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Bio-integrated devices need power sources to operate’?. Despite widely used
technologies that can provide power to large-scale targets, such as wired energy
supplies from batteries or wireless energy transduction®, aneed to efficiently stimulate
cells and tissues on the microscale is still pressing. The ideal miniaturized power

source should be biocompatible, mechanically flexible and able to generate anionic
current for biological stimulation, instead of using electron flow as in conventional
electronic devices*®. One approach is to use soft power sources inspired by the
electrical eel”®; however, power sources that combine the required capabilities have
not yetbeen produced, because it is challenging to obtain miniaturized units that
both conserve contained energy before usage and are easily triggered to produce an
energy output. Here we develop a miniaturized soft power source by depositing lipid-
supported networks of nanolitre hydrogel droplets that use internalion gradients to
generate energy. Compared to the original eel-inspired design’, our approach can
shrink the volume of a power unit by more than 10°>-fold and it can store energy for
longer than 24 h, enabling operation on-demand with a 680-fold greater power
density of about1,300 W m™. Our droplet device can serve as abiocompatible and
biological ionic current source to modulate neuronal network activity in three-
dimensional neural microtissues and in ex vivo mouse brain slices. Ultimately, our
soft microscale ionotronic device might be integrated into living organisms.

Soft microscale power sources promise increased biocompatibility
and flexibility compared to conventional bulky batteries’. The electric
organ of the electric eel is an example of a biological energy source,
which uses ion fluxes to generate electricity. Although a few studies
haveinvestigated the electrogenic behaviour of the organ and others
have developed large power arrays over hundreds of square centime-
tres that mimic this behaviour”®, none has created multicompartment
microscale ionic power sources that canbe turned on on-demand, and
interact with living cells.

Here we report a miniaturized soft power source made by deposit-
ing nanolitre lipid-supported hydrogel droplet networks' " that use
internal ion gradients to generate energy output. The droplet power
sourcestores energy at high density and is biocompatible, mechanically
flexible, scalable and portable after encapsulation. We demonstrate
that the attachment of neuron-containing droplets with the droplet
device enables ionic current modulation of neuronal network activity
by stimulating intracellular Ca** waves.

Abioinspired soft ionic power source

The electricity-generating capability of the electric eel (for example,
Electrophorus electricus) relies on stacking thousands of electrocytes
in series (Extended Data Fig. 1), in which the cations Na* and K* can
pass unidirectionally through ion-selective protein channels in the

cell membranes driven by concentration gradients™. We mimicked

the general layout and mechanism of the eel’s electric organ by com-
bining five aqueous nanolitre pre-gel (agarose) droplets in sequence
(Fig. 1a). In a single unit, the droplets were in the order: high-salt (for
example, CaCl,, KClor NaCl), cation-selective, low-salt, anion-selective
and another high-saltdroplet. They were deposited inalipid-containing
oil by using an electronic microinjector (Methods). The droplets were
initially surrounded by monolayers of lipid, which formed droplet inter-
facebilayers (DIBs) within seconds following contact withone another,
thereby creating a stabilized, support-free structure'>" (Fig. 1b). To
activate the power source, the assembled droplets were moved into
lipid-free oil to remove the lipids and disassemble the DIBs. The drop-
letswere then gelled at 4 °Cto create acontinuous hydrogel structure
(Fig. 1c, Supplementary Fig.1and Extended Data Fig. 2).
Amajoradvantage of our strategy is that, before transfer to lipid-free
oiland gelation, each droplet is separated fromits neighbours by lipid
bilayers, which prevent ion flow between the droplets while mechani-
cally stabilizing the structure. After disruption of the insulating lipid
bilayers, ions moved through the conductive hydrogel, from high-salt
to low-salt droplets, passing through the selectively permeable com-
partments'>'® (Supplementary Note 1). By using chemically active
Ag/AgClelectrodes®, the energy released from the salt gradients was
transformed into electricity, and the hydrogel structure could act as
an energy source and power external components (Fig. 1d). The lipid
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Fig.1|Structure and output performance of the droplet power source.

a-c, Fabrication process for a power unit formed by depositing hydrogel
droplets: pre-gel droplets were submerged in lipid-containing oil and acquired
lipid monolayer coatings, which subsequently formed lipid bilayers when
droplets were placed in contact (a); the insulating lipid prevented ion flux
betweendroplets when they were connected to form asingle unit (b); Ag/AgCl
electrodes were used to measure electrical output, and the power source was
activated by transfer into lipid-free oil and thermal gelation to rupture the lipid
bilayers (Methods; ¢). The current direction within the deviceis fromleft to
right; thatis, cations move from the left to the central droplet and anions move
fromtheright to the central droplet.d, Bright-fieldimages of the formation
processofadroplet power unit.In (i) to (iii), the volume of each droplet was 50 nl.

playsacritical role, enabling the formation of astable droplet network
without energy dissipation and the on-demand activation of powering
activity; our approach provides a means to build a soft ionic power
source on a microscale, which has not been achieved previously” to
our knowledge (Supplementary Note 2).

In addition to liquid oil, we also used a thermoreversible organo-
gel® to disassemble the DIBs and thereby create a freestanding,
portable droplet power source. The organogel precursor poly(styr
ene-b-ethylene-co-butylene-b-styrene) triblock copolymer (SEBS) was
dissolvedin a high-melting-point alkane mixture to produce a gel-lig-
uid transition temperature of below 37 °C (Supplementary Fig. 2). The
moltenorganogel (37-40 °C) served as alipid-free medium to replace
thelipid-free oil used during DIB disassembly. The organogel solidified
alongwith the droplet power source during the gelation process at4 °C.
After gelation, the organogel-droplet composite was gently detached
from the mould to yield a freestanding, encapsulated droplet power
source. The organogel encapsulation could support compression and
twisting (Fig. 1d) and prevent ionic leakage in physiological environ-
ments (Extended Data Fig. 3), which greatly expands the portability
of the droplet power source for potential implantable and wearable
applications®*?,

Theelectrical outputs of asingle power unit before and after activa-
tion were measured (Fig. 1e). After assembly, the droplets (50 nleach,
200-fold gradientinsalt concentration)inalipid-containing oiladhered
to eachother through the DIBs. We left the structures at ambient tem-
perature (25 °C) for 5 minto allow the droplets to partially gel and reach
their equilibrium contact angles. Whenweinserted electrodesinto the
two end droplets of high salinity, no current was recorded, indicating
thattheinsulation of the DIBs prevented energy dissipation. Then, we
removed the lipid with lipid-free oil and triggered full gelation at 4 °C
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Scalebars, 500 um. Panel (iii) shows the insertion of Ag/AgCl electrodes. In (iv)
and (v), droplets were encapsulated inaflexible and compressible organogel to
demonstrateenergy preservationinaportable unit. The volume of each droplet
was 500 nl.Scalebars,10 mm. e, Output open-circuit voltage (V) during the
transition from pre-gel (i) to gel (i) to continuous hydrogel network (iii), as
shownind.Inset: output short-circuit current (/sc) of adroplet power unit after
formation of a continuous hydrogel network (iii). f, Variation of normalized V¢
and meandroplet diameter of single power units with different length of storage
timeinoil before the formation of continuous hydrogel networks. Normalization
waswithrespecttotheinitial values of each experiment. The diameter of the
droplets decreased over time owing to the evaporation of water. Dataine,fare
meanvalues+s.d.(n=7).

for 1 min, thereby establishing an ionically conductive pathway. The
activated droplet power source generated 127 mVat opencircuit (Voc),
avalue comparable to the potential generated by a single electrocyte
(100-150 mV). The short-circuit current (/sc) reached a peak value of
2.2 pAwithinseconds and then decreased to lower values owing to the
limited quantities of the contained salts (100 nmol in each of the two
high-salt droplets), in agreement with simulations (Supplementary
Fig.3). Anoutput current persisted after 30 min with a value of about
30 nA.Inaddition, the droplet power source could be stored and used
on-demand, as ensured by the robust hydrogel compositions (Sup-
plementary Fig. 4) and insulating DIBs. We stored the droplet power
sourcesin alipid-containing oil to test energy preservation over time
(Fig. 1f). After activation, the droplet power sources gave a less than
10% variation in the V,c after 36 h storage. Over the same period, the
volume of the droplets slightly decreased, owing to water loss.

Output optimization

To improve the output performance of the droplet power source, we
analysed several key parameters that affect the electrogenic behaviour
onthebasis of the principle of reverse electrodialysis”**: anionic gradi-
entacrossaselectively permeable membrane givesrise to anelectromo-
tive force across that membrane. First, the type of salt, concentration
gradient and external resistance were optimized. Calcium chloride
produced the highest output voltage compared to sodium chloride
and potassium chloride at the same salt concentration (Supplementary
Fig.5a). Charged organic compounds can also create aconcentration
gradientunder certain conditions and be used to build power sources
(Supplementary Fig. 5b). Increasing the concentration ratio (gradient)
between the high- and low-salt droplets increased the output voltage
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Fig.2|Effect of droplet volume on the electrical characteristics of droplet
power sources. a, Initial (¢ = 0) Vycand /sc values. Droplet volumes below 100 nl
were calculated on the basis of diameters measured by microscopy. b, Calculated
power densities and total released charge of single power units with various
droplet volumes. The power source volume and length were five times that of a
single-droplet volume and diameter. ¢, Normalized V,,, /sc and total released

(Extended Data Fig. 4), but decreasing the low-salt concentration to
produce a larger ratio resulted in a decrease in output current due to
the increased internal resistance of the droplet power source (Sup-
plementary Note 3). Then, using the optimal 200-fold CaCl, gradient,
the dependences of the output voltage, current and power on external
resistance were measured, showing the resistance of apower unit made
of 50-nl droplets to be about 78 kQ and the maximum output power
tobe about 75 nW.

One of the advantages of using lipid-supported hydrogel droplets
to build soft power sources is the ease of miniaturization. Decreasing
the volume of the droplets by 99.8% from 1,000 to 1.84 nl resulted in
a concomitant decrease in output voltage (36%, from 136 to 87 mV)
and current (70%, from 2.7 to 0.83 pA; Fig. 2a). These decreases may
be attributed to an increase in the internal resistance of the droplets
(Supplementary Note 3) and the increased concentration polariza-
tion*across the selective droplets. However, the decreases were small
comparedtothe decreaseinvolume;infact, the average energy density
at the matching resistance greatly increased for droplets of 1.84 nl by
around 100 times toabout 1,300 W m, representing an approximately
680-foldincrease over the previous eel-inspired design’ and an approxi-
mately 5-fold increase over the subsequent paper-gel design® (Fig. 2b
and Extended Data Table 1). Although the total released charge was
lower for the miniaturized power sources (Fig.2b and Supplementary
Fig. 6), we could combine multiple power unitsin series and/or in par-
allel toincrease the output voltage and/or current. V. increases with
the number of unitsinseries; /scand the total released charge increase
with the number of units in parallel (Fig. 2c).

Scalable power source networks

Forlarger-scale droplet networks, itisimportant toincrease the contact
areabetween different functional droplet layers without increasing the
thickness of droplets. Thisis because the internal resistance of droplets
isnegatively correlated to the contact area and positively correlated to
the thickness (Supplementary Note 3). Hence, keeping a low internal
resistance—small size—while increasing the number of units in series
orinparallelincreases the output voltage or current, respectively. To
scale up the assembly of small droplets for larger-scale applications,
we adopted a template method, depositing multiple droplets into
three-dimensionally printed resin moulds to produce power units
of predesigned patterns (Fig. 3a,b). Template-assisted self-assembly
of spherical units, ranging from the nanoscale to the microscale, has
beenwidely used for fabricating patterned structures'®*?; an attrac-
tive force between the units and confinement within the template are
two conditions necessary for self-assembly?. In our approach, the

Power source length (mm) unit

parallel series

charge of power units formed into droplet networksin series and/or in parallel.
Thevolume of eachdroplet was1.84 nl. 2 x 2 stands for two sets of two paralleled
power unitsinseries. Inset: schematics showing the power units that were
formed into continuous droplet networks during measurements. The
normalizationwas withrespect to the outputs of asingle unit. Dataare mean
values +s.d.(n=5).

formation of lipid-based DIBs provides an attractive force between
droplets (spring constant of about 4 mN m™, tensile strength of about
25 Pa)", while the boundary of the mould limits their separation.

We fabricated cylindrical moulds with inner diameters of 600 pm,
about three times larger than the diameter of a 4-nl droplet. In each
mould, we deposited seven droplets (4 nl), which spontaneously assem-
bled into a hexagonal ‘flower-like’ pattern within seconds (Fig. 3¢,d
and Methods). Next, we stacked five self-assembled droplet hexagons,
with contents corresponding to the five droplets of a power unit, ina
deeper cylindrical mould to formalarger power source network in three
dimensions (Fig. 3e). Aneven larger network of 20 hexagons (28 units,
140 droplets) took less than 10 min to build (Fig. 3e). Automation of
the construction process might be achieved with athree-dimensional
droplet printer™#? to produce droplet networks composed of thou-
sands of power units.

Todemonstrate theincreased output of amulti-droplet assembly, we
assembled 20 five-droplet unitsinseriesinaspiral mould (Fig. 3f). The
high-salt droplets were deposited first, the cation-selective droplets
second, the low-salt droplets third, and the anion-selective droplets
last (Fig. 3g). The template confined the droplets during deposition,
and the DIBs kept the droplets closely attached to each otherin a
chain. The structure was maintained after washing with lipid-free oil.
The spiral power source could light up a light-emitting diode, which
required anapplied potential of about 2 V (Fig. 3h). The output power
was sufficient for additional applications, such as charging a capacitor
and powering a pulse generator (Supplementary Fig. 7). Notably, the
droplet power sources could be recharged through electrodialysis
by applying a reverse potential (200 mV) to the droplet network?*,
recovering greater than 60% of the original /5. after ten discharges
(Supplementary Fig. 8).

Neuronal modulation by the generated ionic current

We examined the influence of our droplet device on the activity of
neurons. The high-salt and ion-selective droplets together can act
as anopendroplet device that can be attached to external compo-
nents through its termini (Fig. 4a). When this open device is attached
to droplets with lower ion concentrations, a conductive pathway is
completed thatallows theionic current (about 2.6 pA) to flow through
theattached droplets (Fig. 4b,c and Supplementary Fig. 9). If neurons
are embedded in the low-salt droplets, the generated extracellular
ionic current willmodulate individual neuronal activity**'and, in turn,
reflect neuronal network activities®. To test this, we used a microfluidic
device to generate neural microtissues consisting of Matrigel spheres
(about 570 pm in diameter) laden with human neural progenitor cells.
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Template-assisted droplet self-assembly

Fig.3| Template-assisted droplet network fabrication and output.

a,b, Preparation of alarge-scale patterned power source network. First, seven
droplets were deposited inamould, by using a programmable microinjector,
and formed a hexagonal ‘flower-like’ structure (a). Droplet networks can be
drawnintoatruncated pipette tip by capillary actionand arranged in three
dimensions. Hexagonal assemblies of droplets were layered to form larger
droplet networks (b). nrefers to the number of units. ¢, Bright-field images of

The neural microtissues were coated with low-salt agarose hydrogel
containing neuron culture medium to form the neuron-containing
droplets (Fig. 4a, red droplets; Methods and Supplementary Fig. 10).
Thedropletdevice was thenattached to the neuron-containing droplets
inacircular container (Supplementary Fig.11). With 0.5 M CaCl,in the
high-salt droplets, the neurons retained high viability after 10 min of
attachmentas verified by cell viability assays with PrestoBlue, live-dead
staining with Calcein AM and propidiumiodide, and immunofluores-
cence staining with the neuronal marker TUJ1and the apoptosis marker
caspase 3 (Extended Data Fig. 5). Neuronal activities were measured
by confocal imaging using Fluo-4 Direct as an intracellular calcium
dye®*, which does not respond to extracellular calcium (Methods,
Supplementary Note 4 and Supplementary Fig.12). Time-lapse record-
ings revealed the spatiotemporal course of neuronal modulation when
the droplet device was attached to the neuron-containing droplets
(Fig.4d). The correlation of the neuronal activity with theionic current
indicated that the activity was caused by the droplet device and was
not spontaneous**,

The modulation of neuronal activities was demonstrated by apply-
ing Ca”*-based ionic current to the neural microtissues after differ-
ent culture periods (3,10 and 17 days) and ex vivo mouse brain slices
(Supplementary Fig.13). The droplet device contained 0.5 M CaCl, in
the high-saltdroplets. Direct contact with 0.5 M CaCl, droplets did not
produceionic currentand there was no significantintracellular calcium
fluctuationinthe neurons during 10 min of attachment (Extended Data

1004 | Nature | Vol 620 | 31 August 2023

Multiple power units

amould with multiple droplet hexagons. The volume of each droplet was about
4nl.Scalebar, 600 um.d, Zoom-in of asingle hexagonal layer. Scale bar,200 pum.
e, Stacks of 7and 28 power units. Scale bar, 600 pm. f, After four-step sequential
depositioninto aspiral mould, droplets self-assembled into a chain of power
units (Methods). g, h, Twenty power units were connected (g; scale bar, 1.2 mm)
to generate an output voltage sufficient tolight up ared light-emitting diode (h).

Fig. 6). In comparison, when ionic current generated by the droplet
device flowed through the neuronal network in droplet no. 1 from left
toright, astronger fluorescence was observed. Moreover, the intensi-
fied fluorescence spread directionally from left to right along the day-3
neural microtissue to form awave-like fluorescence pattern®, indicat-
ing that the day-3 neural microtissues were locally modulated by the
ionic current (Supplementary Video1). To further verify that the modu-
lation was induced by ionic currentinstead of by changing the extracel-
lular concentration of specificions (for example, Ca®* and CI"), we used
Ag/AgClelectrodestoapply anelectrical input to neural microtissues
embedded in Ca*-free droplets (Extended Data Fig. 6). As a result of
theredox chemistry of the Ag/AgClelectrodes, theelectrical input can
induce anionic current without creating a significant change in ion
concentrations, forexample, aCl” gradient. We observed asimilarintra-
cellular Ca** wave generated in the neuronal network by applying an
input currentintensity equivalent to that of our droplet device (Supple-
mentary Note 5). Further, we applied amembrane-potential-sensitive
dye, FluoVolt, to the neural microtissues during modulation with our
droplet devices, and observed a depolarization of the neuronal mem-
brane potentials (Methods and Extended Data Fig. 7).

By contrast, in experiments using the day-17 neural microtissues,
the neuronsindroplet no.1were simultaneously modulated within15 s
in connection with the droplet device without showing the wave-like
fluorescence pattern previously observed with the day-3 neural micro-
tissues (Fig.4d and Supplementary Video 2). We calculated the centre
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current-modulated neuronal activity as reflected by intracellular Fluo-4
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continuous hydrogel network was the only current path (n = 5). The volume of
eachdropletwas 500 nl. The average voltage during the first 10 minwas120 mV.
The correspondingionic currentwasabout2.6 pA.d, Framesatvarious time
points showing neurons embedded in droplet no.1.Neurons were cultured for

of fluorescence (weighted-mean distance) of each network to quantify
the displacement of the ionic current modulation indicated by the
fluorescence intensity (Fig. 4e and Methods). Day-17 neural microtis-
sues showed similar fluorescence displacements to ex vivo mouse brain
tissue, which were significantly lower than displacements in day-3 and
day-10 neural microtissues (Fig. 4f and Extended Data Figs. 8 and 9).
Day-17 neural microtissues also showed a faster propagating speed
of the induced Ca*" waves compared to day 3 counterparts, in agree-
ment with a previous study>® (Supplementary Fig. 14). These results
indicatethat the neurons formed connected neuronal networks during
prolonged culture and consequently showed simultaneous responses
after the device attachment®*%, The ionic current from the droplet
device presumably induced the release of excitatory messengers®>*,
whichresulted in simultaneous modulation throughout the intercon-
nected neuronal network (Supplementary Note 5). To test our hypoth-
esis that the presumed network activity was related to synaptic activity,
we treated the day-17 neural microtissues with 30 pM y-aminobutyric
acid (GABA), which is an inhibitory neurotransmitter that lowers the
intracellular potential and correspondingly the effectiveness of excita-
tory inputs*®. The expression of GABA receptors in the neural pro-
genitor cells was previously substantiated by immunofluorescence
staining®. In the presence of GABA (Fig. 4f and Extended Data Fig. 8),
neurons from the day-17 neural microtissues failed to exhibit simul-
taneous modulation; the wave-like fluorescence pattern was partially
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different periods (day 3and17), and reflected a change of neuronal network
activities. The high-salt droplets contained 0.5 M CaCl,. lonic current flowed
fromlefttorightintodropletno.1.Orange dashed lines mark the modulated
area.Scalebars,150 um. e, Relative fluorescence intensities at different

time points along the white dashed linesindicatedind. The black dotineach
plotindicates the centre of fluorescence (weighted-mean distance) at the
corresponding time point. a.u., arbitrary units. f, Relative displacement of
the centre of fluorescence over 90 s for neuronal networks after different
culture periods andin ex vivo brain slices from mice. GABA treatment was used
onthe day-17 neural tissues to suppress activities of neuronal networks (n=3;
*P<0.05;**P<0.01; NS, not significant; unpaired one-tail t-test). Datain fare
presented as mean values + s.d.

restored with increased fluorescence displacement under influence
from the ionic current. These results indicate that the biocompatible
droplet device can modulate neuronal network activities in neural
microtissues.

Outlook

The SEBS and other encapsulating methods may open the door to
use the ionic power source for powering wearables and other mobile
devices. There is however room for further improvement. The ideal
power source should work in a physiological environment so it can
be used in vivo for biological regulation. The present droplet power
source uses temperature change toirreversibly trigger its activity and
needs SEBS encapsulation to work in aqueous environments. A com-
bination of aqueous transfer with the dewetting method** and the
use of light-controllable lipids** or membrane proteins** may achieve
invivo application by producing three-dimensionally printed droplet
power sources in an aqueous environment with remote, reversible
on-off switches. On this basis, incorporating other stimulus-responsive
materials™, such as magnetic particles, into the hydrogel may endow
remote-controlled mobility to performinvivo energy delivery to con-
fined biological environments. Future studies should focus on utilizing
the device under physiological conditions and boosting the overall
energy capacity, which could then be used to power next-generation
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bio-hybrid interfaces, implants, synthetic tissues and microrobots.
The droplet device also paves an alternative path towards modulat-
ing the activity of various miniaturized cellular constructs, such as

brain organoids

4546 and assembloids®.
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Methods

Hydrogel materials

All materials were purchased from Sigma-Aldrich (Merck KGaA). For
all droplet power sources, low-gelling-temperature (LGT) agarose
was used to build the hydrogel scaffold. This material has enough gel
strength for fabrication at around room temperature. Other mate-
rials were dissolved in Milli-Q water with 30 min ultrasonication
(Branson 2800) and then mixed with the LGT agarose powder to form
various precursor solutions (pre-gels). Final pre-gels had 2% w/v LGT
agarose and the following compositions—high-salt hydrogel: 2 M
CaCl,; low-salt hydrogel: 0.01 M CacCl,, 10% v/v poly(ethylene glycol)
(number-average molecular weight 400). NaCl and KCl can replace
CaCl, if necessary (Supplementary Fig. 5). However, to obtain opti-
mum output voltage, CaCl, was used during electrical measurements
except where noted. The cation-selective hydrogel contained 20% w/v
poly(sodium4-styrenesulfonate) (average molecular weight 70,000)
and the anion-selective hydrogel contained 20% w/v poly(allylamine
hydrochloride) (average molecular weight 50,000). Pre-gel solutions
were first heated to 90 °C to dissolve agarose and then kept molten
at 37 °C before and during droplet deposition. Food dyes were used
only for photography and were absent during electrical recording and
biological experiments.

Preparinglipid-oil solutions

Agarose pre-gel droplets were deposited in a lipid-containing oil and
acquired lipid coatings, which subsequently formed lipid bilayers at
the interface (DIBs) when droplets were brought into contact. Lipids
were purchased from Avanti Polar Lipids in powder form and stored at
-80 °C. Undecane and silicone oil AR20 (Sigma-Aldrich) were filtered
through 0.22-pumfilters (Corning) under vacuum before use. Lipid films
were prepared by bringing ampoules to room temperature and dissolv-
ing thelipidsin anhydrous chloroform (Sigma-Aldrich) at 25 mg ml™ to
give thelipid stock solution. Using glass syringes (Hamilton), lipid stock
solutions of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC,
90 pl) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC,
40 pl) were transferred into a Teflon-capped glass vial (Supelco, 7 ml)
that had been cleaned with isopropanol. The chloroform was evapo-
rated under aslow stream of nitrogen while the vial was rotated by hand
to produce an even lipid film. The film was dried under vacuum for
24 h, and stored under nitrogen at -80 °C until use. When required for
droplet fabrication, films were left at room temperate for 30 min, and
then 2 mlofapre-mixed solution of undecane and silicone oil (35:65 by
volume) was added to the film, followed by sonication (Branson 2800)
for1h.Thetotal concentration of lipids was 2 mM with a molar ratio of
DPhPC/POPC of 2:1. Lipid films were kept for amaximum of 2 months.

Depositing droplet power sources

Droplets were formed in custom-made transparent resin mould, pro-
duced using a three-dimensional printer (Formlabs, Solid Print3D).
Depending on the shape of the mould, various self-assembled pat-
terns were formed. Typically, moulds were filled with 200 pl of
lipid-containing oil. In each mould, droplets of pre-gel solution were
deposited with a programmable microinjector (FemtoJet, Eppendorf),
whichejected droplets from aloaded glass nozzle (Femtotips, Eppen-
dorf) with volumes that ranged from femtolitres to microlitres. Single
droplet power units were obtained by depositing dropletsinto contact
with one anotherandallowing bilayers to form at the interfaces, which
happened withinseconds. Larger droplet networks self-assembled into
predesigned shapes in templates, such as the hexagonal ‘flower-like’
pattern (Fig. 3). After formation, droplet networks, along with sur-
rounding oil, were drawninto a truncated pipette tip by capillary action,
and could thenberearranged; for example, stacked inin three dimen-
sions by using micro-machined templates. Aninfrared radiation heater
(Beurer, 150 W) was used to keep the temperature of the nozzles and

theresin mould at approximately 37 °C. After fabrication, the droplet
power sources could be stored for more than 2 days within a lipid-oil
solution in a humid incubator at 37 °C to prevent water evaporation
(Fig. 1f) without energy dissipation owing to the insulating DIBs.

Triggering droplet power sources

Touse apower source, the lipid insulation was removed by transferring
the power source into oil without lipid and triggering full gelation at
lowtemperature. Todo so, the deposited droplet power sources were
left for 5 min at ambient temperature (around 22 °C) to partially gel
the agarose and allow the droplets to reach their equilibrium contact
angles. Next, droplet power sources were washed with silicone oil by
removing the lipid-oil solution from the mould and then adding 500 pl
freshsilicone oil, containing no lipid. After the transfer to lipid-free oil,
the droplet power sources were moved to a fridge (4 °C) for 1 min to
allow complete disruption of the insulating DIBs and consequent for-
mation of a continuous hydrogel structure. For in situ measurements
oftheelectric output during the rupture of DIBs and low-temperature
gelation, a Peltier cooler (14 W, 62 x 62 mm, RS PRO) and a heat sink
(85 %85 x 6 mm, RSPRO) wereintegrated to the bottom of the droplet
measurement system (Extended Data Fig. 2). Such integration enabled
the droplet deposition, power source activation and electrical meas-
urementin an all-in-one setup.

Encapsulating droplet power sources

A polymer-based organogel was prepared by mixing SEBS (molecu-
lar weight about 118,000, Sigma-Aldrich) with 1% by weight F68 flake
(Pluronic, Sigma-Aldrich) and undecane-hexadecane oil (50:50 by vol-
ume) at a concentration of 20 mg ml™. The mixture was thenstirred at
95°Cinaclosedvial.Onceaclearliquid had been formed, it was cooled
to 37-40 °C before use. Organogel encapsulation was conducted by
replacing the silicone oil with the molten polymer-oil mixture at the
last oil transfer step. Lipid-free organogel (1 ml) was used to wash and
cover the droplet power sources. After the transfer to organogel, the
encapsulated droplet power sources were moved to a fridge (4 °C) in
whichthe organogel solidified. The final construct was gently extracted
from the mould, forming a freestanding droplet power source.
Electrodes can pierce through the solidified organogel for measure-
ment of the power output.

Characterization of droplet power sources

We used Ag/AgClelectrodes (100-um diameter wire, Sigma-Aldrich) to
contact the first and last compartments of the droplet power source,
whichwereboth high-saltdroplets. Theion fluxin the droplets was con-
verted to electron flow in an external circuit (Supplementary Note 1).
Werecorded V,cand /sc using aKeithley 617 programmable multimeter
set to voltage measurement mode with high input impedance (about
2 TQ) or current measurement mode as a feedback-type picoammeter.
The effective output power of the droplet power source was evaluated
by monitoring the voltage and current with resistances ranging from
0.01to0 0.5 MQ.

Simulations

The output voltage and current of the droplet power source under vari-
ous settings were simulated based on the experimental setup shown
in Supplementary Fig. 3. We used COMSOL Multiphysics 5.6 and cou-
pled Nernst Planck Poisson equations. The two ion-selective droplets
were assumed to act as ion-exchange membranes with opposite fixed
charges 0f1,000 C m. The modelled ionswere K* and CI-, with defined
initial concentrations of 2 M and 0.01 M in the high-salt and low-salt
droplets, respectively. Modelling conditions for interfaces were the
combination of tertiary current distribution and the Nernst Planck
interface, with Poisson-type charge conservation. Results were calcu-
lated using time-varied (transient) analysis with a time range from O
to1,800s.
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Powering electronic components with droplet power sources

To light up alight-emitting diode (LED; Fig.3h), the four types of drop-
lets were deposited in a spiral mould (Fig. 3f) to form 20 power units
inseries connected to ared LED (Broadcom HLMP-K150). A capacitor
(0.47 pF, RS PRO) could be connected in series to store the released
energy from the droplet power source and subsequently light up the
red LED (Supplementary Fig. 7a). A pulse generator circuit based on
a 555-timer chip (TLCS555IP, RS PRO) was also powered by the droplet
power source (Supplementary Fig. 7c).

Neuron culture and brain tissue collection

Neural progenitor cells (NPCs) were derived from humaninduced pluri-
potent stem cells (iPSCs), provided by DrS. Cowley (James Martin Stem
Cell Facility, Oxford). Neural differentiation of iPSCs and NPC culture
were carried out according to published procedures®®*, NPCs were
maintained as two-dimensional adherent cultures on Geltrex-coated
(Life Technologies, A141133-02) culture plates in neural maintenance
medium, which consists of N-2medium and B-27 medium (1:1v/v). The
N-2medium contains DMEM/F12 medium (Life Technologies; 21331020),
1x N-2 (Gibco, 17502048) and 1 mM GlutaMax (Gibco, 35050-038).
The B-27 medium contains neurobasal medium (Gibco, 21103-049S),
1x B-27 (Gibco, 17504044) and 1 mM GlutaMax (Gibco, 35050-038).
Day-26 (since neural induction) NPCs were collected by incubating
with Accutase (Life Technologies, A11105-01) for 5 min at 37 °C and
dissociated into a cell suspension with gentle pipetting. The cells were
then centrifuged (5 min at 200g), and the supernatant was removed.
Pre-thawed Matrigel (Corning) was added to the cell pellet and mixed
to make a bio-ink with a cell density of 2 x 107 cells per millilitre.

NPCs labelled with red fluorescent protein (RFP) were derived from
RFP-iPSCs?“8, The cells were cultured and passaged in the same man-
ner as the non-labelled NPCs except for the addition of 2.5 pg ml™ puro-
mycin (Thermo Fisher Scientific) in neural maintenance medium for
RFP selection.

Mouse brain tissues were acquired from M. Lei. Adult C57BL/6 mice
werekilled followingaSchedulelprocedure. The brain was surgically
removed, and 300-pum brainslices were prepared by using a Compress-
tome vibrating microtome (Precisionary, VF-300-0Z) equipped with
anHP35-coated microtome blade (Thermo Fisher Scientific, 3150743).
Brainslices were collected in chilled Earl’s balanced salt solution bub-
bled with carbogen (95% O, and 5% CO,) and transferred onto 30-mm
cell-cultureinserts (Millicell, ICMORGS50) in six-well plates. The brain
slices were incubated at 37 °C, with 5% CO,, for no more than 3 daysin
75% BrainPhys medium with SM1supplements (Stemcell Technologies,
05792), 25% horse serum (GIBCO, 16050130) and 100 U penicillin-
streptomycin (GIBCO, 15140122).

Fabrication of droplets containing cells or tissues

The procedure involved two major steps. First, we used a home-built
microfluidic system to generate three-dimensional cellular micro-
tissues®. Then, we cultured the microtissues and coated them with
low-salt agarose hydrogel made from neuron culture medium, imme-
diately before use to form a continuous hydrogel structure with an
attached droplet power source (Fig. 4a).

In the first step of the construction of neural microtissues, the col-
lected neural cells (NPCs) were pelleted and resuspended in Matrigel
(Corning) andloaded into asyringe at 8 °C at 2 x 107 cells per millilitre.
The cell-laden Matrigel and oil (tetradecane, Sigma-Aldrich) were
then pumped into a three-way polydimethylsiloxane (Sigma-Aldrich)
connector by a programmable neMESYS syringe pump (Cetoni). At
an optimized flow rate, spherical Matrigel droplets containing cells,
separated by the carrier oil, were formed in a polytetrafluoroethylene
tube (Cole-Parmer). The droplet diameter was determined by theinner
diameter of the tube (for example, 570 pm). Then, the tube containing
the cell-laden spherical microtissues and oil was placed in a culture

chamberat 37 °Cfor 2 hto allow gelation of the Matrigel, thereby form-
ing three-dimensional cell-laden microtissues. Finally, the microtissues
were ejected from the exit tube, transferred to medium, and cultured
before use. The day of forming neural microtissues was marked as day O.
The three-dimensional neural microtissues were cultured in a neural
maintenance medium supplemented with 50 U mI™ penicillin and strep-
tomycin (Gibco, 15140-122). Cell medium was changed every 3 days®.

Inthe second step forembedding the neural tissues in agarose drop-
lets, the cultured neural microtissues were transferred into a mould
filled with silicone oil by using truncated pipette tips (200 pl). Aninfra-
red radiation heater was used to keep the surrounding temperature at
approximately 37 °C. Residual medium was carefully removed before
adding low-salt hydrogel solution (0.5 pl) with a 7000 series Hamil-
ton syringe to coat each neural microtissue. The low-salt hydrogel
contained 2% agarose, and about 1 mM Ca*, about 4 mMK*and about
140 mM Na* from the neuron culture medium. Owing to the surround-
ing oil, the hydrogel solution rapidly covered the neural microtissues.
Then, the mould was kept at 20 °C for 10 min to solidify the hydrogel
coating. This final gel coating unified the size variation of different
neural constructs, made them easy to handle, constrained the ionic
current, and dissipated possible compressive forces on the embed-
ded microtissues. The coated droplets were then returned to culture
medium for dyeing and used for experiments on neuronal modulation.
Ex vivo mouse brain slices could also be processed according to the
same second step to obtain droplets containing this tissue.

Neuron live-dead staining, viability determination and
immunostaining

To image the live-dead distribution of neurons after power source
modulation, neuron-containing droplets were incubated with 2.5 pM
Calcein AM (C1430, Thermo Fisher Scientific) and 5.0 uM propidium
iodide (Sigma-Aldrich) for 60 minat 37 °Cbefore imaging with an epi-
fluorescence microscope (Leica DMi8). PrestoBlue assays (Thermo
Fisher Scientific) were used to determine live cell number and viability
according to the manufacturer’s instructions. A microplate reader
(CLARIOstar Plus) was used to quantify the fluorescence and hence
the number of living cells.

For immunostaining, neural microtissues were first fixed in 4% v/v
paraformaldehyde (Sigma-Aldrich) for 30 min at room temperature
and then quenched in 50 mM glycine (Sigma-Aldrich). The samples
were incubated with blocking solution, 5% donkey serum in Triton
phosphate-buffered saline containing 0.1% v/v Triton X-100 (Thermo
Fisher Scientific) for 1 h at room temperature. Primary antibodies to
TUJ1(Synaptic Systems) and caspase 3 (Thermo Fisher Scientific) were
added in blocking solution and samples were incubated overnight at
4 °C. The next day, samples were washed three times (10 min each)
in phosphate-buffered saline and then incubated with secondary
antibodies for 2 h at room temperature. Samples were then washed
in phosphate-buffered saline another three times (10 min each), fol-
lowed by incubation with 4/,6-diamidino-2-phenylindole (5 pg ml™) in
Triton phosphate-buffered saline for 15 min and a final wash. Z-stack
images of allimmunostained neural microtissues were acquired using
afluorescence confocal microscope (Leica SP5).

Neuronal modulation by droplet devices

A droplet device consisting of three high-salt and two ion-selective
droplets was deposited in a circular container that was integrated
upon an imaging dish (u-Dish, Ibidi). Droplets formed a continuous
hydrogel structure after oil transfer with lipid-free oil. The droplet
devicewasthenattachedtothree low-salt hydrogel droplets that con-
tain neural microtissues or brain tissues, completing a ring structure
(Supplementary Fig.11). The droplet device could then produceionic
current that flows over neurons or tissuesin the closed loop. Droplets
containing neurons or brain tissues were combined with droplet devices
for 10 min and then put back in culture medium for 20 min, as one



modulation-relaxation cycle. Neurons recovered to the initial active
state after each cycle (Extended DataFig. 5). Toinvestigate the network
interaction with the droplet device, neuron-containing droplets were
treated with GABA (Sigma-Aldrich) ata concentration of 30 uM, which
has previously been determined tobe aninhibitory but nontoxic con-
centration®’.

Neuronal imaging

For calcium imaging, a Fluo-4 Direct calcium assay kit (Invitrogen,
F10471) was used according to the manufacturer’s instructions to
measure calcium activity. Briefly, droplets containing neurons or
brain tissues were transferred to 48-well plates and incubated with
neural maintenance medium and Fluo-4 calciumimaging reagents (1:1
v/v) for1hat 37 °C. Time-lapse (XYZTime) fluorescence images were
acquired at 1.28 s per frame under the optical settings suggested by
Invitrogen by using a fluorescence confocal microscope (Leica SP5)
at Ex/Em 488/525 nm. Z-stack images were acquired between the bot-
tom of neural microtissues to about 50 um above with a step of 5 pm
per image. Maximum Z projection was then conducted to generate
the final time-lapse images. Bright-field images were recorded with
astereomicroscope (Leica EZ4 W) and a wide-field light microscope
(LeicaDMi8).Images were processed using the Leica Application Suite
X and Fiji (Image)).

For membrane potentialimaging, a FluoVolt membrane potential kit
(Thermo Fisher Scientific) was used according to the manufacturer’s
instructions to measure neuronal membrane potential. Time-lapse
fluorescenceimages were acquired at 0.37 s per frame under the opti-
cal settings suggested by the manufacturer by using a fluorescence
confocal microscope (Leica SP5). Images were processed using the
Leica Application Suite X and Fiji (ImageJ).

Calculating imaging results

The fluorescence intensities of neurons were obtained using the Fiji
freehand tool and profile plots function. To obtain the relative ion
concentration distributions of Ca*" and CI” on a selected line plot
(Supplementary Fig. 9b), the relative concentration (C) is defined as

_Fluo(t)-Fy

C=——""—"7— (1)
Feinai=Fo

Fluo(t) is the fluorescence intensity at time ¢. F, is the initial fluo-
rescence intensity before forming a continuous hydrogel network.
Owingtodifferent fluorescenceresponses, Fy;,,;is the maximum fluores-
cenceintensity across three droplets after 20 min for Ca®* (fluorogenic
response) and the minimum for CI” (quenching response).

To calculate the moving speed of Ca?* waves across a neuronal
network (Fig. 4d,e), we needed to first calculate the centre of fluo-
rescence of the neuronal network. We chose the method of weighted
mean to represent the position of the centre of fluorescence, whichis
defined as

Y (Intensity x Distance)
Y Intensity

(2)

Weighted—-mean distance =

Y Intensity is the summation of each fluorescence value on aselected
line plot. } (Intensity x Distance) is the summation of each fluorescence
value multiplied by the distance from the origin (boundary of cells or
brain tissues) of the selected line plot. Knowing the position of the
centre of fluorescence, we can calculate the relative displacement of
fluorescence (Fig. 4f), which is defined as

A(Weighted — mean distance)
Total length

Relative displacement =

(3)

A(Weighted-mean distance) is the variation of weighted-mean dis-
tance before and after attachment of the droplet device. Total length
isthelength of the selected line plot.

Statistics

Statistical analyses were carried out using Origin and the P value was
determined by unpaired one-way analysis of variance. Each experiment
used aminimum of three independent droplet power sources.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.3|SEBS organogel encapsulation enabled preservation
of dropletnetworks in physiological environments. a, Schematic showing
the SEBS organogel encapsulation. b, Photographs of a droplet power source
formed from 500 nL droplets and encapsulated inan organogel cube.
Comparison withaone-penny coin (20.3 mm diameter). ¢, The encapsulated

SEBS Organogel

Droplet Network

Normalized V.
o
(8)]

1]

Before 30 min 30 min
in Phosphate in Rabbit
Buffered Saline Blood

droplet power source is soft and can withstand repeated bending and twisting
by hand.d, The open-circuit voltages are shown for droplet power sources
encapsulatedin organogel after 30 minimmersionin phosphate buffered
saline (pH 7.4, Gibco) or rabbit blood (New Zealand white rabbit strain, Envigo).
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Extended DataFig. 4| Optimization of the droplet power source for maximal of output voltage, current, and power of a single power uniton the external

output. a, Vo and Ic of single power units with different concentration loading resistance. The instantaneous output power reached amaximum
gradients between the high-salt and low-salt droplets, with the high-salt (75nW for 50 nL droplets) when the loading resistance was set around 78 kQ.
dropletssetat2MCaCl,.b, V,cand Isc of single power units with different salt The output voltage, current, and power were typical of aconcentration cell,

concentrations in the low-salt droplets, with the concentration gradient set at showinga positive correlation between voltage and load resistance, while the
10-fold (see Supplementary Note 3 for detailed discussion). ¢, The dependence current followed areverse trend”. Dataare presented as mean+s.d. (n=5).
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Extended DataFig.5|See next page for caption.



Extended DataFig. 5| Cell viability study and immunofluorescence staining
of neural microtissues before and after treatment of the droplet device.

a, Cellviability in neuron-containing droplets, which had been connected to
dropletdevices for 10 minand then cultured in medium for 4,12, 24,and 48 h.
The control group was neural microtissues embedded in agarose droplets and
notplacedincontactwithadropletdevice. Salt concentrationsin the high-salt
droplets (CaCl,) were: 0.5M (50-fold gradient, light blue); 1M (100-fold gradient,
darkblue). Dataare presented asmean s.d. (n=5).b, Fluorescence (bottom)
and overlaid bright-field (top) live/dead imaging of microtissues embedded in
agarosedroplets. Calcein-AM (live, green) and Pl (dead, red) staining were

conducted after droplet device (0.5M) modulation. Scale bars, 600 pum. cand
d, RFP-labelled microtissues were stained for the neuronal cell marker TUJ1and
the apoptosis marker caspase 3. RFPis expressed by live cells; the TUJ1staining
reveals the neuronal cellsincluding their processes; the caspase 3 staining
reveals apoptotic cells. The control group (¢, Day 10) was not contacted witha
dropletdevice. Theexperimental group had been connected with the droplet
device for 10 min and then cultured in medium for 48 h (d, Day 12). Salt
concentrations inthe high-salt droplets (CaCl,) were 0.5M (50-fold gradient).
e, The number of apoptoticcellsinanarea of 100 x 100 um?. Dataare presented
asmeanzs.d.(n=6).
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Extended DataFig. 6 | Droplet configurations for verification of the
modulatory effects of droplet devices on neural microtissues. a, Direct
contactof neuron-containing droplets (neurons cultured for 3 days) with high-
saltdroplets (0.5M CaCl,). b, Frames at various time-points showing alow level
of stableintrinsic fluorescence (amplified). Scale bar,300 um. c, Applying an
external voltage to Ag/AgCl electrodes in Ca**-free hydrogel dropletsin contact
with droplets containing neural microtissues. Droplet #1received a positive
inputvoltage relative to droplet #3. Theresulting current was -2.6 pA, whichis
similar to that produced by the droplet device.d, Frames at various time-points

showing neurons embedded in the #1 droplet. The neurons had been cultured
for different periods (3 and 17 days). lonic current flowed from left to rightinto
the #1droplet.Red dashed lines mark the border of the modulated area of the
Ca*"wave. Scale bars, 150 um. e, Relative fluorescence changes for neural
microtissues after modulation by various means. The control group was
neuron-containing dropletsindirect contact with high-saltdroplets (a). The
“electrical” group was subjected to an external voltage source (b). The droplet
devicegroupisdocumentedinFig.4.
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Extended DataFig.7| Monitoring the change of neuronal membrane individual neurons after attachment of the droplet device. The black curve
potential after attachment ofthe dropletdevice.a, Neuronal membrane represents neuronsindirect contact with high-salt droplets (0.5M CaCl,).
potential was measured by confocal imaging using FluoVolt™, a voltage- Thestable fluorescenceindicates that the neurons remainin aresting state.
sensitive fluorescent probe (Methods). Scale bar,200 pm. b, Frames at various Thered curverepresents neurons under droplet device modulation (seeb) and
time-points ofazoom-inareain (a) showing the fluorescence change after theblue curve represents neurons depolarized by adding 20 mM KCl solution.
attachmenttoadropletdevice. lonic current flowed from top-left tobottom- Three neural microtissues were tested under each condition and five cells from

right of the selected area. Scale bar, 50 um. ¢, Relative fluorescence change of each wererandomly selected for fluorescence quantification.
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Extended DataFig. 8 | Effect of the droplet device on various neuronal
networks. a, Neuronal network cultured for 10 days. High-salt droplets
contained 0.5M CaCl,.lonic current flowed fromleft to right into the #1 droplet.
Orange dashedlines mark the modulated area with increased fluorescence
intensity. b, Profile plots of relative fluorescence intensities at different time-
points along the white dashed line indicated in (a). lonic current flowed from
lefttoright. Theblack dotin each plotindicates the Weighted-mean Distance
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atthattime-point.c, Inthe samesetup, part of an exvivo mouse brain slice was
embeddedinahydrogel droplet for treatment with the droplet device.

d, Profile plots for (c) and the Weighted-mean Distances at each time-point.

e, Inthe samesetup,day 17 neurons were treated with GABA before treatment
withthedroplet device.f, Profile plots for (e) and the Weighted-mean Distances
ateachtime-point. Scale barsin (a), (c), and (e), 300 um.
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Extended DataFig. 9| Direct attachment of the droplet device to amouse fluorescence response of the brain slice was less directional and uneven
brainslice.a, Directresponse of amouse brainslice without ahydrogel coating  compared to the neural microtissues, which might be due to the different
tothedropletdevice. High-saltdroplets contained 0.5 M CaCl,. The twoion- neuronal wirings or tissue structuresin different regions of the brainslice.
selective droplets were separated by a distance of -300 um. b, Orange dashed Scalebar, 150 pm.

lines mark the modulated area, which hasincreased fluorescence intensity. The
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Extended Data Table 1| Comparison of geometrical and electrical characteristics of natural electrocytes, artificial electric
organs, and droplet power sources of two different volumes

Unit length Unit volume Voc per unit Power density

Source (m) (m3) (mV) Wm)

Live eel electrocyte
(Electrophorus (1.0+0.2)x10™ 6x107° 130 £ 10 (9.9 +1.7) x 104
electricus)'314

Gel cells, 80° fold’ (2.8 x 10%) x 5 1.2 x 1076 170 + 10 19+0.1
Paper-gel cells? (1.4 x 10%) x 5 16 x 106 240 + 10 257 + 1
This work 3 10

(100 e roplets) (0.58 x 10°%) x 5 5 x 10 127 + 12 87.8+2.8
This work (0.15 x 1073 x 5 9.2 x 1012 86 + 35 (1.3+0.2) x 103
(1.84 nL droplets) ' | - R

Where applicable, values are presented as mean +s.d.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O 0O OO0 0O OO0

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

X X X
OO

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Data collection listed in Methods. All software used in this study for data collection are either commercially available or open source.

Data analysis All software used in this study for data analysis are either commercially available or open source. For example, Origin 2021.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated during this study are included in the paper and its Supplementary Information.




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender n/a

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf
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Sample size Each experiment used independent microtissues and droplet devices. A minimum of three repeats were sampled for each experiment. Details
listed in Methods.

Data exclusions  No data were excluded from the analyses.
Replication Experiments were repeated and found to be reproducible.
Randomization  Microtissues were randomly allocated into control and experimental groups after defined periods in culture.

Blinding The investigators were blinded to group allocation during data collection and analysis.
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Antibodies used TUJ1 (Synaptic Systems) and caspase 3 (Thermo Fisher Scientific).
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human neural progenitor cells derived from pluripotent stem cells
Authentication Experiments were authorized following the procedures of James Martin Stem Cell Facility, Oxford.
Mycoplasma contamination There was no contamination during experiments.

Commonly misidentified lines  n/a
(See ICLAC register)
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Laboratory animals Adult C57BL/6 mice
Wild animals n/a
Reporting on sex Sex was not considered in the research.

Field-collected samples  n/a

Ethics oversight Department of Pharmacology, Oxford University

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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