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Abstract: Collective behaviour in mixed populations of
synthetic protocells is an unexplored area of bottom-up
synthetic biology. The dynamics of a model protocell com-
munity is exploited to modulate the function and higher-order
behaviour of mixed populations of bioinorganic protocells in
response to a process of artificial phagocytosis. Enzyme-
loaded silica colloidosomes are spontaneously engulfed by
magnetic Pickering emulsion (MPE) droplets containing
complementary enzyme substrates to initiate a range of
processes within the host/guest protocells. Specifically, catalase,
lipase, or alkaline phosphatase-filled colloidosomes are used to
trigger phagocytosis-induced buoyancy, membrane reconstruc-
tion, or hydrogelation, respectively, within the MPE droplets.
The results highlight the potential for exploiting surface-
contact interactions between different membrane-bounded
droplets to transfer and co-locate discrete chemical packages
(artificial organelles) in communities of synthetic protocells.

Artificial aqueous microcompartments capable of mimick-
ing biological functions, such as encapsulation, selective
exchange of chemicals with the environment, and minimal
metabolism, are currently under investigation as model
protocells in synthetic biology, origin-of-life studies, and
biotechnology." The external membrane of these synthetic
microcapsules can be tailored using a wide range of building
blocks, such as lipids, polymers, protein—polymer conjugates,
and inorganic nanoparticles, to meet specific criteria.’”) For
example, a protocell model based on the spontaneous
assembly of partially hydrophobic silica nanoparticles at the
interface of water and oil to form water-in-oil Pickering
emulsion droplets with a mechanically robust membrane has
been recently developed. The inorganic membrane was
crosslinked to produce shell-like micro-compartments (col-
loidosomes) that could be transferred to water and endowed
with biomimetic functions, such as in situ gene expression,
enzyme-mediated catalysis,*” microcapsule growth and divi-
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sion,®! membrane gating,”’! enzyme-directed secretion of an
extracellular-like matrix,"”! and energy capture and conver-
sion.™"

The emergence of collective behaviour in mixed popula-
tions of synthetic protocells is relatively unexplored, even
though increasing levels of protocell interactivity could
provide more complex and synergistic functions, such as
resilience to environmental stress, chemical signalling for
artificial quorum sensing, and multiplex tasking via collabo-
ration and specialization. Chemical communication and
signalling have been demonstrated between populations of
vesicles and bacteria,'>"® lipid vesicles containing gene
circuitry," vesicles and proteinosomes,* colloidosomes,™!
modified"” or immobilized™® coacervate droplets, and in
water-in-oil emulsion droplets.""*'l Hierarchically structured
compartments involving different types of protocells, such as
liposome-encapsulated coacervate droplets,? multi-com-
partmentalized polymersomes,”® nested vesicles,” and
giant vesicles comprising light-harvesting organelles,™! have
also been reported. Contact-induced adhesive interactions
between proteinosomes®! or lipid-coated emulsion drop-
lets have been developed to produce aggregates of proto-
cells with coordinated functions (prototissues), and sophisti-
cated population dynamics used as mechanisms of artificial
predation® and parasitism®” in dispersed binary protocell
populations.

We recently developed a primitive form of artificial
phagocytosis in a size-mismatched binary population of
water-in-oil Pickering emulsion droplets in which cross-
linked semi-permeable silica nanoparticle-stabilized colloi-
dosomes were spontaneously ingested by larger magnetic iron
oxide Pickering emulsion (MPE) droplets comprising par-
ticle-free fatty acid stabilized apertures.’” The particle-free
patches were formed by addition of oleic acid to the oil
(dodecane) phase (typically 2mgmL™"), which partially
destabilized the iron oxide shell by changing the oil-water
interfacial tension at the surface of the MPE droplets.
Engulfment of the silica colloidosomes through the apertures
was associated with the formation of a surface-adsorbed
oleate bilayer, which was facilitated by maintaining a pH
within the MPE droplets close to the fatty acid pK, (9.8).5"
Significantly, small water-soluble molecules initially entrap-
ped within the colloidosomes were released into the MPE
droplets after phagocytosis. As a consequence, by initially
encapsulating an enzyme substrate and complementary
enzyme in the colloidosomes and MPE droplets, respectively,
a dephosphorylation reaction could be triggered in the
aqueous phase of the magnetic microcapsules. Herein, we
extend this approach to the delivery of enzymes contained in
the silica colloidosomes as a way to induce higher-order
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structural and functional changes inside the MPE droplet host
via artificial phagocytosis. As the macromolecular payloads
are too large to diffuse through the pores of the silica
nanoparticle membrane, the enzymes are delivered in the
form of discrete chemical packages (artificial “organelles™)
with minimal contamination of the internal solution of the
MPE droplets. Specifically, we prepare catalase-filled colloi-
dosomes capable of activating the buoyant motion of hydro-
gen peroxide containing MPE droplets, lipase-entrapped
colloidosomes that trigger their own phagocytosis by chang-
ing the interfacial tension of the MPE droplets via in situ
triglyceride hydrolysis, and alkaline phosphatase-containing
colloidosomes that initiate the nucleation and growth of
a supramolecular hydrogel network inside amino acid-con-
taining MPE droplets. These higher-level changes are rele-
vant in the context of protocell community dynamics,
enabling phenomena such as the spontaneous segregation of
two populations, self-triggering of phagocytosis/viral-like
behaviour, and arrestment of phagocytosis by a prey pop-
ulation. Taken together, our results show that the dynamics of
model protocell communities can be exploited to modulate
the function and higher-order behaviour of mixed populations
of micro-compartmentalized colloidal objects in response to
internal triggers.

Phagocytosis-inspired behaviour was induced by addition
of oleic acid to a dodecane dispersion of MPE droplets (mean
size =500 £ 250 pm; pH 10.2) and silica colloidosomes (mean
size =52 £+ 10 um; pore size ca. 3—4 nm; Supporting Informa-
tion, Figure S1).5” By encapsulating catalase and hydrogen
peroxide (H,O,) in the silica colloidosomes and MPE
droplets, respectively, ingestion of the colloidosomes (Sup-
porting Information, Figure S2) triggered the almost instan-
taneous enzyme-mediated production of micrometre-sized
oxygen bubbles inside the MPE droplets (Figure 1a—c;
Supporting Information, Movie S1) provided that the encap-
sulated H,O, and catalase concentrations were higher than
1% and 1 mgmL~', respectively (Figure 1d). Bubble gener-
ation in MPE droplets containing 1% H,O, increased from
ca. 20 to 50 % when the entrapped catalase concentration was
increased from 5 to 30 mgmL ™" whilst at 5% H,O, essentially
all the MPE droplets contained gas bubbles (Supporting
Information, Figure S3a). Although the oxygen bubbles were
exclusively generated inside the aqueous interior of the MPE
droplets, they were often released to the external environ-
ment through the fatty-acid stabilized patches in the magnetic
membrane (Supporting Information, Movie S2). Neverthe-
less, for concentrations of H,O, higher than 2% (Supporting
Information, Figure S3b), nucleation and formation of bub-
bles occurred faster than their release to the external oil
phase, leading to accumulation within the MPE droplets and
buoyancy (Figure 1e; Supporting Information, Figure S3b,
Movie S3). Significantly, the formation of gas bubbles and
generation of buoyancy required an interaction between the
two protocell populations via phagocytosis in contrast to
previous results involving the buoyant motion of a single
population of organoclay/DNA protocells.”! The buoyant
translational motion was characterized by well-defined ver-
tical trajectories towards the oil/air interface with an average
speed of around 1.5cms '. Phagocytosis of one single
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Figure 1. a) Generation of buoyant gas bubbles inside H,0,-containing
MPE droplets via phagocytosis of catalase-containing silica colloido-
somes. Accumulation of oxygen bubbles within the MPE droplets
results in buoyancy (indicated by blue arrow). b) Optical microscopy
image showing oxygen bubbles inside an MPE droplet (2% H,0,)
after phagocytosis of catalase-containing colloidosomes; scale
bar=100 um. c) Time sequence of optical microscopy images showing
spontaneous engulfment of several catalase-containing silica colloido-
somes (yellow objects, 30 mgmL™") by a MPE droplet containing a 5%
solution of H,O, to produce oxygen bubbles (small dark objects) and
buoyancy of the MPE droplet. See the Supporting Information, Movie
S1 for complete sequence; scale bar=200 um; yellow colouration is
due to co-encapsulation of the dye calcein in the colloidosomes.

d) Phase plot indicating the presence (blue spheres) or absence (red
crosses) of oxygen bubbles in phagocytosis experiments undertaken at
different concentrations of H,0, inside the MPE droplets (X-axis), and
of catalase inside the silica colloidosomes (Y-axis). e) Time sequence
of optical microscopy images showing buoyancy and vertical displace-
ment of a MPE droplet with 5% H,0, after phagocytosis of silica
colloidosomes containing 30 mgmL ™" catalase. See the Supporting
Information, Movie S3 for complete sequence; scale bar=1 mm.

f) Plot showing the number of phagocytosed catalase-entrapping
colloidosomes required to induce buoyant motion of MPE droplets
(5% H,0,) vs. concentration of catalase. Error bars are based on
binomial proportion confidence intervals for nine different droplets.
White balance correction has been applied to (b), (c), and (e).

colloidosome was often enough to generate buoyant MPE
droplets for levels of encapsulated catalase above
30 mgmL~!, while several capture events were required to
float the MPE droplets at lower enzyme concentrations
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(Figure 1 f). As a consequence, depending on the entrapped
enzyme concentration, deposition of the MPE droplets onto
a highly crowded field of sedimented colloidosomes resulted
in almost instantaneous or delayed (ca. 20s at 1 mgmL™")
buoyancy-induced segregation of the two protocell popula-
tions (Supporting Information, Figure S4).

We sought to increase the complexity of the above
artificial phagocytosis process by developing a strategy that
would enable insitu triggering of protocell ingestion by
auxiliary enzyme activity in the guest colloidosomes rather
than relying on the external addition of oleic acid. For this, we
prepared lipase-containing silica colloidosomes, added them
to a population of MPEs dispersed in a dodecane solution of
a triglyceride (triolein), and investigated whether enzyme-
mediated hydrolysis of triolein within the colloidosomes and
concomitant release of surface-active agents (mono/diacyl
glycerols, oleic acid) could induce the opening of apertures in
the shell of initially intact MPE droplets (Figure 2a). Control
experiments showed that the shell of the MPE droplets
remained immobilized and closed when dispersed in
a 20 mgmL" triolein solution in the presence or absence of
lipase-free colloidosomes (Supporting Information, Fig-
ure S5). In contrast, when lipase-containing silica colloido-
somes were added to the dodecane phase, the fluidity of the
iron oxide membrane progressively increased such that
particle-free domains were produced within the MPE shell
(Figure 2b; Supporting Information, Movie S4). Formation of
the particle-free apertures was dependent on the triolein and
lipase concentrations (Figure 2c; Supporting Information,
Figure S6a), consistent with a subsequent decrease of the oil-
water interfacial tension at the surface of the MPE droplets
owing to the production of mono/diacylglycerols and oleic
acid (Figure 2d; Supporting Information, Figures S6b and
S7). Significantly, segregation of the iron oxide membrane
resulted in slow penetration of the lipase-containing colloi-
dosomes into the aqueous phase of the MPE droplets through
the particle-free domains exposed at the water-droplet—oil
interface (Figure 2b; Supporting Information, Movie S4).
Transfer into the host interior occurred more slowly com-
pared with when the colloidosomes were initially dispersed in
a 2 mgmL! solution of oleic acid in dodecane (ca. 2 min vs.
3's, respectively) even though the decrease in oil/water
interfacial tension with surfactant concentration was similar
for oleic acid and a monoacylglycerol such as monoolein (1-
oleoyl-rac-glycerol; Supporting Information, Figure S8).>
Control experiments indicated that both surfactants produced
particle-free apertures when added individually to dodecane
dispersions of the MPE droplets, but that the rates of
colloidosome penetration were negligible for monoolein. As
transfer into the water phase of the MPE droplets is
dependent on the formation of a surfactant bilayer/multilayer
at the surface of the colloidosomes,”” we attributed the
difference in phagocytosis efficiency to the facile interfacial
assembly of oleic acid compared with mono- and diacylgly-
cerols.

Given the above observations, we co-encapsulated cata-
lase and lipase within the silica colloidosomes to produce
a hybrid protocell capable of triggering phagocytosis and
inducing buoyancy (or disintegration) of the host MPE
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Figure 2. a) The use of lipase-containing colloidosomes for triggering
artificial phagocytosis. Lipase-mediated hydrolysis of triolein releases
surface-active molecules that produce particle-free apertures in the
MPE droplet membrane followed by engulfment of the colloidosomes.
b) Time sequence of optical microscopy images showing the formation
of a particle-free aperture in the initially intact shell of a MPE droplet
(pH 10.2) dispersed in a dodecane solution of triolein (10 mgmL™)
after addition of multiple silica colloidosomes containing encapsulated
lipase (100 UmL™). The silica colloidosomes in contact with the
particle-free patches of the magnetic droplet are spontaneously trans-
ferred into the aqueous phase. See the Supporting Information,

Movie S4 for complete sequence. Scale bar =100 um. c) Plot showing
time-dependent percentage changes in particle-free surface area for
MPE droplets against triolein concentration after addition of silica
colloidosomes containing encapsulated lipase (100 UmL™). Increased
levels of triolein hydrolysis are associated with larger apertures in the
MPE droplets. d) Plots of the concentration of free oleic acid (column
plot, left Y axis) and oil /water interfacial tension (scatter plot, right Y
axis) against the initial concentration of triolein in dodecane after the
addition of lipase-containing colloidosomes (10000 UmL™"). The con-
centration of released oleic acid increases with the initial substrate
concentration resulting in a decrease of the interfacial tension respon-
sible for the formation of particle-free domains in the MPE droplet
membrane. Error bars correspond to standard deviations. e) Time
sequence of optical microscopy images showing the formation of

a membrane aperture and bubble formation in an initially intact MPE
droplet (pH 10.2) after addition of multiple silica colloidosomes
containing both lipase (10 kUmL™") and catalase (30 mgmL™"). Scale
bar=150 um. White balance correction and increase of brightness
have been applied to (b) and (e).

droplet. Optical microscope images showed that upon addi-
tion of the enzyme-containing silica colloidosomes to a sus-
pension of 5% H,0,-containing MPE droplets (carbonate
buffer, 1m, pH 10.2) dispersed in a 40 mgmL~"' dodecane
solution of triolein, the magnetic membrane was rapidly
opened and bubbles were progressively formed in the
aqueous phase lumen to produce buoyant MPE droplets
(Figure 2e; Supporting Information, Movie S5).

Finally, we used the process of artificial phagocytosis to
trigger in situ structural reconfiguration of the MPE/colloi-
dosome host—guest microcompartments. For this, we mixed
a population of alkaline phosphatase (ALP)-containing silica
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colloidosomes with a dispersion of MPE droplets prepared
from an aqueous solution of the phosphorylated amino acid
precursor, N-fluorenylmethyloxycarbonyl-tyrosine-(O)-phos-
phate (Fmoc-TyrP) as a means of generating the phagocyto-
sis-mediated self-assembly of a supramolecular hydrogel
network within the confined interior of the protocell con-
struct. Engulfment of the silica colloidosomes resulted in
ALP-mediated dephosphorylation of Fmoc-TyrP and self-
assembly of N-fluorenylmethyloxycarbonyl-tyrosine (Fmoc-
TyrOH) into a filamentous hydrogel (Figure 3a). Optical and
fluorescence microscopy images recorded in the presence of
the hydrogel binding dye Hoechst 33258 showed blue
fluorescence associated with the engulfed colloidosomes
(Figure 3b—e). The fluorescence intensity increased rapidly
within 1h of engulfment, after which there was a slow

alkaline
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Figure 3. a) The phagocytosis-induced internal hydrogelation of Fmoc-
TyrP-containing MPE droplets. Engulfment of ALP-containing colloido-
somes leads to dephosphorylation of Fmoc-TyrP and self-assembly of
a supramolecular hydrogel. b)—d) Fluorescence microscopy images
showing single Fmoc-TyrP (10 mm; pH 10.2)-containing MPE droplets
5 min (b), 1h (c) and 24 h after phagocytosis of multiple ALP-
containing silica colloidosomes (31 UmL™"). The blue fluorescence is
associated with binding of Hoechst 33258 to the supramolecular
hydrogel assembled within the ingested colloidosomes; scale
bar=200 um. e) Corresponding bright-field microscopy image of
sample displayed in (d) showing high density of intact colloidosomes
within the single MPE droplet; scale bar=200 um. (f) Plot showing
time-dependent increase in blue fluorescence accompanying phagocy-
tosis of ALP-containing colloidosomes into FmocTyr-P-containing MPE
droplets ([Fmoc-TyrP]=2 mwm; [ALP]=31 UmL™") and concomitant
hydrogelation. Bars on data points represent standard deviations.

g) Scanning electron micrograph of a dried single Fmoc-TyrP-contain-
ing MPE droplet after phagocytosis of multiple ALP-encapsulating
colloidosomes (intact small spheres) showing a hydrogelled network
of iron oxide particles and embedded silica colloidosomes. Scale
bar=100 um. Increase of brightness has been applied to (g).
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increase over 24 h (Figure 3f). Ten-fold changes in the
concentration of either the substrate or enzyme had minimal
effect on the final outcome of the hydrogelation reaction after
24 h (Supporting Information, Figure S9). We attributed this
to the spatial restrictions placed on hydrogel growth owing to
confinement within the limited aqueous volumes of the MPE/
colloidosome host—guest microcompartments. Hoechst 33258
fluorescence was mainly associated with the colloidosome
interior (Figure 3d), consistent with diffusion of the Fmoc-
TyrP molecules through the cross-linked silica nanoparticle
membrane and hydrogelation in close proximity to the
entrapped ALP. Blue fluorescence was also observed in the
associated MPE droplet phase and in partially engulfed or
surface-connected silica colloidosomes (Supporting Informa-
tion, Figure S10), indicating a counter-flow of Fmoc-TyrOH
monomers from the colloidosomes into the surrounding
aqueous microenvironments. When left to dry overnight, the
hydrogelled MPE droplets remained intact, while in the
absence of phagocytosis the MPE droplets irreversibly
collapsed (Supporting Information, Figure S11). Scanning
electron microscopy (SEM) images of dried MPE droplets
recorded 7 days after the onset of hydrogelation showed
spheroidal porous microcompartments (Figure 3g) with
a shell comprising a network of iron oxide particles, hydrogel
filaments, and embedded silica colloidosomes (Figure 3g;
Supporting Information, Figure S12). Immobilization of the
iron oxide particles in the hydrogel prevented any further
membrane restructuring of the MPE droplets by addition of
a dodecane solution of oleic acid (15 mgmL™).

In conclusion, we have demonstrated that higher-order
structural and functional changes can be enzymatically
activated in a binary population of bioinorganic protocells
consisting of MPE droplets engineered to artificially phag-
ocytose enzyme-containing silica colloidosomes. Phagocytosis
of catalase-containing colloidosomes catalyses the decompo-
sition of hydrogen peroxide encapsulated inside the MPE
droplets to produce oxygen bubbles that give rise to buoy-
ancy-induced vertical motion and removal of the MPE
droplet population from the mixed protocell community.
Alternatively, encapsulation of lipase in the silica colloido-
somes triggers the phagocytosis response by generating
particle-free domains in the MPE droplet membrane via
colloidosome-mediated hydrolysis of triolein to produce free
oleic acid in the continuous oil phase. Combining these two
strategies, encapsulation of both catalase and lipase inside the
silica microcontainers transforms them into “viral” protocells
capable of self-triggered phagocytosis and removal of the
MPE proto-phagocyte population. Finally, we have demon-
strated that the artificial phagocytosis of silica colloidosomes
containing encapsulated ALP generates an internal hydrogel
network by enzyme-mediated dephosphorylation of an amino
acid gel precursor trapped inside the MPE droplets. Taken
together our results highlight the potential of exploiting
surface-contact interactions between different membrane-
bounded droplets to trigger encapsulated biochemical reac-
tions that give rise to higher-order behaviours in protocell
consortia. Although our observations are exploratory, collec-
tive interactivity between compartmentalized microscale
objects could provide a step towards new applications in
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biomimetic storage and delivery, and microreactor technol-
ogy.
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