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of Chemistry The hierarchical assembly of liposomes into interconnected networks forms the basis for creating
rudimentary artificial multicellular systems. Each vesicle performs specialized functions both temporally
and spatially, replicating the complexity of living tissues. Controlling the size and number of liposomes in
artificial multicellular systems and their dynamic interactions are necessary for quantitative bioprocesses
but remain challenging. Here, we develop a satellite—parent liposome network—a central parent
liposome surrounded by smaller satellite liposomes. This structure spontaneously forms during the
dewetting transition of microfluidically prepared complex double emulsions. Intriguingly, the adhesion
strength between the satellites and the parent liposome can be tuned using environmental stimuli. The
varying numbers of satellite liposomes provide an excellent platform for studying quantitative
microreactions. To illustrate, we first explore the differences in molecular affinity between parent and

satellite liposomes to achieve directional molecular transfer against concentration gradients. Then, we
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Introduction

Modular compartmentalization of chemical and biological
processes is one of the vital organizational features in living
systems.'? Cells perform the functions of life in separate
compartments that communicate,* cooperate,” and sense envi-
ronmental changes,® thereby generating emergent properties
essential for life. Mimicking this biological compartmentaliza-
tion at micrometre scales holds significant promise for tech-
nological development across myriad fields, including
multistep micro-/nano-reactors, synergistic drug delivery
systems, and synthetic cell networks.”*®

Liposomes, synthetic compartments containing bilayer
membranes, have been widely utilized as artificial cells due to
their ability to encapsulate and protect active substances, and
thus have been used as microcompartments to mimic funda-
mental aspects of natural cells,"*** such as gene transcrip-
tion,"”'*  protein  synthesis,"””*® molecular transport,*
oscillation,”®** cell division®*** and energy production and
storage.'””* Furthermore, the hierarchical assembly of lipo-
somes into interconnected networks forms the basis for
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liposome network that will facilitate the mimicry of the complexity of multicellular systems in vitro.

creating rudimentary artificial multicellular systems, in which
each vesicle performs specialized functions both temporally
and spatially, replicating the complexity of living tissues.
Activities such as cascade enzymatic reactions,**” thermores-
ponsive volume changes,*®* predatory behaviour,* signal
transmission®*> and power generation®-* have already been
demonstrated. Molecular transfer between each micro-
compartment is essential in driving these collective behaviors.
To facilitate transmembrane transport of molecules, membrane
proteins like a-hemolysin are often inserted into the bilayer
membranes, forming nanopores that allow free diffusion driven
by concentration gradients of cargoes.**** However, this free
diffusion typically results in a homogeneous distribution of the
target molecules within the sub-microcompartments,**%”
leading to relatively low transport efficiency. Moreover, current
research on tissue-like multicompartment systems has
primarily focused on qualitatively demonstrating the proof-of-
concept of coupled cascade reactions among their subunits.
Controlling the size and number of liposomes in artificial
multicellular systems and their dynamic interaction necessary
for more complex and quantitative microreactions remains
challenging.

Here, we report an interesting satellite-parent liposome
network—a central parent liposome surrounded by smaller
satellite liposomes. This structure spontaneously forms during
the dewetting transition of microfluidically prepared complex
double emulsions, where the inner cores can be precisely
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controlled. Intriguingly, the adhesion strength between the
satellites and the parent liposome can be tuned using envi-
ronmental stimuli, such as osmotic pressure. We demonstrate
that the liposome clusters can function as chemical reaction
networks, with different reactants loaded into separate
compartments. The varying numbers of satellite liposomes
provide an excellent platform for studying quantitative micro-
reactions. To illustrate, we first explore the differences in
molecular affinity between parent and satellite liposomes to
achieve directional molecular transfer against concentration
gradients. Then, we mimic quantitative signal transfer by per-
forming enzymatic reactions, supplying substrates from
different numbers of satellites to the parent liposomes. After the
reactions are complete, the satellites can be separated from the
parent liposome on demand using osmotic stimuli. This work
showcases an exceptional dynamic liposome network, facili-
tating the mimicry of the complexity of multicellular systems in
vitro.

Results and discussion

Microfluidic construction of satellite-parent liposome
networks

To construct satellite-parent liposome networks, we used
a strategy of dewetting transition of water-in-oil-in-water (W/O/
W).** A two-stage microcapillary-based microfluidic device that
consists of two droplet generators at the first stage was
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Fig. 1 Microfluidic construction of satellte—parent liposome
networks. (a) Scheme of the preparation of complex W/O/W double
emulsions with two types of inner cores in a microcapillary-based
microfluidic device. (b and c) Scheme and optical images of assembly
of satellite—parent liposome networks from dewetting of complex W/
O/W templates. (d) Overview confocal image of satellite—parent
liposomes. (e) CLSM images of as-prepared satellite—parent liposomes
with controlled satellite compartments (from 1 to 8 satellites). The
parent liposomes were labelled by FITC-dextran (green) and the
satellites were dyed by TRITC-dextran (magenta) stain. Scale bar, 100
um.
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employed to prepare two different water-in-oil (W/O) droplets
which were subsequently paired and encapsulated into W/O/W
droplets at the second stage of the device, thereby forming
complex W/O/W droplets with different inner droplets (W1 and
W1') (Fig. 1a and S1bt). The key to successful fabrication of
satellite-parent liposomes is to control the size ratios of the W1/
O to W1'/O droplets. The large one was identified as the parent,
and the smaller ones were the satellites. The W1 and W1’ phases
were aqueous solutions of 2% (w/v) PVA and 8% (w/v) PEG
labelled with fluorescein isothiocyanate (FITC)-dextran and
tetramethyl rhodamine (TRITC)-dextran, respectively. The O
and W2 phases were respectively mixtures of chloroform and
hexane (36 : 64, v/v) with 5 mg mL ™" DOPC, and aqueous solu-
tions of 10% (w/v) PVA and 1.5% (w/v) Pluronic F-68. In the W/O/
W templates, droplet interface bilayers (DIB) were first formed
when the interior W1/O and W1'/O droplets were brought in
contact. Then the DIB-connected interior droplet networks
underwent a dewetting transition to form liposome networks
via the spontaneous removal of the oil phases (Fig. 1b). The
whole processes were driven by interfacial energy. By simply
varying the flow rates, we prepared satellite-parent liposome
networks with 1-8 and more satellite compartments (Fig. 1c and
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Fig. 2 Osmosis-induced dynamic adhesion in satellite—parent lipo-
somes. (a and b) Schematics (a) and CLSM images (b) of the shrinking
and separating processes of satellite—parent liposomes in response to
hypertonic shock (150 mM NaCl) (green, FITC-dextran stain; magenta,
TRITC-dextran stain). The initial interior and exterior osmotic pressures
of satellite—parent liposome networks were about 100 mOsm L. (c)
CLSM images showing the separation of satellite—parent liposomes
(satellites: parent=1:2,1:3and 1: 6) in response to 150 mM NaCl. (d)
Equation for calculating adsorption area and plots showing the varia-
tions of adhesion areas between the satellite liposomes and the parent
liposomes during the shrinking and separating processes. S,q is the
adhesion areas between the satellite liposomes and the parent lipo-
somes. d is the diameter of the adsorption surface circle. n is the
number of the satellite liposomes. Scale bars, 100 um.
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S2t). The key to successful fabrication of satellite-parent lipo-
somes is to control the size ratios of the W1/0 to W1'/O droplets.
It requires a large W1/O droplet and several much smaller W1’/
O droplets, and vice versa. When their sizes are comparable,
they will form random liposome networks (Fig. S37), instead of
satellite-parent ones. Interestingly, the flow in the micro-
channels drags the “satellite” compartments into contact with
each other (Fig. S41). Furthermore, different types of satellite
liposomes can also be created by adding more droplet genera-
tors at the first stage of the microfluidic device. For demon-
stration, satellite-parent liposome networks with two different
types and numbers of satellites were successfully prepared
(Fig. S51). Similarly, when W1/0, W1'/O, W1"/O droplets sizes
are comparable, they may form liposome networks with various
configurations but not the satellite-parent manner (Fig. S61).

Dynamic morphologies in satellite-parent liposome networks

Membrane dynamics and remodelling are the key features of
biological membranes and dominate diverse cellular processes,
such as cell division,*” cell movements,** and cargo transport.**
Next, we show that the satellite-parent liposome networks
readily exhibit morphological dynamics of adhesion in
response to environmental changes. As Fig. 2a shows, we used
an osmotic shock to induce the separation of the satellites and
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the parent liposomes. When a hypertonic trigger (150 mM NacCl)
was added into the satellite-parent liposome networks, the
contact area between subunits was reduced gradually until
complete separation (Fig. 2b). We attribute this dynamic
process to the increase of surface-to-volume ratios of the sub-
compartments due to the loss of internal water through the
semipermeable lipid bilayers. The satellite-parent liposome
networks deform and separate to minimize the energy associ-
ated with the line tension at the phase boundary.** Similarly, for
the networks with more satellite liposomes, hypertonic osmosis
resulted in the complete separation of the liposomal sub-
compartments (Fig. 2c, S7 and S8t). The adhesion areas (S,q)
between the single satellite liposomes and the parent liposomes
were calculated according to the morphological changes
(Fig. 2d), representing the variations of the areas for mass
transfer between the subunits. The adhesion area (S.q)
decreases over time until satellite liposomes are completely
separated from the parent liposomes and dropped to 0 (Fig. 2d).

Directional and quantitative transport of molecular cargoes

The resultant satellite-parent liposomes and their membrane
dynamics provide exceptional models for quantitative trans-
membrane transport of molecular cargoes. To demonstrate, we
here used a membrane peptide melittin to create nanopores in
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Fig. 3 Directional and quantitative transport of molecular cargoes from satellites to parent liposomes. (a—c) Schematics (a) and CLSM images (b
and c) showing molecular binding affinity-directed transport of fluorescein from different number of satellite compartments (from 1 to 6) to the
parent compartments. (c) showing the detailed process of the molecular transport and the relevant fluorescence intensity profiles in a 5-
satellite—parent liposome. PVA concentrations are respectively 3% (w/v) in the satellite compartments (2), 5% (w/v) in the parent compartments
(3) and 1% (w/v) in the outer phase (1). (d) and (e) Kinetics of fluorescent signals in the parent compartments (d) and those in the satellite

compartments (e). Scale bars, 100 pm.
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the bilayer membranes of the liposome networks, allowing for
molecular transfer, and explored the differences of molecular
binding affinity between cargoes and the different interiors of
the satellite-parent liposomes to achieve the directional trans-
port. Binding affinity describes the strength of the binding
between a single biomolecule (such as protein or DNA) and its
ligand/binding partner (such as drug or inhibitor), and is
influenced by non-covalent intermolecular interactions like
hydrogen bonding, electrostatic interactions, hydrophobic
forces and van der Waals forces between the two molecules.*>**
We chose fluorescein as a model molecule, as it is impermeable
to the lipid bilayer, and has a higher binding affinity with PVA
than that with PEG." As Fig. 3a shows, we encapsulated fluo-
rescein (0.5 uM L") and melittin monomers (2 puM) into the
satellite compartments, and meanwhile created a concentration
gradient of PVA as C; > C, > C; across the bilayer membranes.
After incubation, we observed that the mass transfer of fluo-
rescein from the satellite compartments to the parent lipo-
somes over time (Fig. 3b, ¢ and S10t). The whole transport
process took about 4 min. The fluorescence intensity of the
parent compartments increased colligatively with the number
of satellite compartments (Fig. 3d). The more satellites, the
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higher fluorescent signals in the parents. Strikingly, the speed
and efficiency of the molecular binding affinity-directed trans-
port is much higher than that of free diffusion without PVA
gradients (Fig. S11%). After equilibrium was reached, the
residual fluorescein molecules in the satellites were undetect-
able under a confocal microscope (Fig. 3e), indicating that the
transport even occurs against the concentration gradients. No
leakage of fluorescein to the outer environment was detected
(Fig. 3c), though the nanopores exist in the whole membranes
of the satellites. Additionally, binding affinity-mediated direc-
tional transport mechanisms are widely applicable and have
great potential to enhance the design and functionality of
synthetic tissues. By utilizing the differential binding affinities
of biomolecules such as protein-protein interactions, DNA
binding, and ligand-receptor dynamics proteins, one can create
highly specific and directional transport systems that replicate
the efficiency and precision seen in natural systems.

Satellite-parent liposomes for quantitative micro-reactions

We finally demonstrate the satellite-parent liposome networks
are promising platforms for quantitatively performing micro-
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Fig. 4 Satellite—parent liposome networks for quantitative micro-reaction. (a—c) Schematics and confocal images showing non-fluorescent
substrates (fluorescein diacetate) are transported from different numbers of satellites (1-6) to parent compartments. (b) showing the enzymatic
degradation of the substrates to generate fluorescein (green). (d) Kinetics of fluorescent signals in the parent liposomes in (c). (e) CLSM images
showing the reaction and detachment between satellites and their parent liposomes in a hypertonic trigger. Scale bars, 100 um.
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reactions. We encapsulated 5% (w/v) PVA and enzymes
(esterase, 0.1 units per mL) into the parent compartments, and
3% (w/v) PVA and the substrates (fluorescein diacetate) into the
satellite, respectively. The PVA concentration in the outer phase
was 1% (w/v) which is lower than that in all the liposomes.

In this case, the substrates in satellite compartments were
successfully transported into the parent liposomes, inducing
the enzymatic degradation of the substrates to generate fluo-
rescein in the parents (Fig. 4a-d and S121). As Fig. 4c shows, the
fluorescence intensity of fluorescein inside the parent
compartments increases colligatively when the number of
satellite compartments increase from 1 to 6 (Fig. 4d). After the
reaction was completed, the detachment between the satellite
compartments from the parent was performed by applying
a hypertonic trigger, finally forming independent liposomes
(Fig. 4e). Notably, by incorporating magnetic Fe;O, nano-
particles into the satellite compartments, we can effectively
collect either parent or satellite liposomes after the reaction and
separation process. The satellite liposomes can be directed to
the target site using a magnet, while the parent liposomes
remain stationary (Fig. S13 and S147). This method allows for
the selective collection of different products post-reaction.

Conclusions

Dynamic satellite-parent liposome networks represent a versa-
tile and efficient platform for quantitative bioprocesses. Their
ability to maintain stable yet dynamic interactions enhance the
precision and efficiency of biochemical processes. We demon-
strated the directional transport of molecular cargoes from the
satellites to their parent compartments by exploring molecular
affinity. To show the potential of constructing synthetic cells, we
performed life-like predator-prey interactions in the satellite-
parent liposome networks by accomplishing enzymatic reac-
tions. The satellite-parent liposome networks can be expanded
to encompass many other multi-step chemical reaction path-
ways and more advanced life-like systems. Additionally,
changes in the morphology of liposome networks, such as the
detachment among liposomes, may provide insights into the
remodelling of lipid bilayers during (synthetic) cell division.
Compared to lipid-stabilized droplet networks,*™*” our lipo-
some networks are oil-free and more biocompatible to physio-
logical environments, making them particularly useful for the
exploration of quantitative bioprocesses, construction of life-
like functional microsystems, and application in real-time
biosensing.

Experimental
Microfluidics

Fluid components. To prepare monodisperse multi-core W/
O/W double emulsion droplets (Fig. 1), aqueous solutions
with 8% (w/v) polyethylene glycol (PEG, MW 6000 g mol ",
VWR) and 2% (w/v) polyvinyl alcohol (PVA, MW 13 000-23 000 g
mol ', 87-88% hydrolyzed, Sigma-Aldrich), a mixture of chlo-
roform (Chl) and hexane (Hex)(36:64, v/v) containing 5 mg
mL~" 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Polar Lipids) as well as 10% (w/v) PVA with 1.5% (w/v) Pluronic
F-68 (Sigma-Aldrich) were respectively utilized as inner water
phase (W1), middle oil phase (O) and outer water phase (W2).
0.03% (w/v) Fluorescein isothiocyanate-dextran (FITC-Dextran,
MW 40000 g mol ', Sigma-Aldrich) and 0.03% (w/v) tetra-
methyl rhodamine-dextran (TRITC-Dextran, MW 40000 g
mol ™', Sigma-Aldrich) were added in the W1 and W7/,
respectively.

Microfluidic devices. Microfluidic devices used in this study
are based on coaxial assemblies of round and square glass
capillaries, as described in our previous publications."»** In
brief, the microfluidic devices consist of two stages (Fig. S17).
The first stage includes two or more flow-focusing drop gener-
ators. Here, two or more different types of W/O microdroplets
were generated at the first stage, which were subsequently
encapsulated at the second stage which consists of another
flow-focusing drop generator with larger channels, forming W/
O/W double emulsion droplets with multiple internal cores.

Manipulation. To generate the double emulsions with
distinet multi-cores, all fluids were pumped into the capillary
microfluidic devices using syringe pumps (LSP01-2A, Longer) at
desired flow rates. Typical flow rates of the W1, W1, O and W2
phases are 1000, 500, 800, and 3000 uL h™', respectively. The
formation process of emulsion drops was monitored using an
inverted optical microscope (Eclipse Ts2, Nikon) equipped with
a high-speed camera (MicroC110, Phantom, Vision Research).
Freshly prepared emulsions were collected in a semienclosed
silicone isolation chamber (diameter 9 mm, height 0.12 mm,
SecureSeal) covered with a glass coverslide for further charac-
terization. The dewetting process and resultant labelled lipo-
somes were observed using an optical microscope (IX71,
Olympus) equipped with a high-speed camera (iXon Ultra 897
EMCCD, Andor) and a confocal laser scanning microscope
(CLSM) (FV3000, Olympus).

Osmotic pressure-induced separation of satellite-parent
liposome networks

The freshly prepared satellite-parent liposome networks were
collected in semi-enclosed silicone isolation chambers (diam-
eter 9 mm, height 0.12 mm, SecureSealTM) covered with a glass
coverside. To induce separation of liposome networks, we
added 150 mM NaCl to the sample at a rate of 5 uL. h ™" for a total
volume of 7 pL. The entire process was captured by a CLSM
(FV3000, Olympus).

Transport of molecular cargoes between subcompartments of
satellite-parent liposome networks

To achieve transport of fluorescent molecules from the satellite
compartments (W1') to the parent compartments (W1), the W1/,
W1, O, and W2 phases were used as follows: W1': an aqueous
solution with 3% (w/v) PVA, 7% (w/v) PEG, 0.5 uM L™ fluores-
cein (Sigma-Aldrich) and 2 pM melittin (Sigma-Aldrich); W1: an
aqueous solution with 5% (w/v) PVA and 5% (w/v) PEG; O:
a mixture of chloroform and hexane (36:64, v/v) containing
5 mg mL~ ' DOPC; W2: an aqueous solution with 1% (w/v) PVA,
9% (w/v) PEG and 1.5% (w/v) Pluronic®F-68. The freshly
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prepared liposome networks were collected in a closed silicone
isolation chamber (diameter 9 mm, height 0.12 mm, Secure-
Seal) covered with a glass coverslide, and then were captured at
intervals of 0.5 min under a CLSM (FV3000, Olympus). Images
were analyzed by Image].

Micro-reaction stoichiometry in satellite-parent liposome
networks

W1': an aqueous solution with 3% (w/v) PVA, 7% (w/v) PEG,
fluorescein diacetate (10 pg mL ™", Sigma-Aldrich) in PBS buffer
(pH 7.0). W1: an aqueous solution with 5% (w/v) PVA, 5% (w/v)
PEG and 0.1 units per mL esterase (Shyuanye) in PBS buffer (pH
7.0). O: a mixture of chloroform and hexane (36: 64, v/v) con-
taining 5 mg mL ™' DOPC. W2: an aqueous solution with 1% (w/
v) PVA, 9% (w/v) PEG and 1.5% (w/v) Pluronic®F-68 in PBS
buffer (pH 7.0). The samples were collected and observed in the
same manner as the transport of molecular cargoes between
subcompartments of satellite-parent liposome networks. After
the reaction was complete, we slowly added 150 mM NacCl into
the samples to induce the satellite compartments to detach
from the parent compartment. The processes were captured at
intervals of 2 min under a CLSM (FV3000, Olympus).
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