-values 
and to verify whether the differences in the measured zeta potential values are 
statistically significant. We consider p > 0.05 to indicate not statistically sig-
nificant difference (ns). 
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rupturing of GUVs. Clearly, the enhanced bursting of GUVs is associated 
with the presence of daptomycin, in agreement with the findings in a 
recent report [122]. It should be noted that the exact mechanism of 
daptomycin-induced membrane rupture is still debated among re-
searchers. As shown in [123] the exposure of GUVs containing PG lipids 
to daptomycin resulted in the extensive leak-in of the Ca2+ ions and 

increase of the inside osmolarity. To equilibrate the increasing osmotic 
pressure, water molecules tend to flow to the vesicle interior [124]. This 
water influx causes extensive swelling of the vesicle, which progresses 
until the moment when the membrane reaches the critical line tension 
and collapses. The increased ions permeability of membranes upon 
exposure to daptomycin was also ascribed to other mechanisms such as 

Fig. 5. Binding daptomycin strongly depends on the amount of negatively charged lipids: (A) Confocal cross sections of GUVs showing brightness differences for 
membranes composed of POPE:POPG in molar ratios (i) 7:3, (ii) 1:1, (iii) 3:7 and POPE:POPG:CA in molar ratio (iv) 3:6:1 mimicking gram-positive, and (v) 7:2:1 
mimicking gram-negative bacterial cell membrane. The vesicles were imaged at 21 ◦C, 30 min after addition of daptomycin. (B) Fluorescence intensity as a function 
of radial coordinate (normalized by the vesicle radius) measured for the GUVs shown in (A). (C) Integrated fluorescence intensity for GUVs composed of POPE:POPG 
in molar ratios: 7:3, 1:1 and 3:7 (blue), and GUVs composed from ternary lipid mixtures POPE:POPG:CA 3:6:1 mimicking gram-positive and POPE:POPG:CA 7:2:1 
mimicking gram-negative bacterial cell membranes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 6. Binding of daptomycin to GUVs 
mimicking cell membrane of gram-positive 
bacteria: (A) A single, defect-free vesicle incu-
bated in 22 mM daptomycin and 20 mM CaCl2, 
green channel corresponds to NBD-DPPE fluo-
rescence, cyan represents daptomycin. Dapto-
mycin is not membrane permeable and thus, 
inner vesicles that are not directly exposed to 
the daptomycin solution do not exhibit fluo-
rescence in the daptomycin emission spectrum. 
The white lines indicate the position of the 
fluorescence intensity profiles shown below. 
(B) Fluorescence intensity profiles along the 
lines in (A) for NBD-PE and daptomycin chan-
nels. Image acquisition was done at 21 ◦C. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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lipid extracting effect [125] or to the increase of the hydrophobic 
mismatch at the boundary between the more rigid domains composed of 
daptomycin- PG aggregates and the surrounding more fluid phase [126]. 
One should note that the most plausible cause of the GUVs rupture is not 
a single effect but rather a synergic combination of the above mentioned 
mechanisms that lead to the increased membrane permeability. 

We analyzed daptomycin binding to the GUVs complexes consisting 
of a mother vesicle and vesicles trapped inside the lumen (Fig. 6A). We 
observed that daptomycin bound evenly to the outside (mother) vesicle 
however, the vesicles in the lumen did not show fluorescence in the 
daptomycin channel, and presumably remained completely unaffected 
by its activity. According to recent molecular dynamics simulations, 
upon contact with Ca2+ ions daptomycin forms tetramers, which can 
reversibly flip between the outer and inner leaflets of the membrane 
[127]. We cannot unambiguously conclude whether daptomycin em-
beds only in the outer leaflet or integrates also in the inner monolayer of 
the membrane. We performed a quantitative analysis of intensity along 
the line crossing the mother GUV and trapped in its lumen liposomes as 
presented in Fig. 6B. The intensity in the daptomycin channel for GUVs 
trapped inside the mother vesicle was almost equal to the background 
intensity, leading to the conclusion that daptomycin does not internalize 
into the lumen. 

4. Conclusions 

The composition of bacterial cell membranes differs significantly 
from their mammalian analogs. Mammalian cytoplasmic membranes 
are composed mainly of phospholipids such as PC, phosphatidylserine 
(PS) as well as sphingomyelin (SM), and cholesterol, whereas bacterial 
membranes contain mostly PE, PG, and CA, while usually lacking 
cholesterol. Some strains such as Helicobacter [128], Chlamydia [129] or 
Mycoplasma [130] are able to obtain cholesterol from their host but they 
cannot synthesize it intrinsically. The control of membrane fluidity in 
bacteria is accomplished by constant adjustment in the ratio of saturated 
and unsaturated lipids or it is maintained by hopanoids, sterol- 
surrogates that are considered to be bacterial equivalent of the 
eukaryotic cholesterol [131]. The divergent lipid composition of bac-
terial cell membranes distinguishes them from their mammalian coun-
terparts, which is expressed by the different structural organization, 
packing density, surface charge, and membrane curvature. Conse-
quently, the commonly used models mimicking eukaryotic cell mem-
branes cannot be applied for studying prokaryotic membranes. 
Furthermore, the lipid composition of bacterial cell membranes differs 
not only for gram-negative and gram-positive bacteria but can vary 
significantly even between individual strains. 

We successfully prepared models of gram-negative and gram- 
positive cell membranes with increasing level of complexity, starting 
with binary mixtures of POPC with POPE or POPG and extending our 
studies to ternary systems containing lipids present solely in prokaryotic 
cell membranes. We proposed a bottom-up approach where instead of 
using the commercially available lipid extracts, membranes were 
reconstituted from lipid mixtures. The presented methodology allows 
one to tune the lipid composition towards cell membranes characteristic 
for particular bacterial strains. 

The used electroformation method led to the successful formation of 
GUVs with diverse properties. The simplest GUVs containing POPC and 
POPE exhibited phase separation and their size was strongly dependent 
on the amount of POPE incorporated within the membrane. On the other 
hand, model membranes composed of POPC and POPG were charac-
terized by leaflets asymmetry, which was expressed by formation of 
inward protruding tubes and buds. 

For the membranes formed from ternary lipid mixtures we observed 
an intriguing interplay between POPE, POPG and CA, which had a 
strong influence on the lateral organization of the membranes. GUVs 
composed solely of POPE and POPG did not present phase separation, 
whereas liposomes of the same POPE:POPG content but with the 

addition of CA showed clear phase separation. While the exact compo-
sition of the two phases is unclear, it is evidently caused by the prefer-
ential interactions of CA with POPE or POPG (presumably through their 
head groups, as the hydrophobic tails are the same for the two lipids). 

Depending on the purpose of the conducted research, the presented 
membrane models can be tuned appropriately to study a variety of 
processes occurring in prokaryotic cell membranes such as changes in 
the membrane structure, permeability, and alterations in mechanical 
properties or dynamics under different environmental conditions. 

Finally, we tested the proposed models against antimicrobial lip-
opeptide daptomycin. We observed not only strong interaction of this 
drug with the bacterial GUVs but also showed that the binding efficiency 
strongly depends on the amount of negatively charged lipids incorpo-
rated in the membrane. Moreover, based on the fluorescence intensity 
analysis of the mother vesicle and those trapped within, we conclude 
that daptomycin does not internalize in the GUV lumen. We anticipate 
that the models proposed here can successfully be applied in testing of 
antimicrobial agents and serve as non-toxic and safer in handling plat-
forms for studying the fundamental biological processes and mecha-
nisms laying behind bacterial antibiotic resistance. 
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[21] A. Martos, M. Jiménez, G. Rivas, P. Schwille, Towards a bottom-up reconstitution 
of bacterial cell division, Trends Cell Biol. 22 (2012) 634–643. 

[22] J. Steinkühler, R.L. Knorr, Z. Zhao, T. Bhatia, S.M. Bartelt, S. Wegner, R. Dimova, 
R. Lipowsky, Controlled division of cell-sized vesicles by low densities of 
membrane-bound proteins, Nat. Commun. 11 (2020) 1–11. 

[23] F. Fanalista, A. Birnie, R. Maan, F. Burla, K. Charles, G. Pawlik, S. Deshpande, G. 
H. Koenderink, M. Dogterom, C. Dekker, Shape and size control of artificial cells 
for bottom-up biology, ACS Nano 13 (2019) 5439–5450. 

[24] G.E. Rydell, L. Svensson, G. Larson, L. Johannes, W. Römer, Human GII.4 
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[107] N. Bezlyepkina, R.S. Gracià, P. Shchelokovskyy, R. Lipowsky, R. Dimova, Phase 
diagram and tie-line determination for the ternary mixture DOPC/eSM/ 
cholesterol, Biophys. J. 104 (2013) 1456–1464. 

[108] H.A. Faizi, S.L. Frey, J. Steinkühler, R. Dimova, P.M. Vlahovska, Bending rigidity 
of charged lipid bilayer membranes, Soft Matter 15 (2019) 6006. 

[109] N. Marusic, L. Otrin, J. Rauchhaus, Z. Zhao, F.L. Kyrilis, F. Hamdi, P.L. Kastritis, 
R. Dimova, I. Ivanov, K. Sundmacher, Increased efficiency of charge-mediated 
fusion in polymer/lipid hybrid membranes, Proc. Natl. Acad. Sci. U. S. A. 119 
(2022), e2122468119. 

[110] W.R. Miller, A.S. Bayer, C.A. Arias, Mechanism of action and resistance to 
daptomycin in Staphylococcus aureus and enterococci, Cold Spring Harb. 
Perspect. Med. 6 (2016). 

[111] H.W. Huang, DAPTOMYCIN, its membrane-active mechanism vs. that of other 
antimicrobial peptides, Biochim. Biophys. Acta Biomembr. 1862 (2020). 

[112] J. Larsen, N.S. Hatzakis, D. Stamou, Observation of inhomogeneity in the lipid 
composition of individual nanoscale liposomes, J. Am. Chem. Soc. 133 (2011) 
10685–10687. 

[113] A. Pokorny, P.F. Almeida, The antibiotic peptide daptomycin functions by 
reorganizing the membrane, J. Membr. Biol. 254 (2021) 97–108. 

[114] A.D. Cirac, G. Moiset, J.T. Mika, A. Koçer, P. Salvador, B. Poolman, S.J. Marrink, 
D. Sengupta, The molecular basis for antimicrobial activity of pore-forming cyclic 
peptides, Biophys. J. 100 (2011) 2422. 

[115] N.W. Schmidt, G.C.L. Wong, Antimicrobial peptides and induced membrane 
curvature: geometry, coordination chemistry, and molecular engineering, Curr. 
Opin. Solid State Mater. Sci. 17 (2013) 151. 

[116] J.E. Nielsen, V.A. Bjørnestad, V. Pipich, H. Jenssen, R. Lund, Beyond structural 
models for the mode of action: how natural antimicrobial peptides affect lipid 
transport, J. Colloid Interface Sci. 582 (2021) 793–802. 

[117] S.W. Ho, D. Jung, J.R. Calhoun, J.D. Lear, M. Okon, W.R.P. Scott, R.E. 
W. Hancock, S.K. Straus, Effect of divalent cations on the structure of the 
antibiotic daptomycin, Eur. Biophys. J. 37 (2008) 421–433. 

[118] A.L. Barry, P.C. Fuchs, S.D. Brown, In vitro activities of daptomycin against 2,789 
clinical isolates from 11 north american medical centers, Antimicrob. Agents 
Chemother. 45 (2001) 1919–1922. 

[119] A. Pokorny, T.O. Khatib, H. Stevenson, A quantitative model of daptomycin 
binding to lipid bilayers, J. Phys. Chem. B 122 (2018) 9137–9146. 

[120] L. Robbel, M.A. Marahiel, Daptomycin, a bacterial lipopeptide synthesized by a 
nonribosomal machinery, J. Biol. Chem. 285 (2010) 27501–27508. 

[121] S. Pramanik, J. Steinkühler, R. Dimova, J. Spatz, R. Lipowsky, Binding of His- 
tagged fluorophores to lipid bilayers of giant vesicles, Soft Matter 18 (2022) 
6372–6383. 

[122] M.A. Kreutzberger, A. Pokorny, P.F. Almeida, Daptomycin-phosphatidylglycerol 
domains in lipid membranes, Langmuir. 33 (2017) 13669–13679. 

[123] M.T. Lee, P.Y. Yang, N.E. Charron, M.H. Hsieh, Y.Y. Chang, H.W. Huang, 
Comparison of the effects of daptomycin on bacterial and model membranes, 
Biochemistry. 57 (2018) 5629–5639. 

[124] X. Cheng, P.M. Pinsky, The balance of fluid and osmotic pressures across active 
biological membranes with application to the corneal endothelium, PLoS One 10 
(2015), e0145422. 

[125] Y.-F. Chen, T.-L. Sun, Y. Sun, H.W. Huang, Interaction of daptomycin with lipid 
bilayers: a lipid extracting effect, Biochem. 53 (2014) 5384–5392. 

E. Krok et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0310
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0310
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0315
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0315
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0315
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0315
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0320
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0320
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0325
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0325
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0325
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0330
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0330
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0330
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0335
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0335
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0335
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0340
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0340
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0340
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0345
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0345
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0350
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0350
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0355
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0355
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0360
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0360
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0365
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0365
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0370
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0370
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0370
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0370
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0375
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0375
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0380
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0380
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0380
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0385
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0385
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0385
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0390
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0390
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0390
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0395
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0395
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0400
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0400
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0405
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0405
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0405
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0410
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0410
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0410
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0415
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0415
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0415
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0420
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0420
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0420
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0420
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0425
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0425
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0430
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0430
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0430
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0430
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0435
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0435
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0435
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0440
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0440
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0440
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0445
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0445
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0450
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0450
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0455
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0455
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0455
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0460
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0460
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0465
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0465
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0465
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0470
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0470
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0475
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0475
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0475
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0480
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0480
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0480
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0480
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0485
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0485
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0485
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0490
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0490
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0490
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0495
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0495
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0495
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0500
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0500
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0500
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0505
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0505
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0505
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0510
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0510
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0510
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0515
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0515
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0515
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0520
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0520
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0525
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0525
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0525
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0525
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0530
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0530
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0530
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0535
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0535
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0540
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0540
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0540
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0545
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0545
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0550
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0550
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0550
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0555
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0555
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0555
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0560
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0560
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0560
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0565
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0565
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0565
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0570
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0570
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0570
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0575
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0575
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0580
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0580
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0585
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0585
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0585
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0590
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0590
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0595
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0595
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0595
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0600
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0600
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0600
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0605
http://refhub.elsevier.com/S0005-2736(23)00076-7/rf0605


BBA - Biomembranes 1865 (2023) 184194

13

[126] A. Müller, M. Wenzel, H. Strahl, F. Grein, T.N.V. Saaki, B. Kohl, T. Siersma, J. 
E. Bandow, H.G. Sahl, T. Schneider, L.W. Hamoen, Daptomycin inhibits cell 
envelope synthesis by interfering with fluid membrane microdomains, Proc. Natl. 
Acad. Sci. U. S. A. 113 (2016) E7077–E7086. 

[127] A.H. Nguyen, K.S. Hood, E. Mileykovskaya, W.R. Miller, T.T. Tran, Bacterial cell 
membranes and their role in daptomycin resistance: a review, Front. Mol. Biosci. 
9 (2022) 1–10. 

[128] M. Haque, Y. Hirai, K. Yokota, K. Oguma, Steryl glycosides: a characteristic 
feature of the Helicobacter spp.? J. Bacter. 177 (1995) 5334–5337. 

[129] R.A. Carabeo, D.J. Mead, T. Hackstadt, Golgi-dependent transport of cholesterol 
to the Chlamydia trachomatis inclusion, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 
6771–6776. 

[130] P.F. Smith, Biosynthesis of cholesteryl glucoside by Mycoplasma gallinarum, 
J. Bacteriol. 108 (1971) 986–991. 
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