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ABSTRACT: Giant unilamellar vesicles (GUVs) are a versa-
tile platform to study cell membrane functions. We have con-
structed phospholipid GUVs presenting lipopolysaccharide on 
their external surface (LPS-GUVs) to mimic the outer mem-
brane (OM) of Gram-negative bacteria. GUVs allow for adjust-
ing a defined OM composition, unlike the dynamic changes of 
LPS structures typically observed in vivo. The OM is a major 
control point for the viral genome transfer from bacteriophages 
into bacterial hosts. We found that siphovirus 9NA specifically 
binds to the surface of GUVs when presenting its Salmonella 
Typhimurium LPS phage receptor. Using LPS-GUVs filled 
with DNA-sensitive dyes we show that after surface fixation, 
the bacteriophage particle opens and injects its DNA into the 
GUV lumen. No OM proteins were included in the LPS-GUV 
membrane, emphasizing that the presence of the LPS mem-
brane glycolipid assembly alone is sufficient to trigger the start 
of bacteriophage genome transfer. LPS-GUVs thus open a sus-
tainable route to systematic studies of viral infection mecha-
nisms at the host envelope and provide a cell-free platform to 
study surfaces of pathogenic bacteria. This is an important pre-
requisite for developing effective antimicrobial therapies based 
on bacteriophages that target Gram-negative pathogens. 

Bacterial pathogens have emerged as a major global health 
threat with increasing treatment resistances, especially to last-
resort antibiotics that target Gram-negative bacteria.1-2 Bacteri-
ophages, i.e. viruses that prey on bacteria, are considered highly 
important to be included in future antimicrobial strategies.3 
Their effectiveness requires fundamental research on the mech-
anisms of bacteriophage action. Transit through the bacterial 
envelope is a key step in the lytic bacteriophage life cycle, even-
tually leading to viral genome transfer, intracellular replication 
and killing of the host bacterium prior to release of the progney.4 
Here, we show that giant unilamellar vesicles (GUVs) are a ver-
satile, cell-free platform to study bacteriophage genome transfer 
through outer membranes (OMs) of Gram-negative bacteria. 
We used GUVs that mimic the asymmetric Gram-negative OM5 
and expose lipopolysaccharide (LPS) as bacteriophage mem-
brane receptors on their outer surface. This setup allowed us to 

monitor phage DNA delivery into the GUV lumen with fluores-
cence microscopy (Fig. 1). 

GUVs have proven to be robust biomimetic systems for stud-
ying eukaryotic cell membrane functions and serve as intracel-
lular delivery and protocell models.6-8 More recently, protocols 
for the formation of GUV models of the Gram-negative OM 
have been described.5, 9-11 Production of these GUVs is chal-
lenging because they must mimic a heterobilayer composed of 
an intracellular phospholipid and an extracellular LPS leaflet 
(Fig. 1A).12-13 LPS, also known as endotoxin due to its strong 
immunogenic properties, is a complex glycolipid and serves as 
an important bacteriophage adsorption and infection mediator 
(Fig. 1B).4, 14-15 In vitro, isolated LPS molecules, typically form 
multilamellar, heterogeneous aggregates14 when they lack the 
ordered membrane environment of the living cell.  Therefore 
incorporating LPS into biomimetic systems of the Gram-nega-
tive outer bacterial envelope is more challenging compared to 
using standard membrane phospholipids found in many cells.16-

17 

 

FIGURE 1: Schematic experimental set up. A) GUV phospholipid 
(PL) membrane exposing LPS (magenta) on the outer leaflet mim-
icking the Gram-negative bacterial envelope. B) Bacteriophages 
bind to the LPS receptor on GUVs and inject their DNA-genomes 
(orange), here monitored with fluorescent dye YO-PRO™-1 in the 
GUV lumen that detects transferred DNA (yellow). 

Tailed phages are the most abundant phage type isolated from 
bacterial ecosystems and antimicrobial therapy approaches typ-
ically employ bacteriophages that have tails and double 
stranded DNA.3 Tailed bacteriophages remain extracellular and 
only transfer their DNA through the cellular envelope.18 After 
adsorption to the bacterial envelope, the phage tail receives a 
specific signal from the cell surface, triggering conformational 
rearrangements in the tail machinery that opens the phage par- 
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FIGURE 2. Salmonella siphovirus 9NA binds specifically to LPS-
GUVs presenting O-antigen receptor on the outer surface. (A,D) 
TexasRed labelled S. Typhimurium LPS, (B,E) SYBR™Gold la-
belled phages (green), (C,F) overlaid signals. (D-F) Phage O-anti-
gen receptor was enzymatically cut from surface LPS by incubating 
the  GUVs with P22 TSP endorhamnosidase19 (25 μg ml-1, 25°C, 
overnight).  

ticle for subsequent genome ejection.20 For the initiation of in-
fection, many bacteriophages interact with LPS that is often 
decorated with O-antigen polysaccharides to which phages can 
specifically bind. However, studying the role of LPS in mecha-
nisms of phage DNA transfer into a bacterial cell is difficult in 
vivo because the OM composition dynamically changes 
throughout the bacterial life cycle, particularly during phage in-
fection.21 

We used LPS-GUVs as mimics of the Gram-negative OM to 
study bacteriophage genome transfer in a defined in vitro pro-
karyotic membrane system. To study bacteriophage interac-
tions, LPS-containing GUVs must be clearly asymmetric, i.e. 
the double membrane must have phospholipids facing the GUV 
lumen whereas the phage LPS receptors are exposed on the 
GUV surface (Fig. 1).5 Moreover, the external GUV solution 
must be free of unbound LPS aggregates which compete with 
LPS-GUVs for phage binding.22 We chose Salmonella siphovi-
rus 9NA as a model phage.23 9NA is O-antigen specific, i.e. a 
smooth LPS containing the O-polysaccharide is a prerequisite 
to start DNA release from the phage and initiate Salmonella in-
fection. We prepared asymmetric GUVs exposing LPS of Sal-
monella Typhimurium (S. Typhimurium) using an inverted 
emulsion technique as described previously (see SI).5 We em-
ployed microfluidics to allow both washing/purification of 
GUVs and controllable delivery of bacteriophages (see SI).  

 

 

FIGURE 3: The amount of bound phages on the GUV surface in-
creases with LPS concentration. LPS (A), phage (B) and merged 
signals (C) (cf. Fig. 2). For fluorescence intensity quantification see 
Fig. S3. 

In vitro, protein-free LPS aggregates are sufficient to trigger 
full genome ejection from 9NA in a short time, even when not 
organized in a bacterial OM heterobilayer (Fig. S1).23 We there-
fore applied microfluidics for washing the GUVs to remove free 
and unbound LPS (see SI). This ensured that phages could pre-
dominantly interact with LPS on the GUV surface, and drasti-
cally reduced DNA ejection upon contact with residual LPS in 
solution. Phages were stained with the DNA-intercalating dye 
SYBR-gold, LPS was labelled with TexasRed or Alexa647.10  

Bacteriophage 9NA specifically bound to the GUV outer sur-
face via its LPS O-antigen receptor (Fig. 2 A-C). In contrast, 
9NA phages did not localize to the GUV membrane when their 
O-antigen receptor was removed by incubating the GUVs with 
P22 tailspike, a phage enzyme that specifically cleaves off the 
S. Typhimurium O-antigen from LPS19 (Fig. 2 D-F). Bacterio-
phage 9NA did not bind to POPC GUVs that did not contain 
LPS (Fig. S2). The number of phages localized onto the GUV 
membrane scaled with the LPS concentration on the vesicle sur-
face (Figs. 3 and S3). After binding to LPS via its tailspikes23, 
we observed a stable 9NA bacteriophage-binding signal at the 
membrane for the entire observation time (1 h). We hence as-
sume that the 9NA tail machinery had reached the membrane 
surface and remained irreversibly bound. Bacteriophage 9NA 
can specifically distinguish Salmonella hosts from other non-
host strains, i.e. E. coli.24 Accordingly, 9NA did not bind to 
GUVs when prepared with LPS from an unrelated, O-antigen 
containing E. coli strain (Fig. S2). Moreover, 9NA did not bind 
to GUVs with inverted membranes - where phospholipids are 
on the outer leaflet and LPS is on the inside - and was unable to 
access the luminal LPS O-antigen receptors (Fig. S2). This un-
derscores that our preparation method enabled precise tuning of 
the membrane asymmetry of LPS-GUVs.  

 

FIGURE 4: DNA signal observed at the surface of the same LPS-
GUV upon bacteriophage binding. (A,B) SYBR-Gold labelled 
9NA phages, (B,E) TOTO™-3 in solution inside LPS-GUVs. (C,F) 
LPS labelled with TexasRed. Images at time point of first observed 
9NA phage binding events (A-C) and after ∆t=80 s (D-F). 

Over time after phage addition, the number of phage particles 
associated with the GUV membrane increased, and local varia-
tions in fluorescence intensity indicated that particles had 
ejected their DNA. However, due to the immediate dilution of 
SYBR gold upon ejection from the phage particle, we were un-
able to clearly resolve individual ejection events or determine 
the precise localization of the ejected DNA. Therefore, we pre-
pared GUVs filled with TOTO™-3, a membrane-impermeable 
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cationic DNA dye that also slightly binds and stains the mem-
brane (Fig. 4). Immediately upon addition, we observed the 
binding of SYBR gold labelled 9NA phages to the GUV mem-
brane, accompanied by single bright spots in the TOTO™-3 
channel. This demonstrated the co-localization of membrane-
associated viral particles and their ejected DNA.25  

To unambiguously confirm that phage 9NA DNA was di-
rected into the GUV lumen and did not remain in the extrave-
sicular space, we used GUVs filled with the cell-impermeant 
cationic cyanine dye YO-PRO™-1 (Fig. 5). Whereas TOTO is 
a dimer, the monomeric YO-PRO has fewer charges and does 
not bind to the GUV membrane. Within 20 min of observation, 
an increasing number of bright spots appeared at the inner mem-
brane leaflet, indicating DNA release from the phages into the 
GUV lumen (Fig. 5A and Movie S1). Variability in the number 
of ejecting phages among GUVs was observed, likely due to the 
limitation of rapid mixing in our set up, hampering clear time-
resolved observations of ejection initiation. Instead, phages had 
to diffuse toward GUVs settled at the end of the microfluidic 
wells (see SI). Ejection events frequently occurred at various 
positions on the GUV surface (Fig. 5B). The DNA remained at-
tached to the inner side of the GUV membrane; we observed all 
DNA as bright spots tethered to the inner leaflet, extending to 
approximately 3 μm into the GUV lumen. This irreversible at-
tachment aligns with findings from cryo electron tomography, 
where phages were observed fixed to the OM via protein chan-
nels built for genome delivery.20  

 

FIGURE 5: 9NA bacteriophage injects its DNA into the LPS-GUV 
lumen. GUVs contained S. Typhimurium LPS (Alexa647-labelled, 
magenta) on the outer surface and 10 μM of DNA intercalating dye 
YO-PRO™-1 (green) in the lumen. (A) Snapshots of YO-PRO™-
1 fluorescence, inset in (B) shows DNA signal located at the inner 
GUV membrane. (C) Z-stack of DNA signal after 15 min. (D) 
Phase contrast of an LPS-GUV after 25 min of incubation with 
9NA phage. All measurements in presence of 0.5 mg ml-1 DNAse 
at room temperature.  

In vitro, the release of densely packed DNA from phage cap-
sids is driven solely by external osmotic pressure26. At osmotic 
equilibrium, typically 20 % of the DNA remain inside the phage 
heads27, whereas in vivo intracellular host protein interactions 
result in pulling the complete phage genome into the cell28. 
Therefore, in the absence of these factors, we observe only par-
tially ejected phages tethered to the GUV membrane. After 

DNA transfer, any membrane poration was sealed and the mem-
brane itself remained fully intact, as evidenced by the main-
tained phase contrast of the vesicles (Fig. 5C). 

GUVs have been used so far as models to study the initial 
steps of virus endocytosis into eukaryotic hosts.29-30 In contrast, 
bacteriophages are not endocytosed but employ ejection pro-
teins to build membrane-crossing channels and maintain enve-
lope integrity during genome transfer into a bacterial host.18, 31-

32 We could show that LPS-GUVs are an in vitro-mimic for this 
phage-based DNA transfer into bacteria. The LPS-containing 
GUV membrane was sufficient to direct phage DNA into the 
lumen while the GUV remained intact (Fig. 4C). In particular, 
Salmonella phage 9NA only needed an O-antigen receptor on 
the LPS, and no protein. This is in contrast to other siphovi-
ruses, i.e. phages with long, non-contractile tails like lambda or 
T5 that employ OM proteins as receptors.33-34 T5 initiates for-
mation of a DNA-transfer channel by docking next to its OM 
receptor FhuA as shown with nanodiscs and cryo electron mi-
croscopy.33 Furthermore, DNA transfer is possible into GUVs 
that had the FhuA receptor reconstituted in the membrane.35 
However, neither the GUVs nor the nanodiscs contained LPS in 
these studies, despite LPS being responsible for the unique 
properties of the Gram-negative OM heterobilayer. In particu-
lar, it has been shown that especially long O-antigen chains on 
LPS contribute to local membrane rigidity which has been pro-
posed as essential feature for infection start in O-antigen spe-
cific phages.13, 22, 36 We calculated diffusion coefficients from 
individual 9NA particle tracks when bound to LPS-GUVs to 
around 1.5 μm2 s-1. This value remained constant for the given 
range of varying LPS content in individual GUVs (Fig. S4). In 
contrast, phage T5, tethered to GUVs via its protein receptor 
FhuA and of similar size, diffused notably more rapidly on the 
LPS-free GUV at similar temperatures.35 Whether the irrevers-
ibly membrane-bound 9NA phage thus moved on the surface as 
part of a larger LPS aggregate or raft needs further investiga-
tion. 

LPS is the essential OM glycolipid exposed on every Gram-
negative cell, making LPS-GUVs highly versatile in vitro plat-
forms to study bacteriophage interactions. We introduce a new 
model system that enables biophysical studies of virus-host 
membrane interactions without the need to handle pathogenic 
bacteria. It can be a starting point for a variety of applications, 
for example for DNA sorting from viral mixtures or for vesicle-
based delivery of viral DNA for in-vesicle transcription-trans-
lation.37 Most importantly, successful therapies based on bacte-
riophages require that we understand the bacteriophage infec-
tion mechanism and why phage mixtures are superior to single 
phage applications.3 LPS-GUVs open new sustainable routes to 
fundamental mechanistic studies on infection synergies in the 
presence of different phage receptors using LPS preparations in 
vitro, and enable imaging phage DNA transfer via OMs of 
Gram-negative pathogens in a controlled in vitro set up. 
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