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Cell-like hybrids from natural and synthetic amphiphiles provide a
platform to engineer functions of synthetic cells and protocells.
Cell membranes and vesicles prepared from human cell mem-
branes are relatively unstable in vitro and therefore are difficult to
study. The thicknesses of biological membranes and vesicles self-
assembled from amphiphilic Janus dendrimers, known as dendri-
mersomes, are comparable. This feature facilitated the coassembly
of functional cell-like hybrid vesicles from giant dendrimersomes
and bacterial membrane vesicles generated from the very stable
bacterial Escherichia coli cell after enzymatic degradation of its
outer membrane. Human cells are fragile and require only mild
centrifugation to be dismantled and subsequently reconstituted
into vesicles. Here we report the coassembly of human membrane
vesicles with dendrimersomes. The resulting giant hybrid vesicles
containing human cell membranes, their components, and Janus
dendrimers are stable for at least 1 y. To demonstrate the utility of
cell-like hybrid vesicles, hybrids from dendrimersomes and bacte-
rial membrane vesicles containing YadA, a bacterial adhesin pro-
tein, were prepared. The latter cell-like hybrids were recognized
by human cells, allowing for adhesion and entry of the hybrid
bacterial vesicles into human cells in vitro.

mammalian cell | bacterial membrane | hybrid vesicles | coassembly |
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The membranes of human cells are mechanically fragile and
chemically unstable in vitro (1). Therefore, the investigation

of the functions of biological membranes outside the in vivo
natural cellular environment represents a significant challenge.
Liposomes assembled from naturally occurring phospholipids (2)
and their chemically modified versions (3, 4) are also unsta-
ble. Exceptions are stealth liposomes (5, 6), which are vesicles
coassembled from phospholipids and water-soluble polymers
conjugated to phospholipids. The first series of vesicles assem-
bled from synthetic lipids (7, 8) did not solve this stability
problem. Amphiphilic block copolymers (9) were the first am-
phiphiles that assembled in stable vesicles named polymersomes.
However, block copolymers are not always biocompatible, and
the thickness of the polymersome bilayers is larger than that of
liposomes and of natural biological membranes. Amphiphilic
Janus dendrimers (JDs) (10, 11) self-assemble into stable and
monodisperse vesicles with bilayer thickness similar to that of
liposomes (12). Since JDs are prepared from naturally occurring
phenolic acids (13), they are also biocompatible (10, 11).
Phospholipids and amphiphilic block copolymers can be self-

assembled into mixed hybrid phospholipid/block copolymer
vesicles (14–17). The limited miscibility and the different thick-
nesses of the phospholipids and the hydrophobic part of the
block copolymers create complex vesicle morphologies, some-
times with dissimilar bilayer membranes produced by phase
separation. A positive outcome of the lack of miscibility and
length similarity between phospholipids and hydrophobic parts
of the block copolymers is that the phase-separated fragments
of phospholipid could accommodate transmembrane proteins in

the monolayers containing phospholipids and block copolymer
(18, 19). Also, three-component hybrid vesicles from block co-
polymer−phospholipid−glycolipid mixtures could be made (20).
The negative aspect of this issue is that the immiscibility between
phospholipids and block copolymers does not contribute to the
stabilization of the phospholipid fragments of the hybrid vesicles,
and therefore a continuous reorganization of the structure of
hybrid vesicles occurs (19, 21). None of these hybrid coassem-
blies used bacterial or mammalian cell membranes containing
native components (17). Transmembrane proteins such as
aquaporin were incorporated in a single block copolymer-
derived polymersome rather than in a hybrid phospholipids−
block copolymer vesicle (22). A single attempt by our labora-
tory to coassemble bacterial membranes with block copolymers
failed (23).
Dendrimersomes (DSs) (10, 11) and glycodendrimersomes

(GDSs) (24) self-assembled from monodisperse, amphiphilic
JDs and Janus glycodendrimers were recently advanced as
models of biological membranes with tunable size (25), structural
organization (26, 27), and functional surfaces (28). DSs and
GDSs allow for the design of specific interactions, such as glycan−
lectin binding, to be investigated without interference from
other functional groups present on the biological membrane
(29). DSs and GDSs exhibit bilayer thicknesses similar to that
of liposomes (∼4 nm) assembled from phospholipids (8, 9) and
excellent stability in buffer at room temperature for several years
(10). In comparison, phospholipid-based liposomes or stealth
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liposomes are stable under the same conditions for less than
1 wk, and phospholipids must be stored at −20 °C, while our JDs
can be stored at room temperature. DSs and GDSs were suc-
cessfully coassembled into giant hybrid vesicles with the mem-
brane and the membrane components of Gram-negative
bacterium Escherichia coli (23). Transmembrane proteins, such
as channel proteins, and lipids from E. coli, as well as fluorescent
labels and glycans from DSs or GDSs, were incorporated by
coassembly into these hybrid cell-like vesicles. Therefore, this
method overcomes the problems associated with incorporating
cell components, including phospholipids and transmembrane
proteins, into polymersomes or other synthetic membranes with
mismatched thickness or other biocompatibility issues (30). Al-
though human cell membranes are expected to be amenable to
similar coassembly with synthetic components from DSs or
GDSs, they have never been incorporated into synthetic vesicles,
despite great interest in the elucidation of the functions of hu-
man cells. Indeed, due to the lack of cell walls and cross-linked
glycans such as peptidoglycan available in bacterial membranes
and cells (31), this coassembly should not only be more facile
than for Gram-negative bacterial membranes but is also expec-
ted to provide a platform to stabilize human cell membranes and
thus enable applications of human cell membranes in vitro.

Results and Discussion
Coassembly of Giant DSs with Human Membrane Vesicles.Giant DSs
(diameter ∼2 μm to 50 μm) were prepared, using previously
reported methods, by hydration of amphiphilic JD films on
Teflon sheets with ultrapure water or PBS (Fig. 1) (10, 23, 32,
33). Selected JDs containing hydrophobic 3,5-di-dodecyl benzoic
ester minidendrons and hydrophilic 3,4,5-Tris-triethylele glycol
benzoic ester minidendrons were demonstrated to form stable
giant DSs in water or buffer (10, 23, 32, 33). Giant DSs prepared
by this method were coassembled with human membrane vesi-
cles (HMVs) via the dehydration–rehydration technique similar
to that described recently for bacterial membrane vesicles
(BMVs) prepared from Gram-negative bacterium E. coli, except
that the enzymatic degradation by lysosome/EDTA and sonica-
tion of the outer cross-linked membrane of E. coli is not required
(23, 34). Only weak mechanical disruption such as centrifugation
is required to prepare HMVs. Eukaryotic membranes, including
human plasma membranes, differ from E. coli membranes in
their composition of phospholipids as well as the lack of lipo-
polysaccharides (32). Eukaryotic/mammalian cell membranes
contain cholesterol and glycolipids, which modulate the fluidity
of the membrane (35–38) and may affect their ability to coas-
semble with DSs. To test the feasibility of this coassembly pro-
cess, HMVs from green fluorescent-labeled HEK293 cells grown

Fig. 1. Schematic illustration of (A) the preparation of giant DSs, (B) the preparation of HMV from human kidney cells 293 (HEK293), and (C) coassembly of
giant hybrid vesicles from giant DSs, and HMV from HEK293 labeled with GFP.
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in cell culture were prepared. The label on HEK293 cells was
added via the expression of GFP-CAAX protein, where CAAX
is a prenylation motif of Ras GTPase protein (CMSCKCVLS)
(39, 40), which targets GFP-CAAX protein to the plasma
membrane. These HMVs enriched with GFP-CAAX together
with red fluorescent DSs allow the coassembly process to be
monitored by fluorescence microscopy.

Visualization of Giant DSs, and Their Coassembly with GFP-Labeled
HMVs by Dual Color Imaging. To independently visualize DSs and
GFP, coassembled DSs from (3,5)12G1-PE-(3,4,5)-3EO-G1-
(OCH3)3 (JD) (23, 32, 33) and 1% (wt/wt) of red fluorescent-
labeled (3,5)12G1-Tris(3,4,5)-3EO-G1-(OCH3)3-RhB (JD-RhB)
(32, 33), shortly named DS-RhB, were utilized. The giant hybrid
vesicles were successfully coassembled from DS-RhB and HMVs
containing GFP-CAAX by the dehydration–rehydration protocol
(25∼100:1 mass ratio of DS-RhB and HMVs) and are compa-
rable in size to giant DSs reported previously (23). These hybrid
vesicles showed robust green and red fluorescence signals along
the boundary, from GFP and JD-RhB, respectively, indicating
that these vesicles consist of both amphiphilic JDs and human
membrane components (Fig. 2). The mechanism of coassembly
and the structure of the hybrid bilayers are not known, and hence
Figs. 1 and 3 show a possible intrabilayer segregation of the
phospholipids and the JD fragments. Furthermore, these giant
vesicles are stable for at least 1 y, based on a negligible change in
their sizes, fluorescence localization, and fluorescence intensity
as determined by microscopy.

Bioactive Hybrid Vesicles Containing Bacterial Adhesion Protein
(YadA) Bind to HeLa Cells. Pathogenic bacteria commonly express
proteins on their surface that have affinity for the mammalian
extracellular matrix (ECM) proteins, such as collagens, laminin,
fibronectin, etc. (34). YadA belongs to a family of outer mem-
brane proteins called the trimeric autotransporter adhesins that
are commonly found in Gram-negative bacteria (41–43). Auto-
transporter adhesins play an important role in the virulence of
many bacterial pathogens by mediating adhesion to host cells
and tissues. YadA from Yersinia pseudotuberculosis and Yersinia
enterocolitica is crucial for adhesion and uptake into the host cell
via binding to the mammalian ECM components fibronectin,
laminin, and collagen (41–43). To show the utility of hybrid DSs

as a potential cell-targeting agent, YadA from Y. pseudotuber-
culosis in the E. coli outer membrane was expressed (32). As
described before (23), the outer membrane of E. coli was dis-
mantled by enzymatic lysosome/EDTA followed by sonication.
The YadA-containing BMVs (BMV-YadA) and giant DSs
were then coassembled to produce giant hybrid cell-like vesicles
(Fig. 3).
Previous fluorescence microscopy studies on the coassembly of

DSs labeled with coumarin and BMVs labeled with mCherry
demonstrated their coassembly into giant hybrid vesicles (23),
which were analogous to the giant hybrid cell-like vesicles
coassembled from DSs and HMVs and discussed earlier (Fig. 2).
For better visualization of the location of giant hybrid DSs, a
cyan-color coumarin labeled JD (3,5)12-2G1-coumarin-Tris
(3,4,5)-3EO-G2-(OCH3)6 (JD-Coumarin) (23) was selected for
self-assembly of DSs.
HeLa cells grown in cell culture were treated with coas-

sembled hybrid DSs and visualized by fluorescence microscopy.
After an overnight incubation, HeLa cells were thoroughly
washed with PBS solution to remove any unbound vesicles be-
fore microscopy. Giant DSs generated by film hydration of
JD-Coumarin are shortly named DS-Coumarin. Giant hybrid
vesicles coassembled by hydration from giant DS-Coumarin and
BMV-YadA were found to specifically associate with HeLa cells
as depicted by cyan fluorescence (Fig. 4B), whereas control giant
hybrid vesicles from DS-Coumarin and BMV without YadA did
not bind to HeLa cells and no cyan fluorescence was observed
(Fig. 4C).
To check whether cyan DSs are potentially toxic to the cells,

we assessed cell viability by crystal violet staining, a commonly
used method to assess drug cytotoxicity (44). Cell viability was
measured for cells treated with giant hybrid vesicles containing
either BMV-YadA or BMV only, as well as giant DSs alone. We
did not see a significant difference in cell viability between
treated and untreated control cells (Fig. 5), indicating that the
hybrid vesicles as well as cyan DSs alone exhibit negligible
cytotoxicity.

Localization of Giant Hybrid Vesicles in the Human Cells in Grown
Culture. Confocal microscopy experiments were employed to
determine if the giant hybrid vesicles (DS-Coumarin + BMV-
YadA) associated with HeLa cells were able to enter the cytoplasm.

Fig. 2. Coassembly of giant hybrid vesicles from DS-RhB and HMV obtained from GFP labeled HEK293. (A) JD with 1% of JD-RhB coassembles into DS-RhB.
Representative microscopy images of giant hybrid vesicles containing (B) CAAX-GFP HEK293 and (C) HEK293 without CAAX-GFP. A phase-contrast image was
first acquired, followed by the fluorescence image by successive exposures on the same vesicle. Scale is identical in B and C.
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HeLa cells grown in cell culture were incubated overnight with
coassembled hybrid vesicles and washed before the micros-
copy experiments. Cyan fluorescent giant hybrid vesicles
(DS-Coumarin + BMV-YadA) were visualized via the green
fluorescence channel, and membranes/boundaries of HeLa cells
were visualized by staining with the red dye FM4-64. Green
fluorescence within the cytoplasm of HeLa cells was observed by
confocal microscopy (Fig. 6). This indicates that giant hybrid
vesicles (DS-Coumarin + BMV-YadA) not only bind to HeLa
cells but are also able to enter the cells. It is not possible to
ascertain by confocal microscopy whether the vesicle remains
intact once it has entered the cell. Interestingly, green fluores-
cence in the nucleus (depicted by dotted lines in Fig. 6) was not
observed, suggesting that the nuclear membrane may be imper-
meable to these giant hybrid vesicles. Based on the cellular ar-
chitecture of cells treated with giant hybrid vesicles and untreated
cells, it appeared that the HeLa cells were alive and were able
to divide.
In addition, we utilized LysoTracker Red as a probe to label

lysosomes (and other acidic organelles) in live cells, together
with localization of giant hybrid vesicles in HEK293 cells. Cyan
fluorescent giant hybrid vesicles were visualized via the green
fluorescence channel, and lysosomes labeled by LysoTracker
Red dye were visualized via red fluorescence by confocal mi-
croscopy. As shown in Fig. 7, red fluorescence was distributed

throughout the cytoplasm. Cyan fluorescence from the giant
hybrid vesicles was also only in the cytoplasm, and always appeared
colocalized with the red fluorescence, suggesting that the hybrid
DSs localize to lysosomes.

Bioactive Hybrid Vesicles Containing Human Cell Membranes Bind
Bacterial Cells Expressing the Adhesion Protein YadA. The interac-
tions of YadA protein with human cells can also be used to
demonstrate the bioactivity of hybrid cell-like coassembly with
DSs and HMVs rather than BMVs. Giant hybrid vesicles (DS-
Coumarin + HMV) consisting of cyan JD coassembled with
HEK293 human cell membranes vesicles were mixed with E. coli
bacterial cells expressing the YadA protein (E. coli-YadA+) as a
1:1 (vol/vol) mixture (Fig. 8A). As a control, giant hybrid vesicles
(DS-Coumarin + HMV) were mixed with E. coli cells lacking
YadA (E. coli-YadA−) (Fig. 8B). E. coli cells and vesicles were
monitored in bright-field and fluorescence images, respectively.
Control experiments with E. coli-YadA− did not show any dis-
cernable interaction with giant hybrid vesicles (DS-Coumarin +
HMV) (Fig. 8B). In contrast, E. coli-YadA+ cells mixed with
giant hybrid vesicles (DS-Coumarin + HMV) showed significant
clumping with fluorescent vesicles (Fig. 8A), similar to the ag-
glutination reaction observed for antigen−antibody interactions.
Additional control experiments (Fig. 8 C and D), consisting
of fluorescent giant vesicles (DS-Coumarin) mixed with either

Fig. 3. Illustration of (A) the preparation of giant DSs, (B) the preparation of BMV expressing YadA bacterial adhesin protein, and (C) coassembly of giant
hybrid vesicles from giant DSs and E. coli BMV expressing YadA bacterial adhesin protein.

Yadavalli et al. PNAS | January 15, 2019 | vol. 116 | no. 3 | 747

CH
EM

IS
TR

Y
BI
O
CH

EM
IS
TR

Y



E. coli-YadA+ or E. coli-YadA−, did not show interaction be-
tween bacterial cells and giant vesicles.

Conclusions
The methodology for the preparation of bioactive giant hybrid
vesicles coassembled from DSs and E. coli BMVs (23) was
adapted to a much-simplified coassembly of DSs and HMVs.
The lack of peptidoglycan in the human (mammalian) cell
(HEK293 kidney cell) membrane allowed for easy disruption

without the need for enzymatic treatment with lysozyme to form
HMVs, which were coassembled with DSs by simplified methods.
Giant hybrid vesicles were confirmed by visualization of GFP
(green) labels on the human cells and RhB (red) labels on DSs.
As demonstrated by fluorescence microscopy, these giant hybrid
vesicles are stable for at least 1 y and represent a substantial
advance toward a simple preparation of hybrid cells and proto-
cells containing mammalian cell components. By expressing
YadA, a bacterial adhesin protein in E. coli’s inner membrane,
the giant hybrid vesicles containing giant DSs and BMVs could
be recognized by the living human cells (HeLa cells). Confocal
microscopy images indicated that giant hybrid vesicles were de-
livered into the cytoplasm of HeLa cells. Similarly, in a reverse
experiment, giant hybrid vesicles containing DSs and HMVs bind
and aggregate E. coli bacterial cells expressing YadA protein,
demonstrating the bioactivity of hybrid vesicles with human cell
membranes. This approach can be applied to targeted delivery
and nanomedicine (45–49). The methodologies demonstrated
here are expected to enable the design of synthetic and hybrid
(synthetic–natural) protocell capsules to perform cell-like func-
tions of recognition, signaling, and delivery.

Methods
Preparation of DSs.A solution or mixed solution of JDs (10 mg·mL−1, 200 μL) in
THF was deposited on the top surface of a roughened Teflon sheet (1 cm2),
placed in a flat-bottom vial, followed by evaporation of the solvent for 12 h
in darkness. PBS (1×, pH = 7.4, 2.0 mL) was added to submerge the JDs film
on the Teflon sheet, and the vial was placed in a 60 °C oven for 12 h for
hydration. The sample was then mixed using a vortex mixer for 30 s with a
final concentration of 1 mg·mL−1.

Cell Culture and Transfection. HEK293 and HeLa cells were grown in Dul-
becco’s Modified Eagle Medium (with 4.5 g/L glucose, 25 mM Hepes from
Gibco) supplemented with 10% FBS/Glutamax/Penicillin-Streptomycin
(Gibco) at 37 °C in a humidified atmosphere of 5% CO2, 95% air. HEK293
cells were transfected with plasmid pEGFP-CAAX using Lipofectamine 2000
reagent (ThermoFisher Scientific) and selected using Geneticin (G418
sulfate; Sigma-Aldrich). CAAX is a prenylation motif of Ras GTPase protein
(CMSCKCVLS), which targets GFP-CAAX protein to the human plasma
membrane. Transfected cells were identified by visualization of the green
fluorescence protein.

Fig. 5. Crystal violet cytotoxicity assay. HEK293 cells were treated with ei-
ther giant hybrid vesicles (DS-Coumarin + BMV-YadA, DS-Coumarin + BMV
only), or DS-Coumarin only. Relative cell viability was measured by crystal
violet quantification. Data represent averages and SDs of six independent
measurements.

Fig. 4. Giant hybrid vesicles coassembled from DS-Coumarin with BMV or BMV-YadA. BMV-YadA represents BMV containing the YadA bacterial adhesion
protein. (A) Structure of JD-Coumarin, which self-assembles into DS-Coumarin. (B) Encapsulation of giant hybrid vesicles (DS-Coumarin + BMV-YadA) into
HeLa cells. (C) Lack of encapsulation of giant hybrid vesicles (DS-Coumarin + BMV) into HeLa cells due to the absence of YadA, as the control experiment for B.
Scale is identical in B and C.
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HEK293 cells and LysoTracker Red DND-99 (ThermoFisher Scientific) were
gifts from Dejian Ren, University of Pennsylvania; HeLa cells, and plasmid
pEGFP-CAAX were gifts from Michael Lampson and Wei Guo, respectively,
both at University of Pennsylvania, Philadelphia.

Bacterial Strains and Growth Media. E. coli K-12 strain MG1655 was trans-
formed with plasmid pPD284 expressing the YadA adhesin protein from Y.
pseudotuberculosis. YadA is a bacterial outer membrane protein which pro-
motes attachment to eukaryotic cell surface and subsequent internalization into
the eukaryotic cells. A single colony of the strain MG1655/pPD284 was in-
oculated in LB (Lysogeny broth; Fisher Scientific) medium for overnight growth
at 37 °C on a roller drum for aeration. A saturated culture of this strain was
diluted 1:200 in 50mL of LBmedium supplemented with ampicillin (100 μg·mL−1)
in a 250-mL culture flask. Following growth for 1.5 h at 37 °C with aeration,
YadA expression was induced by the addition of arabinose to a final concen-
tration of 0.5%. Protein induction was carried out for 3.5 h, and then cells
were harvested at 7,500 × g for 10 min at 4 °C. The cell pellets were washed
in Tris(hydroxymethyl)aminomethane·HCl (Tris·HCl) buffer (50 mM, pH 8.0)
and then frozen at −80 °C. Plasmid pPD284 was a gift from Petra Dersch,
Helmholtz Centre for Infection Research, Braunschweig, Germany.

Preparation of Human and Bacterial Cell Membranes. For preparation of HMVs,
HEK293 cells expressing GFP-CAAX were trypsinized using 0.05% trypsin-
EDTA (Gibco) and harvested by centrifugation at 300 × g for 5 min. The
cells were resuspended in 1 mL of a solution of sucrose (20%) and Tris·HCl
(30 mM, pH 8.0) and homogenized using 1 mL of Dounce tissue grinder
(Fisher Scientific). Cells were spun at 4 °C for 5 min at 7,500 × g, and the
supernatant was transferred to a fresh microcentrifuge tube to isolate the
membranes from the cytoplasmic fraction and cell debris. This supernatant
was then spun at 4 °C for 30 min at 40,000 × g. The membrane fraction was
obtained as a pellet following the high-speed centrifugation, and the su-
pernatant was discarded. The membrane vesicles were resuspended in 500 μL
of buffer composed of Tris·HCl (30 mM, pH 8.0), sucrose (20%), and EDTA
(0.1 mM). For BMVs, cells were grown and collected as described above. Frozen
cells were processed and membrane vesicles were prepared as outlined, using
previously reported protocols (23).

Coassembly of Giant Hybrid DSs with Human and Bacterial Cell Membranes.
Red fluorescent DSs (JD + 1% JD-RhB) were coassembled with HEK293-derived
human cell membranes enriched with either GFP (GFP-CAAX-HEK293 HMV) or
no GFP control (HMV only). Cyan fluorescent DSs (JD-coumarin) were
coassembled with E. coli membranes enriched with either YadA cell adhesion

Fig. 6. Representative confocal microscopy images of giant hybrid vesicles (DS-Coumarin + BMV-YadA) localizing to the cytoplasm in HeLa cells. HeLa cell
membrane was stained with red FM4-64.
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protein (BMV-YadA) or no protein control (BMV only). Coassembly was
performed and coassembled giant hybrid DSs containing human or bac-
terial cell membranes were imaged as described previously (23).

Binding of Coassembled Giant Hybrid Vesicles to Human Cells. For BMV ad-
hesion/uptake, HeLa or HEK293 cell monolayers were grown to ∼50%

confluency (24 h to 48 h) in cell culture-treated 35-mm fluorodishes
(ThermoFisher Scientific), then gently washed three times with 1× PBS pH
7.4 and incubated in binding buffer (Roswell Park Memorial Institute me-
dium 1640 supplemented with 20 mM Hepes pH 7.0, 5% FBS, and 0.4% BSA)
for 1 h before the addition of giant hybrid DSs containing bacterial vesicles
(42). Then 4 μL of the giant hybrid vesicles coassembled with cyan fluorescent

Fig. 7. Representative confocal microscopy images of giant hybrid vesicles (DS-Coumarin + BMV-YadA) localizing to the cytoplasm in HEK293 cells. The
lysosomes within cell cytoplasm were stained with LysoTracker Red DND-99 dye.

Fig. 8. Representative confocal microscopy images of E. coli incubated with (A and B) giant hybrid vesicle (DS-Coumarin + HMV) or (C and D) giant vesicle
(DS-Coumarin) E. coli cells expressing YadA (E. coli-YadA+, in A and C) or control E. coli cells without YadA (E. coli-YadA−, in B and D). HMVs were prepared by
HEK293 human cells. E. coli cells and vesicles were monitored in bright-field and fluorescence images, respectively.
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DSs (JD-Coumarin) and E. coli membranes enriched with either (i ) cell
adhesion protein YadA (BMV-YadA) or (ii) no protein control (BMV only)
were incubated with HeLa or HEK293 cells for 18 h to 24 h at 37 °C in binding
buffer. Cells were then thoroughly washed with 1× Dulbecco’s PBS pH
7.4 and visualized by fluorescence microscopy. For membrane labeling using
FM4-64 dye, cells treated with giant hybrid DSs were gently washed three
times with HBSS (Gibco). Prewarmed HBSS medium containing FM4-64 to a
final concentration of 4 μM was then added to the cells. To label lysosomes
in live cells, cells treated with hybrid DSs were washed with HBSS followed
by the addition of prewarmed HBSS containing LysoTracker Red dye at a
working concentration of 40 nM. For both the staining procedures, cells
were incubated at 37 °C and 5% CO2 for ∼30 min, and then imaged by
fluorescence microscopy.

Crystal Violet Cytotoxicity Assay. Crystal violet staining to determine cell vi-
ability was adapted from a published method (44). Cells were seeded in a 24-
well plate and grown as mentioned in Cell Culture and Transfection. Binding
of giant hybrid DSs was performed as outlined in Binding of Coassembled
Giant Hybrid Vesicles to Human Cells. Then 0.5% crystal violet staining so-
lution was added to each well, and the cells were incubated at room tem-
perature for 15 min. The staining solution was then aspirated, each well was
gently washed twice with 1× PBS to remove excess stain, and the plate
was air-dried without the lid for 3 h. After drying, the crystal violet stain was
solubilized using methanol for 20 min at room temperature, and optical
density of each sample was measured at 570 nm using a spectrophotometer.
Relative cell viability was calculated as a percentage derived from the av-
erage OD570 of each sample relative to the average OD570 of untreated cells.

Fluorescence Microscopy. To visualize the location of giant hybrid DSs within
the human cells, confocal microscopy and image acquisition was carried out
using a DM4000 spinning disk confocal microscope (Leica) equippedwith 488-
and 593-nm diode lasers (Spectral Applied Research) controlled by Meta-
Morph software (Molecular Devices), as described previously (50). Cyan

fluorescent vesicles were visualized via green fluorescence channel, and
FM4-64 dye was used to stain the HeLa cell membrane, which was visualized
by the red fluorescence. For lysosome staining using LysoTracker Red dye
and localization of giant hybrid DSs within the human cells, image acquisi-
tion was carried out using a confocal laser scanning microscope Leica TCS SP8
(Leica) equipped with 488- and 552-nm diode lasers (Spectral Applied Re-
search) with a 100× objective controlled by the Leica Application Suite X
software. Cyan fluorescent vesicles were visualized via green fluorescence,
and the LysoTracker Red dye was visualized by the red fluorescence.

Binding of E. Coli-YadA+ Cells to Hybrid DSs + HMVs. HEK293 cells were grown
in cell culture and HMVs were prepared as described in Methods. E. coli cells
expressing YadA (YadA+) and control cells (no YadA, YadA−) were grown as
described above. Then 500 μL of cells was harvested, washed, and resus-
pended in 1× PBS (pH 7.4). E. coli cells and HMVs were mixed in a 1:1 ratio in
1× PBS (pH 7.4) and 0.4% BSA and then incubated at 37 °C for ∼1.5 h before
imaging. All controls were treated in the same manner. Fluorescence was
observed using an Axioplan II upright epifluorescence microscope (Carl
Zeiss), a 100× 1.4 NA PlanApo objective. Bright-field and fluorescence images
were captured using an ORCA charge‐coupled device camera (Hamamatsu)
and iVision software (Biovision Technologies).
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