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Protocells Featuring Membrane-Bound and
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ABSTRACT

Living cells, especially eukaryotic ones, use multi-compartmentalization to regulate intra- and
extracellular activities, featuring membrane-bound and membraneless organelles. These
structures govern numerous biological and chemical processes spatially and temporally.
Synthetic cell models, primarily utilizing lipidic and polymeric vesicles, have been developed to
carry out cascade reactions within their compartments. However, these reconstructions often
segregate membrane-bound and membraneless organelles, neglecting their collaborative role in
cellular regulation. To address this, we propose a structural design incorporating microfluidic-
produced liposomes housing synthetic membrane-bound organelles made from self-assembled
poly(ethylene glycol)-block-poly(trimethylene carbonate) nanovesicles and synthetic
membraneless organelles formed via temperature-sensitive elastin-like polypeptides (ELPs)
phase separation. This architecture mirrors natural cellular organization, facilitating detailed

examination of interactions for a comprehensive understanding of cellular dynamics.
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INTRODUCTION

The fundamental building block of living organisms is the cell, the universal biological
base of all living entities. This micrometric mass of cytoplasm composed of more than thousands
of biological and chemical molecules and structured with a cytoplasmic membrane has fascinated
scientists for its highly complex and multi-compartmentalized structure!. Each of these sub-
compartments is an organized and specialized functional unit and this specific feature allows to
the global system to control spatiotemporally biological events specifically and individually,
without any interference’ . These sub-compartments also possess the properties to encapsulate,
protect, and control the release of bio(macro)molecules through selective transport processes,
crucial for the development and the survival of the cell. These sub-compartments, also referred as
organelles, play a vital role in coordinating numerous processes within eukaryotic cells, facilitating
efficient segregation of biochemical activities. This multicompartmental cellular arrangement
enhances effectiveness by ensuring distinct processes occur with precision. These cellular
compartments are integral to functions like cellular recognition, immune responses, neuromuscular
transmission, and overall cellular organization within tissues and organs. As a result, synthetic
multicompartmentalized structures have been developed® using artificial vesicle systems like
polymersomes, liposomes, and coacervates®. Therefore, two distinct type of organelles can be

described, the first and more popular one being named membrane-bound organelle,” such as
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lysosome, that is a self-assembled structure containing a subcellular aqueous environment
surrounded by a unilamellar lipid membrane. The second organelle, defined as membraneless

organelle!®!!

, such as the nucleoli and processing bodies (P-bodies), is devoid of any lipid
boundary and became the focus of research in cell biology this last decade, as Brangwynne and
coworkers have enlightened their unique role and function within eukaryotic cells'2. As a matter
of fact, these sub-compartments can be formed through liquid-liquid phase separation (LLPS) of
ribonucleic acid (RNA) and intrinsically disordered proteins (IDP) and this formation of
coacervates is mainly driven by environmental variations (pH, temperature, osmotic stress, efc.)'>~
15 The creation of protocells that possess the ability of generating numerous chemical and
biological reactions has been one of the challenges of the last decades since the first design of
artificial cell in 1957'%!” and nowadays, the bottom-up construction of a synthetic cell using non-
living materials represents an important challenge. Because of their structural similarity to cell

18-25

membranes, liposomes and polymersomes®*=? have been widely used as synthetic cell-like

compartments, as well as proteinosomes,*'* (inorganic) colloidosomes,** and membrane-free

35-37 20,38

coacervate microdroplets™ ™', commonly prepared using microfluidic systems™>°, film-
rehydration®, or emulsion-centrifugation’ techniques. To further increase the complexity of these
prototypes, multi-compartmentalized architectures were developed by encapsulating sub-
compartments within these larger ones. As an example, membrane-bound encapsulated systems
were designed by encapsulating liposomes-in-liposome***, liposomes in layer-by-layer capsule®’,

47-49

polymersomes-in-polymersome*®, capsosomes*’#°, and liposomes-in-polymersome’. Concerning

the design of the second type of artificial organelle, membraneless systems were designed by
38,5053

encapsulating coacervates-in-vesicle , coacervates-in-Aqueous Two-Phase System

(ATPS)**%,  coacervates-in-droplet®®>°, and coacervates-in-coacervate®®. Chemical and
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biochemical components are usually integrated within these systems, capable of accomplishing
increasingly intricate functions®®' following an external stimulus, such as light®, pH>!,

5657 and osmolarity®? variations. A variety of cellular processes like cell division®> and

temperature
self-sustainability® can be achieved, the latter being the next important challenge of this field.
Despite significant progress in constructing complex artificial cells, it has been observed that
bottom-up constructions systematically separate the two main types of organelles, which does not
accurately represent the structural and biological function of a living cell. However, Zhao et al.
recently reported how these condensates intimately interact in eukaryotic cells and regulate their
various activities®.

In this study, our goal was to construct a multicompartmental artificial cell by co-
encapsulating synthetic organelles, that mimic both types of natural organelles, within a
cytoplasm-like core. We thus incorporated poly(ethylene glycol)-block-poly(trimethylene
carbonate) nanovesicles tagged with a fluorescent dye Cyanine 5.5 (PEG22-b-PTMCs1-Cy5.5),
representing membrane-bound organelles, and temperature-sensitive Elastin-like Polypeptides
(ELPs), representing membraneless organelles, into a PEG crowded lumen. ELPs are intrinsically
disordered protein (IDP) models that can undergo phase separation and form coacervates in
response to temperature and/or concentration changes. We demonstrated the coexistence and
functional efficacy of synthetic organelles within the cell-like chassis, each carrying out its
designated tasks. We believe that our unique prototype combines multiple vital cell components

and has the potential to pave the way for developing advanced artificial cell models that emulate

the behaviors of living cells.

Experimental (Materials and Methods)
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Materials. Poly(ethylene glycol) (PEG, 6 kDa) polymer was purchased from Alfa Aesar.
Poly(vinyl alcohol) (PVA, 13-23 kDa, 87-89% hydrolyzed) polymer was obtained from Sigma-
Aldrich. L-a-phosphatidylcholine (Egg PC, 25 mg.ml™ in chloroform) was bought from Avanti
Polar Lipids. Pluronic® F-68 was obtained from Gibco. Cyanine 5.5-NH2 was obtained from
Lumiprobe. All compounds were used without further purification. The following solvents were
purchased from Sigma-Aldrich and used without further purification: chloroform (anhydrous,
99%), hexane (anhydrous, 95%), dimethyl sulfoxide (DMSO, 99.9%). Acetone was purchased
from VWR. Phosphate-Buffer Saline (PBS) 10X was purchased from Euromedex. 10X refers to
the concentration of the solution that needs to be diluted 10 times. 10X solution is composed of
KH2PO4: 10.6 mM, NaxHPO4, 2H20: 30.0 mM, NaCl: 1.54 M. Water with a resistivity of 18.2
MQ.cm™! was prepared using a Millipore Milli-Q system. PEG22-b-PTMCs:1 was synthetized by
ring-opening polymerization of TMC using MeO-PEG2:-OH as macroinitiator (frec=16.1%,
D=1.04, Mn=6,200 g.mol™"). PEG22-b-PTMCs1-Cy5.5 was obtained from post-functionalization of
PEG22-b6-PTMCs1-COOH with Cyanine 5.5-NHa.

Bioproduction, isolation and purification of ELP[M1V3-80]. ELPs are repeat units of a Val-Pro-
Gly-Xaa-Gly (VPGXG) pentapeptide sequence, produced recombinantly in Escherichia coli (E.
coli) bacteria®, and serve as IDP models. Methionine-containing temperature-sensitive ELPs were
used and named ELP[M1V3-80], with a primary structure of 80 repeat units of a pentapeptide
presenting Val/Met as guest residues in a 3:1 ratio. ELP[M1V3-80] was produced by recombinant
DNA and protein engineering techniques in E. coli and isolated using previously reported
procedures®’- ®8%°_ The notation of this ELP is shortened to ELP M80 in the following.
Self-assembly of PEG22-b-PTMCs;-Cy5.5. Dolomite microfluidics™ system was used to induce

microfluidic assisted self-assembly of PEG22-b-PTMCsi1-CyS5.5. The system is composed of two
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Mitos pressure pumps equipped with flowmeters allowing flows to run in a micromixer chip of 12
mixing stages and connection is ensured by ethylene propylene tubing. The pump containing the
organic solution was connected to first and third inputs using a T-connector, the aqueous solvent
pump being connected directly to second input of the chip. Briefly filtered 10 mg.mL! of
copolymer solution in DMSO (with 98 %wt PEG22-b-PTMCsi+ 2 %wt PEG22-b-PTMCs1-CyS5.5)
and filtered PBS were used for the formulation of polymersomes with a total flow rate of 1,000
pL.min"! and a ratio between organic and aqueous solvent of 20:80 vol%. After formulation by
microfluidic, dynamic light scattering (DLS) measurements were performed on Nano-ZS-90
instrument (Malvern) at a 90° angle, running 5 measurements of 8 runs of 8 s. Du and PDI were
calculated from autocorrelation functions using cumulant methods and were averaged. The organic
solvent was removed by dialysis against PBS buffer, with 3 baths of 2 L each using 25 kDa pre-
wetted dialysis membrane tubing. DLS 90° were done the same way as previously reported after
samples were filtrated with a 0.45 um cellulose acetate syringe filter.

Microfluidic design for formulation of liposomes. The protocol to design the microfluidics device
for the formulation of the liposomes can be found according to this reference®?. Briefly, two
cylindrical capillaries of inner diameter 580 um and outer dimension 1 mm (World precision
instruments, 1B100-4) were tapered by a micropipette puller (Sutter instrument, P-97) followed
by polishing the orifices with sand papers into 60 pum and 120 pum, respectively. The capillary with
the smaller orifice was treated hydrophobically with sigmacote, while the surface of the larger
capillary was rendered hydrophilic with APTES and used as a collection channel. A square
capillary (VitroCom, 2956C1) was used to nest both cylindrical capillaries that were inserted in
opposite directions. Lastly, dispensing needles used as inlets of fluids were connected at the

junctions between capillaries by using a transparent 5 min Epoxy (Devcon). The devices were
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connected to high-precision syringe pumps (Chemyx, Fusion 100) via poly(ethylene) tubing
(Scientific Commodities Inc., BB31695-PE/4) to ensure reproducible and stable flows.
Formation of double emulsion microdroplets. For the encapsulation of the two types of organelles,
the formulation of water-in-oil-in-water (W/O/W) double-emulsion microdroplets was performed
(Figure 1). Briefly, an aqueous PEG phase, concentrated at 8 wt% and containing 1 mg.mL™" of
ELP M80, and 0.20 mg.mL" of Cy5.5-tagged PEG22-b-PTMCs1 nanovesicles was flowed in the
injection capillary as the innermost solution. This 8 wt% concentration was chosen to mimic the
cell crowding environment, as previously reported®*%3. An organic mix of chloroform and hexane
(36:64 vol%) containing 5 mg.mL™" of Egg PC was used as the middle phase and was injected
through the interstices between the injection and square capillaries. The continuous phase of 10
wt% PVA with 0.2% F-68 was pumped through the interstices between the collection and square
capillaries. Typical flow rates were set to 500, 1000 and 8000 uL.h! for inner, middle and outer
phases, respectively. These three phases produced double-emulsion microdroplets at the junction,
which then flowed along the collection capillary and were collected and sealed with a cover slip
in a cavity glass slide (BRAND®).

Confocal microscopy imaging. Microdroplets were collected on a glass slide with a single cavity
and sealed using a coverslip for the dewetting process to take place. 10 uL of vesicles were then
injected into an imaging chamber (Ibidi GmbH). Images and videos were acquired by a confocal
laser scanning microscopy (Leica, SP5 AOBS) through an HCX PL APO 10x dry objective. To
assess the spatial distribution of PEG22-b-PTMCs1-Cy5.5 nanovesicles inside the partially
dewetted microdroplets, a helium-neon diode laser (AExcitation = 633 nm) was used to generate the

fluorescence of the Cyanine 5.5 at Agmission = 650-730 nm. To observe and monitor the assembly
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of membraneless organelles, ramp temperatures were performed from 10 to 25°C under the bright
field mode.

Determination of the transition temperature (Tcp) of ELP M80 solutions at different concentrations
by dynamic light scattering (DLS). To determine the cloud point temperatures (7¢p), solutions of
0.25; 1; 2; and 3 mg.mL"' of ELP M80 in a 8 wt% PEG solution were prepared and DLS
measurements were performed on Nano-SZ-173 instrument (Malvern) at a constant position in the
cuvette (constant scattering volume). The derived count rate (DCR) was defined as the mean
scattered intensity normalized by the attenuation factor. The DCR was plotted against temperature
and the T¢p is defined as the temperature corresponding to the point where the DCR starts
increasing on the plot. Temperature ramps were typically performed from 5 to 50 °C for all

conditions.

RESULTS AND DISCUSSION
Formation of a cell-like chassis and assembly of synthetic membraneless organelles.
Liposomes are frequently utilized to design synthetic cell-like compartments due to their
similarity to cellular membranes in terms of bilayer structure and composition. For that purpose,
the self-assembly of L-a-phosphatidylcholine lipids was performed to form the membrane of
micron-size unilamellar liposomes, while the external phase was composed of a 0.2% Pluronic F-
68 surfactant, that was added to a continuous aqueous phase of 10 wt% poly(vinyl alcohol) (PVA).
Therefore, a thick-shell microfluidic system was used to generate a W/O/W double emulsion
(Figure 1). By using this technique, partially dewetted liposomes were produced, as described in

h55,62

our prior researc , which we use as an artificial cell-like chassis.
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Middle phase Outer phase
Egg PC lipid 10 wt% PVA + 0.2 % F-68
phase
Inner phase
ELP M80 and Cy5.5- sy .
nanovesicles in 8 wt% PEG -/ ‘ Collection
o Hydrophobic  Hydrophilic
““““““ coating coating

Figure 1. Schematic representation of a W/O/W double emulsion production using a glass

capillary-based microfluidic device.

Once liposomes were successfully formulated, ELPs were incorporated into the
formulation to mimick the synthetic membraneless organelles. It is well-known that ELPs exhibit
a lower critical solubility temperature (LCST) phase behavior in aqueous solution, and below their
cloud point temperature (7cp), ELPs chains are soluble in water and present as random coil chains
(Figure 2a). The T¢p can be tuned by varying the nature of amino acid residues of the pentapeptide
sequence, in particular at the Xaa position, the number of repeat sequences, and the ELP
concentration. Above their Ttp, they dehydrate and form ELP-rich coacervates (Figure 2b)®%"°. The
variation of temperature was thus conducted to our liposomes embedded ELPs to trigger the
assembly the synthetic membraneless organelles within the crowded lumen. To study this capacity
of ELP M80 to undergo Liquid-Liquid Phase Separation (LLPS) and assemble into membraneless

organelles within partially dewetted liposomes, several ELP MS80 concentrations were
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encapsulated in a 8 wt% PEG solution, mimicking the macromolecular crowded environment of a
cell.”! The Tep of 0.25; 1; 2 and 3 mg mL™! of ELP M80 was determined by DLS, each exhibiting
a Tep of 21; 18; 15 and 7 °C respectively (Figure 2c). It is noteworthy that the 7¢p is inversely
proportional to concentration, as expected and early demonstrated from Urry”, consistently
illustrated in Figure 2d.

Each of these ELP M80 solutions was then encapsulated individually within the partially
dewetted liposomes, and their phase separation was observed. Concerning the impact of the
membraneless organelles formation, a higher concentration of the proteins tends to form organelles
with a larger size and more contrasted under exposition to the bright light of the microscope; as
illustrated in Figure 2g and 2h. Nevertheless, the decrease in T, in relation to the concentration of
the ELPs hindered the selection of these formulations. On the contrary, a concentration of 0.25
mg.mL ! of ELPs was not enough to distinctly observe the phase separation of the ELP M80 within
the liposomes (Figure 2e). According to these observations, the solution concentrated at 1 mg.mL"
! of ELPs (Figure 2f) was a good compromise as the artificial membraneless organelles were still
quite distinct within the lumen under the confocal microscope, with a high enough T¢p to
experimentally control the phase separation of the ELP M80. Temperature-trigger was then used
to induce the LLPS of ELP M80 within the lumen of the liposomes. By tuning the temperature of
the system, a transition from a liquid phase (when the temperature of the sample was below the
Tep,) to an aggregated structure (when heating the sample above the 7¢p of the ELP) was observed.

Subsequently, a temperature ramp from 10 to 25 °C was applied to a sample of partially
dewetted microdroplets encapsulating 1 mg.mL' ELP M80, as illustrated in Figure 2i. At 10 and
15°C, the solution inside the lumen of the vesicle was translucid and no organelles were formed

(Figure 2i1-2). As the temperature of the sample reached 19°C, slightly above the 7cp of the system,

10
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the phase separation and assembly of the membraneless organelles slowly appeared (Figure 2i3).
This phenomenon is intensified and finally completed at 25°C (Figure 2is, See Supporting
Information, Video S3), denoted by the observation of the numerous black spots inside the
liposomes under bright field. Furtherly, the reversibility of the process was investigated. As the
sample was cooled below the Tcp, fewer organelles were present within the liposomes as ELPs
returned to their liquid state (Figure 2is). Their complete disappearance, denoted by the lack
observation of black spots in the artificial cytoplasm, was denoted at 10 °C (Figure 2i¢). Samples
were subjected to 2 or 3 temperature cycles, and the phenomena observed were fully reversible

with no hysteresis.

11
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Figure 2. Temperature-triggered assembly of synthetic organelles within partially dewetted

liposomes (the oil reservoir appearing darker and more contrasted in the picture); a) Schematic

illustration of ELP M&80 synthetic membraneless organelles assembly inside cytomimetic lipid
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compartments in response to a temperature trigger, b) Schematic phase diagram of ELP phase
separation; c) DLS analysis (measurement of the scattered light intensity, also referred to as the
normalized derived count rate, DCR) to determine the Tcp of 0.25, 1, 2 and 3 mg.mL" of ELP M80
in a cell-like crowded environment; d) Schematic illustration of the Tcp evolution of ELP M80 as
a function of concentration; e-h) Confocal images performed in bright field of partially dewetted
liposomes encapsulating 0.25 mg.mL', 1 mg.mL?, 2 mgmL' and 3 mgmL'! of ELP M 80
respectively, in their phase separated state; ii-s) Confocal images performed in bright field of
partially dewetted liposomes encapsulating 1 mg.mL! ELP M80. A temperature ramp is exerted
onto the sample from 10°C to 25°C. The apparition of synthetic membraneless organelles is

denoted by the appearance of black spots in the vesicles. A reverse temperature ramp is then

applied from 25 to 10 °C.

Synthetic membrane-bound organelles in partially dewetted vesicles.

Synthetic membrane-bound organelles were mimicked using PEG22-b-PTMCs1-Cy5.5
vesicles, produced through a Dolomite™ microfluidic system. The organic solvent of samples
collected at the output of microfluidic was removed by dialysis and vesicles were characterized by
DLS. Table 1 presents a comparison between the hydrodynamic diameter and polydispersity index
obtained using functionalized chains and those obtained from pure PEG22-b-PTMC:s1 vesicles, both
produced under identical conditions that have previously demonstrated the homogenous formation
of vesicles’?. No drastic change was observed on vesicle size or polydispersity index when the
fluorescently tagged-copolymer was incorporated. Consequently, the self-assembly of
functionalized PEG22-b-PTMCs: vesicles tagged with cyanine 5.5 enables the formation of

vesicles around 160 nm with a homogenous distribution.

13
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Table 1: Hydrodynamic diameter Du and polydispersity index (PDI) acquisitions obtained by DLS
90° after self-assembly of PEG22-b-PTMCs; and PEG22>-b-PTMCsi-Cy5.5 vesicles. Purification
performed by dialysis with a membrane tubing of 25 kDa cut-off, with 3 bath changes (of 2 L each)

in 24 hrs.
Sample Dx (nm) PDI
PEGzz—b—I"TM‘Cﬂ Wlthout 161 0.138
functionalization
PEG22-b-PTMCs1 + 2 %wt
Cy5.5 functionalized block 160 0.122

copolymer

A concentration of 0.20 mg.mL™! of these nanovesicles (calculated according to the

concentration of block copolymers) was then dissolved in a PEG solution concentrated at 8 wt%

and encapsulated within partially dewetted liposomes using the thick-shell microfluidic system

described earlier (Figure 1). These systems were homogeneously spread within the liposomes, as

observed by the appearance of fluorescence signal corresponding to the emitted fluorescence

signal of cyanine 5.5 (Figure 3b and 3c). However, some vesicles seem larger than the size

determined by DLS, probably due to some aggregation that might be induced by the PEG crowding

that can act as a glue material or induce depletion forces.

14
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& Cy5.5-tagged PEG,,-b-PDMS;
membrane-bound organelles

Figure 3. Encapsulation of PEG2:-b-PTMCs-Cy5.5 nanovesicles in partially dewetted
microdroplets; (a) Scheme illustration of PEG2:2-b-PTMCsi1-Cy35.5 nanovesicles denoted by the
fluorescent dots encapsulated in partially dewetted vesicles, corresponding to the fluorescence
emission of cyanine 5.5; (b) Overview and (c) zoom of microdroplets embedding PEG22-b-
PTMCs-Cy5.5 nanovesicles in a 8 wt% PEG solution. These images depict a superposition of
images acquired under the bright field and the fluorescence mode (Agxcitation/Emission = 633/650-730

nm,).

Co-encapsulation of membrane-bound and membraneless organelles.

The co-encapsulation of the two previous systems describing synthetic organelles within a
same liposomal system was subsequently performed. 1 mg.mL! of ELP M80 was enclosed at the
same time with 0.20 mg.mL"! of PEG22-b-PTMCs1-Cy5.5 nanovesicles, in a 8 wt% PEG solution.
Temperature was used to trigger the phase-separation of ELP M80 and thus assemble the synthetic
membraneless organelles (Figure 4a). A ramp temperature was performed from 10 to 25°C on the
liposomal formulation (See Supporting Information, Figure SI). At 10 and 15°C, only the Cy5.5-
tagged nanovesicles were observed within the liposomes (appearance of fluorescence signal), as

the experiments were carried below the 7¢p of the ELPs. Hence, no phase separation of the ELP

15
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MS8O0 occurred. (Figure 4bi-2). As the experimental temperature was increased above the 7¢y of the
ELP M8O0, the assembly of membraneless organelles became evident, as marked by the emergence
of dark black spots in the lumen under bright field acquisition (Figure 4bs). This process continued
until reaching full completion at 25°C (Figure 4ba, See Supporting Information, Video S4). 1t is
noteworthy to highlight that the membraneless organelles reverted to their liquid state, as the
system was cooled down back to 10°C, leaving only the observation of nanovesicles that could
freely move within partially dewetted liposomes (Figure 4bs.). Concerning the membrane-bound
organelles, the nanovesicles exhibited a tendency to slightly sediment to the bottom of the
liposomes, a phenomenon observed by multiple confocal image acquisitions that enabled us to
have a representation of liposomes along the z-axis (See Supporting Information, Figure S2).
Remarkably, the heating and cooling processes did not exert any discernible impact on the

structural integrity of the nanovesicles.

(a)

% Temperature induced reversible assembly
E I —
= And
Disassembly of membraneless organelles

# Membrane-bound organelles @ Membraneless organelles

(b)
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Figure 4. Encapsulation of membrane-bound (PEG2:-b-PTMCsi-Cy5.5 nanovesicles) and
membraneless (ELP M80) synthetic organelles; (a) Scheme illustration of vesicles encapsulating
PEG2:-b-PTMCs1-Cy5.5 nanovesicles and ELP MS80 before and after undergoing a phase
separation as the Tcp is reached; (b) Temperature ramp exerted on a sample of partially dewetted
microdroplets. The presence of PEG22-b-PTMCsi-Cy5.5 organelles with membrane is denoted by
the pink dots (corresponding of the fluorescence signal of cyanine 5.5). The self-assembly and
dismantling of ELP MS80 membraneless organelles is denoted by the black dots. These images
depict a superposition of images acquired under the bright field and the fluorescence mode

OLExcitation/Emission = 633/650-730 nm)

CONCLUSION

Our study successfully demonstrated the possibility of co-encapsulating different
macromolecular components of eukaryotic cells through the utilization of specific microfluidic
systems. At first, the formation of synthetic membraneless organelles within liposomes using a
temperature-triggered assembly method and embedding temperature-sensitive elastin-like
polypeptide (ELP M80) was performed. The cloud point temperatures were determined by varying
the ELP concentrations to mimic cellular crowding. The concentration of 1 mg.mL"' ELP M80
was identified as a suitable compromise for distinct membraneless organelle formation within
liposomes. Temperature-triggered LLPS experiment demonstrated reversibility as cooling below
the cloud point temperature caused the organelles to revert to a liquid state. Nanovesicles, were

then encapsulated individually at first and their distribution within the partially dewetted liposomes
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were homogenous, confirming by the uniform dispersion of fluorescence spots under confocal
microscopy. When a co-encapsulation was performed with ELP M80, it was denoted that these
two self-assembled systems can co-exist with minimal interaction, as the presence of membrane-
bound nanoparticles did not hinder the LLPS and coacervation of ELP M80. Remarkably, the
heating and cooling processes did not exert any discernible impact on the structural integrity of
the nanovesicles or ELP M80 coacervates. This study provides insights into controlling the multi-
component and multi-scale self-assembly of synthetic membraneless and membrane-bound
organelles for potential applications in artificial cell models development. This breakthrough
creates exciting opportunities for developing artificial cells from the bottom-up assembly and for
exploring novel functions and interactions between these two types of organelles, similar to those
that may occur inside living eukaryotic cells. The combination of such multi-component and multi-
scale self-assembly properties, and the dynamic behavior of organelle formation do not only
provide interesting models for biomimicry, but also may allow the design of functional bioreactors

with tunable and activable response.
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Figure S1. Overview of the sample where Figure 5bi-6 was extracted from. Plate heater was set
at 25 °C. These images depict a superposition of images acquired under bright field and

fluorescence excitation and emission at 633/730 nm.
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Figure S2. Bottom-up view of the inside of a partially dewetted liposome, where it can be observed
that the Cy5.5-tagged nanovesicles dropped to the bottom of the vesicle. These images depict a
superposition of images acquired under the bright field and the fluorescence mode (excitation and

emission at 633/730 nm).

Video S3. Video of synthetic membraneless organelles assembled within partially dewetted

microdroplets taken under confocal microscope in the bright field mode. Plate heater was set at

25°C.

Video §4. Video of PEG2:-b-PTMCs1-Cy5.5 nanovesicles encapsulated with phase separated ELP

MS80 inside of partially dewetted vesicles. Video was taken at 25°C under the bright field mode.



