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Abstract

Living tissues dynamically reshape their internal cellular structures through carefully regulated cell-to-cell
interactions during morphogenesis. These cellular rearrangement events, such as cell sorting and mutual tissue
spreading, have been explained using the differential adhesion hypothesis, which describes the sorting of cells through
their adhesive interactions with their neighbors. In this manuscript we explore a simplified form of differential
adhesion within a bioinspired lipid-stabilized emulsion approximating cellular tissues. The artificial cellular tissues
are created as a collection of aqueous droplets adhered together in a network of lipid membranes. Since this
abstraction of the tissue does not retain the ability to locally vary the adhesion of the interfaces through biological
mechanisms, instead we employ electrowetting with offsets generated by spatial variations in lipid compositions to
capture a simple form of bioelectric control over the tissue characteristics. This is accomplished by first conducting
experiments on electrowetting in droplet networks, next creating a model for describing electrowetting in collections
of adhered droplets, then validating the model against the experimental measurements. This work demonstrates how
the distribution of voltage within a droplet network may be tuned through lipid composition then used to shape
directional contraction of the adhered structure using two-dimensional electrowetting events. Predictions from this
model were used to explore the governing mechanics for complex electrowetting events in networks, including
directional contraction and the formation of new interfaces.
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Introduction and Motivation

Living tissues are assembled from collections of cells that are capable of emergent behaviors and collective outputs.
The hierarchical, interwoven structure of the cells within the tissue determines the overall functionality and form.
Consequently, patterning and differentiation of the individual cells is a crucial step during morphogenesis.
Morphogenesis is controlled through biomechanical processes [1, 2] and biochemical pathways [3-5]. The
biomechanical processes, where forces are generated to drive cellular reconfiguration, is commonly explained through
the differential adhesion hypothesis (DAH) [6-10].

The DAH is a thermodynamic framework that predicts cellular self-assembly and the global development of tissue
patterns through variable and heterogeneous adhesive properties between neighboring cells. More favorable interfaces
expand while less favorable interfaces contract until equilibrium is reached at a local minimum of the interfacial
energy. Adjusting the energetic cost per interface produces dynamic rearrangements of the cellular structures as they
seek new equilibriums. This is accomplished through a complex multitude of cell-cell interactions, including
actomyosin contractions and cadherin-cadherin interactions [1, 6]. These mechanisms modulate the adhesion of the
cell-cell interfaces, and produce variable compaction, wherein the tissue draws closer together. According to the DAH,
given a starting random mixture of two distinct cell types, the final equilibrium configuration of the tissue is achieved
when the two cell types spontaneously sort, and a sphere of the more cohesive cells (those with a higher surface
tension) is formed within a spheroid of the less cohesive cells (those with a lower surface tension) [11]. While this is
not a complete description of tissue reorganization [8, 12, 13], it still provides a framework for their exploration.

Models predicting DAH mechanics typically employ an energetics-based approach, similar to approaches for
immiscible liquid mixtures [2, 14-16]. Values are provided for the cost of formation (or tensions, ), for cell-cell
contacts (J.), and cell-medium/matrix contacts () [16], with additional terms added for pressures [14], area
elasticity [7], and contractility [17] among others. The adhered geometry is determined by calculating the motion of
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the vertices through the summed contribution of each of these terms, seeking the equilibrium configuration or balance
of the interfaces. This equilibrium may be described by the Young-Dupre tension balance, where the equilibrium
contact angle between two cells is governed by the balance of their cell-cell and cell-medium tensions as shown in
Figure 1.a. Varying the ratio of these two tensions produces compaction, where the cells are drawn closer together as
the favorability of their adhesion increases. This allows for changes in the shape of the tissue [15, 16] and the relative
dimensions of the cell-cell interfaces. This may be expanded to larger tissues with similar principles as shown in
Figure 1.b.
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Figure 1 —a) Compaction occurs in living tissues when the tension of the cell-cell interfaces becomes more favorable relative to
the cell-medium interface, allowing the cells to draw closer together and balancing the tensions at the vertices. b) These
principles may be applied towards larger tissues, allowing for a description of shape changes during morphogenesis through
varying local tensions.

Morphogenesis has been investigated experimentally using emulsive models, modifying the adhesion strength within
an oil-in-water emulsion and monitoring droplet reconfiguration events [18]. In this work we explore a similar concept
through tension-driven adaptation of water-in-oil droplets (droplet interface bilayers, or DIBs) [19-22] as shown in
Figure 2. These are collections of aqueous droplets dispersed in an oil medium with dissolved phospholipids in either
or both phases. The lipids spontaneously self-assemble at the surface of the aqueous droplets, acting as a surfactant.
When the lipid-coated droplets are brought into contact, their surfaces join together and adhere to form lipid bilayers
expelling the residual oil during this process. The structures of these materials are described through the balance of
their tensions and bear a striking resemblance to the emulsive approximation of living tissues described in Figure 1,
both in their equilibrium structure [23, 24] as well as their functionality [25-27]. Here the cell-cell interfaces (7..) are
replaced by lipid bilayers (), and the cell-medium interfaces (..) are replaced by lipid monolayers (). The tensions
associated with DIBs [28] are typically higher than living tissues [15], consequently a network of DIBs may be loosely
described as a stiff tissue [17].

Bilayer

Figure 2 — The Droplet Interface Bilayer (DIB) technique forms lipid bilayer membranes at the intersections of lipid-coated
aqueous droplets submerged in an oil reservoir. The resulting structures are similar to the abstraction living tissues and are
governed by similar balances of interfacial tensions.

Rearrangement in living tissues is achieved through varying the properties of the individual interfaces [16]. In DIBs,
this spatial variations of the tensions is difficult to achieve since the interfacial properties are primarily dictated by the
composition of the aqueous and continuous phases [23, 28, 29], and there are limited methods for tuning interfacial
tensions on an interface-by-interface basis after the network is formed through changes in the membrane composition.
As an alternative to controlling the membrane characteristics, living cells also maintain electrical potential difference
between their cytoplasm and the surrounding extracellular environment [30]. This potential provides a summary of
the cell state [31]. While the full extent of this potential over the cellular capabilities is currently under examination,



the modulation of this membrane potential through the manipulation of membranous properties has been shown to
generate significant mutations both in functionality and form of the tissue [32]. This suggests that the membrane
potential provides a regulating influence over morphogenesis in living tissues. Taking this as inspiration, we use a
distribution of voltages across the DIB networks to control the adhesion between the droplets.

These distributions of voltages in DIBs produce electrowetting, where the voltage across the membrane temporarily
increases the favorability of formation, promoting wetting and drawing the droplets together [33-35]. This
electrowetting phenomena provides a means for temporarily adjusting the tension across the joined droplet-droplet
interfaces. While vastly simplified from its natural origins, this approach couples the adhesion strength of the droplets
with a bioelectric distribution of voltages within the collection of droplets. This results in a voltage-driven adjustment
of the droplet-droplet interfaces that is inspired by morphogenesis while simpler in scope and implementation.

Electrowetting in DIBs has been primarily studied in single membrane systems; however, 2D and even 3D structures
of DIBs may be built with multiple membranes [23, 36]. Electrowetting within networks may provide more complex
phenomena as the distribution of voltages within the network is variable, divided across the collection of membranes
between the source and ground electrodes [27, 37]. The distribution of voltages within DIB networks has been
successfully modeled in the past using nodal voltage analysis [37-39]. The individual membrane response to
electrowetting has been studied and modeled in detail as well [28, 33, 40]; but wetting and voltage distributions in
DIBs containing more than one membrane have not been studied at this time.

This is explored here through a multiphysics model combining the electrical and mechanical properties of adhered
droplet structures. While models exist for simulating the mechanics of DIB tissues through their energetics [24] and
models exist for predicting the distribution of voltages within the tissue [37, 39], a model that predicts how
electrowetting will shape the adhered DIB structure is necessary to highlight how voltage-driven contraction events
may be used to approximate aspects of morphogenesis within a DIB tissue. These DIB tissues have been proposed as
functional droplet networks [36, 41, 42], neuromorphic or computing materials [40, 43, 44], tailored membranous
architectures [45, 46], and platforms for exploring cell-cell signaling and gene circuitry [5, 47, 48]. Enhancing DIBs
with the ability to reshape and adapt through bioelectric principles will augment these existing applications by
providing them with a form of cell plasticity [49].

Materials and Methods
Experimental Methodology and Materials

Lipid Solutions

Lipids-in-droplets are prepared by first dissolving 250 mM of potassium chloride (KCI, >99.1%—Sigma-Aldrich)
with 10 mM MOPS (of 3-(N-Morpholino) propane sulfonic acid (MOPS, >99.5%—Sigma-Aldrich) in DI water.
DPhPC and 1,2-di-O-phytanyl-sn-glycero-3-phosphocholine (DOPhPC) are purchased from Avanti Polar Lipids,
dissolved in chloroform. The desired amount of the chloroform is evaporated through a two-step process: argon gas
exposure followed by placing the vial in a vacuum chamber overnight to produce the desired lipid films. The resulting
dry lipid films are then hydrated with the buffer solution leading to a final 2 mg/mL concentration.

Once the lipids are dispersed, at least 6 freeze— thaw cycles (freeze at -20°C, and thaw at room temperature) are
performed to ensured proper distribution of liposomes. Before usage, the needed volume is extracted and sonicated
using a bath sonicator (Elma Ultrasonics) for 20 minutes followed by probe tip sonicator (Q55 QSONICA, LLC) for
cyclical periods of 2 minutes at 30 W (ON then OFF) until the solution is clear, typically requiring five cycles.

Network Assembly

Circular (2.5 cm diameter 0.3 cm depth) polyurethane wells are adhered to a glass slide and used as the oil reservoir
for membrane network assembly. Glass capillaries (I mm diameter) are sharpened to fine tips, filled with the desired
lipid solutions, and connected to a microinjector and micromanipulator for droplet deposition. Once the droplets are
deposited the network is formed by bringing the droplets into contact. The formation and characterization of the
network is then observed through microscopy and electrophysiology as will be discussed in the following paragraphs.



Electrophysiology

Electrodes are prepared by submerging 250 um diameter silver wires (Goodfellow) in sodium hypochlorite (NaClO)
solution for several minutes forming silver/silver-chloride (Ag/Ag-Cl) electrodes. The electrodes are then threaded
through glass microcapillaries filled with a 40% w:v polyethylene glycol dimethacrylate (PEG-DMA 1000) hydrogel
(Polysciences) containing Irgacure 2959 (Sigma Aldrich) as the photoinitiator, and the hydrogel is then cured in place
through UV-LED exposure (Thorlabs) to fix the wires in place. The wire tips are then dipped in agarose hydrogel
(2.5% w:v low EEO, Sigma-Aldrich) allowing for improved adhesion of the droplets to the electrodes. The input
electrode is connected to the headstage of the Axopatch amplifier, while the other one is connected to the ground.
Electrical noise is reduced by grounding the equipment and by placing the membrane network and both electrodes
within a Faraday cage. Measurements are conducted using an Axopatch 200B patch-clamp amplifier operating in
voltage-clamp mode connected back to a Digidata 1440 (Molecular Devices). Waveforms are provided using a
function generator supplying a sinusoidal voltage (10 mV, 40 Hz) to measure the membrane capacitance combined
with a series of step functions provided by a MyDAQ (Labview) operated using MATLAB scripts to provide the DC
voltages for electrowetting. The resulting current as a function of time and voltage is then post-processed in MATLAB
to produce plots of membrane capacitance. These plots of membrane capacitance may then be compared to simulated
cases.

Microscopy

An inverted microscope (Leica DMI3000B) with a CCD camera (Leica DFC365 FX) and software (Leica LASX) is
utilized to observe the formed network and responses to the applied voltage. This light microscopy allows for clear
images of the network and its rearrangements.

Modeling Methodology

We propose calculating the adhered structure of the droplet network using a method similar to Brakke et.al in the
Surface Evolver model [50, 51] through minimization of interfacial energies. Here this approach is merged with a
particle-based approach wherein each droplet is capable of motion and the interfacial dimensions are calculated by
the distance between the droplet centers then coupled with an electrical overlay to incorporate electrowetting from the
experiments. This approach is similar to a model produced by Bahadur and Garimella [52] and extended to include
multiple interfaces and the ability to separate and reconnect the droplets. While excellent models exist for replicating
the mechanics of droplet-based tissues [25, 53], this model simulates the mechanical-electrical coupling by calculating
the droplet-droplet forces as functions of interfacial tensions and transmembrane potentials and allows for simulation
inputs taken directly from experimental measurements.

Droplet Mechanics Model

The equilibrium configuration of the droplets is based on the minimization of the interfacial energy within the adhered
configuration, assuming negligible gravitational influences on the droplet shape. The base tensions for each interface
(bilayer and monolayer) are assumed to be constant and are taken from literature values or determined experimentally
when necessary. Any transient increases in these tension values due to distortion of the interfaces and changes in area-
per-lipid are assumed to occur at a faster timescale than the droplet motion and are therefore negligible in these
simulations. Consequently, the energy per droplet may be written as the areas multiplied by their respective tensions
(Equation (1)):
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where the energy associated with a single drop is equal to the monolayer tension (y,) multiplied by the monolayer
area (4,,) and half the apparent bilayer tension (»?”) multiplied by the bilayer area (45) (Figure 3), as the bilayer area
is shared between two droplets. The apparent bilayer tension (%”) is used since this bilayer tension may be adjusted
from the base tension value through electrowetting as described in the next section [28, 52, 54, 55].



Voo A

2
YA

Figure 3 — Each droplet within the DIB possesses an interfacial energy that may be estimated by multiplying the area devoted to
each interface (monolayer, bilayer) by their respective cost of formation.

Microdroplets free of external perturbations or gravitational influences adopt a spherical shape to minimize their
interfacial energetics [50], consequently each droplet is described using spherical cap approximations as outlined in
the Supplementary Information and in previous research [56]. Once a mutually agreeable configuration is found
through an iterative approach, the total energy for each droplet is calculated by multiplying the interfacial tensions by
their resolved respective areas.

Electrical Network Model
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Figure 4 — Each membrane is electrically approximated as a capacitor in parallel with a G2 resistor (when no transmembrane
channels are incorporated). Values for the capacitance and conductance are obtained by multiplying the area of the adhered
interface by standard values for the specific capacitance and specific conductance of lipid bilayers.

The membranes between the droplets may be approximated as a capacitor and resistor in parallel as shown in Figure
4, following the classic Hodgkin-Huxley approximation of the lipid membrane [57]. For this study it is assumed that
the resistance of the droplet interiors is negligible [24, 38]. This means that each droplet is represented as a single
node with a uniform voltage Vi, separated from neighboring nodes by the electrical approximation of the membranes
formed between their interfaces.

The electrical properties of each interface are scaled from the membrane areas, using values for the specific
capacitance C; and specific conductance G;. The specific conductance is assumed to remain constant in this work and
is typically in the GQ range. The specific capacitance C; may be determined as a function of the voltage drop across
the membrane shown in Equation (2), where « is the electrocompression coefficient and the resting specific
capacitance Cs, [54].
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Once the properties of the interfaces are resolved through the areas and transmembrane voltages, the current i across
each membrane (here formed between droplets 1 and 2) may be written as a function of the adjacent droplet voltages
that comprise the membrane (Equation (3)):

=G [T S (1) 46,0 o
dt dt dt

where Cj is the net membrane capacitance and G, is the net membrane conductance, obtained by multiplying the
interfacial area by their associated coefficients. The change in capacitance with respect to time (dCy/dt) is
approximated from the history of each interface using a backwards finite difference scheme. Using nodal voltage
analysis and Kirchoff’s current law (KCL), the summed current entering or leaving each droplet is set to zero (Equation

(4)).
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The derivative of the voltage within each droplet with respect to time may be isolated by taking the inverse of the
capacitance matrix [Cy] and multiplying by the remaining terms on the right-hand side of the equation. This produces
a system of differential equations for the voltage within each droplet that is dependent on the voltages of their
surrounding neighbors. This creates a system of » differential equations for the voltage, where # is the number of
droplets.

“

The capacitance and conductance matrices are originally assumed to be n x n in dimension — this assumes that an
electrical connection exists between every possible droplet pair. Any rows and columns where the interfacial area
between the droplets is zero are removed from the system of equations, but they have the capacity for reformation
based on the droplet trajectories. Boundary conditions are applied for the source and ground droplets to produce the
solution, adding current to the source droplet to simulate charging and setting the ground droplet to a constant potential
[38].

Asymmetric Electrowetting
The electrical and mechanical models are combined through the reduction of apparent interfacial tension due to
electrowetting. The bilayer tension for each interface is adjusted by Equation (5):
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The value ¥} represents the voltage across the bilayer, or the transmembrane voltage. This is defined by the difference
between the voltage in the two adjacent droplets, combined with the internal field produced by differences in lipid
leaflets. Asymmetric membranes are simply constructed in DIBs by varying the lipid composition dissolved within
adjacent droplets [58], forming the membrane from two different lipid monolayers. Since each lipid has an electrostatic
profile containing dipole (¢s) and surface potentials (@) linked to the structure of the lipids and their solvation [59-
62], an offset is produced within the membrane when these profiles are no longer symmetric. When electrodes are
introduced this asymmetry produces an offset in the minimum electric field across the membrane. This shifts the
electrowetting phenomena, producing minimal membrane dimensions when the internal offset voltage (AVasmm) 1s
compensated through an externally supplied voltage rather than 0 mV as shown in Figure 5.c [63-66].
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Figure 5 — Droplet Interface Bilayers (DIBs) are formed between two adhered lipid-coated droplets, and possess a monolayer
(droplet-medium) and bilayer (droplet-droplet) interface. The bilayers at the interface possess an electrostatic profile dependent



on the lipid type. a) Typically, these electrostatic profiles are symmetric and the boundary potentials are equal. b) However,
asymmetric membranes formed from two droplets containing different lipids generate an offset voltage AVasymm. This offset may
be either a function of differences between the dipole potential or the surface potentials of the leaflets and is related to the leaflet
structure and solvation [42]. ¢) This offset is then reflected in the electrowetting response of the membrane, where the minimum
membrane area (Cp) occurs when the offset voltage is compensated, adapted from [66].

To simulate asymmetry, each droplet entity is assigned an internal offset voltage dependent on the lipids present within
the droplet, selecting 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) as the default reference (offset =0 mV).
The difference between these offset voltages between the droplets that comprise each membrane is taken into account
when describing the voltage across the membrane (Equation (6)).

Vs =(Vi_Vj)+(Vlai_V1,j)

AV,

asymm

(6)

While asymmetric droplet interface bilayers (DIBs) have been characterized extensively [40, 59, 63, 67], most studies
on asymmetric DIB membranes have involved single interfaces. Typically, electrodes are present in both droplets,
clamping the boundaries at either side of the membrane to the prescribed voltage from the electrophysiology apparatus
and charging the asymmetric membrane. One example in the literature without electrodes present reported that the
asymmetry does still enhance transport through charged membranes [67], but at a lowered rate. This suggests that
asymmetric membranes are not necessarily charged in isolation, and that additional mechanisms are necessary. Any
exchange of charge between the droplets will alter the transmembrane potential. These exchanges will occur due to
either ion transport across the membranes or through current provided by the bounding electrodes short circuiting the
membranes. To best capture this, we set the initial potential within each droplet to the asymmetric potential. This
produces a voltage difference that will drive current across the membranes, and gradually corrects the initial offset,
but the internal field used in electrowetting (Equation (5)) is zero prior to droplet-droplet exchanges.

Droplet Trajectories

To estimate the forces on each droplet, the droplets’ locations are perturbed in the x, y, and z directions and the change
in the energy per droplet is calculated. These changes are used to estimate the gradient of the internal energy for each
droplet using finite central difference approximations (Equation (7)), and the negative gradient of the energy produces
the force on each droplet [52, 53] associated with capillary effects.
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This force is then combined with a single damping force dependent on the current droplet velocity defined by a viscous
damping coefficient 5. While we recognize that there are multiple damping forces present involving droplet wetting
and motion [68], this damping value is simply added to replicate the observed behavior of the droplets.

Finally, we assume that the inertial effects of the droplets are negligible. The masses of the droplets are exceedingly
small (nanoliter volumes), and they will rapidly reach their terminal velocities within the oil [69]. Consequently, the
velocity is directly taken from the necessary drag force for counterbalancing the forces estimated from the previous
equation (Equation (8)). This greatly reduces the necessary computational time for integration. Friction between the
droplets is assumed negligible since the lipids are able to glide laterally across the surfaces of the droplets [70].
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The result is a collection of differential equations, scaling with the number of droplets present. Future work may
include changing the contents of the droplets [39] and their volumes associated with osmotic effects [25]. The
differential equations are integrated using Runge-Kutta methods, specifically Dormand-Prince as described in
Supplementary Information. Results are then post-processed for comparison against experiments and plotted in
MATLAB for visualization where desired as collections of overlapping spheres. Tracked variables include the voltage
within each droplet, transmembrane potentials, current supplied across the electrodes, and membrane dimensions.

Model Inputs

Simulation input values (summarized in Table 1) are based on water droplets containing DPhPC lipids dispersed in
buffer solutions and deposited in a varying continuous phase. Values for the monolayer and bilayer tension for DPhPC
are obtained from previous experimental works when available or measured as discussed in the SI [28, 33]. The
damping coefficient which serves to regulate droplet motion and vibrations is selected to best match experimental
behaviors. Values for the specific capacitance and specific conductance taken from multiple studies [28, 33, 38, 54,
71, 72]. Inputs for any simulations used to produce the figures are provided as supplementary files.

Result and Discussion

Validation Against Experiments
Table 1 — Simulation Parameters and Sources for DPhPC DIBs in Various Solvents

Variable Tetradecane Source Hexadecane Source Hexadecane:Silicone Source Hexadecane:Silicone Source
0Oil AR20 (2:1) Oil AR20 (1:1)
Monolayer Tension 1.32 mN/m Measured 1.14 mN/m Literature 1.10 mN/m Literature 1.06 mN/m Literature
(ym) (see SI) Values Value Value
[28, 33] [56] [56]
Bilayer Tension 2.56 mN/m Measured 2.07 mN/m Literature 1.85 mN/m Literature 1.59 mN/m Literature
(») (see SI) Values Value Value
[28, 33] [56] [56]
Damping () ~20%107 Variable, ~20%107 Variable, ~20%107 Ns/m Variable, ~20%10 Ns/m Variable,
Ns/m Estimated Ns/m Estimated Estimated Estimated
Electrocompression 5.36 1/V? Literature 1.75 1/V? Literature N/A Not used N/A Not used
(@) Value Value
[33] [33]
Specific 0.538 Measured 0.652 Literature N/A Not used N/A Not used
Capacitance (Cso) pF/em? (see SI) uF/cm? Values
[28, 33,
54, 71]
Specific 5 nS/cm? ~GQ 5 nS/cm? ~GQ N/A Not used N/A Not used
Conductance (Gs) Range Range
[37, 38, [37, 38,
72] 72]

All inputs for validation against experimental cases are taken from the literature or measured as summarized in Table
1, aside from the damping factor S, which is estimated using comparisons against experimental results in the single
membrane cases. The final two columns with varying oils are used to simulate reconfiguration through externally
supplied forces (Figure 9), and did not involve the application of voltages across the membranes, so values for the
electrical characteristics of the membranes are not necessary. For each of the following cases, the input files used to
generate these results may be found in the Supplementary Information.

Single Membrane Comparisons

First the behavior of a droplet pair forming a single DIB in hexadecane is studied. Two cases are presented — one
symmetric, and one asymmetric as shown in Figure 6. The voltage offset in the asymmetric case is set to +135 mV to
match the expected difference between DPhPC and DOPhPC, measured experimentally in similar DIBs in hexadecane
from previous works [63, 73, 74]. Electrowetting behaviors for single DIBs are well-documented in the literature and
serve as calibration cases [52]. A series of step voltages are applied from +135 mV to -135 mV both experimentally



and within the model to demonstrate maximum contraction and separation of the two droplets, and demonstrate
nullification of the asymmetric membrane offset in response to a DC voltage. The simulated capacitance is processed
for both cases and compared against experimental data as shown in Figure 6. All inputs are taken from Table 1 for
hexadecane, with the droplet sizes initially estimated from the images shown and tuned to provide an equivalent
matching initial capacitance at 0 mV. As expected, the symmetric membrane exhibits the same wetting behavior with
+/- 135 mV, while the asymmetric membrane exhibits a maximum capacitance at 135 mV and minimum capacitance
at -135 mV, where the intramembrane asymmetry is compensated [66]. The changes in capacitance represent
contraction or separation of the droplets, producing changes in the dimensions of their adhered interface. The growth
and decay of the membrane area are matched by varying the damping coefficient S which will be used in the remaining
simulations. Symmetric droplet pairs produce contraction for both positive and negative voltages, while the
asymmetric cases produce contraction or separation dependent on the signal polarity. In both cases the droplet motions
are defined by the vectors formed between the droplet centers.

The model reasonably captures the experimentally measured trends. Electrowetting is reproduced in the model by
droplet motion generated through changes in the interfacial tensions using Equation (7). Initial drifts in the predicted
capacitances from the model are associated with the droplets moving to their equilibrium positions from their initial
coordinates. The severe contraction exhibited for asymmetric membranes at positive voltages may be partially
inhibited by the presence of the electrodes themselves, which are not present in the equations for the model.
Furthermore, the inputs in Table 1 are taken from symmetric DPhPC-DPhPC cases rather than asymmetric
membranes. However, the model is still able to capture the variable contraction produced through membrane
asymmetry and may be used to explore behavior in networks.
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Figure 6 — A single DIB is formed in hexadecane. Panel a) shows a symmetric membrane with comparisons between the
experimentally measured capacitance and predicted capacitance. The droplets show even contraction for both negative and



positive voltage steps. Panel b) shows an asymmetric membrane with the same comparisons. Here the droplet pair exhibits
contraction with positive voltages and expansion with a negative voltage. Scale bars are 500 um.

Multiple Membrane Comparisons and Variable Contraction Events

Next, we explore larger networks of droplets, demonstrating two-dimensional electrowetting. In these cases, the
phenomena are not as straight forward as single membranes, as the distribution of voltages across multiple membranes
is dependent on the distribution of membrane area and vice versa. The case investigated involves two parallel chains
of droplets containing two membranes each as shown in Figure 7. The top row of droplets contain DPhPC, and the
lower row of droplets contain DOPhPC. This produces symmetric vertical membranes and asymmetric horizonal
membranes. The voltage applied between the source and ground electrodes is then split across these membranes.

A similar voltage function is applied experimentally, doubling the applied voltage from 135 mV to 270 mV to
distribute the voltages in a similar fashion across the membranes. The total capacitance of the network is plotted with
respect to time for both the experimental case and the simulated case. Notably the model captures the dependence on
the polarity of the signal. The response to a positive voltage input is amplified, while the response to a negative voltage
input is minimized as the offsets generated by the asymmetric membranes cancel out the supplied voltage.
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Figure 7 — Networks of asymmetric droplets in hexadecane exhibit directional contraction dependent on the polarity of the
applied voltage. A positive potential produces contraction, where the offsets contribute to the transmembrane potentials, and a
negative potential produces reconfiguration, where symmetric membranes expand and asymmetric membranes shrink producing
a negligible change in the measured net capacitance.

The shape of the droplet network is changed in response to the voltage (Supplementary Video 1). The negative
voltages produce simultaneous wetting and dewetting of the interfaces in the network, resulting in a negligible change
in the net capacitance. Since the droplet pairs are simultaneously contracting and separating, this produces a change
in the network shape through electrowetting in multiple dimensions. The droplets move along the vectors defined
between their centers, and in this case these vectors are constructed in multiple dimensions leading to changes in the
network shape, approximating morphogenesis in a simple fashion. The peaks are underpredicted similarly to the two-
droplet case, likely due to the presence of the electrodes or differences in the properties of asymmetric DPhPC-
DOPhPC membranes from the measured symmetric characteristics in Table 1. For each of these comparisons slight
changes in the supplied tensions y, and 5 may be used to ensure a match between the predictions and experimental
results; however, we have opted to present the results for a consistent single collection of experimentally-obtained
inputs (Table 1) for simplicity.

The asymmetry in the network’s electrowetting response to the applied voltage is regulated by a combination of the
maximum offset voltage provided by the asymmetric lipid membranes coupled with the magnitude of the
electrowetting energy compared to the energy of adhesion of the membrane. To explore how this may be magnified,
we propose a reduction in tensions to values similar to those observed in natural tissues, setting y, to 0.3 mN/m and
7 to 0.58 mN/m, similar to the ranges of tensions reported for the ectoderm of a cell [15]. It may be feasible to further
amplify the voltage offset presented by the lipid asymmetry through surface adsorption [66], but the 135 mV offset
provided by the DPhPC-DOPIPC pairing is currently the largest observed offset in the literature for lipid-based DIB
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systems. The remaining characteristics are left identical to the network presented in Figure 7. A triangular wave
voltage (5 mHz, 270 mV) is simulated between the source and ground electrode, and the x and y dimensions of the
network (total width and total height) are recorded and normalized against the resting dimensions of the network at 0
mV and plotted with respect to voltage in Figure 8. These results are then plotted against the baseline values for
tensions in hexadecane used in the previous simulations for comparison.

a. Directional Contraction of an Asymmetric Network
1.05

— X dimension, enhanced

— Ydimension, enhanced
- --- Xdimension, baseline

* Y dimension, baseline

Normalized Dimension

0.95 . . . . . )
-300 -200 -100 0 100 200 300

Voltage (mV)

8BRS

Figure 8 — a) Simulated electrowetting under both amplified ectoderm conditions and standard DIB conditions reported as the
total network width (X dimension) and height (Y dimension). The results show directional contraction and even expansion in the
X dimension of the network with a negative voltage. Simulated images of the droplet arrangement and apparent radii are
provided for b.1) -270 mV, b.2) 0 mV, and b.3) 270 mV with the ectoderm conditions.

From this figure we see that the network contracts in both dimensions with a positive voltage, corresponding to the
maximum capacitance reached in Figure 7. However, the negative voltage produces a combined contraction in the y
dimension and expansion in the x dimension, producing directional electrowetting dependent on the signal polarity.
Furthermore, the model captures aspects of the classic hysteresis behavior observed in brain-inspired DIB
electrowetting systems [40, 64]. While this is not the emphasis of this work, it is encouraging to see the expected
hysteresis trends produced as the membrane dimensions lag behind the voltage signal.

Separation and Reconfiguration of the DIB Tissue

A strength of the selected modeling approach is the ability to capture droplet separation and the formation of new
interfaces, as the model defines the membrane interfaces by the overlap between adjacent droplets which often change
across the droplet trajectories. We use this feature to investigate two cases: the first is taken from a recent work on
ferrofluid-enabled magnetic reconfiguration [56] and the second proposes how to accomplish similar processes at
cellularly-relevant scales through simultaneous electrowetting of multiple interfaces.

Magnetic nanoparticles suspended in aqueous solutions (ferrofluids) have been used to create motor droplets within
the droplet-based tissues, manipulating the adhered droplets through magnetic forces [42, 46, 56, 75]. Similar concepts
have been used to assess tissue stiffness and drive rearrangements through ferrofluid droplets in living tissues [76,
77]. This was used recently to demonstrate intercalation events in DIB networks by anchoring select droplets and
pulling others, separating and reforming the interfacial membranes as shown in Figure 9. These rearrangements were
then used to rearrange the ionically conductive pathways within the printed droplets [56]. It was noted during the
experiments that an increasing adhesive strength between the droplets enhanced the stability of the network at the
expense of requiring greater forces to separate the membranes. As the droplets approached cellularly-relevant
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dimensions the amount of force necessary for separation was no longer feasible using the available collection of
electromagnets and compatible ferrofluids due to the stiffness of DIB tissues [56].

To explore these observations using our model, we examined the necessary force for droplet separation within a four-
droplet network as a function of the interfacial properties. We set the damping value S (Equation (8)) to 1/100"" of the
values selected in Table 1 to ensure that the droplets quickly reach equilibrium in response to an external force with
minimal response lag. We then specified an external body force in the x direction on one of the droplets for the
simulated ferrofluid droplet, beginning at 0 N then linearly increasing with time. The force necessary to separate the
simulated ferrofluid droplet and the anchored droplet, initiating reconfiguration, is recorded and plotted as a function
of the energy of adhesion, calculated as AF=2yn,-y, [33] using the values in Table 1 and plotted in Figure 9.c. The
structure of the model permits the simulation of the droplets separating and reforming the membrane in the ferrofluid-
assisted T1 event, and a linear relationship between the energy of adhesion of the membranes and the necessary body
force to separate the membranes is produced. A video of the experiment may be seen in Supplementary Video 2.

300
— //
z 1:1 Hex:SO #
£ v
o 200} v
8 7/
2 /
- A 2:1Hex:SO
c /
B 100 //
g /¥ Hexadecane
3 .
' Tetradecane
/
0 . . ,
0 0.2 0.4 0.6

Energy of Adhesion (AF, mN/m)

Figure 9 — Simulating intercalation events using the model. a) In a previous work, a ferrofluid droplet is used to separate then
reform the lipid membranes, adapted from [56] b) This was recreated in the model by fixing one droplet then gradually applying
a force to the rightmost droplet as shown in the simulated reconfiguration. The simulation was repeated with varying
compositions listed in Table 1 and the resulting force for separation exhibited a near-linear trend with respect to the adhesion
energy AF=2yw-y as shown in panel c. Scale bars are 500 ym.

The observed reduced effectiveness at lower droplet volumes is due to the scaling involved with magnetic forces —
the maximum force generated per motor droplet scales with the volume of the ferrofluid [56], while the force necessary
for separation scales with the interfacial areas, producing a threshold for separation that increases linearly with the
inverse of the droplet radii. Consequently, a voltage-driven rearrangement is preferable as it directly manipulates the
bilayer apparent tension (Equation (5)). A four-droplet cluster is created with the droplets originally positioned to
create two separate adhered paths between the electrodes, establishing a gap between the central droplets as shown in
Figure 10 . Upon the application of a voltage step, the central droplets are pulled towards both droplets on the
electrodes simultaneously, drawing them together. Once the droplets come into contact, a new “bridge” membrane is
formed between the droplets. This membrane remains in place after the voltage is removed, demonstrating the ability
to change the metastable configuration of the network using a voltage signal, reproducing bioelectric control over
morphogenesis in a simple platform. The experiment and simulation were conducted in tetradecane (Table 1), and an
experimental video may be seen in Supplementary Video 3.
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Conclusions

In this manuscript we develop and test a coupled electrical-mechanical model for networks of adhered functional
droplets to explore voltage-driven contraction and reconfiguration events in collections of adhered droplets as inspired
by morphogenesis. This model is built on the principle of minimizing interfacial energies in emulsive systems
combined with an electrical approximation of the underlying membranes, and allows for predictions of coupled
mechanical and electrical effects in droplet-based synthetic tissues. While previous research efforts successfully
modeled the electrical properties of these materials as networks of capacitors and resistors, this manuscript describes
the first model to link these electrical elements to the geometries of the adhered droplets and use them to successfully
explore electrowetting in networks containing multiple interfaces. The model was successfully compared against
experimental results and showcased how electrowetting in DIBs may be recreated through simple models using
experimentally-derived coefficients.

Using this model we illustrate how networks of droplets exhibit multi-directional electrowetting in response to voltage
signals. Furthermore, we demonstrate how to use tailored asymmetric membranes to redistribute these voltages and
produce polarity-sensitive contraction of the droplet networks. These phenomena may be used to accomplish basic
voltage-driven contraction of larger droplet networks, exhibiting changing shapes and shifts in the wetted interfacial
area in a fashion inspired by the capabilities of living tissues to sort and organize through varying interfacial
characteristics governed in part through a bioelectric distribution.
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