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Abstract

Networks of diffusively coupled inorganic oscillators, confined in nano- and micro-
compartments are effective to predict and understand the global dynamics of those
systems where the diffusion of activatory or inhibitory signals regulates the commu-

nication among different individuals. By taking advantage of a microfluidic device,
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we study the dynamics of arrays of diffusively-coupled Belousov-Zhabotinsky (BZ) os-
cillators encapsulated in water-in-oil single emulsions. New synchronization patterns
are induced and controlled by modulating the structural and chemical properties of the
phospholipid-based biomimetic membranes via the introduction of specific dopants that
do not alter their basic backbone but modify the membrane lamellarity (and, in turn,
their permeability) or interact chemically with the reaction intermediates. A transition
from 2-period clusters showing 1:2 period-locking to 1-period antiphase synchroniza-
tion is observed by decreasing the membrane lamellarity. An unsynchronized scenario
is found when the dopant is able to interfere with chemical communication by reacting

with the chemical messengers.
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Communication through passive molecular diffusion is a ubiquitous strategy by which
biological systems exchange signals and information for short- and long-range interactions.
This mechanism operates over a wide spatial domain, ranging from nanometers (intracellu-
lar) to hundreds of micrometers (intercellular).!? When coupled with autocatalysis, passive
communication mechanism can bear the information from cell to cell over the macroscopic
scale of meters as a reaction-diffusion wave.? Signal molecules generally can be divided into
two major classes: activators, that promote specific process or deliver positive feedbacks
(chemotaxis, quorum sensing) and inhibitors, that work in the opposite way.® Sometimes,
a messenger molecule (e.g. Ca®") can act both as positive and negative feedback depending
on its concentration amplitude and frequency in modulated oscillatory signals.®6
The exchange of intercellular signals is particularly relevant when a coordinate and syn-
chronous activity of many cells is required to express a physiological function, such as neural
activity, cardiac contraction/expansion, calcium-signalling dynamics and quorum sensing,
to name a few.>" 1% Although biological systems have developed a wealth of strategies for
active communication of chemical signals, e.g. via microtubules, gap-junctions, etc., passive
diffusion through cell membranes represent a viable mechanism to spread and receive signals
without consuming metabolic energy and requiring communication infrastructures. !

In this context, diffusively coupled chemical oscillators, based on the Belousov-Zhabotinsky
(BZ) reaction, '*!3 represent a reliable model for studying collective and emergent behaviours
observed in cellular environment.'® To mimic and understand such collective behaviour, the
chemical oscillators can be encapsulated inside micro-compartments, throughout which pas-
sive diffusion is allowed, in order to recreate the cell confinement and intercellular commu-
nication. In addition, such compartments should be generated in a controllable manner to
allow the multi-scale fine tuning of their characteristics, including chemical composition, the
physico-chemical properties of the liquid/liquid interface and macroscopically their number
and dimensions (size and polydispersity) as well as their spatial organisation. Microfluidics

can offer unprecedented opportunities to finely tune such parameters. Consequently, follow-
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ing the introduction of microfluidics, it was established how the dispersion medium,

17,18 19-21

the balance between excitatory and inhibitory signals and the network geometry,
select the global dynamics (in-phase and anti-phase oscillations, phase and period clusters,
etc.) of oscillating droplets encapsulating the Belousov-Zhabotinsky (BZ) oscillating reac-
tion in surfactant stabilised water-in-oil (w/o0) simple emulsions. A specifically designed
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experimental configuration of coupled BZ oscillators?? was also employed to test the Turing

theory about the intercellular reaction-diffusion mechanisms at the basis of pattern selection
in morphogenetic processes.?3 2

By taking advantage of flow-focusing microfluidic techniques, we introduced the use of

phospholipid-based membranes to explore the influence of a biomimetic bilayer on the global
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dynamics of coupled liposomes,?® simple w/o in oil emulsions®” and double w/o/w emul-

2 containing the BZ reaction. In-phase and out-of-phase oscillations were the most

sions,
frequently observed dynamics, depending whether the activator (HBrO,) or the inhibitor
(Bry) were the predominant coupling species, respectively. Moreover, it was shown that
molecular communication among droplets could be chemically hindered by intercalating
cholesterol (Chol) in the membrane, a scavenger for both Bry and for some radical species
(BrO3*®), known to be precursors of HBrOs. This particular mechanism can be considered a
prototype for chemically-based (i.e. active) and diffusion-mediated communication.

The space (z) and time (t) scales of communication through passive diffusion depend upon
the diffusivity (D) of the signal molecule (z oc v/Dt), and are also regulated by the per-
meability (P) of the messenger species through the cell membranes, being the latter tightly
related to the chemo-physical properties of the signal molecules (size, polarity, hydrophilicity,
etc.). In particular P directly depends on the membrane thickness (d) and on the partition
coefficient (a) of the diffusive molecules between the inner and the outer phases of the cell,
according to P o< aD/d. The chemical nature and the structure of the cell membrane is
thus of paramount importance in modulating the signals and, therefore, the final dynamics

of the cellular network.?’



Here we show that by modulating the membrane packing properties, the relative permeabil-
ity of excitatory and inhibitory messengers could be tuned to yield different macroscopic
dynamical behaviours and select different synchronisation schemes in 1-dimensional arrays
of w/o BZ micro-oscillators.

The BZ w/o microdrops were generated by the microfluidic device sketched in Figure 1273
and stabilised with the phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC);
membranes were successively doped with different amphiphilic molecules in a percentage
(20%) that did not alter their basic backbone but changed the bilayer properties (i.e. lamel-
larity, packing defects and surface charge) of the lipid shells. The final experimental configu-
ration is presented in Figure 1. The collective dynamics of the oscillating drops was observed
and recorded with a microscope mounted with a CCD camera. Space-time plots and time-
series of each oscillating BZ drop were then reconstructed from the movie frames (experimen-
tal information are detailed in the Supporting Information, SI). Three dopants having the
same hydrophobic 14-C tail of DMPC, but different polar heads, were employed, namely the
neutral myristic acid (Myr-A), the positively charged tetradecyl-amine (TA) and the nega-
tively charged tetradecyl sulfate (STS, sodium salt). The structure of the oil /water interface
in simple DMPC-stabilised emulsion is quite complex, being the boundary layer ~100 um
with phospholipids arranged either as .3 sponge phase or as polydisperse unilamellar vesicles
in a mixed oil/water medium.? However, when droplets are brought close to each other, as
in the 1-D array configuration, the contact area between membranes is expected to form a
spatially extended bilayer that provides a diffusive pathway for the chemical communication
among successive drops. Although DMPC tended to form multilamellar membranes, the ad-
dition of dopants decreased progressively the lamellarity following the order Myr-A, TA and
STS, with DMPC/STS membranes being monolamellar.*® By modifying the composition of
the membranes and their tendency to self-assembly into multilamellar structures, we were
able to change the diffusion path, select the chemical messengers effectively operational in

the coupling mechanism, and tune the coupling strength.



The experimental dynamics were interpreted within a unique kinetic framework, based on
the paradigmatic Field, Koros and Noyes (FKN) model®?3 widely adopted for describing

the BZ system (see more details in the SI). The model equations read

dc i i i i i (co — )
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Here {k;} is the set of rate constants with values reported in the SI, ¢ = [HBrO,] is the
autocatalytic species (activator), ¢ = [Br7], ¢} = [Bry| is the inhibitor and ¢} = [Fe?'] is
the oxidized form of the catalyst in the i—th oscillator. ¢,,;, is a small constant which avoids
equations to diverge due to the autocatalytic term?* and ¢, the catalyst total concentration.
The concentration of the initial reactants [HT], [BrO3], [MA] and the brominated organic
substrate [BrMA] are assumed to vary negligibly slow with respect to the time-scale of the
oscillatory dynamics of the reaction intermediates, and are thus included as constant pseudo-
parameters into the rate constants (pool chemical approzimation).?® We implemented this
kinetic scheme in a point-wise array of BZ microoscillators, where each drop (consisting of
the BZ core and the surrounding lipidic shell) communicates with the closest neighbours via
mass transfer of those species able to cross the lipid layer, namely HBrO, and Br,.” The

corresponding coupling terms ky (¢ — ¢}) and ky (¢} — ¢}) describe the excitatory and the

inhibitory coupling among successive oscillators ¢ and j, respectively. The relative impor-



tance of the two possible coupling schemes is tuned by parameters kxy and ky, respectively,
both depending on the membrane permeability as k; = 3F;/R x «;D;/(dR), where R is
the droplet radius. Indeed, increasing the lamellarity of the drops membrane increases the
inter-drops distance, and, in turn, decreases the permeability. Accordingly, an increment of
the droplet global curvature, that scales as 1/R, would also yield a similar effect. Modifica-
tions induced by dopants to the local membrane curvature, on the contrary, have a negligible
impact on k;. Reliable values for the corresponding coupling parameters typically range be-
tween [107%-1073] s! for kx and [1073-107'] s7! for ky.?"?® Our parametric exploration
spans this region and shows that the contribution of the excitatory coupling is negligible
and the inhibitory coupling mainly drives the synchronization in this system. The general
kinetic functions f(s,ct, kX) and g(s, %, k%) include possible chemical interactions between
the dopant of the DMPC lipid membrane, S (with concentration s), and the chemical mes-
sengers. Since Bry is the main chemical messanger, we only consider a reaction between S
and the inhibitor, regulated by the constant rate k¥ (i.e. f(s,ct,kX)=0).
Although the regimes obtained by varying the system parameters are robust, parametric
conditions for their occurrence can slightly change with the number of the oscillators in the
array. We thus standardize our numerical exploration to an array of 4 microoscillators, each
with a different starting frequency obtained by using different initial concentrations of the
main BZ reactants, taken from gaussian distributions centred on the experimental values.
STS/DMPC (Monolamellar membranes): Anti-phase synchronization. A typical anti-
phase synchronization is obtained by doping the lipidic membranes with the negatively
charged surfactant STS. This dopant was shown to minimize the lamellarity of single emul-
sions to monolamellar structures,? activating a direct transfer of the lipo-soluble inhibitor
Bry, which thus controls here the chemical communication. This scenario has been already
discussed in a previous work?” and an analogous synchronization scheme has been found with
the BZ oscillator encapsulated in arrays of AOT-microemulsions.'* Here we reinvestigated

this configuration in the framework of the new kinetic model adopted and results are shown
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Figure 1: Sketch of the microfluidic device used to generate arrays of w/o simple emulsions.
The sketch shows the coaxial flow of the BZ reactants prior to the drop formation. The
resulting 1D array of BZ containing droplets are collected in a PTFE tube for monitoring.

The bottom part represents the two extreme membrane’s arrangements obtained with pure
DMPC (multilamellar) and with DMPC + DOPANTS (monolamellar).

in the SI. In brief, defining each microoscillator phase as

2 (t—t
QOZ(t) = (t<——tk) + 2k tk S t § tk+1 N (6)
k+1 k)

(where k is the peak label) alternate microoscillators tend to synchronize in-phase (with a
vanishing small phase difference, Ap = ¢; — ¢;), while adjacent oscillators present a phase
lock close to 7. All the microoscillators dynamically asymptotise to a unique period, 7.

We denote this scenario 1:1*:1:1*, where “*” indicates the 7 phase-shift among successive



oscillators.

DMPC (multilamellar membranes): Two-period clusters and 1:a:1:a period-locking. A
second coupling scenario is obtained by using simple emulsions with pure DMPC multi-
lamellar membranes.?® Multilamellarity (and related effect on the diffusive path between
drops through the organic medium) is expected to have a largest impact on lipo-soluble
molecules like Bry thus reducing the inhibitory coupling. In the model this corresponds to
decrease the importance of ky,. Numerical results in Figs. 2(g-h) favourably compare with
the behaviours obtained experimentally, displayed in Figs. 2(a—d). We observe the emer-
gence of two clusters of oscillation periods, 7" and 7”. Microoscillators with period 7" (O1
and O3) alternate with those characterised by period 7 > 7/ (02 and O4). This picture
describes a period-locking synchronisation, tending to the period ratio 1 : 2 (see also SI).
In the experiments, alternated microoscillators with same 7 present a constant vanishing
phase shift, while it stabilises to 7 in simulations. In both experimental and simulated dy-
namics, the phase difference Ay = ¢; — ¢; between adjacent oscillators (i, j) with general
period-locking 1:a (where a = 7;/7;) does not indicate any stationary correlation. However
a relationship of the type ¢; — ap; = constant (with ¢ > 1 and tending to 2 in the course
of the experiment) can be observed. Such synchronization pattern is quite unusual in 1-D
arrays of diffusively coupled oscillators. In fact, BZ droplets oscillating with different periods
were reported for simple emulsions separated by a fluorinated oil and having a low content of
137

malonic acid®® or for a system with a global negative feedback imposed from the externa

However, a clear 1:2:1:2 period-locking was never observed in the absence of external stimuli.

Myr-A/DMPC and TA/DMPC (Oligolamellar membranes): Two period clusters. An inter-
mediate scenario was obtained when Myr-A or TA were used as membrane dopants. From
a structural point of view, these two molecules markedly decrease the lamellarity of the

lipids arrangement.3° In both cases, the oscillating periods of alternate droplets in the array,
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Figure 2: Experiments: a-b) Time series and profile of the oscillation period, 7, of adjacent
pairs of BZ oscillators suspended in an oil phase containing 1% DMPC. The period analysis
shows the presence of two populations of microoscillators with period 7 € (50, 60) s (O1 and
03) and 7" > 7' (7" € (70,80) s, O2 and O4). Microoscillators progressively stabilize to a
1:2:1:2 period-locking scenario (see also Fig. 4). c¢) The analysis of the phase difference, Ay,
indicates that if < and j are adjacent oscillators, a relation of the type ¢; — ap,; = constant
(with @ = 7;/7; tending to 2 in the course of the experiment) holds. Simulations: d-f) Time
series describing the concentration of the oxidised form of the catalyst, ¢4, 7 and Ay of the
corresponding scenario simulated by integrating model eqs. (1-4) with kx < 0.001 s™! and
kw = 0.006 s7!, kg = 0.3[MA] s™!. The other parameters are listed in the SI.
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clustered in two different values, having a percentage difference in the range 10-20% (see
Figure 4 in SI). Alternate droplets also oscillated in phase-lock regime, namely 7 for MYR-
A and ~ 0.57 for TA, highlighting a more pronounced inhibitory coupling for the neutral
species MYR-A. As an example, Fig. 3 reports the experimental and simulated timeseries
of 4 communicating droplets doped with TA. Note that all these synchronisation scenarios
induced by a weak inhibitor exchange, are simulated not only by decreasing ky , but also via
a parallel increment of the kinetic constant kg (controlling the resetting step of the chemical
clock, see SI). The retention of bromine in each oscillators, in fact, can increase the amount

of local bromomalonic acid, which concentration is embedded in kg in the kinetic model.
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Figure 3: a) Experimental time series and profile of the oscillation period, 7, of BZ oscilla-
tors suspended in an oil phase containing 1% DMPC doped with TA. The period analysis
shows the emergence of two populations of microoscillators with different period, 7" > 7/,
where alternate oscillators present coherent behaviour 1:1.2:1:1.2. b) Simulation of the cor-
responding scenario by integrating model eqs. (1-4) with kx < 0.001 s7%, ky = 0.003 s71,
kg = 0.3]MA] s7'. The other parameters are listed in the SI.

Chol/DMPC' (multilamellar membranes): No synchronisation. We finally discuss a sit-
uation in which a membrane dopant rather than affecting the structural properties of the
membrane, can chemically interact with the messenger species, thus interfering with the

drops coupling. As previously mentioned, when cholesterol was introduced in the lipid mem-
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brane to serve as a Bry blocking agent, the inhibitory species (which dominates the chemical
coupling) is prevented from driving any chemical communication among oscillators.?” Here
we reinvestigated this behaviour within the framework of the new model by including the
interaction between Bry and a sequestrating dopant S, according to Bry + S ey S — Br,
giving g(ci, s, k) = —kWcis (K € [2000,5000] M~1s71).33 Consistently with previous
work, we found uncorrelated patterns of the oscillations among different microoscillators
(see SI). The fact that suppressing the inhibitory coupling leads to uncoupled dynamics

further confirm that the excitatory contribution is essentially negligible.

Table 1: Summary of collective behaviours obtained in arrays of BZ drops encapsulated in
W /O doped single emulsions.

Membrane Lamellarity Coupling Synchronization
composition scheme pattern
DMPC + STS Monolamellar Strong inhibitory Anti-phase

1:1%:1:1%

DMPC + TA (or Myr-A) Oligolamellar ~ Weak inhibitory =~ Two-period clustering
1:1.2:1:1.2

DMPC Multilamellar ~ Weak inhibitory = Two-period clustering
1:2:1:2 Period-locking

DMPC + Chol Multilamellar No coupling Unsynchronised

Table 1 summarises the characteristics of the control parameters of the different dy-
namical regimes found by modulating the chemical and structural properties of biomimetic
membranes in arrays of coupled BZ microoscillators. The dependence of the synchroniza-
tion patterns on the membrane lamellarity and, in turn, on the strength of the inhibitory
coupling is complemented in Fig. 4 where (a) we combine structural SAXS data (in the
insets) and the temporal evolution of observed oscillation periods of four different arrays
of diffusively coupled droplets, each characterized by a different dopant in the confining

membrane. The 2-period clustering is by far more pronounced in the multilamellar pure
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DMPC system, characterized by two marked Bragg’s reflection peaks, while it progressively
transmutes into a single-period scenario when doping with STS, passing through a period
ratio, a, slightly larger than 1 if TA (or Myr-A) are used. With these dopants, Bragg’s peaks
gradually disappear, indicating a transition from multilamellar to oligolamellar and even-
tually monolamellar membranes.?® Figure 4.b gives an overview of the scenarios obtained
numerically by tuning the strength of the inhibitory coupling ky,. The occurrence of the
period clustering consistent with a synchronization scheme 1:a:1:a is transient and confined
to a narrow window of ky, values for low kg, but it can be stabilized by increasing it. This

phenomenon appears as an effect of a weak inhibitory coupling among oscillatory drops.
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Figure 4: a) Experimental observation of oscillation periods of four communicating droplets
in DMPC (upper left panel), DMPC/Myr-A (upper right panel), DMPC/TA (lower left
panel) and DMPC/STS (lower right panel) droplets. The behaviour of the oscillation periods
was found to change according to the membrane lamellarity, indicated by the SAXS data in
the insets.?® Note that experimental timeseries are not stationary and the period grows as
the the main reactants are depleted. b) Parameter diagram of the synchronisation scenarios
obtained numerically by varying the strength of the inhibitory coupling, kyy, for two different
values of kg (kx < 0.001s71, k¥ =0). 1:a:1: aindicates alternate synchronization among
successive oscillators with a period ratio a; NO means “no oscillations”.

In conclusion, by changing the physico-chemical properties of the confining membranes

with different dopants, the diffusion-driven chemical communication among drops could be
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controlled to induce distinct collective behaviours. Some of these were found to be consistent
with already known synchronisation patterns obtained in diffusively-coupled and pulsed-
coupled networks of oscillators. By contrast, the 1:a:1:a period-locking regimes obtained
when emulsions are separated by a multilamellar membrane, represents a novel scenario in
this panorama. A simple kinetic framework based on the classic Oregonator model gives a
unifying picture and understanding of the dynamics observed experimentally and suggests

new synchronisation patterns that can be obtained with this biomimetic model system.
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