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A network of aqueous emulsion droplets that exhibits programmed
and directional chemical inter-droplet communication is described.
A non-reciprocal transfer of substrates between enzyme-containing
aqueous emulsion droplets is realized by (biochemically) induced
osmolarity gradients and concomitant concentration gradients are
used to direct a multistep enzymatic cascade reaction across multiple
droplets.

Regulation of chemical reactivity in reaction cascades is critical
to the functioning and survival of living organisms,” and
striking examples include the metabolization of sugars for
cellular energy supply, or the immune system’s capability to
specifically respond to perpetrators by transforming chemical
recognition events into the release of inflammatory counter-
agents. In nature, an asymmetry in chemical communication is
often achieved by compartmentalizing active species, e.g.
enzymes, within cells or subcellular organelles.**

Spatial separation and positional assembly is to a large extend
responsible for the regulation and associated modulation of
chemical reactivity, for minimizing the diffusion pathways of
intermediates between enzymes, and for the overall efficiency
and specificity of biological reactions.’® Also, rivalling reaction
centers have to be spatially separated from one another in order
to control their destructive interference.'®"” Whereas a direct
mimicking of the complexity of living cells cannot yet be realized
in artificial assemblies, a dissection and emulation of these
individual capabilities within a simplified synthetic system that
shows similarly sophisticated behavior would be of large scientific
and technological value.

A key to the realization of artificial autonomously commu-
nicating colloidal objects is a trigger-induced evoking of a non-
equilibrium state, for example a chemical concentration gradient
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that can act as a driving force to induce a non-reciprocal mass-
transfer and start a chemical reaction cascade."*'* For this
purpose, the generation of stable but active colloidal subdivided
systems in thermodynamically permissible out-of-equilibrium
states is required. In this context, emulsion droplets, kinetically
stabilized dispersions of fluids in another phase-separated fluid
medium, offer a versatile platform because they are thermo-
dynamically metastable, highly dynamic, while their stability
can be influenced by a variety of chemical and physical
triggers.”>™® The dynamic liquid interfaces in surfactant
stabilized emulsion droplets, in which molecules are continually
exchanged between droplets and the continuous phase, closely
resembles the environment found at cell surfaces.'*! In aqueous
emulsion droplets, a dynamic solvent exchange and mass transfer
between droplets is often associated with osmotic pressure
imbalances,”>® which offers rich opportunities to study non-
equilibrium interactions between these liquid colloidal micro-
containers.

In this paper, we report on a directional transfer of chemical
information across disordered networks of enzyme-containing
aqueous micro-droplets. An asymmetry in the communication
between the aqueous microcontainers was actuated by
(biochemically) induced osmotic pressure imbalances (Fig. 1).
Arising chemical concentration gradients were used to evoke
and accelerate non-reciprocal transfer of substrates between
individual droplets. Through compartmentalization of enzymes
within the individual aqueous microcontainers, a bio-
chemically mediated artificial communication cascade across
multiple emulsion droplets was realized.

Emulsions represent highly dynamic systems and mass
exchange continuously occurs between droplets and the con-
tinuous phase. We were interested in droplets of different
composition to investigate a possible directional mass transfer.
To this end, we prepared aqueous droplets containing different
concentrations of an osmolyte (glucose) stabilized by the same
surfactant and studied the solvent flux between the droplets
as a function of the osmolyte concentration difference.
Micrometer-sized emulsion droplets (daye = 120 pm) were
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Fig. 1 Osmotic pressure-driven non-reciprocal solvent transfer between
aqueous microdroplets of different osmolyte concentrations (blue droplets:
0 wt% and red droplets: 20 wt% p-glucose) (A) schematic sketch displaying
the non-uniform distribution of nanoemulsions (small droplets) formed via
secondary emulsification. Arrows indicate the associated net asymmetric
solvent exchange between the two types of droplets. (B) Micrograph
displaying the asymmetric distribution of nanoemulsions surrounding such
droplet pairs. (C) Overall solvent flux start and end (t = 3 h) point of an
osmotic pressure imbalance-driven solvent transfer.

formed by emulsifying an aqueous sample solution within a
hydrocarbon oil (tetradecane) containing Span 80 inside a
microfluidic chip. Directly after generation of the droplets,
spontaneous secondary emulsification occurred, ie. small
nano-sized droplets are formed near the interface.”®® While
all big droplets shrank in size due to this spontaneous emulsifica-
tion process, the formation of nano-emulsion droplets was
different in rate, with lower osmotic pressure droplets exhibiting
significantly higher productivity.

When placing two droplets of different osmotic pressure
next to each other, an overall non-reciprocal solvent exchange
occurred between the two droplets via the continuous phase
(Fig. 1), potentially driven by the asymmetric formation and
distribution of nanoemulsions around the droplets. Due to the
osmolarity gradient between the droplets, we observed an
overall solvent flux from the hypotonic to the hypertonic region
until an equilibrium in osmotic pressure was reached. As
displayed in Fig. 1C, the solvent exchange could be readily
monitored by following the concomitant size variations of the
droplets.
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The extend and directionality of this solvent exchange
between aqueous emulsion droplets was determined and could
be modulated by multiple factors, including the surfactant
type, surfactant concentration, and the droplets’ osmotic pres-
sure. We started our investigations with a combination of
droplets containing 0 and 30 wt% glucose, thus exhibiting a
large osmotic pressure difference, and studied the solvent
exchange rates. Depending on the hydrophilicity of the
employed Span surfactants, an increased secondary emulsifica-
tion rate and thus a faster mass transfer between the droplets
was observed. While droplets stabilized by Span 20, a surfactant
with a higher hydrophilic-lipophilic balance (HLB) value of 8.9,
reached equilibrium after about ¢ ~ 1.5 h, this exchange rate
was significantly prolonged in Span 80 (HLB: 4.3) and Span 85
(HLB: 1.8) solutions to ¢t = 3 h and ¢ = 4 h, respectively (Fig. 2A).
The water flux between the droplets could further be influenced
as a function of the surfactant concentration in the continuous
phase. A decrease of the Span concentration from 4 wt%
down to 1 wt% led to a lowered micellar solubilization of the
dispersed phase and thus resulted in decreased equilibration
rates (Fig. 2B). In all experiments, the solvent flux between the
droplets was accompanied by molecular diffusion of water
through the continuous oil phase, which however is considered
to be low.

Next, we investigated the influence of the osmolarity gradient
between the droplets on the asymmetric solvent exchange
(Fig. 2C). Here, lowering the osmolyte concentration within the
hypertonic droplets resulted in a decrease in the overall volume
variation of the droplets, as a directional mass transfer between
the droplets only occurred until an equilibrium in osmotic
pressure was reached. Interestingly, through the presence of
an osmolyte within all droplets, both the extent and the rate of
directional solvent flux could be significantly influenced
(Fig. 2D). In addition to the extent of the directional mass
exchange, the presence of osmolytes at differing concentrations
within both droplets led to a decrease in the rate of the
spontaneous secondary emulsification thereby lowering the
speed of the solvent exchange.

Within these droplet combinations, the directional solvent
flux started immediately after placing the droplets next to each
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Fig. 2 Dependency of the osmotic pressure driven directional solvent flux between aqueous microdroplets on (A) the surfactant type (droplets
contained 0% and 30% wt% p-glucose); (B) the surfactant concentration (droplets: 0% and 30% wt% p-glucose); (C) the osmotic pressure difference
(performed in 4 wt% Span 80 solution); and (D) the osmolyte concentrations within the individual droplets (4 wt% Span 80).
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other and proceeded until an equilibrium in osmotic pressure
was reached. In order to evoke dynamic changes in the direc-
tional mass transfer between two droplets, we next investigated
whether a biochemical reaction could induce such an out-of-
equilibrium state and thus, a non-reciprocal inter-droplet com-
munication. Therefore, we first prepared two sets of aqueous
emulsions, both of which contained the disaccharide sucrose
as osmolyte in the same concentrations. Droplets of this type
display a non-directional, continuous exchange of solvent.
However, when additionally encapsulating the enzyme invertase
into one set of droplets, a biochemically induced directional
asymmetric solvent flux between the droplets was induced
(Fig. 3A). Hydrolysis of sucrose into fructose and glucose within
the confined space of one of the two droplets caused an increase
in osmotic pressure thereby evoking an osmolarity gradient
between the droplets.”*?° The enzymatically triggered direc-
tional mass transfer from one droplet to another was monitored
by tracking the size variations of droplets containing different
starting concentrations of sucrose over time.
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Fig. 3 Bio-chemically induced directional mass transport between aqu-
eous emulsion droplets. (A) Mass transfer between two droplets induced
by invertase triggered osmotic pressure gradients; (B) mass transfer
cascade within arrays of three droplets of different composition by
combining static and induced osmotic pressure differences.
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We anticipated that a biochemically induced directional
mass transfer could serve as a control unit to direct the transfer
of chemical substrates between multiple droplets. To test this
hypothesis, three types of droplets of different composition
were placed together in order to establish a solvent transfer
cascade. We first placed two types of droplets with a matched
osmotic pressure, one containing sucrose (2.5 wt%) and the
other containing glucose (2.5 wt%) and invertase into a sample
holder. Then, a transfer cascade was actuated by adding
droplets containing lower concentrations of sucrose (0.5 wt%)
(Fig. 3B). It is known that upon spontaneous interface emulsi-
fication, small molecular components can partition within
nanodroplets, whereas very hydrophilic compounds, higher
molecular weight polymers, and enzymes remain inside the
macroemulsion droplets.>*** Thus, in our scenario, small con-
tents of sucrose molecules could be transferred from the
actuating ‘sacrificial’ droplet to the second and the third
invertase-containing droplets thereby inducing a further
increase in osmotic pressure of the latter. As a result, following an
initial rapid solvent flux from the actuating droplets towards the
other two sets of droplets, a subsequent solvent flux from the second
to the third droplet was initiated by the biochemically triggered
osmotic pressure increase in the latter, which could be followed by a
swelling of the invertase-containing droplets in this system.

Having established an understanding of both static and
biochemically induced directional mass transfer within net-
works of aqueous emulsion droplets of different composition
we next set out to leverage these findings for realizing a multi-
step chemical cascade reaction across multiple emulsion
droplets invoked and mediated by the parallel and independent
performance of four different encapsulated enzymes. More
specifically, we investigated a three-step biochemical transfor-
mation of a substrate (xanthine) into the release of a fluo-
rescent marker (resorufin), in which a directional transfer of
substrates and intermediates between the individual enzymatic
reaction center-containing droplets was simultaneously guided
by invertase-mediated osmotic pressure imbalances between
the droplets (Fig. 4). The reaction cascade was actuated by the
placement of a xanthine-containing aqueous sucrose droplets
(0.5 wt%). A directional solvent transfer to droplets of higher
osmotic pressure was used to efficiently transfer the substrate
xanthine. Compounds of lower hydrophilicity such as xanthine
preferably partition within the nano-droplet transporters and
were therefore efficiently transferred instead of increasing their
concentration inside the starting droplet.*** Encapsulated
xanthine oxidase within droplets of higher sucrose concentra-
tions (2.0 wt%) produced uric acid as an intermediate reaction
product. In parallel, the simultaneous transfer of sucrose to a
third type of droplets comprised of glucose (2.5 wt%) and
invertase invoked a steady increase in their osmotic pressure
thereby directing the solvent flux towards them. A directional
transfer of uric acid to the final droplets enabled an uricase-
mediated transformation into allantoin, which generated
hydrogen peroxide as a byproduct. The latter was consumed
by horseradish peroxidase which then catalyzed the transfor-
mation of amplex red into the fluorescent marker resorufin.
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Fig. 4 Enzymatic reaction cascade across multiple droplets coupled to a
regulatory biochemical reaction triggering an osmotic imbalance driven
non-reciprocal mass transfer of substrates between the droplets: (A) sche-
matic representation of the droplet cascade; (B) reaction scheme outlining
both the enzymatic transformation and the transfer of substrates between
droplets; (C) time-dependent evolution of the cascade reaction progress
tracked via optical and fluorescence micrographs of the droplet arrays.

Reference experiments showed that the progress of the
chemical cascade reaction was reliant on the independent
performance of the individual enzymes, and we monitored the
progress of the reaction using optical and confocal microscopy.
With the systematic programming of the emulsion droplets,
chemically minimal systems were realized that were capable to
regulate an enzymatically-driven chemical cascade reaction over
no less than three droplets of different composition.

To conclude, we systematically elucidated the osmotic pressure
imbalance-driven directional mass-transfer within microdroplet
networks. Aqueous emulsion droplets were programmed and
tailored for a (biochemically) triggered non-reciprocal transfer of
chemical substrates by compartmentalization of enzymes. We
merged our findings in the realization of a multistep biochemical
reaction cascade reaction across three different emulsion droplets,
invoked and mediated by the parallel and independent perfor-
mance of four encapsulated enzymes. Droplets capable to direct
chemical reactivity and pathways give rise to speculate about
artificial chemo-intelligent life-like soft materials that can perform
collective functions with feedback capabilities to be used in a
variety of emergent applications, such as in the development of
artificial soft colloids as logical units, to gain control over multistep
synthetic reaction schemes, as well as to increase the specificity of
(bio-) sensors.
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