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The bottom-up assembly of higher-order cytomimetic systems capable of coordinated 21 
physical behaviours, collective chemical signalling and spatially integrated processing is a 22 
key challenge in the study of artificial multicellularity. Here we develop an interactive 23 
binary population of coacervate micro-droplets that spontaneously self-organize into 24 
chain-like protocell networks with an alternating sequence of structurally dissimilar 25 
micro-domains and hemi-spherical contact points. The protocell superstructures exhibit 26 
macromolecular self-sorting, spatially localized enzyme/ribozyme biocatalysis and 27 
inter-droplet molecular translocation, are capable of topographical reconfiguration using 28 
chemical or light-mediated stimuli and can be used as a micro-extraction system for 29 
macroscale biomolecular sorting. Our methodology opens a pathway to the self-assembly 30 
of multi-component protocell networks based on selective processes of coacervate 31 
droplet-droplet adhesion and fusion and provides a step towards the spontaneous 32 
orchestration of protocell models into artificial tissues and colonies with ordered 33 
architectures and collective functions. 34 
 35 
Introduction 36 
Organization of artificial cell-like compartments (protocells) into interconnected protocell 37 
networks offer opportunities to study aspects of artificial multicellularity such as long-range 38 
programmable signalling1, controlled protein expression2, morphogen-mediated 39 
differentiation3 and utilization of externally stored energy4. Building higher-order 40 
cytomimetic systems is timely because numerous protocell models are currently available, 41 
including lipid vesicles5-7, polymersomes8-9, proteinosomes10, colloidosomes11-13, 42 
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polysaccharidosomes14,15, and membrane-less16,17 or membranized18-21 coacervate 43 
micro-droplets. Taken together, these synthetic constructs exhibit a diversity of life-like 44 
properties such as cell-free gene expression22, DNA transcription23,24, growth, division and 45 
fusion25-27, biochemical activity28-31, sensing and motility32,33, phagocytosis34 and 46 
predation35,36 that are associated with the endogenous activity of discrete protocells or their 47 
contact-dependent interactivity. Extending these attributes into higher-order networks 48 
necessitates the controlled assembly and ordering of protocell populations in space and 49 
time37, and has been achieved principally through the use of external manipulation involving 50 
3D printing38-40, acoustic force fields41, magnetic fields42 micro-pipetting43 and 51 
microfluidics44,45. In contrast, although randomly organized tissue-like colonies of protocells 52 
have been prepared using interfacial click chemistry46,47 or hydrogel immobilization48, the 53 
spontaneous bottom-up assembly of organized protocell networks without external 54 
manipulation or energy input remains a considerable challenge.  55 

In this work, we report the spontaneous self-organization of reconfigurable chain-like 56 
protocell networks capable of macromolecular self-sorting, spatially localized biocatalysis, 57 
and inter-droplet molecular translocation (Fig. 1). We show that associative liquid-liquid 58 
phase separation in a ternary mixture of a double-tailed quaternary cationic amphiphile 59 
(didodecyldimethyl ammonium bromide, DDAB), a cationic polyelectrolyte 60 
(poly(diallyldimethylammonium chloride, PDDA) and a photoactive anionic aspartic 61 
acid-appended azobenzene derivative (trans-AzoAsp2, Supplementary Fig. S1) produces a 62 
binary population of immiscible DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 coacervate 63 
micro-droplets with liquid crystalline and homogeneous internal structures, respectively. 64 
The coacervate droplets spontaneously self-organize into linear and branched chains with 65 
an alternating sequence of structurally dissimilar micro-domains and hemi-spherical contact 66 
junctions. By recruiting different biomacromolecules into specific domains of the protocell 67 
chains we implement spatially localized enzyme- or ribozyme-mediated reactions within the 68 
self-assembled networks. The chain-like arrays can be topologically reconfigured by 69 
selective domain disassembly arising from host-guest complexation of β-cyclodextrin 70 
(β-CD)49 within the DDAB/trans-AzoAsp2 coacervate droplets. Alternatively, fusion of the 71 
immiscible coacervate droplets within the networks and reversible transfer of guest 72 
molecules can be induced by photo-isomerisation of AzoAsp250. Finally, we develop a 73 
protocell network-based micro-extraction and macroscale biomolecular sorting system by 74 
exploiting differences in coacervate density to release and separate the interconnected 75 
droplets and their constituent macromolecular cargoes. Taken together, our results 76 
demonstrate that superstructural ordering of dissimilar coacervate droplets can be achieved 77 
spontaneously by selective droplet-droplet adhesion and fusion, open a pathway to the 78 
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self-assembly of multi-component protocell networks and provide a step towards 79 
higher-order cytomimetic systems capable of selective sorting and spatially integrated 80 
chemical processing. 81 
 82 

Results and discussion 83 

Protocell network components and assembly  84 
We prepared populations of immiscible DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 85 
coacervate droplets as the basis for constructing a higher-order multi-component protocell 86 
network. First, we investigated the individual coacervate systems prior to self-assembly. In 87 
both cases, mixing aqueous solutions of DDAB and trans-AzoAsp2 or PDDA and 88 
trans-AzoAsp2 at a DDAB/trans-AzoAsp2 or PDDA/trans-AzoAsp2 molar ratio of 4:1 gave rise 89 
to positively charged coacervate micro-droplets (typical zeta potentials; +37 mV 90 
(DDAB/AzoAsp2) and +8 mV (PDDA/AzoAsp2), usually less than 10 μm in diameter. The 91 
DDAB/trans-AzoAsp2 coacervate droplets were readily imaged by fluorescence microscopy 92 
using the hydrophobic fluorophore, Nile Red, which was sequestered into the coacervate 93 
phase (Fig. 2a). Polarized optical microscopy (POM) images on single droplets showed 94 
intense birefringent Maltese-cross patterns (Fig. 2b), which disappeared after incubation at 95 
90 ℃ for 15 min, indicative of a liquid crystalline DDAB/trans-AzoAsp2 coacervate51. 96 
Conversely, the PDDA/trans-AzoAsp2 droplets preferentially accumulated hydrophilic 97 
fluorophores such as 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) and showed no 98 
birefringence (Figs. 2c,d), indicating a homogeneous coacervate matrix with a relatively high 99 
dielectric constant. Fluorescence recovery after photobleaching (FRAP) measurements52 100 
showed slow (80% within 900 s) or fast (90% within 30 s) fluorescence recovery in Nile 101 
Red-loaded DDAB/trans-AzoAsp2 or HPTS-loaded PDDA/trans-AzoAsp2 coacervate droplets, 102 
respectively (Figs. 2e,f) with corresponding estimated apparent diffusion coefficients of 9.3 103 
× 10−15 and 5.6 × 10−14 m2/s53. The approximately 6-fold increase in fluorophore mobility 104 
within the PDDA/trans-AzoAsp2 micro-droplets was attributed to the restricted lateral 105 
diffusion of Nile Red in the liquid crystalline matrix of the DDAB/trans-AzoAsp2 phase. 106 
Moreover, the increased hydrophobicity of the liquid crystalline DDAB/trans-AzoAsp2 phase 107 
increased the stability of the droplets against salt-induced dissolution (Figs. 2g,h).  108 

Spontaneous assembly of ordered protocell networks was achieved by mixing DDAB, 109 
PDDA and trans-AzoAsp2 at a corresponding molar ratio of 4 : 4 : 2 at room temperature for 110 
50 min. Fluorescence microscopy images showed predominantly self-organized 111 
microstructures in the form of linear and branched chain-like networks consisting of an 112 
alternating sequence of interconnected DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 113 
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coacervate micro-droplets (Fig. 3a, Supplementary Fig. S2). The immiscible droplets were 114 
typically less than 10 μm in size and adhered to each other with distinct hemispherical 115 
contact points. Fluorescence intensity profiles along the chains (Supplementary Fig. S3), as 116 
well as POM images (Supplementary Fig. S4) and FRAP measurements (Supplementary Fig. 117 
S5) confirmed the alternating positioning of the different droplets. Formation of the 118 
higher-order assemblies was observed irrespective of the order in which DDAB, PDDA and 119 
trans-AzoAsp2 were added (Supplementary Fig. S6), indicating that droplet self-organization 120 
occurred under thermodynamic conditions.  121 

Time-dependent plots of forward light scattered area (FSC-A) versus side light scattered 122 
area (SSC-A) derived from fluorescence-activated cell sorting (FACS) measurements over 90 123 
min showed the progressive emergence of a peak in the maximum FSC-A count (Figs. 3b-e), 124 
which was attributed to increasing numbers of chain-like assemblies. The mechanism of 125 
chain ordering was monitored using time-lapse fluorescence microscopy. Upon mixing of 126 
DDAB, PDDA and trans-AzoAsp2, attractive interactions between the DDAB/trans-AzoAsp2 127 
and PDDA/trans-AzoAsp2 coacervate droplets gave rise to pairwise combinations and small 128 
partially organized clusters that increased in length and droplet size typically over a period 129 
of 60 min (Supplementary Fig. S7 and Movie S1). Ordering within the networks increased 130 
with time due to intra-cluster fusion events, which specifically merged droplets of the same 131 
type that were sufficiently close to each other, leaving only a regularly interspersed 132 
arrangement of self/non-self cohesive connections (Figs. 3f-i).   133 

Alternate positioning of the DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 coacervate 134 
droplets was most prominent in networks produced when the number density of both types 135 
of droplets was approximately equal (DDAB : PDDA = 1 : 1) (Fig. 3j). Under these conditions, 136 
the rates of self/non-self droplet adhesion and self/self droplet coalescence in the initially 137 
formed clusters were effectively matched so that regular interspersing of discrete droplets 138 
gave rise to a relatively stable micro-structure. In contrast, increasing the amount of PDDA 139 
(DDAB : PDDA = 1 : 2; 1 : 3) resulted in larger diffuse PDDA/trans-AzoAsp2 domains that 140 
were often distributed between well-defined DDAB/trans-AzoAsp2 droplets (Fig. 3j). Lower 141 
PDDA concentrations did not appear to significantly disrupt the network architecture, 142 
presumably because the DDAB/trans-AzoAsp2 droplets were less susceptible to coalescence 143 
(Supplementary Fig. S8).  144 

The relative interfacial tensions (γDDAB, γPDDA and γDDAB/PDDA) at the coacervate droplet 145 
junctions and the corresponding three-phase contact angles (θDDAB and θPDDA; θ = 180 o 146 
(complete dewetting)) between the micro-droplets were determined by image analysis of 147 
the fluorescence microscopy images (Fig. 3k)54,55. Values of θDDAB determined for different 148 
DDAB : PDDA molar ratios remained within a relatively narrow range (135-150o), while θPDDA 149 
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was smaller and dependent on the DDAB : PDDA molar ratio (Fig. 3l). Specifically, a 150 
maximum θPDDA value of 125o was measured at a DDAB : PDDA molar ratio of 1 : 1, 151 
corresponding to stable alternating sequences of interconnected coacervate droplets. Lower 152 
θPDDA angles ranging from 115o to 55o were observed at higher or lower DDAB : PDDA molar 153 
ratios (Fig. 3l), consistent with increased levels of wetting at the droplet junctions. Notably, 154 
the DDAB/trans-AzoAsp2 droplets were relatively unperturbed on contact with the 155 
PDDA/trans-AzoAsp2 domains (θDDAB > θPDDA), implying that γDDAB/PDDA was higher than γDDAB, 156 
and γDDAB/PDDA greater than γPDDA, consistent with the liquid crystalline structure of the 157 
DDAB/trans-AzoAsp2 droplets. 158 
 159 
Biomolecular organization and processing in protocell networks  160 
Given that alternating sequences of immiscible and structurally dissimilar coacervate 161 
droplets could be interconnected within chain-like arrays, we sought to utilise the networks 162 
as a platform for constructing a functional multi-component protocell model with 163 
higher-level organization. Based on their distinct composition and structuration, we 164 
reasoned that the immiscible coacervate droplets would be able to preferentially 165 
sequestrate different biomolecules from the external environment, thereby providing a 166 
mechanism for spatially selective molecular partitioning, leading to protocell networks with 167 
regiospecific properties and localized chemical processing (Fig. 4a). We tested the selectivity 168 
of biomolecular uptake by exposing the coacervate droplet assemblies to mixtures of 169 
fluorescently labelled proteins, oligonucleotides and lipids and monitoring the spatial 170 
distribution of the guest molecules by fluorescence microscopy. Images recorded using 171 
mixtures of rhodamine isothiocyanate-modified horseradish peroxidase (RITC-HRP) and 172 
carboxyfluorescein-modified ssDNA (FAM-ssDNA) showed high levels of spatial sorting 173 
within the networks with RITC-HRP or FAM-ssDNA distributed preferentially in the 174 
DDAB/trans-AzoAsp2 or PDDA/trans-AzoAsp2 coacervate droplets, respectively (Figs. 4b,c). 175 
Similarly, binary mixtures of oligonucleotides and polysaccharides (ssDNA/DEAE-dextran; 176 
RNA/dextran; ssDNA/heparin; RNA/heparin), lipids (ssDNA/DiO; RNA/DiO), proteins 177 
(RNA/HRP) or co-factors (ssDNA/ATP) indicated that the DEAE-dextran, DiO, ATP and 178 
heparin were preferentially enriched in the DDAB/trans-AzoAsp2 domains, while ssDNA and 179 
RNA oligonucleotides were located primarily in the PDDA/trans-AzoAsp2 regions of the 180 
protocell networks (Supplementary Figs. S9-S11). We attributed the selective partitioning to 181 
differences in the internal structure and hydrophilicity of the two coacervate phases. While 182 
multivalent charge interactions facilitated the high solubility of nucleic acid polyanions in 183 
PDDA/trans-AzoAsp2, the more amphiphilic environment of liquid crystalline 184 
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DDAB/trans-AzoAsp2 was conducive to higher uptake levels of proteins, polysaccharides, 185 
lipids and ATP. 186 
 The self-sorting of biomacromolecules into discrete domains of the chain-like arrays 187 
was exploited as a mechanism for undertaking spatially localized enzyme and ribozyme 188 
transformations in the protocell networks (Fig. 4d). For example, selective loading of HRP 189 
into the DDAB/trans-AzoAsp2 domains, followed by addition of Amplex red and hydrogen 190 
peroxide converted the substrate into resorufin, resulting in increasing levels of 191 
homogeneous red fluorescence specifically in the liquid crystalline coacervate droplets over 192 
a period of 500 s (Figs. 4e,f and Movie S2). The emission intensity from the 193 
DDAB/trans-AzoAsp2 domains was 32-fold higher than that measured in the adjacent 194 
PDDA/trans-AzoAsp2 droplets, indicating a high level of product retention in the 195 
HRP-containing reaction environment. In contrast, RNA enrichment and catalysis specifically 196 
within the PDDA/trans-AzoAsp2 domains was achieved by selective uptake of a minimal 197 
hammerhead ribozyme (HH-min) hybridized to a FRET-substrate29. Cleavage of the 198 
FRET-substrate strand by HH-min liberated the fluorophore (6-carboxyfluorescein) from the 199 
quencher strand, resulting in an increase in green fluorescence intensity in the 200 
PDDA/trans-AzoAsp2 coacervate droplets with minimal transfer into the adjacent 201 
DDAB/trans-AzoAsp2 domains (Figs. 4g,h). 202 
 As the above transformations did not involve significant changes in polarity between 203 
the reactants and products, substantial transfer of the latter between the different types of 204 
droplets was not observed. We conjectured that the fluid-like properties of the 205 
DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 coacervate droplets should facilitate the 206 
migration of encapsulated biomolecules between different domains in the protocell arrays if 207 
the guest solubility in the receiver droplets was energetically favoured. To generate 208 
non-equilibrium conditions in the protocell network, ssDNA was initially sequestered into a 209 
single population of DDAB/trans-AzoAsp2 droplets prior to addition of a suspension of 210 
PDDA/trans-AzoAsp2 droplets and formation of the protocell chains. Localized self/non-self 211 
adhesion within the regularly interspersed arrays then gave rise to contact-dependent 212 
transfer of the ssDNA from the PDDA/trans-AzoAsp2 domains into adjacent 213 
DDAB/trans-AzoAsp2 droplets (Fig. 4i). To validate this hypothesis, we pre-loaded 214 
TAMRA-ssDNA into DDAB/trans-AzoAsp2 droplets, added PDDA/trans-AzoAsp2 droplets to 215 
generate the protocell chains, and monitored the inter-droplet mobility of the 216 
oligonucleotide by recording the changes in fluorescence intensity in adjacent droplets (Fig. 217 
4j and Movie S3). Typically, 95% of the TAMRA-ssDNA pre-loaded into the 218 
DDAB/trans-AzoAsp2 domains was transferred into adjacent PDDA/trans-AzoAsp2 droplets 219 
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within 8 min (Fig. 4k), confirming that molecular transfer was possible under 220 
non-equilibrium conditions.  221 
 222 
Stimuli-induced reconfiguration in protocell networks  223 
We investigated two mechanisms for controlling the topographical reconfiguration of the 224 
chain-like arrays as a step towards triggering the transfer and redistribution of guest 225 
molecules from the protocell networks. Firstly, as the assembly of the regularly interspersed 226 
droplets was dictated by the interplay between different interfacial tensions, we sought to 227 
modulate the inter-droplet interactions through the adjustment of intermolecular forces 228 
specifically within the liquid crystalline DDAB/trans-AzoAsp2 domains. To achieve this, we 229 
minimized the hydrophobic interactions between the alkyl tails of DDAB by host-guest 230 
complexation with β-cyclodextrin (β-CD). Addition of β-CD to the protocell networks 231 
resulted in progressive disassembly of the DDAB/trans-AzoAsp2 droplets over a period of 232 
10-30 mins (Fig. 5a, Supplementary Fig. S12). In contrast, the PDDA/trans-AzoAsp2 domains 233 
remained intact and increased in size by localized coalescence due to removal of the 234 
adjacent DDAB/trans-AzoAsp2 droplets from the network (Fig. 5a, Supplementary Fig. S13). 235 
Measurements of the droplet projected areas were determined by fluorescence microscopy 236 
and indicated that the DDAB/trans-AzoAsp2 domains typically decreased by 50% from ca. 20 237 
to 10 μm2 after 1 min of adding β-CD and were less than 2 μm2 in size after 10 min; in 238 
contrast the PDDA/trans-AzoAsp2 droplets approximately doubled in area (Fig. 5b). 239 
Complete disassembly of the DDAB/trans-AzoAsp2 liquid crystalline phase occurred at 240 
higher β-CD/DDAB molar ratios (Supplementary Figs. S14, S15), resulting in release of guest 241 
molecules and transfer onto the surface of neighbouring PDDA/trans-AzoAsp2 droplets (Figs. 242 
5a,c). Taken together, the results indicate that supramolecular complexation between β-CD 243 
and DDAB could be employed to selectively disassemble specific domains of the protocell 244 
networks, increase coalescence in the remaining PDDA/trans-AzoAsp2 domains and 245 
exchange guest molecules between the immiscible coacervate droplets. 246 
 We developed a second mechanism of protocell network reconfiguration based on the 247 
light-induced trans-to-cis isomerization of azobenzene within pre-organized chains of the 248 
DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 coacervate droplets (Supplementary Figs. 249 
S16-S19). We reasoned that the reduced hydrophobicity of cis-AzoAsp2 would lower the 250 
interfacial tension between the DDAB- and PDDA-containing droplets, thereby inducing local 251 
fusion in the alternating sequence of immiscible droplets in the protocell chains. Density 252 
functional theory (DFT) calculations on trans- and cis-AzoAsp2 (Supplementary Fig. S20), 253 
confirmed that the dipole moment of azobenzene increased from 6.64 D (trans state) to 254 
44.08 D (cis state) after photoisomerization. Experimentally, UV-light irradiation of the 255 
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protocell networks over 10 min gave rise to extensive coalescence of the dissimilar droplets 256 
to produce heterogeneous larger droplets with co-localized guest molecules (Fig. 5d and 257 
Movie S4). For example, co-localization of Nile Red and HPTS was monitored by measuring 258 
changes in the Pearson’s correlation constant (ρ; 0 (correlated), 1 (non-correlation)). 259 
Specifically, regions along the protocell chains initially associated with the 260 
DDAB/trans-AzoAsp2 domains showed a decrease in ρ from ca. 0.88 to 0.22 after 261 
photo-isomerism, confirming increased levels of spatial overlapping of the Nile Red and 262 
HPTS fluorophores (Figs. 5e,f). Subsequent irradiation with blue light for 15 min reverted 263 
the cis-AzoAsp2 isomer back to trans-AzoAsp2 as demonstrated by a re-established ρ value 264 
of 0.87 (Fig. 5f). Although demixing of the coacervate phases and re-segregation of the 265 
guest molecules occurred after exposure to blue light, structural re-assembly of ordered 266 
multi-component chains was not observed (Fig. 5d). 267 
 268 
Protocell network-mediated biomolecular extraction and macroscale sorting 269 
Having established that internal ordering and selectively biomolecular sequestration could 270 
be achieved in chain-like networks of immiscible and structurally dissimilar coacervate 271 
droplets, we investigated the possibility of exploiting differences in coacervate density to 272 
release and separate the interconnected droplets and their constituent biomolecular 273 
cargoes (Fig. 6a). To achieve this, we centrifuged suspensions of the protocell arrays at 274 
15,000x g, to produce a stable three-phase system consisting of a DDAB-enriched upper 275 
coacervate layer (0.8 vol%), a dilute aqueous middle layer (98.8 vol%) and a PDDA-enriched 276 
lower coacervate layer (0.4 vol% in volume). Typical concentrations for DDAB and 277 
trans-AzoAsp2 in the upper layer were 985 and 240 mM, respectively, while the lower layer 278 
consisted of PDDA (720 mM) and AzoAsp2 (177 mM) (Fig. 6b). In both cases, the molar ratios 279 
were close to the stoichiometric ratio (4:1) required for near-neutral charge conditions. In 280 
contrast, the middle layer contained relatively low levels of DDAB (0.3 mM), PDDA (4.5 mM) 281 
and trans-AzoAsp2 (0.8 mM), and no coacervate phase (Supplementary Fig. S21). Zeta 282 
potential measurements indicated that coacervate droplets present in the upper or lower 283 
layers were positively charged (+16 and + 33 mV, respectively) (Supplementary Fig. S22).  284 
 Given that the adhered micro-droplets could be mechanically released from the 285 
networks and then separated by differences in density, we used the above procedure as a 286 
protocell-based micro-extraction system for selective cargo sequestration and macroscopic 287 
sorting. As an initial test, we prepared protocell networks with alternating sequences of 288 
DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 coacervate droplets loaded with FITC-HRP or 289 
TAMRA-ssDNA, respectively, and centrifuged the suspensions. Compositional analysis of the 290 
separated layers indicated that the guest molecules were retained by their respective 291 



 

9 

 

coacervate phases after centrifugation, with negligible amounts detected in the aqueous 292 
middle layer. Typically, the concentration of FITC-HRP in the DDAB-containing upper layer 293 
was approximately 8-fold higher than in the PDDA-containing lower layer, while the 294 
TAMR-ssDNA concentration in the lower layer was approximately 12-fold higher than that in 295 
the upper layer (Fig. 6c). Fluorescence microscopy images of individual coacervate 296 
micro-droplets extracted from the upper or lower layers confirmed the selective partitioning 297 
of the guest biomolecules (Figs. 6d,e). Based on the above results, we used the protocell 298 
networks for the biomolecular extraction and macroscale sorting from mixtures of 299 
oligonucleotides with polysaccharides (DEAE-dextran/ssDNA), lipids (DiO/ssDNA) or 300 
co-factors (ATP/ssDNA), as well as using different dye molecules (Nile Red or HPTS) 301 
(Supplementary Fig. S23). DEAE-dextran, DiO, ATP and Nile Red were partitioned into the 302 
DDAB/trans-AzoAsp2 coacervate upper layer at approximately 50-, 25-, 20- or 13-fold higher 303 
concentrations than in the PDDA/trans-AzoAsp2 lower layer (Supplementary Fig. S24). In 304 
contrast, ssDNA and HPTS concentrations in the PDDA-enriched coacervate lower layer after 305 
centrifugation were approximately 7-, 20-, 13- or 20-fold higher than observed in the upper 306 
layer. 307 
 308 
Conclusions  309 
In summary, we describe a new type of protocell network based on an interactive binary 310 
population of immiscible coacervate micro-droplets. The membrane-less coacervate 311 
droplets are produced by associative liquid-liquid phase separation and have either 312 
liquid-crystalline (DDAB/trans-AzoAsp2) or homogeneous (PDDA/trans-AzoAsp2) interiors 313 
with increased levels of hydrophobicity or hydrophilicity, respectively. Interactions between 314 
coacervate droplets with similar structures lead to fusion while contact between structurally 315 
disparate droplets results in adhesion. Consequently, heterogeneous aggregates of the 316 
dissimilar droplets spontaneously rearrange and develop over 60 min into chain-like 317 
superstructures with an alternating sequence of liquid crystalline and non-structured 318 
coacervate droplet micro-domains with hemi-spherical junctions. This process is facilitated 319 
by the reduced dimensionality associated with slow sedimentation of the coacervate 320 
droplets and primary aggregates onto pegylated glass coverslips. By recruiting different 321 
biomacromolecules into specific domains of the protocell chains we exploit the 322 
superstructures as a model protocell network capable of macromolecular self-sorting, 323 
spatially localized enzyme/ribozyme biocatalysis and inter-droplet molecular translocation. 324 
We also show that the networks can be topologically reconfigured by using host-guest 325 
complexation to selectively disassemble the DDAB/trans-AzoAsp2 domains. Alternatively, 326 
photo-isomerisation of AzoAsp2 by exposure to UV or blue light fuses the immiscible 327 
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coacervate droplets along the chains and controls the spatial distribution of guest molecules. 328 
Finally, as proof-of-concept we develop a protocell network-based micro-extraction and 329 
macroscale biomolecular sorting system.  330 

Taken together, the self-assembly of multi-component coacervate-based protocell 331 
networks provides a step towards the spontaneous construction of cytomimetic systems 332 
with higher-order organization and collective functionality. The networks are 333 
thermodynamic constructs, being driven by the surface energy minimization of the 334 
DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 droplets in a restraining force field generated 335 
by the local surface adhesion interactions. Currently, the superstructures are structurally 336 
stable for at least 30 days at room temperature, and it should be possible to increase their 337 
lifetime for example by post-assembly membranization of the coacervate droplets18-21. 338 
Moreover, increasing the length of the chains and reducing their polydispersity should be 339 
possible by implementing greater control over the nucleation and growth kinetics of 340 
coacervate droplet adhesion and fusion. In the longer-term, manipulating the chains into 341 
interconnected macroscale structures using micro-fabricated surfaces or flow chambers 342 
could provide an unprecedented approach to the design and construction of artificial 343 
multicellular colonies and tissues with embedded circuitry and information processing. 344 
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 481 
 482 
Figure 1. Spontaneous assembly, spatial segregation, self-organization, and macroscopic sorting of 483 
coacervate-based protocell networks. (a,b) Mixing of DDAB (red), PDDA (green) and trans-AzoAsp2 484 
(brown) (a), results in associative LLPS and spontaneous spatial segregation to give a binary 485 
population of immiscible DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 coacervate micro-droplets 486 
(b). (c) Localized self/non-self adhesion and self/self fusion within mixed droplet aggregates 487 
produces self-organized chain-like networks with an alternating sequence of interconnected droplets 488 
and contiguous hemi-spherical contacts. Biomolecules are selectively partitioned within the 489 
DDAB/trans-AzoAsp2 (red) and PDDA/trans-AzoAsp2 (green) coacervate droplets to generate 490 
integrated higher-order protocell assemblies capable of macromolecular self-sorting, spatially 491 
localized biocatalysis (substrate S1/product P1 and S2/P2) and inter-droplet molecular transfer. The 492 
networks are recnfigured by chemical or photochemical stimuli. (d) Centrifugation of the protocell 493 
networks results in biomolecular extraction and macroscopic sorting via a three-layer separation 494 
process; DDAB/trans-AzoAsp2 (upper layer), depleted aqueous phase (middle layer) and PDDA 495 
/trans-AzoAsp2 (lower layer). 496 
  497 
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 498 
 499 
Figure 2. Protocell network components. (a,b) Fluorescence microscopy (a) and optical polarized 500 
microscopy (b) images of DDAB/trans-AzoAsp2 coacervate droplets (molar ratio = 4 : 1; Nile Red 501 
hydrophobic stain, red fluorescence). A birefringent Maltese cross pattern is shown in (b), indicating 502 
liquid crystalline order. (c,d) Fluorescence microscopy (c) and polarized microscopy (d) images of 503 
PDDA/trans-AzoAsp2 coacervate droplets (molar ratio = 4 : 1; hydrophilic HPTS, green fluorescence). 504 
No internal order is observed. (e,f) FRAP monitoring of Nile Red-loaded DDAB/trans-AzoAsp2 (top) 505 
and HPTS-loaded PDDA/trans-AzoAsp2 (bottom) coacervate droplets. Time-dependent fluorescence 506 
microscopy images (e), and corresponding kinetics of fluorescence recovery (f) of Nile Red-loaded 507 
DDAB/trans-AzoAsp2 (top) and HPTS-loaded PDDA/trans-AzoAsp2 (bottom) coacervate droplets; the 508 
data are consistent with liquid crystalline and homogeneous coacervate structures, respectively. 509 
Error bars; SDs of three replicas. Scale bars; a-d, e, 5 μm. (g,h) Phase diagrams for 510 
DDAB/trans-AzoAsp2 (e) and PDDA/trans-AzoAsp2 (f) mixtures prepared in the absence/presence of 511 
NaCl. Shaded regions denote conditions under which coacervate micro-droplets were observable. 512 
Liquid crystalline DDAB/trans-AzoAsp2 droplets remain intact in the presence of 2 M sodium chloride 513 
while the more hydrophilic PDDA/trans-AzoAsp2 droplets disassemble under the same conditions. 514 
Concentrations; DDAB (4 mM), PDDA (4 mM), AzoAsp2 (0.5-5 mM) and NaCl (0-2 M). 515 
  516 
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 517 
 518 
Figure 3. Protocell network assembly. (a) Fluorescence microscopy image showing linear and 519 
branched chain-like assemblies of alternating Nile Red-loaded DDAB/trans-AzoAsp2 (red 520 
fluorescence) and HPTS-loaded PDDA/trans-AzoAsp2 (green fluorescence) interconnected 521 
coacervate micro-droplets (DDAB : PDDA : trans-AzoAsp2 molar ratio = 4 : 4 : 2. (b-d) FACS time 522 
series of FSC-A versus SSC-A dot plots for coexisting DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 523 
coacervate droplets after mixing in the dark (t0) (b), t0 + 30 min (c) and t0 + 90 min (d). Formation of 524 
the chain-like assemblies after 30 min gives rise to a specific increase in scattering (red domain) in a 525 
localized region of the pseudo-color plots; (n = 100,000). (e) Corresponding plots of counts against 526 
FSC-A values at different times. (f-i) Time-series of fluorescence microscopy images showing 527 
spontaneous self/non-self droplet adhesion (white arrows in f and g) and self/self droplet fusion (red 528 
and green arrows in g and h) to produce a stabilized chain with alternating DDAB/trans-AzoAsp2 (red) 529 
and PDDA/trans-AzoAsp2 (green) coacervate droplets (i). (j) Protocell network assembly at DDAB : 530 
PDDA molar ratios of 1 : 1, 1 : 2 and 1 : 3 showing large more diffuse PDDA/trans-AzoAsp2 droplets 531 
(green) at higher PDDA concentrations. Staining as in a. (k,l) Graphics showing contact points 532 
associated with interfacial tensions (γDDAB, γPDDA and γDDAB/PDDA) and contact angles (θDDAB and θPDDA) (k), 533 
and plots of (θDDAB and θPDDA) against DDAB/PDDA molar ratio (l). Scale bars: a = 10 μm; f-i = 5 μm; j = 534 
5 μm. 535 
 536 
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 537 
 538 
Figure 4. Biomolecular organization and processing in protocell networks. (a) Graphical illustration 539 
showing higher-order multi-component protocell model. Spontaneous self-sorting of enzymes (HRP), 540 
polysaccharides (dextran), lipids (DiO), co-factors (ATP), and single-stranded polynuclotides (DNA 541 
and RNA) in linked chains of alternating DDAB/trans-AzoAsp2 (red) and PDDA/trans-AzoAsp2 (green) 542 
coacervate micro-droplets occurs by spatially selective molecular partitioning, leading to 543 
regiospecific properties and chemical processing. (b) Fluorescence microscopy image of a single 544 
chain of regularly interspersed DDAB/trans-AzoAsp2 (D) and PDDA/trans-AzoAsp2 (P) coacervate 545 
micro-droplets showing selective partitioning of RITC-HRP (red fluorescence) or FAM-ssDNA (green 546 
fluorescence) in the D and P domains, respectively, of the interconnected network. (c) 547 
Corresponding fluorescence intensity line profile (dashed line in b) showing alternating sequence of 548 
RITC-HRP (red line) and FAM-ssDNA (green line) enriched specifically in the D and P droplets. (d) 549 
Schematic showing spatially organized biomolecular processing in protocell networks. Enzyme (HRP) 550 
or ribozyme (HH-min) transformations occur in an alternating sequence of interconnected 551 
DDAB/trans-AzoAsp2 (red) and PDDA/trans-AzoAsp2 (green) coacervate micro-droplets. 552 
HRP-mediated peroxidation of Amplex Red to resorufin (red fluorescence) takes place specifically in 553 
the DDAB/trans-AzoAsp2 droplets, while HH-mediated cleavage of a FRET-ssRNA substrate to release 554 
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a green fluorescence probe is localized within the PDDA/trans-AzoAsp2 droplets. (e,f) Time-lapse 555 
fluorescence microscopy images (e) and corresponding red fluorescence intensity changes with time 556 
(f) for HRP/H2O2-mediated peroxidation in coacervate-based protocell networks. Resorufin (red 557 
fluorescence) is produced and retained specifically within the DDAB/trans-AzoAsp2 domains. (g,h) 558 
Time-lapse fluorescence microscopy images (g) and corresponding green fluorescence intensity 559 
changes with time (h) for HH-min cleavage and release and retention of the FRET-substrate (green 560 
fluorescence) specifically within the PDDA/trans-AzoAsp2 domains. (i) Schematic showing 561 
inter-droplet transfer of ssDNA within a chain of alternating coacervate-based protocells; migration 562 
occurs from the DDAB/trans-AzoAsp2 to PDDA/trans-AzoAsp2 domains due to increased solubility of 563 
the oligonucleotide in the PDDA-containing matrix. ssDNA is initially sequestered into a single 564 
population of DDAB/trans-AzoAsp2 droplets prior to addition of a suspension of PDDA/trans-AzoAsp2 565 
droplets and self-assembly of the regularly interspersed droplet arrays. (j,k) Time-lapse fluorescence 566 
microscopy images (j) and corresponding red fluorescence intensity changes with time (k) showing 567 
transfer of TAMRA-ssDNA from a DDAB/trans-AzoAsp2 droplet (1) to an adjacent 568 
PDDA/trans-AzoAsp2 domain (2) located in the same protocell chain; fluorescence intensity values at 569 
positions 1 and 2, and mean fluorescence values for droplets 1 and 2 are plotted. Scale bars: b = 3 570 
μm; e, g, j = 5 μm. 571 
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 573 
 574 
Figure 5. Stimuli-induced reconfiguration in protocell networks. (a-c) Reconfiguration of protocell 575 
networks by β-CD-mediated disassembly of DDAB/trans-AzoAsp2 domains showing progressive 576 
disassociation of Nile Red-loaded DDAB/trans-AzoAsp2 domains (red) accompanied by local fusion of 577 
HPTS-loaded PDDA/trans-AzoAsp2 droplets (green) (a); corresponding time-dependent plots of 578 
domain sizes and fluorescence intensities for various marked droplets (b,c). High localized 579 
concentrations of HPTS (green) and Nile Red (yellow) are observed in the DDAB/trans-AzoAsp2 580 
droplets 10 min after addition of β-CD ([β-CD]/[DDAB] = 6). (d-f) Reconfiguration of protocell 581 
networks by light-mediated trans-to-cis isomerization of azobenzene in internally ordered networks 582 
of Nile Red-loaded DDAB/trans-AzoAsp2 (red) and HPTS-loaded PDDA/trans-AzoAsp2 droplets 583 
(green). Fluorescence images recorded after samples were left in the dark (left), 10 min after UV 584 
irradiation (middle), or 10 min UV followed by 15 min in blue light (right) (d). Corresponding 585 
measurements of normalized red and green fluorescence intensities (e) and changes in Pearson’s 586 
correlation coefficient (ρ) (f) are also shown. UV-induced destabilization results in inter-droplet 587 
fusion and guest molecular mixing, while blue light restores the segregation of Nile Red and HPTS. 588 
Scale bars: 10 μm. 589 
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 591 
 592 
Figure 6. Protocell network-mediated biomolecular extraction and macroscale sorting. (a) Selective 593 
uptake and spatial segregation of various guest biomolecules in protocell networks comprising an 594 
alternating sequence of coacervate droplet domains followed by centrifugation results in a lower 595 
density upper layer of DDAB/trans-AzoAsp2-enriched coacervate droplets, a dilute aqueous middle 596 
layer and a higher density PDDA/trans-AzoAsp2-enriched coacervate droplet lower layer. The 597 
partitioned biomolecular cargos are sorted between the upper and lower layers (photograph, far 598 
right) according to their selective partitioning in the immiscible coacervate droplets. (b,c) 599 
Compositional analysis of coacervate host components by 1H NMR spectroscopy (b) and analysis of 600 
guest components (FITC-HRP or TAMRA-ssDNA) by fluorescence spectroscopy (c) in the three 601 
separated layers; the molar ratio of DDAB/trans-AzoAsp2 and PDDA/trans-AzoAsp2 in the upper and 602 
lower layers is close to 4:1 (charge neutralization) and FITC-HRP and TAMRA-ssDNA are efficiently 603 
sorted into the DDAB- or PDDA-enriched layers, respectively. (d-e) Optical and fluorescence 604 
microscopy images of coacervate droplets obtained from the upper (d) or lower (e) layers after 605 
centrifugation showing extraction and sorting of FITC-HRP and TAMRA-ssDNA, respectively. Scale 606 
bars, 5 μm. 607 
 608 


