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The bottom-up assembly of higher-order cytomimetic systems capable of coordinated
physical behaviours, collective chemical signalling and spatially integrated processing is a
key challenge in the study of artificial multicellularity. Here we develop an interactive
binary population of coacervate micro-droplets that spontaneously self-organize into
chain-like protocell networks with an alternating sequence of structurally dissimilar
micro-domains and hemi-spherical contact points. The protocell superstructures exhibit
macromolecular self-sorting, spatially localized enzyme/ribozyme biocatalysis and
inter-droplet molecular translocation, are capable of topographical reconfiguration using
chemical or light-mediated stimuli and can be used as a micro-extraction system for
macroscale biomolecular sorting. Our methodology opens a pathway to the self-assembly
of multi-component protocell networks based on selective processes of coacervate
droplet-droplet adhesion and fusion and provides a step towards the spontaneous
orchestration of protocell models into artificial tissues and colonies with ordered
architectures and collective functions.

Introduction

Organization of artificial cell-like compartments (protocells) into interconnected protocell
networks offer opportunities to study aspects of artificial multicellularity such as long-range
programmable  signalling?, controlled protein expression?, morphogen-mediated
differentiation® and utilization of externally stored energy?. Building higher-order
cytomimetic systems is timely because numerous protocell models are currently available,
including lipid vesicles®’, polymersomes®®, proteinosomes'®, colloidosomes!!13,
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polysaccharidosomes!*?>, and membrane-less'®*!” or membranized'®?! coacervate
micro-droplets. Taken together, these synthetic constructs exhibit a diversity of life-like
properties such as cell-free gene expression??, DNA transcription?324, growth, division and
fusion®?’, biochemical activity?®3!, sensing and motility3>33, phagocytosis** and
predation3>3® that are associated with the endogenous activity of discrete protocells or their
contact-dependent interactivity. Extending these attributes into higher-order networks
necessitates the controlled assembly and ordering of protocell populations in space and
time®’, and has been achieved principally through the use of external manipulation involving
3D printing®®4% acoustic force fields*!, magnetic fields*? micro-pipetting®® and
microfluidics***°. In contrast, although randomly organized tissue-like colonies of protocells
have been prepared using interfacial click chemistry*®*” or hydrogel immobilization®?, the
spontaneous bottom-up assembly of organized protocell networks without external
manipulation or energy input remains a considerable challenge.

In this work, we report the spontaneous self-organization of reconfigurable chain-like
protocell networks capable of macromolecular self-sorting, spatially localized biocatalysis,
and inter-droplet molecular translocation (Fig. 1). We show that associative liquid-liquid
phase separation in a ternary mixture of a double-tailed quaternary cationic amphiphile
(didodecyldimethyl ~ammonium  bromide, DDAB), a cationic polyelectrolyte
(poly(diallyldimethylammonium chloride, PDDA) and a photoactive anionic aspartic
acid-appended azobenzene derivative (trans-AzoAsp,, Supplementary Fig. S1) produces a
binary population of immiscible DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp; coacervate
micro-droplets with liquid crystalline and homogeneous internal structures, respectively.
The coacervate droplets spontaneously self-organize into linear and branched chains with
an alternating sequence of structurally dissimilar micro-domains and hemi-spherical contact
junctions. By recruiting different biomacromolecules into specific domains of the protocell
chains we implement spatially localized enzyme- or ribozyme-mediated reactions within the
self-assembled networks. The chain-like arrays can be topologically reconfigured by
selective domain disassembly arising from host-guest complexation of [-cyclodextrin
(B-CD)* within the DDAB/trans-AzoAsp, coacervate droplets. Alternatively, fusion of the
immiscible coacervate droplets within the networks and reversible transfer of guest
molecules can be induced by photo-isomerisation of AzoAsp,°. Finally, we develop a
protocell network-based micro-extraction and macroscale biomolecular sorting system by
exploiting differences in coacervate density to release and separate the interconnected
droplets and their constituent macromolecular cargoes. Taken together, our results
demonstrate that superstructural ordering of dissimilar coacervate droplets can be achieved
spontaneously by selective droplet-droplet adhesion and fusion, open a pathway to the
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self-assembly of multi-component protocell networks and provide a step towards
higher-order cytomimetic systems capable of selective sorting and spatially integrated

chemical processing.

Results and discussion

Protocell network components and assembly
We prepared populations of immiscible DDAB/trans-AzoAsp> and PDDA/trans-AzoAsp;
coacervate droplets as the basis for constructing a higher-order multi-component protocell
network. First, we investigated the individual coacervate systems prior to self-assembly. In
both cases, mixing aqueous solutions of DDAB and trans-AzoAsp, or PDDA and
trans-AzoAsp, at a DDAB/trans-AzoAsp, or PDDA/trans-AzoAsp, molar ratio of 4:1 gave rise
to positively charged coacervate micro-droplets (typical zeta potentials; +37 mV
(DDAB/AzoAsp;) and +8 mV (PDDA/AzoAsp;), usually less than 10 pum in diameter. The
DDAB/trans-AzoAsp, coacervate droplets were readily imaged by fluorescence microscopy
using the hydrophobic fluorophore, Nile Red, which was sequestered into the coacervate
phase (Fig. 2a). Polarized optical microscopy (POM) images on single droplets showed
intense birefringent Maltese-cross patterns (Fig. 2b), which disappeared after incubation at
90 °C for 15 min, indicative of a liquid crystalline DDAB/trans-AzoAsp, coacervate®?,
Conversely, the PDDA/trans-AzoAsp; droplets preferentially accumulated hydrophilic
fluorophores such as 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) and showed no
birefringence (Figs. 2c,d), indicating a homogeneous coacervate matrix with a relatively high
dielectric constant. Fluorescence recovery after photobleaching (FRAP) measurements®?
showed slow (80% within 900 s) or fast (90% within 30 s) fluorescence recovery in Nile
Red-loaded DDAB/trans-AzoAsp, or HPTS-loaded PDDA/trans-AzoAsp, coacervate droplets,
respectively (Figs. 2e,f) with corresponding estimated apparent diffusion coefficients of 9.3
x 107'> and 5.6 x 107* m?/s°3. The approximately 6-fold increase in fluorophore mobility
within the PDDA/trans-AzoAsp, micro-droplets was attributed to the restricted lateral
diffusion of Nile Red in the liquid crystalline matrix of the DDAB/trans-AzoAsp, phase.
Moreover, the increased hydrophobicity of the liquid crystalline DDAB/trans-AzoAsp; phase
increased the stability of the droplets against salt-induced dissolution (Figs. 2g,h).
Spontaneous assembly of ordered protocell networks was achieved by mixing DDAB,
PDDA and trans-AzoAsp; at a corresponding molar ratio of 4 : 4 : 2 at room temperature for
50 min. Fluorescence microscopy images showed predominantly self-organized
microstructures in the form of linear and branched chain-like networks consisting of an

alternating sequence of interconnected DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp;
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coacervate micro-droplets (Fig. 3a, Supplementary Fig. $S2). The immiscible droplets were
typically less than 10 um in size and adhered to each other with distinct hemispherical
contact points. Fluorescence intensity profiles along the chains (Supplementary Fig. S3), as
well as POM images (Supplementary Fig. S4) and FRAP measurements (Supplementary Fig.
S5) confirmed the alternating positioning of the different droplets. Formation of the
higher-order assemblies was observed irrespective of the order in which DDAB, PDDA and
trans-AzoAsp; were added (Supplementary Fig. S6), indicating that droplet self-organization
occurred under thermodynamic conditions.

Time-dependent plots of forward light scattered area (FSC-A) versus side light scattered
area (SSC-A) derived from fluorescence-activated cell sorting (FACS) measurements over 90
min showed the progressive emergence of a peak in the maximum FSC-A count (Figs. 3b-e),
which was attributed to increasing numbers of chain-like assemblies. The mechanism of
chain ordering was monitored using time-lapse fluorescence microscopy. Upon mixing of
DDAB, PDDA and trans-AzoAsp;, attractive interactions between the DDAB/trans-AzoAsp:
and PDDA/trans-AzoAsp, coacervate droplets gave rise to pairwise combinations and small
partially organized clusters that increased in length and droplet size typically over a period
of 60 min (Supplementary Fig. S7 and Movie S1). Ordering within the networks increased
with time due to intra-cluster fusion events, which specifically merged droplets of the same
type that were sufficiently close to each other, leaving only a regularly interspersed
arrangement of self/non-self cohesive connections (Figs. 3f-i).

Alternate positioning of the DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp, coacervate
droplets was most prominent in networks produced when the number density of both types
of droplets was approximately equal (DDAB : PDDA =1 : 1) (Fig. 3j). Under these conditions,
the rates of self/non-self droplet adhesion and self/self droplet coalescence in the initially
formed clusters were effectively matched so that regular interspersing of discrete droplets
gave rise to a relatively stable micro-structure. In contrast, increasing the amount of PDDA
(DDAB : PDDA =1 : 2; 1 : 3) resulted in larger diffuse PDDA/trans-AzoAsp, domains that
were often distributed between well-defined DDAB/trans-AzoAsp; droplets (Fig. 3j). Lower
PDDA concentrations did not appear to significantly disrupt the network architecture,
presumably because the DDAB/trans-AzoAsp, droplets were less susceptible to coalescence
(Supplementary Fig. S8).

The relative interfacial tensions (yopas, Veooa and yopas/ropa) at the coacervate droplet
junctions and the corresponding three-phase contact angles (6opas and Opppa; 6 = 180 °
(complete dewetting)) between the micro-droplets were determined by image analysis of
the fluorescence microscopy images (Fig. 3k)>*°>. Values of Oppag determined for different
DDAB : PDDA molar ratios remained within a relatively narrow range (135-150°), while 0pppa
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was smaller and dependent on the DDAB : PDDA molar ratio (Fig. 3l). Specifically, a
maximum Opppa value of 125° was measured at a DDAB : PDDA molar ratio of 1 : 1,
corresponding to stable alternating sequences of interconnected coacervate droplets. Lower
Oropa angles ranging from 115° to 55° were observed at higher or lower DDAB : PDDA molar
ratios (Fig. 3l), consistent with increased levels of wetting at the droplet junctions. Notably,
the DDAB/trans-AzoAsp, droplets were relatively unperturbed on contact with the
PDDA/trans-AzoAspz domains (Oppas> Opopa), implying that yopas/popa Was higher than yopas,
and yopae/popa greater than ypppa, consistent with the liquid crystalline structure of the
DDAB/trans-AzoAsp; droplets.

Biomolecular organization and processing in protocell networks

Given that alternating sequences of immiscible and structurally dissimilar coacervate
droplets could be interconnected within chain-like arrays, we sought to utilise the networks
as a platform for constructing a functional multi-component protocell model with
higher-level organization. Based on their distinct composition and structuration, we
reasoned that the immiscible coacervate droplets would be able to preferentially
sequestrate different biomolecules from the external environment, thereby providing a
mechanism for spatially selective molecular partitioning, leading to protocell networks with
regiospecific properties and localized chemical processing (Fig. 4a). We tested the selectivity
of biomolecular uptake by exposing the coacervate droplet assemblies to mixtures of
fluorescently labelled proteins, oligonucleotides and lipids and monitoring the spatial
distribution of the guest molecules by fluorescence microscopy. Images recorded using
mixtures of rhodamine isothiocyanate-modified horseradish peroxidase (RITC-HRP) and
carboxyfluorescein-modified ssDNA (FAM-ssDNA) showed high levels of spatial sorting
within the networks with RITC-HRP or FAM-ssDNA distributed preferentially in the
DDAB/trans-AzoAsp, or PDDA/trans-AzoAsp, coacervate droplets, respectively (Figs. 4b,c).
Similarly, binary mixtures of oligonucleotides and polysaccharides (ssDNA/DEAE-dextran;
RNA/dextran; ssDNA/heparin; RNA/heparin), lipids (ssDNA/DiO; RNA/DiO), proteins
(RNA/HRP) or co-factors (ssDNA/ATP) indicated that the DEAE-dextran, DiO, ATP and
heparin were preferentially enriched in the DDAB/trans-AzoAsp> domains, while ssDNA and
RNA oligonucleotides were located primarily in the PDDA/trans-AzoAsp: regions of the
protocell networks (Supplementary Figs. $9-S11). We attributed the selective partitioning to
differences in the internal structure and hydrophilicity of the two coacervate phases. While
multivalent charge interactions facilitated the high solubility of nucleic acid polyanions in

PDDA/trans-AzoAsp,, the more amphiphilic environment of liquid crystalline
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DDAB/trans-AzoAsp> was conducive to higher uptake levels of proteins, polysaccharides,
lipids and ATP.

The self-sorting of biomacromolecules into discrete domains of the chain-like arrays
was exploited as a mechanism for undertaking spatially localized enzyme and ribozyme
transformations in the protocell networks (Fig. 4d). For example, selective loading of HRP
into the DDAB/trans-AzoAsp, domains, followed by addition of Amplex red and hydrogen
peroxide converted the substrate into resorufin, resulting in increasing levels of
homogeneous red fluorescence specifically in the liquid crystalline coacervate droplets over
a period of 500 s (Figs. 4e,f and Movie S2). The emission intensity from the
DDAB/trans-AzoAsp, domains was 32-fold higher than that measured in the adjacent
PDDA/trans-AzoAsp, droplets, indicating a high level of product retention in the
HRP-containing reaction environment. In contrast, RNA enrichment and catalysis specifically
within the PDDA/trans-AzoAsp,; domains was achieved by selective uptake of a minimal
hammerhead ribozyme (HH-min) hybridized to a FRET-substrate?®. Cleavage of the
FRET-substrate strand by HH-min liberated the fluorophore (6-carboxyfluorescein) from the
quencher strand, resulting in an increase in green fluorescence intensity in the
PDDA/trans-AzoAsp, coacervate droplets with minimal transfer into the adjacent
DDAB/trans-AzoAsp, domains (Figs. 4g,h).

As the above transformations did not involve significant changes in polarity between
the reactants and products, substantial transfer of the latter between the different types of
droplets was not observed. We conjectured that the fluid-like properties of the
DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp> coacervate droplets should facilitate the
migration of encapsulated biomolecules between different domains in the protocell arrays if
the guest solubility in the receiver droplets was energetically favoured. To generate
non-equilibrium conditions in the protocell network, ssDNA was initially sequestered into a
single population of DDAB/trans-AzoAsp; droplets prior to addition of a suspension of
PDDA/trans-AzoAsp; droplets and formation of the protocell chains. Localized self/non-self
adhesion within the regularly interspersed arrays then gave rise to contact-dependent
transfer of the ssDNA from the PDDA/trans-AzoAsp, domains into adjacent
DDAB/trans-AzoAsp, droplets (Fig. 4i). To validate this hypothesis, we pre-loaded
TAMRA-ssDNA into DDAB/trans-AzoAsp, droplets, added PDDA/trans-AzoAsp> droplets to
generate the protocell chains, and monitored the inter-droplet mobility of the
oligonucleotide by recording the changes in fluorescence intensity in adjacent droplets (Fig.
4j and Movie S3). Typically, 95% of the TAMRA-ssDNA pre-loaded into the
DDAB/trans-AzoAsp, domains was transferred into adjacent PDDA/trans-AzoAsp, droplets



220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

within 8 min (Fig. 4k), confirming that molecular transfer was possible under

non-equilibrium conditions.

Stimuli-induced reconfiguration in protocell networks

We investigated two mechanisms for controlling the topographical reconfiguration of the
chain-like arrays as a step towards triggering the transfer and redistribution of guest
molecules from the protocell networks. Firstly, as the assembly of the regularly interspersed
droplets was dictated by the interplay between different interfacial tensions, we sought to
modulate the inter-droplet interactions through the adjustment of intermolecular forces
specifically within the liquid crystalline DDAB/trans-AzoAsp, domains. To achieve this, we
minimized the hydrophobic interactions between the alkyl tails of DDAB by host-guest
complexation with B-cyclodextrin (B-CD). Addition of B-CD to the protocell networks
resulted in progressive disassembly of the DDAB/trans-AzoAsp, droplets over a period of
10-30 mins (Fig. 5a, Supplementary Fig. S12). In contrast, the PDDA/trans-AzoAsp; domains
remained intact and increased in size by localized coalescence due to removal of the
adjacent DDAB/trans-AzoAsp: droplets from the network (Fig. 5a, Supplementary Fig. S13).
Measurements of the droplet projected areas were determined by fluorescence microscopy
and indicated that the DDAB/trans-AzoAsp, domains typically decreased by 50% from ca. 20
to 10 um? after 1 min of adding B-CD and were less than 2 um? in size after 10 min; in
contrast the PDDA/trans-AzoAsp, droplets approximately doubled in area (Fig. 5b).
Complete disassembly of the DDAB/trans-AzoAsp, liquid crystalline phase occurred at
higher B-CD/DDAB molar ratios (Supplementary Figs. $14, S15), resulting in release of guest
molecules and transfer onto the surface of neighbouring PDDA/trans-AzoAsp, droplets (Figs.
5a,c). Taken together, the results indicate that supramolecular complexation between 3-CD
and DDAB could be employed to selectively disassemble specific domains of the protocell
networks, increase coalescence in the remaining PDDA/trans-AzoAsp, domains and
exchange guest molecules between the immiscible coacervate droplets.

We developed a second mechanism of protocell network reconfiguration based on the
light-induced trans-to-cis isomerization of azobenzene within pre-organized chains of the
DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp, coacervate droplets (Supplementary Figs.
$16-519). We reasoned that the reduced hydrophobicity of cis-AzoAsp, would lower the
interfacial tension between the DDAB- and PDDA-containing droplets, thereby inducing local
fusion in the alternating sequence of immiscible droplets in the protocell chains. Density
functional theory (DFT) calculations on trans- and cis-AzoAsp, (Supplementary Fig. S20),
confirmed that the dipole moment of azobenzene increased from 6.64 D (trans state) to
44.08 D (cis state) after photoisomerization. Experimentally, UV-light irradiation of the
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protocell networks over 10 min gave rise to extensive coalescence of the dissimilar droplets
to produce heterogeneous larger droplets with co-localized guest molecules (Fig. 5d and
Movie S4). For example, co-localization of Nile Red and HPTS was monitored by measuring
changes in the Pearson’s correlation constant (p; O (correlated), 1 (non-correlation)).
Specifically, regions along the protocell chains initially associated with the
DDAB/trans-AzoAsp, domains showed a decrease in p from ca. 0.88 to 0.22 after
photo-isomerism, confirming increased levels of spatial overlapping of the Nile Red and
HPTS fluorophores (Figs. 5e,f). Subsequent irradiation with blue light for 15 min reverted
the cis-AzoAsp; isomer back to trans-AzoAsp, as demonstrated by a re-established p value
of 0.87 (Fig. 5f). Although demixing of the coacervate phases and re-segregation of the
guest molecules occurred after exposure to blue light, structural re-assembly of ordered

multi-component chains was not observed (Fig. 5d).

Protocell network-mediated biomolecular extraction and macroscale sorting
Having established that internal ordering and selectively biomolecular sequestration could
be achieved in chain-like networks of immiscible and structurally dissimilar coacervate
droplets, we investigated the possibility of exploiting differences in coacervate density to
release and separate the interconnected droplets and their constituent biomolecular
cargoes (Fig. 6a). To achieve this, we centrifuged suspensions of the protocell arrays at
15,000x g, to produce a stable three-phase system consisting of a DDAB-enriched upper
coacervate layer (0.8 vol%), a dilute aqueous middle layer (98.8 vol%) and a PDDA-enriched
lower coacervate layer (0.4 vol% in volume). Typical concentrations for DDAB and
trans-AzoAsp; in the upper layer were 985 and 240 mM, respectively, while the lower layer
consisted of PDDA (720 mM) and AzoAsp2 (177 mM) (Fig. 6b). In both cases, the molar ratios
were close to the stoichiometric ratio (4:1) required for near-neutral charge conditions. In
contrast, the middle layer contained relatively low levels of DDAB (0.3 mM), PDDA (4.5 mM)
and trans-AzoAsp; (0.8 mM), and no coacervate phase (Supplementary Fig. S21). Zeta
potential measurements indicated that coacervate droplets present in the upper or lower
layers were positively charged (+16 and + 33 mV, respectively) (Supplementary Fig. $22).
Given that the adhered micro-droplets could be mechanically released from the
networks and then separated by differences in density, we used the above procedure as a
protocell-based micro-extraction system for selective cargo sequestration and macroscopic
sorting. As an initial test, we prepared protocell networks with alternating sequences of
DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp; coacervate droplets loaded with FITC-HRP or
TAMRA-ssDNA, respectively, and centrifuged the suspensions. Compositional analysis of the
separated layers indicated that the guest molecules were retained by their respective
8
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coacervate phases after centrifugation, with negligible amounts detected in the aqueous
middle layer. Typically, the concentration of FITC-HRP in the DDAB-containing upper layer
was approximately 8-fold higher than in the PDDA-containing lower layer, while the
TAMR-ssDNA concentration in the lower layer was approximately 12-fold higher than that in
the upper layer (Fig. 6c¢). Fluorescence microscopy images of individual coacervate
micro-droplets extracted from the upper or lower layers confirmed the selective partitioning
of the guest biomolecules (Figs. 6d,e). Based on the above results, we used the protocell
networks for the biomolecular extraction and macroscale sorting from mixtures of
oligonucleotides with polysaccharides (DEAE-dextran/ssDNA), lipids (DiO/ssDNA) or
co-factors (ATP/ssDNA), as well as using different dye molecules (Nile Red or HPTS)
(Supplementary Fig. $23). DEAE-dextran, DiO, ATP and Nile Red were partitioned into the
DDAB/trans-AzoAsp, coacervate upper layer at approximately 50-, 25-, 20- or 13-fold higher
concentrations than in the PDDA/trans-AzoAsp; lower layer (Supplementary Fig. S24). In
contrast, ssDNA and HPTS concentrations in the PDDA-enriched coacervate lower layer after
centrifugation were approximately 7-, 20-, 13- or 20-fold higher than observed in the upper

layer.

Conclusions

In summary, we describe a new type of protocell network based on an interactive binary
population of immiscible coacervate micro-droplets. The membrane-less coacervate
droplets are produced by associative liquid-liquid phase separation and have either
liquid-crystalline (DDAB/trans-AzoAsp,) or homogeneous (PDDA/trans-AzoAspz) interiors
with increased levels of hydrophobicity or hydrophilicity, respectively. Interactions between
coacervate droplets with similar structures lead to fusion while contact between structurally
disparate droplets results in adhesion. Consequently, heterogeneous aggregates of the
dissimilar droplets spontaneously rearrange and develop over 60 min into chain-like
superstructures with an alternating sequence of liquid crystalline and non-structured
coacervate droplet micro-domains with hemi-spherical junctions. This process is facilitated
by the reduced dimensionality associated with slow sedimentation of the coacervate
droplets and primary aggregates onto pegylated glass coverslips. By recruiting different
biomacromolecules into specific domains of the protocell chains we exploit the
superstructures as a model protocell network capable of macromolecular self-sorting,
spatially localized enzyme/ribozyme biocatalysis and inter-droplet molecular translocation.
We also show that the networks can be topologically reconfigured by using host-guest
complexation to selectively disassemble the DDAB/trans-AzoAsp, domains. Alternatively,

photo-isomerisation of AzoAsp; by exposure to UV or blue light fuses the immiscible
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coacervate droplets along the chains and controls the spatial distribution of guest molecules.
Finally, as proof-of-concept we develop a protocell network-based micro-extraction and
macroscale biomolecular sorting system.

Taken together, the self-assembly of multi-component coacervate-based protocell
networks provides a step towards the spontaneous construction of cytomimetic systems
with higher-order organization and collective functionality. The networks are
thermodynamic constructs, being driven by the surface energy minimization of the
DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp; droplets in a restraining force field generated
by the local surface adhesion interactions. Currently, the superstructures are structurally
stable for at least 30 days at room temperature, and it should be possible to increase their
lifetime for example by post-assembly membranization of the coacervate droplets®2l,
Moreover, increasing the length of the chains and reducing their polydispersity should be
possible by implementing greater control over the nucleation and growth kinetics of
coacervate droplet adhesion and fusion. In the longer-term, manipulating the chains into
interconnected macroscale structures using micro-fabricated surfaces or flow chambers
could provide an unprecedented approach to the design and construction of artificial

multicellular colonies and tissues with embedded circuitry and information processing.
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Figure 1. Spontaneous assembly, spatial segregation, self-organization, and macroscopic sorting of
coacervate-based protocell networks. (a,b) Mixing of DDAB (red), PDDA (green) and trans-AzoAsp;
(brown) (a), results in associative LLPS and spontaneous spatial segregation to give a binary
population of immiscible DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp, coacervate micro-droplets
(b). (c) Localized self/non-self adhesion and self/self fusion within mixed droplet aggregates
produces self-organized chain-like networks with an alternating sequence of interconnected droplets
and contiguous hemi-spherical contacts. Biomolecules are selectively partitioned within the
DDAB/trans-AzoAsp, (red) and PDDA/trans-AzoAsp, (green) coacervate droplets to generate
integrated higher-order protocell assemblies capable of macromolecular self-sorting, spatially
localized biocatalysis (substrate S1/product P1 and S2/P2) and inter-droplet molecular transfer. The
networks are recnfigured by chemical or photochemical stimuli. (d) Centrifugation of the protocell
networks results in biomolecular extraction and macroscopic sorting via a three-layer separation
process; DDAB/trans-AzoAsp, (upper layer), depleted agueous phase (middle layer) and PDDA
/trans-AzoAsp; (lower layer).
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Figure 2. Protocell network components. (a,b) Fluorescence microscopy (a) and optical polarized
microscopy (b) images of DDAB/trans-AzoAsp, coacervate droplets (molar ratio = 4 : 1; Nile Red
hydrophobic stain, red fluorescence). A birefringent Maltese cross pattern is shown in (b), indicating
liquid crystalline order. (c,d) Fluorescence microscopy (c) and polarized microscopy (d) images of
PDDA/trans-AzoAsp, coacervate droplets (molar ratio = 4 : 1; hydrophilic HPTS, green fluorescence).
No internal order is observed. (e,f) FRAP monitoring of Nile Red-loaded DDAB/trans-AzoAsp, (top)
and HPTS-loaded PDDA/trans-AzoAsp, (bottom) coacervate droplets. Time-dependent fluorescence
microscopy images (e), and corresponding kinetics of fluorescence recovery (f) of Nile Red-loaded
DDAB/trans-AzoAsp, (top) and HPTS-loaded PDDA/trans-AzoAsp, (bottom) coacervate droplets; the
data are consistent with liquid crystalline and homogeneous coacervate structures, respectively.
Error bars; SDs of three replicas. Scale bars; a-d, e, 5 um. (gh) Phase diagrams for
DDAB/trans-AzoAsp, (e) and PDDA/trans-AzoAsp; (f) mixtures prepared in the absence/presence of
NaCl. Shaded regions denote conditions under which coacervate micro-droplets were observable.
Liquid crystalline DDAB/trans-AzoAsp, droplets remain intact in the presence of 2 M sodium chloride
while the more hydrophilic PDDA/trans-AzoAsp, droplets disassemble under the same conditions.
Concentrations; DDAB (4 mM), PDDA (4 mM), AzoAsp; (0.5-5 mM) and NacCl (0-2 M).
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Figure 3. Protocell network assembly. (a) Fluorescence microscopy image showing linear and
branched chain-like assemblies of alternating Nile Red-loaded DDAB/trans-AzoAsp, (red
fluorescence) and HPTS-loaded PDDA/trans-AzoAsp> (green fluorescence) interconnected
coacervate micro-droplets (DDAB : PDDA : trans-AzoAsp, molar ratio = 4 : 4 : 2. (b-d) FACS time
series of FSC-A versus SSC-A dot plots for coexisting DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp,
coacervate droplets after mixing in the dark (to) (b), to + 30 min (c) and to + 90 min (d). Formation of
the chain-like assemblies after 30 min gives rise to a specific increase in scattering (red domain) in a
localized region of the pseudo-color plots; (n = 100,000). (e) Corresponding plots of counts against
FSC-A values at different times. (f-i) Time-series of fluorescence microscopy images showing
spontaneous self/non-self droplet adhesion (white arrows in f and g) and self/self droplet fusion (red
and green arrows in g and h) to produce a stabilized chain with alternating DDAB/trans-AzoAsp> (red)
and PDDA/trans-AzoAsp; (green) coacervate droplets (i). (j) Protocell network assembly at DDAB :
PDDA molar ratiosof 1: 1, 1:2 and 1 : 3 showing large more diffuse PDDA/trans-AzoAsp, droplets
(green) at higher PDDA concentrations. Staining as in a. (k,I) Graphics showing contact points
associated with interfacial tensions (yooas, Yrooa and yopas/eopa) and contact angles (Oppas and Opppa) (k),
and plots of (Oppas and Opppa) against DDAB/PDDA molar ratio (I). Scale bars: a =10 um; f-i =5 um; j =
5pum.

16



537
538

539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

Self-sorting coacervation and sequestration

o
W

0.6

0.4

Normuint. (a.u.)

02
WAHRP oovsDextran w=Lipid o ATP DNA RNA

0.0+F—

Distance (pm)

d e ty . tc.*.2403 4 IDJ-SUUS f 4| —— DDAB-rich domain
o P I — - - | —— PDDA-rich domain
y | —~ \ —~ 5 2 4
Amplex red ~\Resorfin . A g & 2
- c
@
X _ £ 1
N e 0 100 200 300 400 500
g tgh240min - © H#s40min © ©  h,,] — DDAB-rich domain
) . ‘s, ™ O 0 = PDDA-rich domain
= HiH-min : ™ ©) /L‘ =]
N TR - C) vy S . 20
Uﬁfl;cumcu\_.l ! coui I y , =
e, A ‘ O 45
COBAGGHOAM S G Cleavage i ) . '\‘..- 3
BHOTDCGACUL g site . ) z
5 102
Imse—
g
0 100 200 300 400 500
Time (min)
i '™ k DDAB-rich domain  PDDA-rich domain
‘@J = 1 mean = 2 mean

= ’) Transfer
—_—

91 -0-1 -2
d AN

7
\

Intensity = 10°

j R 3
" / \o
o —
0 2 =0 {4mir|] 6 8

Figure 4. Biomolecular organization and processing in protocell networks. (a) Graphical illustration
showing higher-order multi-component protocell model. Spontaneous self-sorting of enzymes (HRP),
polysaccharides (dextran), lipids (DiO), co-factors (ATP), and single-stranded polynuclotides (DNA
and RNA) in linked chains of alternating DDAB/trans-AzoAsp; (red) and PDDA/trans-AzoAsp, (green)
coacervate micro-droplets occurs by spatially selective molecular partitioning, leading to
regiospecific properties and chemical processing. (b) Fluorescence microscopy image of a single
chain of regularly interspersed DDAB/trans-AzoAsp, (D) and PDDA/trans-AzoAsp; (P) coacervate
micro-droplets showing selective partitioning of RITC-HRP (red fluorescence) or FAM-ssDNA (green
fluorescence) in the D and P domains, respectively, of the interconnected network. (c)
Corresponding fluorescence intensity line profile (dashed line in b) showing alternating sequence of
RITC-HRP (red line) and FAM-ssDNA (green line) enriched specifically in the D and P droplets. (d)
Schematic showing spatially organized biomolecular processing in protocell networks. Enzyme (HRP)
or ribozyme (HH-min) transformations occur in an alternating sequence of interconnected
DDAB/trans-AzoAsp, (red) and PDDA/trans-AzoAsp, (green) coacervate micro-droplets.
HRP-mediated peroxidation of Amplex Red to resorufin (red fluorescence) takes place specifically in
the DDAB/trans-AzoAsp; droplets, while HH-mediated cleavage of a FRET-ssRNA substrate to release
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a green fluorescence probe is localized within the PDDA/trans-AzoAsp, droplets. (e,f) Time-lapse
fluorescence microscopy images (e) and corresponding red fluorescence intensity changes with time
(f) for HRP/H,0,-mediated peroxidation in coacervate-based protocell networks. Resorufin (red
fluorescence) is produced and retained specifically within the DDAB/trans-AzoAsp, domains. (g,h)
Time-lapse fluorescence microscopy images (g) and corresponding green fluorescence intensity
changes with time (h) for HH-min cleavage and release and retention of the FRET-substrate (green
fluorescence) specifically within the PDDA/trans-AzoAsp, domains. (i) Schematic showing
inter-droplet transfer of ssDNA within a chain of alternating coacervate-based protocells; migration
occurs from the DDAB/trans-AzoAsp, to PDDA/trans-AzoAsp, domains due to increased solubility of
the oligonucleotide in the PDDA-containing matrix. ssDNA is initially sequestered into a single
population of DDAB/trans-AzoAsp, droplets prior to addition of a suspension of PDDA/trans-AzoAsp>
droplets and self-assembly of the regularly interspersed droplet arrays. (j,k) Time-lapse fluorescence
microscopy images (j) and corresponding red fluorescence intensity changes with time (k) showing
transfer of TAMRA-ssDNA from a DDAB/trans-AzoAsp, droplet (1) to an adjacent
PDDA/trans-AzoAsp, domain (2) located in the same protocell chain; fluorescence intensity values at
positions 1 and 2, and mean fluorescence values for droplets 1 and 2 are plotted. Scale bars: b =3
pm; e, g, j=5um.
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Figure 5. Stimuli-induced reconfiguration in protocell networks. (a-c) Reconfiguration of protocell
networks by B-CD-mediated disassembly of DDAB/trans-AzoAsp, domains showing progressive
disassociation of Nile Red-loaded DDAB/trans-AzoAsp, domains (red) accompanied by local fusion of
HPTS-loaded PDDA/trans-AzoAsp, droplets (green) (a); corresponding time-dependent plots of
domain sizes and fluorescence intensities for various marked droplets (b,c). High localized
concentrations of HPTS (green) and Nile Red (yellow) are observed in the DDAB/trans-AzoAsp;
droplets 10 min after addition of B-CD ([-CD]/[DDAB] = 6). (d-f) Reconfiguration of protocell
networks by light-mediated trans-to-cis isomerization of azobenzene in internally ordered networks
of Nile Red-loaded DDAB/trans-AzoAsp, (red) and HPTS-loaded PDDA/trans-AzoAsp, droplets
(green). Fluorescence images recorded after samples were left in the dark (left), 10 min after UV
irradiation (middle), or 10 min UV followed by 15 min in blue light (right) (d). Corresponding
measurements of normalized red and green fluorescence intensities (e) and changes in Pearson’s
correlation coefficient (p) (f) are also shown. UV-induced destabilization results in inter-droplet
fusion and guest molecular mixing, while blue light restores the segregation of Nile Red and HPTS.
Scale bars: 10 um.
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Figure 6. Protocell network-mediated biomolecular extraction and macroscale sorting. (a) Selective
uptake and spatial segregation of various guest biomolecules in protocell networks comprising an
alternating sequence of coacervate droplet domains followed by centrifugation results in a lower
density upper layer of DDAB/trans-AzoAsp;-enriched coacervate droplets, a dilute aqueous middle
layer and a higher density PDDA/trans-AzoAsp,-enriched coacervate droplet lower layer. The
partitioned biomolecular cargos are sorted between the upper and lower layers (photograph, far
right) according to their selective partitioning in the immiscible coacervate droplets. (b,c)
Compositional analysis of coacervate host components by *H NMR spectroscopy (b) and analysis of
guest components (FITC-HRP or TAMRA-ssDNA) by fluorescence spectroscopy (c) in the three
separated layers; the molar ratio of DDAB/trans-AzoAsp, and PDDA/trans-AzoAsp; in the upper and
lower layers is close to 4:1 (charge neutralization) and FITC-HRP and TAMRA-ssDNA are efficiently
sorted into the DDAB- or PDDA-enriched layers, respectively. (d-e) Optical and fluorescence
microscopy images of coacervate droplets obtained from the upper (d) or lower (e) layers after
centrifugation showing extraction and sorting of FITC-HRP and TAMRA-ssDNA, respectively. Scale
bars, 5 um.
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