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The e-Flower: A hydrogel-actuated 3D MEA for brain

spheroid electrophysiology

Eleonora Martinelli't, Outman Akouissi'?t, Luca Liebi', Ivan Furfaro’,
Desirée Maula', Nathan Savoia’, Antoine Remy1, Laetitia Nikles?, Adrien Roux?,

Luc Stoppini?, Stéphanie P. Lacour’*

Traditional microelectrode arrays (MEAs) are limited to measuring electrophysiological activity in two dimen-
sions, failing to capture the complexity of three-dimensional (3D) tissues such as neural organoids and spheroids.
Here, we introduce a flower-shaped MEA (e-Flower) that can envelop submillimeter brain spheroids following ac-
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tuation by the sole addition of the cell culture medium. Inspired by soft microgrippers, its actuation mechanism
leverages the swelling properties of a polyacrylic acid hydrogel grafted to a polyimide substrate hosting the elec-
trical interconnects. Compatible with standard electrophysiology recording systems, the e-Flower does not re-
quire additional equipment or solvents and is ready to use with preformed 3D tissues. We designed an e-Flower
achieving a curvature as low as 300 micrometers within minutes, a value tunable by the choice of reswelling media
and hydrogel cross-linker concentration. Furthermore, we demonstrate the ability of the e-Flower to detect spon-
taneous neural activity across the spheroid surface, demonstrating its potential for comprehensive neural signal

recording.

INTRODUCTION

Neural organoids and spheroids offer exciting opportunities for
understanding neuronal connectivity and exploring neurological
disorders (I). A hallmark of these three-dimensional (3D) tissues
is represented by their spontaneous neural activity, with the elec-
trophysiological maturation of cerebral organoids that has been
linked to both their morphological and cellular development (2).
Recording such electrophysiological activity is useful in several
areas. Network-level events in forebrain organoids mirror human
neonatal electroencephalography features, offering a potential
model of early brain network development (3). Furthermore, the
assessment of electrophysiological dysregulations after mechani-
cal trauma in neural organoids emerges as a valuable approach in
disease modeling, providing insights into traumatic brain injury
(4, 5). In addition to passive recording, recent studies have ex-
ploited the capability of organoids to reorganize their neural net-
works in response to electrical stimulation to develop an artificial
intelligence hardware framework (6)—opening the way to a wide
range of applications even beyond the study of neural physiology
and pathophysiology.

While commercially available microelectrode arrays (MEAs) are
commonly used for such measurements (2-6), they are mostly lim-
ited to planar configurations, which do not fully capture the com-
plexity of 3D in vitro neural tissue models. To overcome this issue,
sample processing techniques such as tissue slicing (7, 8) and pen-
etrating probes (9, 10) have been used. To preserve the 3D integrity
of the targeted tissues, recent studies have focused on the develop-
ment of flexible 3D arrays specifically designed for organoids and
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spheroids. These include buckled MEAs (11), shell MEAs (12, 13),
cylindrical self-rolled MEAs (14) and kirigami-based MEAs (15).
Nonetheless, these technologies can be complex to use, requiring
external actuation systems or potentially harmful solvents, and
might need custom wiring for the connection to the electrical re-
cording/stimulation unit. Stretchable mesh MEAs (16) have been
developed as well, where the MEA achieves volume-wide integra-
tion by following the self-folding of the organoid. However, gener-
alizing this approach to any organoid type is challenging, as it does
not apply to preformed tissues and requires considerable amounts
of time to achieve tissue-MEA integration.

Here, we introduce the e-Flower, an intuitive 3D MEA platform
that engulfs the brain spheroid and enables recordings from its en-
tire surface (Fig. 1). Inspired by soft grippers and hybrid hydrogel-
polymer bilayers (17-19), the unique feature of the e-Flower is
represented by its cell-friendly mechanical actuation, which is driv-
en by the swelling properties of soft hydrogels and triggered by the
addition of the cell culture medium (CCM). The e-Flower consists of
a flower-shaped polyimide (PI) film divided into four initially flat
petals each hosting eight platinum (Pt) microelectrodes and coated
with a layer of polyacrylic acid (PAA) hydrogel grafted on its back-
side. By precisely tuning the hydrogel formulation, bilayer thick-
nesses, and MEA geometry, we successfully designed a 3D MEA
platform with a 300-pm radius of closure, therefore compatible with
our targeted brain spheroids (20). Moreover, the e-Flower seamlessly
interfaces with commercially available electrophysiological record-
ing systems, offering a user-friendly plug-and-play solution for neu-
rophysiological research. To expedite and guide the design and
microfabrication process, we conducted comprehensive mechanical
and electrical characterization of each component of the device and
developed predictive in silico finite element models. Ultimately, we
developed a proof of concept showcasing the potential of the e-
Flower by successfully recording the 3D electrophysiological activity
of brain spheroids. This technology opens previously unidentified
accessible venues for the 3D electrophysiology of spheroids and
organoids.
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Fig. 1. The e-Flower: A 3D MEA featuring cell-friendly mechanical actuation and versatile, plug-and-play capabilities. (A) Optical image of the e-Flower platform.
The e-Flower includes a flower-shaped electrode-carrying Pl foil accompanied by a backing layer of PAA hydrogel, encased within a PMMA fluidic channel. (B) Schematic
illustration of the 2D-to-3D shape reconfiguration of the e-Flower driven by the differential swelling properties of the PAA/PI layers. The hydrogel layer swells when im-
mersed in solution, such as water or CCM, while the electrode-bearing Pl layer remains unaltered. This produces the 2D-to-3D reconfiguration of the system: The flower
closes, the petals bend, and bring the electrodes in close contact with the outer surface of the brain spheroid. (C) The e-Flower seamlessly interfaces with the pogo pins
of the MEA-2100 electrophysiological system. (D) Bright-field image of an actuated e-Flower wrapping around the surface of a brain spheroid. Harrow head, spheroid;
*e-Flower petal, **swollen PAA. Scale bar, 200 pm. (E) Representative neural event detected by one of the electrodes of the e-Flower during a 5-min electrophysiological

recording.

RESULTS
Characterization of the PAA hydrogel
The 3D configuration of the e-Flower relies on the mechanical and
swelling signature of a PAA hydrogel layer grafted to the electrodes’
substrate. The properties of the hydrogel are known to depend on its
cross-linker concentration and the reswelling medium (21). Therefore,
to establish a predictive model of the behavior of the hydrogel once
grafted on the e-Flower and swollen in different media, we thoroughly
characterized the swelling behavior and mechanical properties of the
bulk PAA hydrogel as a function of its cross-linker concentration and
the reswelling solution used. We synthesized bulk PAA hydrogels with
three representative N,N'methylenebisacrylamide (MBAA) cross-
linker concentrations, namely, 0.05 wt % (1x), 0.20 wt % (4x), and
0.80 wt % (16X). As the dehydration process is known to influence the
final hydrogel swelling behavior (21), we mimicked the drying condi-
tions of the hydrogel grafted on the PI substrate by performing an
anisotropic drying process on the PAA (see fig. S1). We then laser-cut
circular dry hydrogel samples to reswell in four representative media
formulations: deionized water (DI), the typical swelling medium used
in hydrogel characterization; phosphate-buffered saline (PBS), used
during electrochemical characterization of the e-Flower electrodes;
CCM at 25°C, to mimic the conditions during brain spheroid seeding;
and the same medium but at 37°C, representing the final working con-
dition of the e-Flower inside the incubator. Last we measured the hy-
drogels’ swelling behavior and storage moduli under each condition,
as illustrated Fig. 2. Because the curvature of the petals of the e-Flower
primarily originates from the lateral swelling of the PAA hydrogel
(22), we measured not only the mass and area swelling ratios of the
hydrogel but also its variation in thickness.

As expected, the reswelling medium strongly influenced the
swelling behavior observed in the PAA hydrogels. Overall, reswelling
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in CCM produced a lower level of swelling compared to DI in terms
of both mass, area, and thickness variations. Hydrogels reswollen in
CCM swelled nearly 50% less (in terms of mass) than those reswol-
len in DI (48X for CCM at 25°C and 45X at 37°C, versus 102X for
DI), with the PBS condition lying in between these two values (76X)
(Fig. 2A). The slope of the initial swelling phase also indicated that
the swelling rate was medium dependent, with PBS being the slow-
est. Moreover, the PAA gels swollen in CCM showed an overshoot-
ing response after about 60 min (66X at 25°C and 60x at 37°C), a
behavior observed in previous literature (23-27). This behavior may
be linked to hydrogen bond formation in the polymeric network
(23, 24) or to a change in solvent-polymer interactions (25-27). This
overshoot, though observed, is of minimal significance when com-
pared to the equilibrium swelling value. As a result, we expect that it
will not adversely affect the functionality of the e-Flower when im-
mersed in CCM. Measuring the relative variation in area (order of
magnitude, 1 cm?) of fully swollen samples (Fig. 2B), reswelling in
warm CCM vyielded an area increase that was circa seven times lower
than DI (0.27, 0.4, 1.00, and 1.90 for warm CCM, room temperature
CCM, PBS, and DI, respectively). Similarly, considering the thick-
ness swelling ratios, samples reswollen in warm CCM were 33%
thinner than the DI equivalent, as visible in Fig. 2C. Such differences
in swelling behavior were likely due to electrostatic interactions be-
tween the reswelling medium and the polymeric matrix of the hy-
drogel and further influenced by complex molecules present in the
CCM, such as amino acids. To visualize possible morphological dif-
ferences in the hydrogel depending on the reswelling medium used,
we obtained scanning electron microscopy (SEM) images of freeze-
dried samples previously soaked in either DI (Fig. 2J) or CCM (Fig.
2K). Hydrogels reswollen in DI showed an open-cell foam morphol-
ogy, with large (diameter ~ 50 pm) pores and thin cell walls. On the
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Fig. 2. PAA hydrogel reswelling. Mass ratio reswelling curves as a function of time (A), area (B), and thickness (C) reswelling ratios of dehydrated PAA hydrogel samples
synthesized with 1X cross-linker concentration and reswollen in various media (n = 6 per condition). Mass ratio reswelling curves (D), area (E), and thickness (F) reswelling
ratios of dehydrated PAA hydrogel samples synthesized with various cross-linker concentrations and reswollen in CCM at 37°C (n = 6 per condition). (G) Rheological
properties of PAA hydrogels synthesized with 1X cross-linker concentration and reswollen in CCM at 37°C (n = 6 per condition). (H) Elastic moduli of PAA hydrogels
synthesized with 1X cross-linker concentration and reswollen in various media (n = 6 per condition). (I) Elastic moduli of PAA hydrogels synthesized with various cross-
linker concentrations and swollen in CCM at 37°C (n = 6 per condition). Scanning electron micrograph showing the morphology of the PAA hydrogel when reswollen
in DI (J) and CCM (K).
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contrary, hydrogels reswollen in CCM showed denser hydrogel cell
walls, likely due to the presence of nutrients and other active ingredi-
ents in the CCM interacting with the hydrogel network.

The cross-linker concentration also influenced the extent of hy-
drogel swelling. As shown in Fig. 2D, the mass swelling was inversely
related to the MBAA concentration, with equilibrium mass swelling
ratios of 46X, 40X, and 18X for samples with cross-linker concentra-
tions of 1X, 4X, and 16X, respectively. Also in this case, an overshoot-
ing swelling behavior was present and clearly dependent on the
cross-linker concentration in the gel (60X, 49X, and 22X with increas-
ing cross-linker concentration). A remarkable anisotropic swelling
behavior was observed when varying the cross-linker concentration:
Samples with high cross-linker concentration (16X) swelled 10 times
more in area but almost 5 times less in thickness compared to samples
with standard cross-linker concentration (see Fig. 2, E and F). In gen-
eral, increasing cross-linker concentration made hydrogels swell more
in area (0.27X%, 1.85%, and 2.79X) but less in thickness (23.61X, 8.87X,
and 4.87X). This behavior is likely attributed to the anisotropic drying
procedure used to mimic the grafting condition of the hydrogel at the
wafer level and is crucial for the design of bilayers with a tailored
bending radius. In addition, SEM observations revealed that higher
cross-linker concentrations yielded hydrogel networks with notably
smaller pore sizes and thicker polymeric structures (see fig. S2). To
evaluate the viscoelastic properties of the hydrogel samples, we per-
formed rheological plate-plate oscillatory measurements with varying
shear amplitudes, as represented Fig. 2G, where the properties of a
sample with 1X cross-linker concentration at equilibrium in warm
CCM is reported. The hydrogels reswollen in DI showed a compara-
ble elastic modulus compared to the ones reswollen in PBS (2.95 and
2.97 kPa, respectively), while the CCM-swollen samples showed an
up to 45% increase in elastic modulus (4.37 and 3.56 kPa for RT and
warm CCM, respectively); see Fig. 2H. As expected, the concentra-
tion of the cross-linker strongly influenced the stiffness of the hydro-
gel, with the elastic modulus that increased with the cross-linker
concentration (16.1 kPa for 4X and 44.6 kPa for 16X; see Fig. 2I).
Overall, the hydrogels in all conditions showed an elastic behavior up
until a 3% shear strain.

Hybrid PAA/PI bilayers

To characterize bending of the PAA/PI bilayer constituting each pet-
al of the e-Flower, we focused on the simplest bilayer shape, namely,
a rectangular strip. In this study, we aimed to obtain a customized
radius of curvature suitable for 3D wrapping (28, 29) over a neural
spheroid [of 500- to 1000-pm diameter range (20)]. The curvature of
the bilayer is known to be influenced by the hydrogel/polymer thick-
ness ratio. For consistency, we fixed the PI thickness to 6 pm and the
PAA thickness to 150 pm as prepared. We then focused our investi-
gation on the effect of the reswelling medium and cross-linker con-
centration on the curvature of the bilayer. The process involved
fabricating PI layers via spin coating, followed by curing of the P and
grafting of the hydrogel. To enable covalent PAA grafting onto the PI,
we sputtered a 15-nm-thin layer of SiOX on the PI substrate, fol-
lowed by silanization using 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA). We then dispensed and cured the PAA pre-gel solution
directly on the TMSPMA-functionalized PI surface while controlling
its thickness with custom-made molds (see fig. S3). Figure 3A dis-
plays an optical microscope photograph of a representative bilayer
strip swollen at equilibrium in CCM that was used to manually eval-
uate the radius of curvature of the bilayer as shown by the dotted
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circle. We found that the curvature of the bilayer depended on the
reswelling medium, as highlighted in Fig. 3B. The bilayer strips bent
with a radius of curvature down to 99 pm in DI, which doubled to
208 pm in PBS and almost tripled in CCM (285 and 295 pm at RT
and 37°C, respectively). Similarly, Fig. 3C reports on the influence of
the cross-linker concentration on the bending radius of the same
strips swollen in warm CCM. In this case, increasing the cross-linker
concentration induced a less pronounced bending, as the 4X (257 pm)
and 16X samples (221 pm) bent with radii 13 and 33% smaller than
the base sample 1X (295 pm). This behavior is a consequence of
the relative swelling ratio of the area and stiffness, both previously
assessed within the bulk hydrogel. Notably, bilayers with a 1X cross-
linker concentration reached a 300-pm curvature radius when swollen
in CCM at 37°C, aligning with our desired size range. We there-
fore kept this formulation throughout all the following experiments.
Figure 3D shows a SEM micrograph of a freeze-dried bilayer strip
swollen in DI, showing the morphology of the hydrogel (blue) cova-
lently grafted on the surface of the PI layer (yellow). Freeze-dried sam-
ples further validate the robust molecular-level attachment of the
hydrogel to the PI layer, as they endured rigorous treatments, includ-
ing repeated drying-swelling cycles, flash freezing, and lyophilization.
It is worth highlighting that the freeze-drying process altered the
radius of curvature of the bilayer.

Having confirmed our ability to match the radius of curvature
of the neural spheroid, we devised a device geometry capable of en-
gulfing the neural spheroid, while maintaining a stable position and
facilitating the routing of metallic electrical interconnects. We
envisioned a cup-like device resembling a flower, held in place by
simple PI bridges. To predict the final shape of the hydrogel-actuated
device and guide the design of the final 3D MEA, we developed a
mechanical finite element model of the flower-shaped bilayer. To
mimic the behavior of the bilayer when immersed in solution, we var-
ied the initial volumetric strain of the hydrogel. We could then visual-
ize the deformation of the flower-shaped bilayer from fully open to
closed (see fig. S4). Through this model, we assessed the strain expe-
rienced by the PI substrate during actuation. Figure 3G illustrates the
distribution of the volumetric strain in the PI layer along the midsec-
tion of a petal as the flower closed. In the closed configuration, tensile
stresses at the interface with the hydrogel were slightly higher than
compressive ones measured on the opposite side, indicating a shift of
the neutral plane toward the internal part of the device as the hydrogel
swelled. The PI experienced a maximum strain of 1.3% when in closed
configuration, which is below its critical strain before plastic deforma-
tion. This enables the reversible actuation of the bilayer. To validate
the finite element method (FEM) results, we built a PI/PAA bilayer
with a geometry comparable to the FEM model, as shown in Fig. 3H.
We subsequently immersed the device in PBS and tracked its 2D-to-
3D reconfiguration. Figure 3I shows snapshots of the shape-morphing
process at different time points. These time-lapse results validate the
stability of the model, as well as the mechanical stability of the plat-
form. To understand the closure dynamics and the required time to
reach a stable 3D geometry, we evaluated the time to final configura-
tion, as shown in Fig. 3]. The devices reached equilibrium in approxi-
mately 2 min, with the closed shape forming in less than 109 s. Apart
from the devices swollen in PBS that reached the desired 3D shape in
221 s, there was no substantial effect of the swelling medium on the
morphing dynamics (113 s in DI and 130 s circa in CCM). This clos-
ing dynamics renders the device suitable for manual seeding spher-
oids within a typical cell culture laboratory environment.
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Pl bilayer strips synthesized with 1X cross-linker concentration and swollen in various media (n = 6 per condition). (C) Radius of curvature of PAA/PI bilayer strips synthe-
sized with various cross-linker concentrations and swollen in CCM at 37°C (n = 6 per condition). (D) Scanning electron micrograph of a PAA/PI bilayer strip reswollen in
Dl. False colors are used to indicate the Pl layer (yellow) and the PAA layer (blue). (E) 3D computer-aided design (CAD) of the PAA/PI bilayer with a flower shape and sup-
porting bridges. A quarter of the structure is cut (dashed line) for easier visualization. (F) Finite element method simulation of the closing dynamics of the PAA/PI flower-
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when reswollen in various media (n = 6 per condition).

Design and characterization of the e-Flower

After confirming the effective closure of the flower-shaped bilayer,
we proceeded to the integration of Pt electrodes within its PI pet-
als. We devised an e-Flower geometry including 32 Pt electrodes of
30-pm diameter distributed across four PI petals, as depicted in Fig.
4A. In addition, we located a squared reference electrode with a
width of 800 pm on the nonactuated part of the MEA, which will be
used as reference in the electrophysiological recordings. As done for
the flower-shaped bilayers without metallization, we connected the
petals of the e-Flower to the body of the array by four arms (or
bridges). These arms serve two purposes: They secure the e-Flower
in place facilitating its manipulation, and they host the electrical
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tracks connecting the active electrodes to the contact pads. Last, we
arranged the pads of the e-Flower in a rectangular array, to interface
with the pogo pins of the commercially available MEA-2100 record-
ing platform.

To graft the hydrogel on the back side of the MEA, we developed
a microfabrication process flow in which the electrodes were fabri-
cated upside-down, and the hydrogel actuation layer was confined
to the flower region (see fig. S5). We fabricated the metallic tracks
using standard thin-film technology and lithographic patterning. To
ensure the continuity of the metallic layer in the upside-down pro-
cessing, we performed thermal reflow (150°C for 30 s) to smoothen
the sidewalls of the photoresist and define the electrode and pad
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outlet, and the main well where the electrodes are positioned. Right: Schematics of electrode distribution on the e-Flower. Inlet: Scanning electron micrograph of one
electrode. (B) Exploded view of the PMMA components forming the e-Flower platform. (C) Bright-field image of the e-Flower in closed configuration when immersed in
DI. The arrowhead indicates the swollen PAA layer. (D) Electrochemical impedance modulus and phase spectra as a function of frequency for the Pt electrodes of the
e-Flower in closed configuration in PBS (n = 3 e-Flower devices for a total of nyec_elec = 95 and ngm_elect = 3). Arec_elect = 707 pm2 and Agrn_elect = 640,000 pmz. (E) Top: Elec-
trochemical impedance modulus at 1 kHz for ground and recording electrodes over three swelling and drying cycles (n = 3 e-Flower devices). The total number of elec-
trodes considered is indicated for each swelling cycle. Bottom: Electrochemical impedance modulus at 1 kHz over the same three swelling and drying cycles as a function

of the position of the recording electrodes along the e-Flower petals.

openings (fig. S5, step 3). A representative resulting Pt electrode is
visible in the SEM image of Fig. 4A (inlet). We then grafted the PAA
hydrogel on the PI as described in the previous paragraphs. The final
cross section of the e-Flower included (i) a 3-pm top PI encapsula-
tion layer, (ii) a 150-nm Pt layer forming electrodes and intercon-
nects, (iii) a 3-pm bottom PI encapsulation layer, (iv) a 15-nm layer
of SiOX for the hydrogel grafting, and (v) a 150-pm layer of PAA
(as prepared). To facilitate CCM replacement, we integrated the
e-Flower within a poly(methyl methacrylate) (PMMA) fluidic chan-
nel, as illustrated in Fig. 4 (A and B). The fluidic channel comprised

Martinelli et al., Sci. Adv. 10, eadp8054 (2024) 16 October 2024

essential components including an inlet, an outlet, a culture well,
and a removable lid designed to protect the cultured tissue. The
e-Flower is positioned in the center of the culture chamber, ensur-
ing its complete or partial submersion in CCM. Figure 4C shows
the e-Flower mounted in the fluidic channel once having reached its
closed configuration when immersed in solution.

In light of the 3D design of the proposed MEA, a crucial step in
our investigation involved determining the capacity of the electrodes
to endure the small radius of curvature of the petals of the e-Flower.
To do so, we performed electrochemical impedance spectroscopy
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(EIS) in PBS, a standard methodology for assessing electrode elec-
trochemical properties (30). The obtained results are illustrated in
Fig. 4D, where we represent the impedance amplitude and phase
spectra obtained for three e-Flowers. The 3D actuated electrodes
showed impedance and phase spectra consistent with the antici-
pated behavior from thin-film Pt electrodes (31). The electrodes
displayed reproducible impedance spectra both within the same
device and across different devices, with an average impedance
amplitude at 1 kHz of 327.7 kilohms (n = 3 devices, for a total of
n = 95 recording electrodes and #n = 3 ground electrodes). More-
over, the recording electrodes consistently presented a higher im-
pedance modulus, across all frequencies, compared to the ground
electrodes, as anticipated owing to the substantial difference in sur-
face area between the recording (Arec elect = 707 pmz) and ground
electrodes (Agrn_elect = 640,000 pmz). Notably, the electrodes’ im-
pedance values when in 3D configuration (327.7 kilohms) were com-
parable to the average impedance amplitude measured for the
electrodes in planar configuration, before mechanical actuation
(251.7 kilohms; see fig. S7). Collectively, these observations confirm
the electrodes’ ability to withstand the small radius of curvature of
the petals of the e-Flower.

To further assess the reversibility and reusability of the system,
we evaluated whether repetitive bending of the petals affected the
electrode behavior. We therefore conducted EIS measurements after
three repetitive drying-swelling (opening-closing) cycles, as pre-
sented in Fig. 4E. The electrode impedance amplitude remained
relatively stable throughout the cycles, regardless of the position of
the electrode along the petal. This result suggests the capability of
the electrodes to endure the repetitive bending required during pet-
al actuation.

Integration of the neural spheroids in the e-Flower

Following the successful fabrication and electrochemical character-
ization of the e-Flower, our focus shifted toward achieving an initial
proof of concept for the functionality of the device with brain spher-
oids. Our primary objective was to conduct electrophysiological re-
cordings to demonstrate the capability of the e-Flower to capture
neural activity in brain spheroids. For this purpose, we selected a
1-year-old brain spheroid and delicately transferred it onto an open
e-Flower, along with a small volume of CCM (<200 pl) (Fig. 5A). As
the hydrogel started swelling, it triggered the reconfiguration of the
e-Flower from 2D to 3D, enveloping the spheroid and bringing the
electrodes into close proximity to its surface within minutes. As a
final step, we introduced additional CCM to fill the fluidic channel
and transferred the e-Flower to the incubator (movie S1).

After an 8-hour stabilization period, we extracted the e-Flower
from the incubator and transferred it to the electrophysiological
setup. We could obtain a 3D recording of spontaneous field poten-
tials across the surface of the spheroid, as visually represented in Fig.
5B. The overlaid field potential waveforms exhibited distinct pat-
terns, each with an average duration of approximately 2 ms. The re-
corded activity was comparable to that collected in prior studies (20).

To establish the neural origin of the recorded signal, we conduct-
ed a chemical manipulation of neural activity by elevating the extra-
cellular K* concentration, a known method for suppressing spiking
activity (32). Specifically, we increased the extracellular KCI concen-
tration to 100 mM, a level that was 20 times higher than the K*
concentration in the standard CCM formulation (5 mM). The
raster plot depicted in Fig. 5C demonstrates a stark reduction in
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spontaneous neural activity during the incubation in the elevated
KCl concentration, followed by a subsequent recovery. This obser-
vation underscores the neural character of the recorded signals.
Moreover, the electrodes’ noise level remained stable throughout the
experiment (see fig. S8), highlighting the stability of the electrodes
through the multiple change of media and washing steps. Last, to
ensure the increased K* concentration would not alter the radius of
curvature of the device, we verified that the diameter of a flower-
shaped PAA/PI bilayer did not undergo major changes under simi-
lar reswelling conditions (see fig. S9).

DISCUSSION

In this study, we introduce the e-Flower, a CCM actuated self-
folding MEA designed to monitor the functional electrical activity
of brain spheroids’ in three dimensions. Its 3D actuation is driven by
the swelling properties of PAA. The petals of the e-Flower reach a
radius of curvature down to 300 pm in the presented configuration,
which depends on the reswelling medium used and the cross-linker
concentration adopted in synthesizing the polyacrylic hydrogel. The
e-Flower hosts 32 thin-film electrodes embedded within its PI
structure and demonstrated the ability to reversibly open and close
at least three times. Last, we demonstrated a proof of concept of the
capability of the e-Flower to detect spontaneous neural patterns
across the entire spheroid surface.

Our device brings several advantages to the field. It enables 3D
recordings of the neural activity of preformed 3D in vitro brain mod-
els, without the need for disruptive sample processing (7-10) nor the
necessity to culture the tissue from scratch (16). Thanks to its cell-
friendly actuation mechanism, the e-Flower closes “naturally” around
the spheroid, without the need of potentially harmful solvents (12)
nor complex mechanical actuators (11). Featuring 32 electrodes, our
MEA offers a higher number of contacts compared to previous bilay-
ers used for the electrophysiology of brain spheroids (12), as well as
surpassing other examples of MEAs actuated by hydrogels, such as for
retina (33) and peripheral nerve (34) applications. The electrodes, dis-
tributed along the spheroid surface, are expected to primarily detect
multiunit activity from the spheroid periphery, because of their size
and proximity to neurons. This is similar to what is observed in in
vivo ECoG recordings (28). However, using smaller electrodes could
enable single neuron resolution (16, 35). While this work does not
include electrical stimulation studies, the readout platform and elec-
trode materials are capable of supporting such studies as demonstrat-
ed in our previous research (36).

We proposed a fabrication process flow that integrates electrode
and hydrogel processing, while being compatible with conventional
thin-film microfabrication techniques and enabling hydrogel graft-
ing at the wafer level. This process flow offers high versatility, ac-
commodating various materials and device geometries. First, it
allows the fabrication of bilayers with adjustable thicknesses both in
the passive polymer component and in the hydrogel component, de-
pendent on the mold thickness. It is adaptable to a range of poly-
mers, including SU-8 epoxy and parylene, as well a spectrum of
hydrogel formulations, including polyacrylamide and polyhydroxy-
ethilmethacrylate, but also stimuli-responsive hydrogels such as the
thermoresponsive pNIPAm (17). The e-Flower design allows for
customization, for example in terms of electrode number and ar-
rangement per petal, and with the possibility of incorporating sup-
plementary components such as punctual heaters, microfluidic
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Fig. 5. 3D spatiotemporal recordings of spontaneous neural activity of brain spheroids. (A) Optical photographs of a brain spheroid while being entrapped by the
e-Flower: (i) e-Flower in dry state; (i) e-Flower partially closed around the spheroid (green dashed line) because of a drop of CCM (red dashed line); (iii) e-Flower fully closed
around the brain spheroid and surrounded by CCM. (B) Overlaid field potential waveforms detected by the 32 electrodes along the e-Flower in a 5-min recording. Two
channels appeared silent, likely because positioned far from active neural elements. (C) Raster plots depicting the neural events detected by the e-Flower in a 3-min re-
cording time-window before, during, and after incubation in 100 mM KCl.
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channels, and light sources. This adaptability paves the way for the
development of MEAs with tailored curvatures to the targeted ap-
plication and where the micromechanical actuation is driven by
specific stimuli, such as temperature, light, and pH variations. Fu-
ture innovations may include the introduction of stretchable bridges
and customized 3D array geometries for diverse tissue and cell types
(fig. S4). In such way, this approach could lead to the creation of
MEAs suitable for various tissue models, including assembloids, but
also small organisms like larvae and zebrafish.

Beyond the MEA itself, our work features a comprehensive sys-
tem design enabling in vitro signal recordings from preformed 3D
tissues. We propose a device design that seamlessly integrates with
commercially available electrophysiological readout systems, with-
out the necessity for custom-made wiring. Inspired by prior studies
(37), our compact device design incorporates a PMMA-based flu-
idic channel and culture well. This integration eliminates the re-
quirement for additional plasticware such as petri dishes and well
plates. Consequently, it facilitates the transfer of the tissues between
the incubator and the recording setup, and it simplifies the process
of changing the CCM. By doing so, this design potentially reduces
the risk of contamination, a substantial concern when culturing tis-
sues alongside electronic devices. Moreover, such design is compat-
ible with the integration of perfusion systems, which would ensure a
continuous flow of CCM to the tissue, thereby enabling future phar-
macological experiments.

Additional steps can be envisioned to further this work. Beyond
the e-Flower design, different approaches and geometries could be
envisioned to achieve 3D MEAs leveraging hydrogel swelling for ac-
tuation. Having successfully demonstrated the ability of the device to
record neural activity from a brain spheroid in acute settings, the next
phase involves conducting long-term studies. This will entail maintain-
ing the spheroid within the e-Flower device for extended periods,
spanning days or weeks, while conducting continuous electrophysio-
logical recordings. These recordings should be complemented by a
comprehensive analysis of the tissue condition while enclosed in the
e-Flower, including immunostaining and live/dead assays. A precise
quantification of the mechanical forces potentially acting on the tissue
could also be envisioned, using a combination of live/dead staining
and finite element modeling (38). The quantification of the mechanical
forces would be crucial also for long-term applications of the e-Flower
to cerebral organoids, as these may grow over time. It would be crucial
to account for any dimensional changes that may occur over their
maintenance period within the e-Flower and precisely calibrate the
gripping pressure of the e-Flower during tissue growth to avoid detri-
mental effects. In addition, although the opening and closing mecha-
nism of the e-Flower displays reversibility within 3 cycles, the release
of the enclosed spheroid demands a minimal drying of the hydrogel in
the bilayer. This dehydration step may subject the spheroid to physio-
logical stress, potentially resulting in irreversible damage. Therefore,
innovative strategies will be explored for applications requiring the
release of the spheroid once encapsulated, such as integrating stimuli-
responsive hydrogels. To create a system fully compatible with fluo-
rescence imaging, additional efforts may be put in the substitution of
PIwith parylene, and Pt with the transparent indium tin oxide, although
this might lead to additional challenges linked to integration in the
fabrication process. Last, while it is desirable to enhance the capabilities
of the system for recording and stimulation by reducing the electrode
impedance, the current process flow and materials present complications
in implementing commonly adopted solutions like electrochemical
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deposition of poly(3,4-ethylenedioxythiophene) (PEDOT) (risking
hydrogel contamination) or coating with iridium oxide (incompatible
with the top-down fabrication). Hence, there is a pressing need for
the exploration of novel approaches and materials to address these
limitations.

MATERIALS AND METHODS

PAA hydrogel-precursor solution preparation

Aqueous PAA hydrogel-precursor solutions were prepared by dis-
solving acrylic acid monomers (AA; Sigma-Aldrich) and N,N’
methylenebisacrylamide cross-linkers (MBAA; Sigma-Aldrich) in
DI and subsequently adding a-ketoglutaric acid (Sigma-Aldrich) as
photoinitiator. For all hydrogel- precursor solutions, the final AA
and a-ketoglutaric acid concentrations were set to 20 and 0.07 wt %,
respectively. Three cross-linker concentrations were used: 0.05 wt %
(designated as 1X), 0.20 wt % (4X), and 0.80 wt % (16X). Hydrogel-
precursor solutions were vortexed for 2 min, sonicated for 10 min,
and lastly subjected to 10 min of nitrogen bubbling to remove air
and dissolved oxygen.

Bulk PAA hydrogel synthesis

The PAA hydrogel membranes were prepared through 20-min ul-
traviolet (UV) curing of gel-precursor solution dispensed between
two hexamethyldisilazane (HMDS)-treated glass slides spaced by
three coverslips (=450 pm thick) and clamped by metallic clips in a
nitrogen-controlled environment. After UV exposure, hydrogels
were swelled in DI to remove non-cross-linked molecules. Subse-
quently, swollen hydrogels were laid on a polyethylene terephthalate
sheet and secured to it along their edges using adhesive tape for
overnight drying at room temperature. This anisotropic drying pro-
cedure was adopted to prevent wrinkling and other deformations
associated with stresses arising from water evaporation and to mim-
ic the conditions experienced by the hydrogel during the fabrication
of the e-Flower. Last, hydrogel disks of 1 cm in diameter were ma-
chined using a femtosecond excimer laser (WS Turret, Optec Laser
Systems), unless specified otherwise. The fabrication of bulk PAA
hydrogels is summarized in fig. S1.

Swelling tests

Fully dehydrated PAA hydrogel samples were weighted to quantify
their dry mass M-, and subsequently submerged either in DI at 25°C,
PBS (1X) at 25°C, or CCM (500 ml of Neurobasal Plus +10 ml of
B27 Plus Supplement +1.25 ml of GlutaMAX Supplement, Thermo
Fisher Scientific) at 25° or 37°C. The mass M; of submerged samples
was measured at multiple time points (5 min, 10 min, 15 min, 30 min,
45 min, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, and 6 hours).
The mass swelling ratio was calculated at every time point as Ratiopfyss
= (M; — M=)/ M=¢. To quantify variations in area and thickness, the
hydrogel samples were imaged with a digital microscope (DVMS,
Leica Microsystems) in the fully dehydrated state and after over-
night swelling in the different media mentioned above. Images were
imported into Fiji and manually analyzed. The area and thickness
swelling ratios were computed as Ratioarea = (Aswollen — Adry)/Adry»
and Ratiothickness = (tswollen - tdry)/ tdry-

Rheological characterization
The mechanical properties of the PAA hydrogels were measured
on swollen hydrogel disks of 25 mm in diameter obtained with a
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puncher. All measurements were performed using a rheometer (MCR
302, Anton Paar) equipped with a Peltier heating system and an alu-
minum plate-plate geometry (PP25, 25 mm in diameter) at 25° and
37°C. Storage G’ and loss G” moduli were measured through ampli-
tude sweep tests conducted in oscillatory mode with strain ampli-
tudes ranging from 0.01 to 250% at a frequency of 1 Hz. The elastic
modulus E of the hydrogel samples was estimated as E = 2G'(1 + v),
where G’ was defined as the storage modulus value measured in the
middle of the linear viscoelastic region, and the Poisson ratio v was
assumed to be equal to 0.5 (39).

PAA-polyimide bilayer microfabrication

First, a 6-pm-thick PI (PI-2611, HD MicroSystems) layer was spin
coated and cured on a 100-mm silicon wafer previously coated with
a Ti/Al (20/100 nm) sacrificial layer. To graft the PAA onto the PI,
the PI surface was prepared by sputtering (AC 450, Alliance Con-
cept) a Ti/SiOX layer (10/15 nm). The SiOX surface was then acti-
vated by O, plasma (Zepto, Diener Electronic) and subsequently
functionalized by 10-min incubation at room temperature in a
functionalization solution prepared by mixing TMSPMA (Sigma-
Aldrich), DI, and isopropyl alcohol (Sigma-Aldrich) in a 2:10:150
volume ratio. Under N, environment, the PAA hydrogel-precursor
solution prepared as previously described was pipetted on the
TMSPMA-functionalized surface, covered with an HMDS-treated
glass wafer, and polymerized via exposure to UV light for 20 min.
The thickness of the dispensed gel-precursor solution layer was set
either by four 150-pm-thick glass coverslips placed at four different
positions around the perimeter of the wafer or by 150-pum-thick
films made out of polyethylene terephthalate and Elastosil (EL; EL
Film 2030, Wacker) patterned with a femtosecond excimer laser
(WS Turret, Optec Laser Systems) to obtain circular molds confin-
ing the hydrogel to specific locations. Dry PAA-PI bilayers were
then micromachined (WS Turret, Optec Laser Systems) into the
desired shapes and lastly detached from the underlying wafer by
anodically dissolving the Al sacrificial layer in a saturated NaCl so-
lution. The microfabrication steps for PAA-PI bilayers are sum-
marized in fig. S3.

Curvature analysis of the PAA-polyimide bilayers

Dry PAA-PI bilayer strips of 1.2- or 1.5-mm length and 0.3-mm
width were submerged in different swelling media at 25° and 37°C for
at least 30 min and then imaged with a digital microscope (DVMS,
Leica Microsystems) while still submerged. After preprocessing im-
ages with brightness and contrast enhancement as well as noise re-
moval algorithms, the average radius of curvature of the inner outline
of bilayer splines was quantified in Fiji using the Kappa plugin.

Closing dynamics measurements

Flower-shaped PAA-PI bilayers were fabricated as described in the
previous paragraphs. The fully dehydrated samples were submerged
in different swelling media either at 25°C or at 37°C, and the time
needed to reach the closed 3D configuration was measured. In the
case of tests involving multiple closing and opening cycles, the
flower-shaped PAA-PI bilayers were washed in DI and dried over-
night between cycles.

Scanning electron microscopy
Scanning electron micrographs of the PAA hydrogel cross sections
and the PAA-PI bilayers were acquired (SU5000, Hitachi). Fully
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swollen samples were lyophilized overnight, followed by SEM imag-
ing in low-vacuum mode without any additional coating.

Finite element analysis

A finite element model of the flower-shaped bilayer was created in
COMSOL Multiphysics 6.1 (COMSOL Inc., Stockholm, Sweden).
The geometry was built starting from original sketches of the fabri-
cated devices, to then extrude two different layers: the passive poly-
mer (PI in our case), including the main flower and the bridges, and
the hydrogel only below the flower part. The thickness of the active
swelling layer is 10 times higher than the passive layer. To simplify
the model and speed up the solving step, the 3D geometry was split
and only an eighth was kept, including therefore half a bridge and
half a petal, to then use symmetry boundary conditions on the sides.
The passive layer was set with a Youngs modulus of 1 GPa and a
Poisson ratio of 0.35. The hydrogel was set with a Young’s modulus
of 100 kPa and a Poisson ratio of 0.49. The Structural Mechanics
module was chosen, to use the following boundary conditions: on
the extremity of the bridge, a Fixed Constraint was set to immobilize
the structure. On the lateral sides of the design, a Symmetry bound-
ary condition was set to consider the symmetries of the design. Last,
to implement a simplified version of the hydrogel swelling, an Initial
Strain boundary condition was set on the hydrogel domain, setting
the same strain values along the x and y axes, keeping the strain
along the z axis null. A Stationary Study was performed, including
geometric nonlinearities and adjuvated by an auxiliary sweep in-
creasing the strain in steps of 0.05, starting from 0. Similarly, the
startMEA model had the same boundary conditions with an addi-
tional “prescribed deformation” applied on the top surface of the
stretchable bridge, to enable out of plane deformation. We visual-
ized and exported the graphical results using the built-in tools
in COMSOL.

E-Flower microfabrication

First, a 3-pm-thick PI (PI-2611, HD MicroSystems) layer was spin
coated and baked on a 100-mm silicon wafer previously coated with
a Ti/Al (20/100 nm) sacrificial layer. Second, 6 pm of photoresist
(AZ10XT, Merck) was spin coated on the wafer, baked, patterned by
photolithography (MLA 150, Heidelberg Instruments), and devel-
oped to define the e-Flower electrodes and pads, as illustrated in fig.
S5. Thereafter, photoresist reflow was induced by placing the wafer
on a hot plate at 150°C for 30 s. The PI substrate was etched (210IL,
Corial) to open the electrodes and pads, followed by photoresist re-
moval in an ultrasonication bath in acetone. Subsequently, a second
photolithography step was performed as described above to cover
the electrodes and pads. After O, plasma activation, Ti and Pt were
sputtered with thicknesses of 15 and 10 nm, respectively (AC 450,
Alliance Concept). Following photoresist lift-off, 150 nm of Pt and
10 nm of Ti were sputtered to form electrodes and pads. Tracks con-
necting electrodes to pads were defined by photolithography of
6-pm-thick AZ10XT and subsequent metal etching. After surface
preparation (V10-G, PINK), the aforementioned layers were cov-
ered by spin-coating and baking a 3-pm-thick PI superstrate. Fol-
lowing 10 min of dehydration at 110°C and O, plasma activation,
wafers were sputtered with 10 nm of Ti and 15 nm of SiOX. Surface
functionalization and PAA hydrogel grafting were performed as elu-
cidated in the previous paragraphs. Once the hydrogel dried, the
flower-shaped outline of the MEA was micromachined using a fem-
tosecond excimer laser, as well as the outer outline of the entire
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device. The devices were released from the underlying wafer by an-
odically dissolving the Al sacrificial layer in a saturated NaCl solu-
tion. Last, a custom-designed fluidic platform made of PMMA
layers was assembled around the device.

Electrochemical characterization

All measurements were performed in 1X PBS in a three-electrode
setup with an Ag/AgCl reference electrode and a Pt wire as the
counter electrode. The electrochemical impedance was recorded
with an impedance analyzer (Autolab PGSTAT302N, Metrohm) for
frequencies between 1 and 10° Hz, measuring five points per de-
cade. All electrodes were activated before impedance characteriza-
tion by applying a train of five biphasic pulses of 50-pA amplitude
and 250-ps duration. A custom-made adapter was used to interface
the e-Flower with the impedance analyzer (see fig. S6). The electro-
chemical measurements were performed in the closed 3D configu-
ration, after inspecting that the equilibrium radius of curvature had
been reached. In the case of tests involving multiple closing and
opening cycles, each e-Flower was washed in DI and dried be-
tween cycles.

Insertion of the neural spheroids in the e-Flower

Human brain spheroids were provided by the Tissue Engineering
Laboratory, HEPIA HES-SO, and cultured as previously described
(20). Once formed, the brain spheroids were maintained in CCM
(500 ml of Neurobasal Plus +10 ml of B27 Plus Supplement +
1.25 ml of GlutaMAX Supplement, Thermo Fisher Scientific) at
37°C and 5% CO; under agitation. Before spheroid insertion into
the e-Flower, the device was sterilized by UV light illumination for
30 min. Human brain spheroids were collected from the culture
wells by gently pipetting them along with a little volume (<200 pl) of
CCM and were subsequently released from the pipette at the center
of the dry e-Flowers. After having reached almost complete actua-
tion, CCM at 37°C was added to fill the microfluidic chamber, there-
by enabling e-Flowers to attain the equilibrium 3D configuration
and to fully enclose brain spheroids. Before starting electrophysio-
logical recordings, e-Flowers with seeded spheroids were trans-
ferred to an incubator (NU-5500, NuAire) and maintained at 37°C
and 5% CO, for at least 8 hours to ensure environment stabilization.

Electrophysiological data acquisition

A commercial system (MEA-2100, Multi Channel Systems) and its
companion software (MC_Rack, Multi Channel Systems) were used
for the collection and preliminary analysis of electrophysiological
data. Recordings were acquired from all 32 channels simultaneously
in a grounded Faraday cage with a sampling rate of 30 kHz. Raw
signals were preprocessed with a band-pass filter featuring lower
and upper cutoff frequencies of 200 and 5000 Hz, respectively, using
the MC_Rack software. Neuronal field potentials were detected for
each channel using a threshold-based peak detection method, with
the threshold set to be 66, away from the mean of the filtered signal.
A robust estimation of the average noise level of each channel was
obtained through 6, = median(|S(¢)|/0.6745), where |S(¢)| repre-
sents the absolute amplitude of the filtered signal (12). Peaks less
than 3.5 ms away were discarded, as well as peaks detected synchro-
nously by more than one electrode. Detected events were isolated by
windows of 5 ms (from 2 ms before to 3 ms after the detected event)
and event times used for raster plot. Representation. We prioritized
a conservative data processing approach using a band-pass filter and
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threshold-based peak detection for field potentials. While more ag-
gressive filtering could potentially reduce noise, this approach aimed
to preserve the integrity of the acquired signal.

Supplementary Materials
The PDF file includes:

Figs.S1to S9

Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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