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Functional Multivesicular Structures with Controlled

Architecture from 3D-Printed Droplet Networks

Alessandro Alcinesio,* Ravinash Krishna Kumar, and Hagan Bayley*®

Vesicles are versatile drug delivery systems and a fundamental
chassis from which to build synthetic cells. Multivesicular
structures, composed of multiple lipid-bound compartments,
could form systems with complex functionalities and recapit-
ulate collective behaviour found in living tissues. However,
control over number, composition, and arrangement of com-
partments within multivesicular structures has been limited.
Here, we generate multivesicular structures composed of
hundreds of lipid-bound compartments arranged in precisely
controlled geometries. Through a dewetting process, we trans-
fer 3D-printed droplet networks from oil to aqueous phase and
obtain multivesicular structures with designed, complex archi-
tectures stable for weeks. We encapsulate membraneless
coacervate sub-compartments within the lipid-bound compart-
ments of the 3D-printed multivesicular structures. Further, we
use the multivesicular structures as a platform to build synthetic
tissues that interact with the external aqueous environment by
releasing or sensing molecules and ions. Finally, we build
synthetic tissues that synthesize proteins encoded by encapsu-
lated genes.

Synthetic cell-like compartments are of increasing interest for
the targeted delivery of drugs,™ to build smart devices,” and to
study the emergence of life on our planet.®* Examples of these
compartments include water-in-oil droplets,*® vesicles,”®
polymersomes,” proteinosomes,"” and coacervate droplets.
Sophisticated structures can also be built by encapsulating sub-
compartments within these compartments.'?" Several cell-like
functions have been demonstrated with these systems, such as
the compartmentalization of chemical and biochemical
reactions,*'® division"**” and motion.”?" Populations of sepa-
rate synthetic cells able to communicate with each other have
also been developed.??
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Synthetic multicompartment structures have also been
constructed, with the aim of replicating the more complex
functions of living tissues.”® Among these, networks of droplets
in oil interconnected by lipid bilayers have shown great promise
for the fabrication of bio-inspired devices.®***** By 3D-printing
large droplet networks,”® precisely patterned synthetic tissues
can be built””?® and complex collective properties can emerge,
such as macroscopic shape change® and the transmission of
electrical®®®® or chemical®® signals. However, 3D-printed
droplet networks are confined to an oil environment, limiting
their applicability under physiological conditions.

Current examples of synthetic multicompartment structures
that can function in an aqueous environment are
multisomes®'¥ (droplet networks encapsulated within an oil
drop immersed in an aqueous solution) and multivesicular
liposomes®*=" (multisome structures where the oil phase is
completely removed). These structures can be endowed with
functional properties, such as the ability to support cascade
reactions,®® release molecules in a controlled manner®* and
perform protein synthesis by transcription and translation.®**®
However, multisomes and multivesicular liposomes suffer from
low production yields and instability.”” Additionally, multi-
vesicular liposomes composed of only up to 30 non-patterned
compartments have been demonstrated so far.®”

Here, we use 3D-printed droplet networks in oil as a starting
template to generate versatile and long-lasting multivesicular
structures composed of hundreds of heterogeneous compart-
ments arranged in defined architectures within an aqueous
environment. To generate our starting templates, we 3D-
printed picolitre-sized aqueous droplets (100 um diameter,
~520 pL droplet volume) within an oil bath containing the lipid
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) to form
3D networks of hundreds of droplets interconnected by inter-
face lipid bilayers, as previously described®?® (Figure 1a,
Supplementary Experimental Section). After printing, we placed
large droplets of external aqueous solution around the 3D-
printed droplet template. These large external droplets spread
on the 3D-printed droplet templates, as well as on the glass
surface of the printing container, and then coalesced with each
other, forming even larger droplets of external aqueous solution
engulfing the 3D-printed droplet templates (Figure 1b). More
external aqueous solution was then injected into the large
external droplets until the bulk oil phase was completely
replaced. Key to the successful dewetting of the structure and
the formation of a lipid bilayer at the interface between the 3D-
printed aqueous compartments and the external aqueous
phase was control of the interfacial tensions within the
system®*% (see Supplementary Experimental Section). In our
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Figure 1. Formation of multivesicular structures by phase transfer of 3D-printed droplet networks into an aqueous environment. (a) The phase transfer
process. Networks of picoliter-sized droplets are first 3D-printed within an oil bath containing lipids. Large droplets of an aqueous solution are then added
around the printed structure. Removal of the oil phase by a dewetting process and formation of a lipid bilayer at the interface between the network and the
external solution is driven by the addition of surfactant block copolymer Pluronic® F68 to the bulk aqueous solution. As depicted, the phase transferred
structures remain attached to the printing substrate. (b) Brightfield microscopy images showing the phase transfer of a 3D-printed droplet network. (c, d)
Composite brightfield and fluorescence microscopy images of a 3D-printed structure encapsulating a water-soluble dye (Atto488) before (c) and after (d)
transfer. Stars indicate examples of residual oil trapped within or at the periphery of the phase transferred structure. (e) Brightfield microscopy image of the
area highlighted in (d). (f) Composite brightfield and fluorescence microscopy images of a multivesicular structure containing Atto488 at 0, 3, and 20 days
after phase transfer to an aqueous environment. (g) Plot of the mean total fluorescence intensity in multivesicular structures over a 20 day period. The
structures shown in (b—f) are composed of 7x8x4 (in x, y and z directions, respectively) compartments. Scale bars: (c,d) 150 um, (e) 25 pm, (f) 100 pm.

system, the interfacial tensions were controlled in a two-step
phase transfer process. Firstly, the lipids in the oil bath were
exchanged from DPhPC to 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC); secondly, the triblock copolymer
surfactant Pluronic® F68 was included in the external aqueous
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solution. The use of POPC, which forms lipid bilayers of lower
interfacial tension compared to DPhPC,*® promoted fast and
efficient dewetting of the oil phase from the 3D-printed
templates by maintaining the concentration of F68 at a
minimum (see Supplementary Experimental Section). By using
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this method, we could generate 3D multivesicular structures
consisting of hundreds of lipid-bound compartments from 3D-
printed droplet networks, without disruption of the architecture
of the starting droplet template or loss of encapsulated cargo
(Figure 1c-e and S1). Additionally, we monitored the stability of
the generated multivesicular structures and observed no
significant rearrangement of the compartments, and impor-
tantly no loss of encapsulated fluorescent cargo for weeks,
demonstrating the presence of impermeable lipid bilayers
around the transferred structure (Figure 1f, g).

lipid-oil bulk

Next, we generated 3D multivesicular structures composed
of hundreds of heterogeneous compartments patterned in
precise architectures (Figure 2). We used patterned 3D-printed
droplet networks in oil as starting templates, obtained by
synchronized printing of multiple aqueous solutions into
designed architectures.”**® We 3D-printed two types of droplet
templates, one composed of two populations of compartments
arranged in a core-shell architecture (224 compartments in
total, Figure 2a), and one composed of 4 populations of
compartments, in which one population formed a Y-shaped

aqueous bulk (Woyr)

aqueous bulk

aqueous bulk

Figure 2. Complex architectures in multivesicular structures. (a) Diagrams and composite brightfield and fluorescence microscopy images of a multivesicular
structure with 2 populations of compartments, W,y (cyan) and Wy, (magenta), patterned in a core-shell architecture, before (left) and after (right) phase
transfer to an aqueous environment, Wqr. (b) Diagrams and composite brightfield and fluorescence microscopy images of a multivesicular structure
composed of 4 encapsulated aqueous phases, Wy, (yellow), Wy, (magenta), W,y ; (cyan) and Wy, (lilac), patterned in a Y-shaped architecture. (c) Diagram and
composite brightfield and fluorescence microscopy images of a multivesicular structure with an L-shaped pattern, encapsulating distinct coacervate sub-
compartments within each compartment type. W,y (yellow) compartments contain Cy; (cyan) coacervate sub-compartments composed of pLL/ATP, while
Wy, (lilac) compartments contain Cy, (magenta) coacervate sub-compartments composed of pDDA/ATP. The structures shown in (a,c) are composed of
7x8x4 (in x, y and z directions, respectively) compartments in total, while the structure in (b) is composed by 10x 11 x5 (in x, y and z directions, respectively)
compartments in total. Scale bars, (a) 150 pm, (b) 200 um, (c) 150 pm (left) and 25 um (right).
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path and was surrounded by the remaining 3 populations (550
compartments in total, Figure 2b). After phase transfer, the
resulting multivesicular structures maintained their structural
integrity and the compartment architectures imposed by the
3D-printed droplet templates (Figure 2a, b).

In living tissues, populations of specialized cells carry out
specific functions within the tissues."**" Inside these cells, sub-
cellular compartments carry out distinct tasks, such as transcrip-
tional regulation, energy generation and waste disposal.*’*? To
investigate the ability of our system to mimic the hierarchical
organization found in cells and tissues, we incorporated
coacervate droplets within the patterned compartments. We
patterned 2 populations of compartments to form an L-shaped
architecture, with each population containing coacervate sub-
compartments of different compositions, one consisting of
poly-L-lysine (pLL) and adenosine triphosphate (ATP), the other
of poly(diallyldimethylammonium) (pDDA) and ATP. We suc-
cessfully encapsulated the coacervate sub-compartments within
the respective populations of lipid-bound compartments,

a
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preserving their distinct chemical compositions, and generated
structures with hierarchical organization (Figure 2c).

After forming multivesicular structures with complex archi-
tectures, we then sought to use these structures as chassis to
build synthetic tissues able to interact with the external
aqueous environment (Figure 3). We functionalized the lipid
bilayers between the compartments and between the struc-
tures and the external environment with the pore-forming
membrane protein a-hemolysin (aHL), thereby allowing the
selective diffusion of small molecules throughout the synthetic
tissue and to or from the external solution (Figure 3a, d).* We
first  encapsulated 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose (2-NBDG) within the synthetic tis-
sue’s compartments and monitored its release over time. We
monitored the release of 2-NBDG using a laser scanning
confocal microscope (Leica SP5) focused at the midpoint of the
first compartment layer (at the bottom) of the synthetic tissue,
to exclude the contribution of the upper layers from our
analysis. In the presence of aHL, 2-NBDG was released from the
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Figure 3. Chemical communication with the external aqueous environment. (a) A synthetic tissue releasing molecular cargo into the external solution. The
lipid bilayers that separate the synthetic compartments from each other and from the external solution are permeabilized by aHL. (b) Composite brightfield
and fluorescence microscopy images showing the release over time of a fluorescent cargo (2-NBDG) from a synthetic tissue functionalized with aHL (top). No
release is observed in the absence of aHL (bottom). (c) Mean total fluorescence intensity versus time for the experiments in (b). The data is normalized over
the initial value at time =0 h. (d) A synthetic tissue reporting Ca?" ions in the external solution. All lipid bilayers in the structure are permeabilized by aHL. A
membrane-impermeant calcium indicator fluorescent dye (Rhod-dextran) is encapsulated within each compartment. (e) Composite brightfield and
fluorescence microscopy images showing the increase in fluorescence of the compartments over time after addition of Ca®* ions to the external solution. The
arrow indicates the location where the CaCl, solution was added. The structures shown in (b, e) are composed of 7x8Xx4 (in x, y and z directions, respectively)

compartments. Scale bars, 100 um.
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synthetic tissue, while no significant change in fluorescence
was detected without aHL after 12 h (Figure 3b, c). These
observations confirmed that functional aHL channels were
formed both in the internal lipid bilayers (interconnecting the
compartments with each other) and the bilayers interfacing the
synthetic tissue with the external aqueous environment.
Furthermore, the release of fluorescent cargo started from the
compartments located at the periphery and depletion pro-
ceeded inwards (Figure 3b). This phenomenon suggests that
the diffusion of 2-NBDG through the membrane pores is the
rate limiting step in the passive diffusion of solutes from the
core of the synthetic tissue to the external environment.

Another fundamental function found in biological tissues is
the ability to detect and respond to chemical cues in the
environment. To mimic this behaviour, we generated a
synthetic tissue in which all lipid bilayers in the structure were
functionalized with oHL. Additionally, we encapsulated a
membrane-impermeant calcium indicator dye (Rhod-dextran,
MW 10000) within the compartments (Figure 3d). We monitored
the diffusion of Ca?* and its binding to the indicator dye by
confocal microscopy, focusing on the first compartment layer
(at the bottom) of the synthetic tissue. Upon CaCl, addition to
the external aqueous solution, we observed an increase in
fluorescence over time within the synthetic tissue, starting from
the compartments located at the periphery of the structure
(Figure 3d). Within 25h, we observed homogeneous
fluorescence in all compartments of the synthetic tissue,
indicating that calcium had diffused throughout the structure.
Interestingly, compartments closer to the source of the Ca’"
signal showed a faster increase in fluorescence compared to
other regions of the synthetic tissue (Figure 3e). This observa-
tion indicates that synthetic tissues have the ability to detect
gradients of chemical cues in the external environment.

Lastly, to demonstrate the compatibility of our structures
with complex biological processes found in living cells, we
carried out protein synthesis by transcription and translation
within our synthetic tissues (Figure 4a). We 3D-printed the
template structure encapsulating the “protein synthesis using
recombinant elements” (PURE) system, which contains a
minimal set of components required for cell-free protein
synthesis.***' Along with the PURE system, we also encapsu-
lated a plasmid encoding the Emerald green fluorescent protein
under control of a T7 promoter. We then successfully trans-
ferred the 3D-printed template to an aqueous environment.
The resulting synthetic tissue was stable for at least 18 h and
expressed the fluorescent protein. No protein expression was
detected if the plasmid DNA was omitted (Figure 4b).

In summary, we report a versatile strategy to generate
multivesicular structures composed of hundreds of compart-
ments arranged in precisely controlled architectures. The
resulting structures preserve their architecture and are stable
for weeks. Using our strategy, we have encapsulated mem-
braneless sub-compartments as organelle mimics within specific
populations of compartments, demonstrating hierarchical or-
ganization within synthetic tissues. We have also generated
synthetic tissues that interact with the surrounding aqueous
environment by releasing or sensing molecules and ions. Lastly,

ChemSystemsChem 2022, 4, e202100036 (5 of 6)
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Figure 4. Synthesis of proteins within synthetic tissues. (a) A synthetic tissue
in an aqueous environment encapsulating the machinery for protein
synthesis by transcription and translation (IVTT, PURExpress). (b) Composite
brightfield and fluorescence microscopy images of synthetic tissues with
encapsulated IVTT machinery, with (left) or without (right) DNA encoding for
the Emerald green fluorescent protein. The structure shown in (b) is
composed of 7x8x4 (in x, y and z directions, respectively) compartments.
Scale bars, 100 um.

we built synthetic tissues that express proteins by transcription
and translation. We believe our approach is a steppingstone
towards advanced synthetic multicellular systems that can
communicate with living cells and tissues with precise spatial
and temporal control.
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