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A three-component system of Janus dendrimers (JDs) including
hydrogenated, fluorinated, and hybrid hydrogenated–fluorinated
JDs are reported to coassemble by film hydration at specific ratios
into an unprecedented class of supramolecular Janus particles (JPs)
denoted Janus dendrimersomes (JDSs). They consist of a dumbbell-
shaped structure composed of an onion-like hydrogenated vesicle
and an onion-like fluorinated vesicle tethered together. The synthe-
sis of dye-tagged analogs of each JD component enabled character-
ization of JDS architectures with confocal fluorescence microscopy.
Additionally, a simple injection method was used to prepare sub-
micron JDSs, which were imaged with cryogenic transmission elec-
tron microscopy (cryo-TEM). As reported previously, different ratios
of the same three-component system yielded a variety of structures
including homogenous onion-like vesicles, core-shell structures, and
completely self-sorted hydrogenated and fluorinated vesicles.
Taken together with the JDSs reported herein, a self-sorting path-
way is revealed as a function of the relative concentration of the
hybrid JD, which may serve to stabilize the interface between hy-
drogenated and fluorinated bilayers. The fission-like pathway sug-
gests the possibility of fusion and fission processes in biological
systems that do not require the assistance of proteins but instead
may result from alterations in the ratios of membrane composition.
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Janus particles (JPs) are nanoscale or microscale objects that
exhibit two-faced asymmetry, enabling the presentation of vastly

different chemical or physical properties localized at distinct parts
of the same structure. They have been prepared as unimolecular
systems in the form of dendrimers, dendrimer-like polymers,
heterografted polymers, and polyhedral oligomeric silsesquiox-
anes; as supramolecular assemblies from lipids, block copolymers,
and terpolymers and other polymers; as liquid crystals; and as
inorganic nanoparticles. JPs have gained increasing attention due
to their application in a variety of fields including as emulsion
stabilizers, facilitators for the development of novel liquid/liquid
and liquid/air interfaces among other interfacial applications, op-
tical nanoprobes, electronic inks, self-propelling beads, targeted
stealth drug delivery systems, MRI contrast agents, and thera-
nostics agents, among other biomedical applications (1).
Asymmetric molecules such as phospholipids, block copolymers,

and Janus dendrimers (JDs) can be thought of as the molecular-
level equivalent of JPs. Phospholipids are the major building block
of the bilayers of biological membranes. Synthetic vesicles, which
mimic biological membranes, have been prepared from phospho-
lipids and are denoted liposomes. As the result of their instability
due to oxidation, phospholipids must be coassembled with cho-
lesterol and polyethylene glycol-conjugated phospholipids to form
stable liposomes (2, 3). Furthermore, time-consuming fractionation
and extrusion must be performed to achieve monodisperse as-
semblies (4). Diblock copolymers have also been widely used for

the development of synthetic vesicles denoted polymersomes,
which exhibit excellent stability and mechanical properties (5, 6).
However, they are polydisperse and sometimes toxic and exhibit
bilayers from 8 to 50 nm, which are thicker than those of biological
membranes (about 4 nm), making them less suitable for in-
corporating proteins and other components of biological origin in
their bilayers (7–10). A third class of synthetic vesicles denoted
dendrimersomes (DSs) has been elaborated by the self-assembly of
amphiphilic JDs (11). Their simple preparation by injection of
THF, ethanol, and other organic solutions of JDs into aqueous
media results in monodisperse assemblies of predictable size with
bilayer thicknesses of 4.5–6 nm, which are similar to those of
biological membranes (11, 12). DSs together with their sugar
(glycan)-presenting counterparts glycodendrimersomes (13) com-
bine the biological compatibility of liposomes with the robustness
of polymersomes, providing improved synthetic vesicles for mim-
icking biological membranes including by hybrid coassembly with
bacterial membranes (14) and for biomedical applications (15).
Self-assembled from the same amphiphilic building blocks,

supramolecular JPs such as two-faced micelles and vesicles,
exhibiting hemispheres with different physical and chemical
properties, are of particular interest due to their potential ap-
plication as models of biological systems such as lipid rafts and as

Significance

Janus particles (JPs) are structures with two distinct faces. This
study reports the discovery of an unprecedented class of JPs
denoted Janus dendrimersomes (JDSs) coassembled from am-
phiphilic Janus dendrimers (JDs) with fluorinated, hydroge-
nated, and hybrid fluorinated–hydrogenated hydrophobic
chains. JDSs consist of fluorinated and hydrogenated vesicles
connected in a dumbbell-like shape. They appear as one
structure in a broader fission-like pathway, which is revealed
by varying the ratios of the three JD components. This pathway
implies that non–protein-mediated fission and fusion is a likely
mechanism by which similar structures form in synthetic and
biological systems. These results highlight the potential im-
portance of non–protein-mediated fusion and fission for bi-
ology and medicine.

Author contributions: Q.X., S.E.S., S.E.W., T.B., M.L.K., and V.P. designed research; Q.X.,
S.E.S., S.E.W., X.Z., C.D., E.H.R., and W.S. performed research; D.A.H. contributed new
reagents/analytic tools; Q.X., S.E.S., S.E.W., T.B., W.S., M.L.K., and V.P. analyzed data;
and Q.X., S.E.S., S.E.W., T.B., W.S., M.L.K., and V.P. wrote the paper.

Reviewers: W.M., University of Basel; and D.A.T., NanoSynthons LLC.

Conflict of interest statement: D.A.T. has an adjunct appointment at the University of
Pennsylvania. It is not his primary affiliation.
1To whom correspondence may be addressed. Email: mlklein@temple.edu or percec@sas.
upenn.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1708380114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1708380114 PNAS | Published online August 7, 2017 | E7045–E7053

CH
EM

IS
TR

Y
PN

A
S
PL

U
S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1708380114&domain=pdf
mailto:mlklein@temple.edu
mailto:percec@sas.upenn.edu
mailto:percec@sas.upenn.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1708380114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1708380114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1708380114


drug and gene delivery vectors (1, 9, 10, 16). A three-component
lipid system consisting of 30% 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 50% brain sphingomyelin, and 20%
cholesterol was reported to form giant unilamellar, peanut-shaped
biphasic liposomes (17, 18). Other three-component lipid systems
have also afforded biphasic liposomes (19). Spherical Janus poly-
mersomes exhibiting two different hemispheres and a single hol-
low cavity were prepared by the coassembly of the anionic block
copolymer polybutadiene-block-poly(acrylic acid) (PB-b-PAA)
and the neutral block copolymer polybutadiene-block-poly(ethylene
oxide) (PB-b-PEO) (20, 21). Addition of calcium ions resulted in
the cross-bridging of anionic PAA, giving rise to segregation of the
anionic and neutral amphiphiles into Janus assemblies. These types
of structures have been proposed as tools for “repair-and-go” drug
delivery, in which one hemisphere presents a stealth shield to the
environment, whereas the other hemisphere binds to a surface
defect and delivers the drugs necessary for repair. After healing
the defect, the capsule may release from the site and move to
another in need of repair (1, 22).
Recently, the Percec laboratory reported the coassembly of a

three-component system of hydrogenated (RH), fluorinated (RF),
and hybrid hydrogenated–fluorinated (RHF) amphiphilic JDs into a
variety of vesicular structures at various ratios (23). Homogenous
DSs coassembled from all three components were observed at 25%
RH, 25% RF, and 50% RHF and at 30% RH, 30% RF, and 40% RHF
by weight. When RHF was reduced to 34% with RH and RF at 33%
each, assemblies were observed with hydrogenated and fluorinated
JDs segregated into an exterior shell and an interior core. Elimi-
nation of RHF from the mixture entirely resulted in the self-sorting
of DSs into separate hydrogenated and fluorinated vesicles. Using
this same three-component system of JDs but tuned at different
ratios, herein we report the discovery of complex Janus supramo-
lecular assemblies combining two vesicles with different properties
into a single dumbbell-shaped structure that retains separate
compartments. Denoted Janus dendrimersomes (JDSs), these
structures exhibit a fluorinated vesicular assembly and a hydroge-
nated vesicular assembly tethered together. Their unique structure
is closely related to intermediates observed in the fusion and fission
of synthetic and biological membranes and serves as a model for
non–protein-mediated fusion and fission.

Results and Discussion
Design and Modular Synthesis of Amphiphilic JDs with Fluorinated,
Hydrogenated, and Hybrid Fluorinated–Hydrogenated Chains. A li-
brary of six JDs was used for the coassembly of JDSs, including
one with hydrogenated hydrophobic dendrons denoted RH, one
with fluorinated hydrophobic perfluoropropyl vinyl ether (PPVE)-
based dendrons (24) denoted RF, and one with hybrid hydroge-
nated–fluorinated hydrophobic dendrons denoted RHF, and their
dye-tagged analogs. These molecules are illustrated with their long
and short names in Fig. 1.
The dye-tagged JDs were prepared to visualize the coassembly of

the three-component RH, RF, and RHF mixtures. In particular, a JD
with hydrogenated hydrophobic dendrons was tagged with the red
fluorescent dye rhodamine B (RhB) and denoted RH-RhB, a JD
with fluorinated hydrophobic dendrons was tagged with the green
fluorescent dye 7-nitrobenzofurazan (NBD) and denoted RF-NBD,
and a JD with hybrid hydrogenated–fluorinated hydrophobic den-
drons was tagged with the blue fluorescent dye 7-hydroxycoumarin
(7HC) and denoted RHF-7HC. This enabled the visualization of
each component in the assemblies by fluorescence microscopy.
The syntheses of all of these molecules have been reported

previously (23), with the exception of the synthesis of RHF-7HC,
which is shown in Fig. 2. This compound was synthesized to vi-
sualize the role of RHF during the coassembly process. Therefore,
compared with earlier studies (23) RHF provides a tool to in-
vestigate the coassembly process. The carboxyl group on the blue
fluorescent dye 7HC underwent amidation with amine 3 to give 4,

the azide-conjugated dye with oligo(ethylene oxide) spacer. The
tris(hydroxymethyl)aminomethane (Tris)-based scaffolding 5 has
been extensively used for the synthesis of JDs including the other
dye-tagged JDs in Fig. 1, and its synthesis, which was originally
developed for the preparation of Janus glycodendrimers (25), has
been reported previously. A stepwise esterification was performed
to couple the hydrogenated hydrophobic dendron 1 and the
fluorinated hydrophobic PPVE dendron 2 to the hydroxyl groups
on 5 in an analogous procedure to the one previously reported for
the preparation of RHF. In the final step, the azide-functionalized
dye 5 was coupled with the alkyne on JD scaffolding 7 via copper-
catalyzed click chemistry to give the desired hybrid RHF-7HC.

Confocal Microscopy of the Coassembly of JDs with RF, RH, and Hybrid
RHF Chains into JDSs. Visualization by fluorescence microscopy re-
quired the preparation of giant assemblies with diameters greater
than 1 μm by the thin film hydration method on a Teflon sheet. All
experiments were conducted in PBS with a 1:1 ratio of RH to RF
while the relative ratio of the third component RHF was altered.
Hydration occurred at 60 °C for 12 h, after which the samples were
vortexed and cooled to room temperature. Previous assemblies
prepared with 50%, 40%, 34%, and 0% RHF by weight were
reported, giving rise to various vesicular architectures with in-
creasing separation of the hydrogenated and fluorinated compo-
nents (23). Further tuning of RHF percentages between 34% and
0% is reported here and reveals the coassembly of a previously
(23) unreported structure that, as will be discussed later, is fre-
quently encountered in biological membranes.
In initial experiments, coassembly was conducted with 40%

RH, 40% RF, and 20% RHF along with 1% of the red fluorescent
hydrogenated analog RH-RhB and 1% of the green fluorescent
fluorinated analog RF-NBD. Previously, it was demonstrated that
RH and RF, due to the immiscibility of hydrogenated and fluo-
rinated chains, preferentially coassemble with their respective
dye-tagged analogs, enabling visualization of the fluorinated and
hydrogenated components of their supramolecular assemblies
(23). By viewing the same assemblies through different fluores-
cence channels, it is possible to visualize the various contribu-
tions of each molecule to the overall structure.
As shown in Fig. 3, at the prepared ratio of the three compo-

nents, a unique structure denoted as a JDS was obtained, exhibiting
two vesicles, one hydrogenated and the other fluorinated, locked
together in a dumbbell shape. In Fig. 3A, a thin red hydrogenated
ring extending from the red hydrogenated vesicle (marked by the
red arrows) is visible surrounding the green fluorinated vesicle. The
reverse construction, though less common, with a thin green
fluorinated ring (marked by the green arrows) surrounding the red
hydrogenated vesicle was also observed as shown in Fig. 3B. These
structures coexisted with a large portion of completely self-sorted
fluorinated and hydrogenated vesicles as evidenced by Fig. 3C.
To better elucidate the role of the hybrid RHF JD in the for-

mation of these dumbbell-shaped assemblies, a dye-tagged analog
of RHF was synthesized as discussed above and denoted RHF-7HC.
The blue fluorescent dye 7HC was chosen to ensure sufficient
separation between the fluorescence wavelengths of each dye-
tagged JD. Fig. S1 demonstrates the clear separation between
the excitation and emission spectra of giant DSs prepared sepa-
rately with RH, RF, and RHF and 1% of their respective dye-tagged
analogs. By synthesizing a blue fluorescent JD with a distinct
signal, interference between the blue and green dyes was avoided
so that fluorescence microscopy could reliably be used to locate
RHF in the assemblies.
With the new dye-tagged hybrid JD in hand, coassembly was

conducted with 40% RH, 40% RF, and 20% RHF along with 1%
of the red fluorescent hydrogenated analog RH-RhB, 1% of the
green fluorescent fluorinated analog RF-NBD, and 1% of the
blue fluorescent hybrid hydrogenated–fluorinated analog RHF-
7HC. As shown in Fig. 4B, the dumbbell-shaped assemblies were
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observed, and the blue fluorescence channel indicated the
preferential segregation of the hybrid JD into the hydrogenated
regions of the assembly. It should be noted that a minor fraction
of the hybrid JD was observed in the fluorinated regions of the
assembly as evidenced by faint blue fluorescence (marked by the
blue arrows) corresponding to the location of the green fluori-
nated vesicles. When all fluorescence channels were merged, the
red fluorescence and the blue fluorescence mixed to appear
purple, while the green fluorescence remained about the same.
This separation was indicative of the higher miscibility of the
hybrid JD with the hydrogenated JD. Although no thin ring was
observable surrounding either the fluorinated or hydrogenated
vesicles in the top assembly in Fig. 4B, a thin red hydrogenated
ring was visible surrounding the fluorinated vesicle in the bottom
assembly as marked by the red arrow. Additionally, a brighter
blue fluorescence was observed around the fluorinated region of
the assembly (marked with the blue arrow) corresponding to the
greater miscibility of the hybrid JD in the encompassing hydro-
genated ring compared with the fluorinated vesicle. When the
channels were merged, a thin purple ring consisting of the hybrid
and hydrogenated JDs was partially visible surrounding the green
fluorinated vesicle.

Additional ratios of the three major components were also
tested to determine a threshold for the formation of the dumbbell-
shaped assemblies. When the percentage of RHF was increased to
25% from 20% and the percentages of RH and RF were reduced
from 40% to 37.5% each, the dumbbell-shaped assemblies were
no longer observed. Instead, core-shell assemblies were present as
previously reported for RHF at 34% (23). Fig. 4C shows an ex-
ample of one of these assemblies, demonstrating the presence of a
red hydrogenated shell surrounding a filled green fluorinated core.
Again, the hybrid JD was observed to preferentially localize in the
red hydrogenated region as indicated by the blue fluorescence
channel and the merged image. It was thus apparent that even a
slight increase in the percentage of the hybrid JD resulted in the
formation of an alternative structure. On the other hand, when the
percentage of RHF was reduced to 10% and the percentages of RH
and RF were increased to 45% each, the dumbbell-shaped as-
semblies were still observed as shown in Fig. 4A. However, these
structures were significantly smaller than those obtained at 20%
RHF, indicating that the size of the assemblies could be tuned by
the relative percentage of RHF, with size decreasing with de-
creasing percentage of RHF. This also serves to highlight the
sensitive role of RHF in controlling the assembly and sorting

Fig. 1. The library containing JDs with RH, RF, and hybrid RHF chains, and red fluorescent probe (RhB) labeled JD with RH chains, green fluorescent probe
(NBD) labeled JD with RF chains, and blue fluorescent probe (7HC) labeled JD with hybrid RHF chains.
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behavior of RH and RF. It should be noted that JDSs were ob-
served to remain stable up to physiological temperature. Further
characterization of the temperature dependency of JDSs is
currently underway.

Nanoscale Visualization with Cryo-TEM. The low resolution of
confocal fluorescence microscopy made a detailed view of the
JDSs unachievable by this method. However, the relatively large
thickness of the vesicle membranes compared with the thinner
rings surrounding the fluorinated or hydrogenated vesicles sug-
gested the structures were multilamellar. This hypothesis was
also supported by cryogenic transmission electron microscopy
(cryo-TEM) images of vesicles prepared separately from RF and
RHF, as reported previously, which showed those vesicles were
multilamellar. In fact, RHF formed particularly well-defined
onion-like vesicles (23).
To better elucidate the structures of the JDSs, cryo-TEM was

used to visualize the individual membranes that make up the as-
semblies. To do so, submicron analogs had to be assembled. This
was achieved by preparing a THF solution containing 40% RH,
40% RF, and 20% RHF and rapidly injecting it into PBS at room
temperature to give a final concentration of 0.5 mg/mL of JD in
PBS. Fig. 5 shows selected images of the submicron dumbbell-
shaped assemblies formed by this method along with traces of
their bilayer contours. In both assemblies, multiple membranes
encompass two onion-like vesicles. The left image clearly shows
two separate onion-like vesicles forced together by the encom-
passing membrane. On the other hand, in the right image, in
which the dumbbell assembly is squeezed within the lacey carbon
architecture of the cryo-TEM grid, it is more difficult to clearly
distinguish the membranes of each vesicle from each other. The
outer membrane of the left vesicle even appears to cross over to
the right vesicle in a manner suggestive of a disclination (26–28) in
which a single membrane diverges into two (see bottom center of
Fig. 5D). However, the low resolution of the cryo-TEM image
prevents any definitive conclusions about the possible role of
membrane defects in the formation of the JDSs. Additionally,

since fluorinated and hydrogenated vesicles cannot be discrimi-
nated (distinguished) in cryo-TEM, it cannot be definitively
proven that the dumbbell-shaped assemblies observed consist of

Fig. 2. Synthesis of blue fluorescent probe (7HC) labeled JD with hybrid RHF chains. Reagents and conditions: (i) HOSu, EDC, DMF, 0 °C for 1 h, then 23 °C for
12 h; (ii) N,N-diisopropylethylamine (DIPEA), DMF, 23 °C, 12 h; (iii) 4-(dimethylamino)pyridinium 4-toluenesulfonate, DCC, DCM, 23 °C for 12 h; and (iv)
CuSO4·5H2O, sodium ascorbate, THF, water, 23 °C for 12 h.

Fig. 3. Representative confocal fluorescent microscopy images (A–C) of as-
semblies from mixtures of RH, RF, and hybrid RHF JDs with proportions (in wt%)
of RH= 40%, RF= 40%, and RHF= 20%.Mixtures contain an additional 1% (wt/wt)
of RH-RhB and 1% (wt/wt) RF-NBD. Red and green fluorescent images were
merged into one to demonstrate their self-sorting and coassembly.
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self-sorted fluorinated and hydrogenated vesicles tethered to-
gether by an encompassing membrane as observed by fluorescence
microscopy. Still, the cryo-TEM images provide valuable insight
into the not yet fully elucidated JDS structure, including clear
evidence of a multilamellar design. Additionally, cryo-TEM im-
ages of submicron analogs of the core-shell structures reported for
37.5% RH, 37.5% RF, and 25% RHF indicate that they consist of
onion-like vesicles (Fig. S2).
It should be noted that structures similar to JDSs have been

observed by TEM and cryo-TEM to occur statistically in both
synthetic and biological systems, albeit without the unique pre-
sentation of two vesicles with different physical properties. For
instance, the self-assembly of phosphatidylcholine (PC), choles-
terol, and various cosurfactants resulted in an almost identical
structure to those in the cryo-TEM images reported herein but
coexisting with mainly individual multilamellar vesicles (28).
Multilamellar bodies in biological systems have also exhibited
structures almost identical to those reported herein, suggesting
the possible utility of JDSs as models (29, 30).

Proposed Model for Coassembly and Self-Sorting of JDs with RF, RH,
and Hybrid RHF Chains. With the available information, a pathway
for the coassembly and self-sorting of RF, RH, and RHF can be
proposed as a function of the weight percentage of RHF as illus-
trated in Fig. 6A. The colored lines in the diagram represent bi-
layers of different compositions, as indicated in the legend. At

50% RHF, onion-like vesicles form that are homogenously com-
posed of all three JD components (orange lines). As RHF is re-
duced to 34%, the homogenous vesicles separate into a core-shell
structure with the core composed of either the fluorinated JDs
(green lines) or the hydrogenated and hybrid JDs (purple lines) as
a tightly formed onion-like vesicle and the shell consisting of the
opposite component also exhibiting a multilamellar structure. In
the diagram, a major fraction of RHF is illustrated to localize in the
RH bilayers as was experimentally observed. When RHF is further
reduced to 20%, additional separation of the fluorinated and
hydrogenated components is observed, resulting in the partial
fission of the assembly into JDSs that exhibit two vesicles con-
nected in a dumbbell-like shape due to an encompassing outer
membrane and possible disclinations. Finally, when the percent-
age of RHF is reduced toward 0%, complete separation of the
fluorinated and hydrogenated components into isolated multi-
lamellar vesicles is observed. It should be noted that two parallel
pathways are described, with one showing the hydrogenated JDs
localizing on the outside of the assemblies and the other showing
the fluorinated JDs localizing on the outside of the assemblies.
Structures corresponding to both of these pathways were experi-
mentally observed, but structures from the top pathway were more
common for reasons not yet understood.
The schematic structures proposed in Fig. 6A for the JDSs are

most consistent with the cryo-TEM image in Fig. 4A, in which
two distinct onion-like vesicles are held together by an encom-
passing outer bilayer. An alternative structure incorporating
disclinations between the hydrogenated and fluorinated vesicles
is shown in Fig. 6B and was inspired by the cryo-TEM image in
Fig. 5B. In this proposed structure, a bilayer (orange line) at the
meeting of the fluorinated and hydrogenated vesicles contains all
three JDs and serves to lock the structure together along with an
encompassing bilayer surrounding both vesicles. Disclinations
at each end of this three-component bilayer result in its divi-
sion into separate hydrogenated and fluorinated bilayers, which

Fig. 5. Representative cryo-TEM images (A and B) of submicron assemblies
from mixtures of RH, RF, and hybrid RHF JDs with proportions (in wt%) of
RH = 40%, RF = 40%, and RHF = 20% prepared by injection of their THF
solution into PBS to give a final concentration 0.5 mg/mL. Black lines were
added to the images (C and D) to demarcate the contours of the bilayers.

Fig. 4. Representative confocal fluorescent microscopy images (A–C) of
assemblies from mixtures of RH, RF, and hybrid RHF JDs with proportions (in
wt%) of (A) RH = 45%, RF = 45%, RHF = 10%; (B) RH = 40%, RF = 40%, RHF =
20%; (C) RH = 37.5%, RF = 37.5%, RHF = 25%. Mixtures contain an additional
1% (wt/wt) of RH-RhB, 1% (wt/wt) RF-NBD, and 1% (wt/wt) RHF-7HC. Red,
green, and blue fluorescent images were merged into one to demonstrate
their self-sorting and coassembly.
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in turn form the basis of the separate hydrogenated and
fluorinated vesicles.
It should be noted that more than 10 experiments were per-

formed within the range of compositions that JDSs have been
observed to exist, and in every case, JDSs were consistently ob-
served as shown in the representative confocal fluorescence mi-
croscopy images from Figs. 3 and 4. This highlights their very high
level of reproducibility. Additionally, JDSs were repeatedly ob-
served in the same samples more than 6 wk after the initial
preparation, indicating the persistence of these structures in time.
The models presented in Fig. 6 were developed after reviewing all
available fluorescence microscopy images from multiple different
preparations in conjunction with cryo-TEM images to provide the
most probable architectures of JDSs and the other structures
shown in the pathway.

Three-Component JD System as Model of Biological Fusion and Fission.
Fusion is the process by which two vesicles merge to become a
single vesicle, whereas fission is the process by which a single
vesicle splits into two separate ones. Both processes, which are
involved in cell uptake, secretion, communication, and division for
instance, are vital for the survival and proliferation of cells and are
driven by various proteins (31–33). Synthetic models of vesicle
fusion have been reported previously in giant liposome and
polymeric vesicle systems, often with the aid of various ligands and
ions replicating the roles of proteins in biological systems (34–39).
Additionally, vesicle fusion has been modeled with computer
simulations for both unilamellar and multilamellar vesicles (40–
44). Previously reported coarse-grained (CG) molecular dynamics
(MD) simulations of the interactions between two liposomes
composed of dimyristoyl phosphatidylcholine (DMPC) exhibited
no initiation of fusion even after applying a force (41). Movie S1

shows the two vesicles deform against one another when a force is
applied and then move apart after the force is released. Thus, it is
apparent that liposomes tend not to undergo fusion events without
the assistance of complex machinery such as fusion proteins. CG-
MD simulations of two liposomes composed of dioleoyl phos-
phatidylethanolamine (DOPE) with an initial stalk between them
demonstrated the initiation of a fusion event with exchange of
phospholipids between vesicles (Fig. S3 and Movie S2). The for-
mation of disclinations at the meeting of the two vesicles resulted
in a dumbbell-like structure. The simulation thus provides evi-
dence of the role of disclinations in the formation of architectures
similar to JDSs. However, the formation of the dumbbell-like
structure was only possible when the initial condition of the sim-
ulation included a stalk between the two vesicles. Furthermore,
the formation of the dumbbell-like structure was observed spe-
cifically for liposomes assembled from DOPE. An analogous
simulation with liposomes assembled from DMPC exhibited re-
pulsive behavior, eliminating the initial stalk to form two separate
vesicles. It is apparent that the composition of liposomes impacts
the ease with which they undergo fusion.
The diagram in Fig. 6A, regardless of the specific structures of

the JDSs, takes the form of a fission pathway, in which a ho-
mogenous vesicle splits into separate vesicles based on the im-
miscibility of its components, and the reverse pathway depicts
fusion. Furthermore, the addition of ligands, ions, and proteins
was not required to observe structures indicative of fusion and
fission processes. Self-sorting of the fluorinated and hydroge-
nated JD components may occur laterally within a bilayer to give
a fluorinated and a hydrogenated domain, which then undergo
fission to afford two separate vesicles. Sorting may also occur
between the two monolayers of a single bilayer by the flip-
flopping of JDs from one monolayer to the other, and sorting

Fig. 6. Cartoon (A) illustrating the proposed coassembly and self-sorting pathways of mixtures of RH, RF, and hybrid RHF JDs in aqueous solution as a function
of the concentration of RHF. Each structure shown is stable at room temperature in the given concentration range of RHF. Highlighting on the x axis below
each structure spans the probable ranges of RHF percentages for which those structures exist. Cartoon B illustrates an alternative structure of JDSs, in which
disclinations at the meeting of the hydrogenated and fluorinated vesicles, as well as an encompassing bilayer surrounding both vesicles, hold the two to-
gether as highlighted by the dashed box. The colored lines in both cartoons represent bilayers composed of RF, RH, and RHF as indicated in the legend.
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may occur between two bilayers by migration of JDs from one
bilayer to another. It is possible that the barriers for the flip-
flopping of JDs and their detachment from a bilayer are signif-
icantly lower than the same processes for phospholipids due to
less dense packing of hydrophobic chains, promoting reparti-
tioning of the JD system. Thus, fusion and fission may be
achieved with specific mixtures of membrane building blocks
rather than with complex systems of ligands, ions, and proteins.
The hybrid JD RHF may serve to stabilize intermediates in this
process such as JDSs. It is possible that the formation of stable
JDSs results from the trapping of a fission or fusion process at a
hemifusion-like intermediate due to the immiscibility of RH and
RF. The hybrid JD RHF may stabilize the interface between the
fluorinated and hydrogenated vesicles by inserting a fluorinated
dendron into a fluorinated bilayer and a hydrogenated dendron
into a hydrogenated bilayer as depicted in Fig. 7. The spanning
of bilayers by RHF may also be responsible for the formation of
membrane defects such as disclinations, as schematized in Fig.
6B. An analogous bridging between bilayers has been simulated
with phospholipids in liposomes and is thought to be an impor-
tant intermediate in fusion (45). Simulations and experiments
designed to test these hypotheses are currently underway and will
be reported in the future.
At the limit for which the concentration of RHF is zero, it is

even possible that an analogous pathway to that shown in Fig. 6A
is followed for the self-sorting of RH with RF alone. By adding
increasing amounts of RHF to the system, this pathway can be
trapped at a specific point depending on the concentration of
RHF, which modulates the miscibility of RH with RF, essentially
stabilizing structures that would be unstable otherwise. At high
concentrations of RHF, miscibility of all three components is
great enough to render homogenous vesicles stable. However,
when the concentration of RHF is reduced, the miscibility of RH
with RF gradually decreases such that each component along the
fission pathway in Fig. 6 becomes stable within a narrow per-
centage range of RHF at room temperature. In effect, RHF pauses
the self-sorting pathway at a specific moment as a function of its
concentration, enabling the whole process to be visualized. De-
finitive proof of this concept has yet to be realized, but it is a

logical possibility for explaining the unique coassembly and self-
sorting behavior observed in this three-component JD system.

Conclusion
The coassembly of hydrogenated, fluorinated, and hybrid hy-
drogenated–fluorinated JDs at specific ratios into JDSs repre-
sents the discovery of a unique class of supramolecular JPs with
dumbbell-shaped vesicular architectures. One side of the
dumbbell consists of a fluorinated onion-like vesicle, and the
other side consists of a hydrogenated onion-like vesicle. In most
cases, the fluorinated onion-like vesicles appear to be encapsu-
lated within hydrogenated membranes extending from the hy-
drogenated onion-like vesicles, although the reverse architecture
has also been more rarely observed. The exact nature of the
structure at the meeting of the two vesicles remains incompletely
resolved, but it is hypothesized that membrane defects such as
disclinations may play a role. Additionally, it has been shown
that the hybrid JDs preferentially sort into the hydrogenated
bilayers with a smaller fraction present in the fluorinated bila-
yers. As the concentration of hybrid JD decreases relative to the
concentrations of the hydrogenated and fluorinated JDs, pro-
gressively more separated structures were observed, with the
highest relative concentrations of hybrid JD affording homoge-
nous onion-like vesicles and the lowest relative concentrations of
hybrid JD affording JDSs and ultimately completely self-sorted
hydrogenated and fluorinated vesicles in the absence of any
hybrid JD. Thus, the ability of the hybrid JD to increase the
miscibility of the hydrogenated and fluorinated JDs with each
other appears to be responsible for the formation of JDSs and
other unusual architectures at narrow ranges of the ratios of each
component. The hybrid JD may also serve to stabilize the in-
terface between hydrogenated and fluorinated vesicles in JDSs
by bridging between their bilayers. Fluorinated and hybrid hy-
drogenated–fluorinated JDs designed from additional fluori-
nated building blocks that stabilize (46–48) rather than
destabilize (24) supramolecular assemblies will be reported soon.
These findings are significant as models for fusion and fission

in biological systems. Apparently, nonstatistical processes of
fusion and fission can be achieved in the absence of complex

Fig. 7. Cartoon illustrating two RHF molecules bridging a hydrogenated bilayer and a fluorinated bilayer by inserting their hydrogenated dendrons into the
hydrogenated bilayer and their fluorinated dendrons into the fluorinated bilayer. Color code: blue, hydrophilic tri(ethylene oxide) chains; gray, aromatic
rings; red, pentaerythritol core; pink, hydrophobic fluorinated chains; green, hydrophobic hydrogenated chains.
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additives such as fusion proteins. It is expected that three-
component systems of phospholipids, as opposed to JDs, also
exhibit similar properties to those observed in this study, opening
up the possibility of non–protein-mediated fusion and fission in
living cells. In fact, structures similar to JDSs have been observed
in synthetic liposomes and in multilamellar bodies in biological
systems, and JDSs may provide valuable insight into the mech-
anism by which these related structures form. Although little
attention has been paid to the formation and presence of these
dumbbell-like structures in biological systems, they may be in-
dicative of non–protein-mediated fusion and fission of cells—a
fundamental process that has been largely ignored but that may
have major implications in biology and in medicine.

Methods
Preparation of DS by Injection. A mixed stock solution was prepared by dis-
solving the required amount of amphiphilic JDs in ethanol. DSs were then
generated by injection of 50 μL of the stock solution into 1 mL PBS, followed
by 5 s of vortexing.

Preparation of Giant DS by Film Hydration. Amixed solution of JDs (10mg·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, and followed by evaporation of the
solvent for 2 h. The Teflon sheet was dried in vacuo for an additional 12 h.
PBS (2.0 mL) was added to submerge the dendrimer 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.

Confocal Fluorescence Microscopy. An imaging chamber (5–10 μL) containing
DSs was formed between two coverslips (25 × 25 mm, Fisher Scientific)
sealed with vacuum grease. DSs were imaged by confocal fluorescence mi-
croscopy (FluoView 300 scanning system configured on a IX81 inverted mi-
croscope platform) with a 60 × 1.1 N.A. water immersion lens (Olympus).
DSs containing RH-RhB were excited at a wavelength of λ = 543 nm, those
containing RF-NBD were excited at a wavelength of λ = 488 nm, and those
containing RHF-7HC were excited at a wavelength of λ = 405 nm. Laser in-
tensities were adjusted so that fluorescence signal was not oversaturated.
Image processing and analysis were completed with ImageJ 1.50 software.
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