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Cell-cell communication plays a pivotal role in coordination and function of biological systems. Three-dimensional
(3D) spheroids provide venues to explore cellular communication for tissue development and drug discovery, as
their 3D architecture mimics native in vivo microenvironments. Cellular electrophysiology is a prevalent signaling
paradigm for studying electroactive cells. Currently, electrophysiological studies do not provide direct, multisite,
simultaneous investigation of tissues in 3D. In this study, 3D self-rolled biosensor arrays (3D-SR-BAs) of either active
field-effect transistors or passive microelectrodes were implemented to interface human cardiac spheroids in 3D.
The arrays provided continuous and stable multiplexed recordings of field potentials with high sensitivity and
spatiotemporal resolution, supported with simultaneous calcium imaging. Our approach enables electrophysiological
investigation and monitoring of the complex signal transduction in 3D cellular assemblies toward an organ-on-
an-electronic-chip (organ-on-e-chip) platform for tissue maturation investigations and development of drugs for

disease treatment, such as arrhythmias.

INTRODUCTION

Cell-cell communication is fundamental to multicellular life and to
the emergence of higher-order functions in a wide variety of tissues
and organs. In their native three-dimensional (3D) environment, cells
are intimately connected to each other and the surrounding matrix
to form a complex and highly dynamic system (1). Culturing cells on
two-dimensional (2D) surfaces has been the foundation of in vitro cell
culture for decades. However, 2D culturing environment and native
3D tissue environment are not only different quantitatively (e.g., in
dimensions) but, more importantly, also different qualitatively in many
key characteristics of cellular behaviors (2). Specifically, 2D-cultured
cells show distinctly different cellular morphology (2), proliferation
rates (3), cell-extracellular matrix interactions (4), migration (5),
gene expression (6), differentiation (7), signaling (8), physiological
function (9), and electrophysiological properties (1).

Cellular electrophysiology is a prevalent paradigm used to study
cellular communication across a wide range of cells, from electroactive
cells such as cardiomyocytes (CMs), neurons, or o/ cells in pancreatic
islets, to non-electroactive cells, such as hepatocytes, and immune cells.
3D organoid-based systems, such as organ-on-a-chip platforms, are
new venues for tissue development exploration and drug discovery
(10). Properly characterizing the physiological properties of such
systems would pave the way for improved understanding of the
mechanisms underlying cell-cell communication and potential appli-
cations in tissue engineering. Currently, electrophysiological studies
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of cells and tissues are carried out using a variety of techniques,
including glass micropipette patch-clamp electrodes (11), voltage-
and Ca**-sensitive dyes (12), multielectrode arrays (MEAs) (13),
and planar field-effect transistors (FETs) (14). However, direct,
multisite, simultaneous, and native-like topology (3D) electrophys-
iological investigation has not been demonstrated in spheroid-based
tissues. Specifically, the voltage- and ion-sensitive dyes may be toxic to
the cells and are currently limited in volumetric (3D) measurements
(12). The patch-clamp technique is limited by its recording sites
(11), and its use in multiplexed recording from spheroids has not
been demonstrated. While the microfabricated planar (2D) FETs
(14) and MEAs (15) allow multiplexed detection on a scale not pos-
sible with micropipette technology (16), both MEAs and FETSs are
confined to 2D substrates that renders 3D electrical recording im-
mensely challenging (Fig. 1) (17). Recently, 3D bioelectrical inter-
faces were reported. For example, a porous conductive polymer,
poly(3,4-ethylenedioxythiophene):poly(sodium 4-styrenesulfonate)
(PEDOT:PSS), acted both as a transistor channel and as a scaffold
monitored cell attachment in 3D (18). 3D MEAs were demonstrated
to wrap around individual cell’s surface and obtain electrophysio-
logical recordings with subcellular resolution (17). However, multi-
cellular tissue-scale, 3D multisite, and simultaneous recordings have
not been previously demonstrated.

Here, we present a novel approach, an organ-on-electronic-chip
(organ-on-e-chip), a 3D self-rolled biosensor array (3D-SR-BA),
for electrophysiological measurements of spheroids that enables the
study of cell-cell communications of 3D multicellular systems (Fig. 1).
Self-rolled polymeric structures have been obtained in recent years
(17, 19). Main actuation mechanisms include light, pH, temperature,
and electrical or magnetic triggering. Our idea of controlled assembly
of electrical biosensors in 3D is presented in Fig. 1. We choose to
use a prestressed metal/polymer support multilayer structure as our
working system. The self-rolling platform is fabricated on a planar
surface (Fig. 1A), and once released off the surface, it achieves a
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Fig. 1. 3D-SR-BAs for electrical interrogation of human electrogenic spheroids. (A) 3D-SR-BAs are fabricated using conventional lithography techniques on a sacrifi-
cial layer (red arrow). Inset, expanded view of the marked black dashed box of either passive (microelectrode) or active [graphene field-effect transistor (GFET)] biosensors.
S and D denote source and drain of the GFET, respectively. (B) Leveraging the prestress in the metal interconnects (gold colored traces), the arrays self-roll upon removal
of the sacrificial layer. Inset, expanded view of the marked red dashed box. (C) Cardiac spheroids encapsulated in the 3D-SR-BAs, allowing electrical measurements in 3D.
(D) The interface between the cardiac spheroid and array in 2D provides a limited interface for electrical measurement only from the apex of the spheroids.

controlled 3D geometry (Fig. 1B). We applied the approach to
study the propagation of electrical signals within stem cell-derived
engineered cardiac spheroids, an ideal system to test the approach
performance due to the unmet need in understanding the cell-cell
communication processes in this 3D cellular spheroid system (Fig. 1C)
(20). The presented 3D-SR-BAs provide a novel tool to record electro-
physiological signals of native 3D tissue organization to aid the un-
derstanding of signal transduction in complex cellular assemblies.
Knowing how electrical information propagates in a spheroid will
greatly affect our basic understanding of signal transduction in
complex cellular assemblies. This will shed light on the relationship
between electrical signals and disease, such as arrhythmias, and will
enable an organ-on-e-chip platform for tissue maturation investi-
gations as well as further development and assessment of the efficacy
of drugs for disease treatment, such as arrhythmias.

RESULTS AND DISCUSSION

Highly controlled 3D-SR-BAs

The power of our 3D sensing device lies in its tunable characteristics,
controlled not only by the arrangements of the electrodes but also
by the curvature of the device. The self-rolled device allows 3D mea-
surements of tissue-scale electrophysiology (Fig. 1C) that are not
accessible with conventional electronics, fabricated on 2D chip sur-
faces. An interface of a 3D native tissue with a 2D measurement
platform is limited, as a tight tissue-sensor interface can only be
achieved on the apex of the tissue, as shown in Fig. 1D. Measuring
the electrical activity of the entire 3D construct from all sides pro-
vides a unique opportunity to gain understanding of signal propa-
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gation in the total construct. To achieve this mode of electrophysi-
ological study, this work develops the 3D-SR-BA. By strategically
placing the electrodes and adjusting the rolled-up curvature, the
3D-SR-BA devices have the potential to provide substantially richer
information about electrophysiological behavior of cell clusters and
tissues. To trigger such self-rolling, we fabricated the 3D-SR-BAs
(see Materials and Methods) on a sacrificial layer and polymeric
support with metallic electrode lines that provide source and drain
interconnects to the FETs, as illustrated by Fig. 2A. The arrays ob-
tained a 3D conformation upon etching off the sacrificial layer as
they spontaneously self-rolled (Fig. 2, B and C, and movie S1). To
achieve a desired curvature, mechanics and mechanical properties
of the materials used to construct these devices play a central role
(21). Similar to the devices with semiconductor thin films demon-
strated by Li and co-workers (22), the shape transformation of
3D-SR-BAs is driven by the residual mismatch stress between dif-
ferent constituent layers. While the residual stress in SU-8 layers is
negligible (14), substantial tensile stresses can be generated in the Pd
and Cr layers (23, 24). The residual stress level in metal thin films at
the nanoscale largely depends on both the film thickness and the
fabrication process. Such residual stress can be controlled by vary-
ing deposition pressure, deposition rate, and final film thickness
(23, 24). Varying the SU-8 layer thickness in these structures further
modulates the radius of curvature. The exact amount of the residual
stress is not easy to measure experimentally (25), but the effects of
the residual stresses can be studied by numerical mechanics analysis.
A systematic 3D finite element analysis (FEA) was performed to
understand the self-rolling behavior of the 3D-SR-BAs. The thick-
ness and mechanical properties of different constituent layers are
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Fig. 2. Highly controlled 3D-SR-BAs. (A to C) Bright-field optical microscopy im-
ages of photolithographically fabricated 3D-SR-BAs. (A) As fabricated 3D-SR-BA
before being released. (B) 3D-SR-BA released with a single turn. (C) 3D-SR-BA re-
leased with ~1.7 turns. Scale bars, 100 um. (D and E) 3D-SR-BAs with varying radii
of curvature — simulation and experimental results. (D) 3D-SR-BA with a single turn.
() A finite element analysis (FEA) simulation result for a 3D-SR-BA with a single turn
(inner diameter of ~160 um). Color bar represents the magnitude of the displace-
ment of the 3D-SR-BA upon removal of the sacrificial layer; SU-8 layers are not
shown for visual purpose. (Il) A 3D confocal microscopy image of a representative
3D-SR-BA with a single turn (n=9). (E) 3D-SR-BA with multiple turns. (I) FEA simula-
tion result for a 3D-SR-BA with ~1.7 turns (inner diameter, ~100 um). Color bar rep-
resents the magnitude of the displacement of the 3D-SR-BA upon removal of the
sacrificial layer; SU-8 layers are not shown for visual purpose. (Il) 3D confocal microscopy
image of a representative 3D-SR-BAs with ~1.7 turns (n = 15). Scale bars, 50 um.

summarized in table S1. In all the simulations, a thicker bottom
SU-8 layer and a relatively thinner top SU-8 layer were adopted to
achieve a directional rolling. This residual stress-induced self-rolling
behavior was modeled as a differential thermal expansion-driven
shape transformation problem, with further details of the simula-
tions listed in Materials and Methods.

The simulations allow the prediction of the final configurations
of the 3D-SR-BAs after dissolving the sacrificial layer (Fig. 2). Rep-
resentative images of the experimental results for 3D-SR-BAs self-
rolled in a single turn with an inner diameter of ~160 um (Fig. 2, B
and D, IT) and ~1.7 turns with an inner diameter of ~100 um (Fig. 2,
C and E, II) illustrate the highly controlled arrays” geometry. The
degree of rolling of the 3D-SR-BAs, characterized by their radius of
curvature (fig. S2A), is simultaneously regulated by the geometric
design and the residual stress level in metal films, as shown in fig. S2,
B and C. For a specific design, a higher residual stress in the top Cr
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layer promotes rolling behavior, leading to a reduced radius of cur-
vature (fig. S2B). Matching the radius of curvature observed in ex-
periments with that in the simulations allows the estimation of an
average residual stress in the top Cr layer at 1.1 GPa. Upon determi-
nation of the residual stress, the desired rolled configurations were
achieved by manipulating the thicknesses of the top and bottom
SU-8 layers. As demonstrated in fig. S2C, increasing the thickness
of either the top or bottom SU-8 layer suppresses the rolling capa-
bility, leading to a rolled configuration with an increased radius of
curvature. The specific geometric designs to obtain a single turn
and ~1.7 turns were identified from simulations and successfully
verified in the experiments, as shown in Fig. 2 (D and E, respectively).
The high correlation between the simulated radius of curvature (Fig. 2,
D, I, and E, I) and the experimental results (Fig. 2, D, II, and E, II)
demonstrates how variation of the experimental parameters can
precisely control the 3D-SR-BAs’ curvature. This allows direct
monitoring of electrical activity of 50- to 200-um-diameter spheroids,
thus improving the biosensor-cell interface while maintaining the
spheroids’ integrity (16).

Biosensors on 3D-SR-BA

The 3D-SR-BA platform is flexible and can accommodate a variety
of sensor types to be used in either electrophysiological investiga-
tion of tissue state or detection of biomolecules released by the tissue.
The main categories of sensors are active sensors, such as FETs, that
provide the benefit of high sensitivity with potential use in biosensing,
and passive sensors, such as MEAs, which allow a two-way interac-
tion with the cells with potential applications in both recording and
stimulating cell responses (16). The focus of this study is the 3D
assembly of microelectrodes. To illustrate the flexibility of the
3D-SR-BA, we also demonstrate the fabrication of graphene FET's
(GFETSs) on 3D-SR-BA.

3D-SR-BAs with passive biosensors: Microelectrodes

MEA, a technology used to study the electrophysiology of cellular
networks, enables not only multisite recording but also precise electrical
stimulation (17). MEAs were fabricated on 3D-SR-BAs (see Materials
and Methods) and assembled in 3D to interrogate the electrical ac-
tivities of the spheroids with cellular resolution, as illustrated by the
3D confocal image (Fig. 3A). Briefly, an array of 25 pum x 25 um Au
electrodes was fabricated on the 3D-SR-BA (fig. S1B), followed by
metallization with Cr/Pd/Cr/Au and electrode passivation. The radius
of curvature of 3D-SR-BA with microelectrodes was highly con-
trolled by changing the fabrication parameters (Fig. 3A and fig. S3,
A to C). To characterize the electrochemical properties of the micro-
electrodes, cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed in a three-electrode electro-
chemical cell (Fig. 3, B and C) (15). The microelectrodes can weakly
resolve the oxidation and reduction peaks of the potassium hexa-
cyanoferrate(IIl), K3[Fe(CN)s], which is a typical observation for
electrodes at that size (fig. S3D, blue trace) (15). Sweeping the
potential across the working electrode (i.e., the microelectrode) in
KClleads to a featureless capacitive current curve due to the electri-
cal double-layer formation (Fig. 3B, blue trace). The microelectrodes
were further modified with PEDOT:PSS to reduce their impedance
and thus improve the recording (26). PEDOT:PSS-modified elec-
trodes exhibited improved capacitance due to electrical double-
layer formation at the interconnected PEDOT- and PSS-rich grains
(Fig. 3B, red trace) (27). The modified microelectrodes were able to
resolve the oxidation and reduction peaks of K3[Fe(CN)g] (fig. S3D,
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Fig. 3. 3D-SR-BA with functional passive biosensors (microelectrodes). (A) 3D confocal microscopy image of 3D-SR-BA with microelectrodes. Color bar represents the
depth in micrometers. Scale bar, 50 um. (B) Representative cyclic voltammograms (CV) acquired with 1 M KCI at 600 mV/s before (blue trace) and after (red trace)
PEDOT:PSS electrodeposition (n=10). (C) Electrochemical impedance spectroscopy (EIS) plots for the electrodes before (blue trace) and after (red trace) PEDOT: PSS

electrodeposition (n = 23).

red trace), indicating that the biosensors are electrochemically active.
To further characterize the impedance of the electrodes before and
after PEDOT:PSS electrodeposition, we performed EIS. The Au
microelectrodes pre-electrodeposition show an average impedance
0f 0.56 + 0.25 megaohm, measured at 1 kilohertz (kHz) (Fig. 3C, blue
trace). The PEDOT:PSS-modified microelectrodes demonstrated
a statistically significant decrease in impedance values down to
14 + 7.6 kiloohms, measured at 1 kHz (Fig. 3C, red trace), which is in
agreement with previously reported values (26). Lower impedance
due to PEDOT:PSS coating was consistent before (fig. S3E, pink trace)
and after (fig. S3E, green trace) self-rolling of 3D-SR-BAs (no statis-
tically significant difference in impedance, n = 15, fig. S3F). These
results demonstrate no effect of self-rolling on the performance of
sensors. Such low impedance previously resulted in higher signal
amplitudes in electrophysiology recordings (26).

3D-SR-BAs with active biosensors: GFETs

Graphene, a one-atom-thick 2D honeycomb arrangement of
sp>-hybridized carbon, is a promising building block for bioelectron-
ics due to its exceptional electrical conductivity, superior robust-
ness, mechanical strength and flexibility, high surface area, chemical
stability, and ease of tunability (16). As a proof of concept of our
platform flexibility, GFET's were fabricated on the flexible polymeric
surface of the 3D-SR-BAs, as illustrated by the 3D confocal image
(fig. S4; see additional information regarding GFET fabrication and
characterization in the Supplementary Materials) (28-30).

Interfaces of 3D-SR-BA with 3D CM spheroids

The 3D-SR-BA is designed to allow recording of electrical activity
of tissues in 3D. This type of electrophysiology study assays the
electrical activity from all sides of the construct, which allows a
more accurate evaluation of electrical signal propagation that cannot
be captured with available optical techniques, such as Ca** imaging.
To ensure that the encapsulation of the tissue by 3D-SR-BA does
not adversely affect the top layers of cells in the spheroid and the
tissue health, the biocompatibility of the platform was evaluated.
Biocompatibility analysis

Biocompatibility of 3D-SR-BAs was tested through cell viability us-
ing Live/Dead assay (see Materials and Methods). Five-day-old CM
spheroids treated with blebbistatin to decouple excitation and con-
traction exhibited inhibition of spontaneous cell beating (31). The
fluorescent staining using the Live/Dead assay and the nuclei stain is
illustrated in Fig. 4A, indicating calcein acetoxymethyl (calcein-AM)
(green), ethidium homodimer (red), and Hoechst (blue) fluorescent
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dye staining of the live cells, dead cells, and cell nuclei, respectively.
The green fluorescence was used to verify the live cells. Because of
the high cell density and cell overlap in a 3D spheroid, we used the
blue fluorescently stained nuclei to estimate the total number of live
cells (for details, see Materials and Methods). The results indicate
that 3D-SR-BA does not negatively affect the encapsulated spheroid.
Nonsignificant difference in the % viability between the encapsulated
spheroids and the non-encapsulated control spheroids confirms that
3D-SR-BA does not affect cell viability (Fig. 4). Two hours after en-
capsulation, the % viability shows a statistically significant decline
for both the encapsulated spheroids and the non-encapsulated controls
compared to viability immediately after encapsulation. This could
be attributed to the absence of O, and CO, gasses in the setup and
continuous raster scanning for live-cell imaging. These data lead to
the conclusion that the 3D-SR-BAs do not negatively affect the en-
capsulated spheroids’ health.

3D recording from human embryonic stem cell-derived

CM spheroids

Embryonic stem cell-derived CM (ES-CM) spheroids compacted
in agarose microwells and exhibited spontaneous contraction on
day 3 after seeding. Seven-day-old rod-shaped ES-CM spheroids
were transferred to a 3D-SR-BA chip with a temperature-controlled
Tyrode’s solution-filled chamber (see Materials and Methods). Using
an x-y-z micromanipulator, the arrays were unrolled (movie S2)
and each spheroid was successfully encapsulated by a 3D-SR-BA, as
illustrated by confocal microscopy image in Fig. 5A. Confocal micro-
scopy imaging indicated that the spheroid was placed in direct contact
with the biosensors, which improved the biosensor-cell interface
(16). Twelve microelectrode biosensors arranged in 3D (Fig. 5B) simul-
taneously recorded the field potentials (FPs) from the encapsulated
CM spheroid (see Materials and Methods). Addition of blebbistatin,
a chemomechanical decoupler (31), ensured that the motion arti-
facts, characteristic to CMs, are absent in the FP recording (fig. S5).
The low impedance of the microelectrodes led to a signal-to-noise
ratio (SNR) as high as ca. 9. The spheroid had a beating rate of ca.
19 beats per minute, which is in good agreement with literature
(Fig. 5C) (32). Labeling the CMs with a Ca®" indicator, Fluor-4
(Fig. 5A, green fluorescence), allowed simultaneous monitoring of
Ca”* transients, as illustrated in Fig. 5A (movie S3). Ca*" transients
from the selected marked areas in fig. S6A were analyzed and corre-
spond to the FP recorded from channels 4 and 5 (fig. S6). The Ca®?
transient properties, i.e., transient shape and pace, inside and out-
side of the 3D-SR-BA are similar (fig. S6), thus indicating that the
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Fig. 4. Effect of 3D-SR-BA on viability of CMs in an encapsulated spheroid. (A) Live/Dead assay performed on CM spheroids: a spheroid encapsulated by 3D-SR-BA
(top), a spheroid non-encapsulated in 3D-SR-BA (bottom), imaged at (i) 0 hours (immediately after encapsulation), (ii) 1 hour, (iii) 2 hours, and (iv) 3 hours. Green, red, and
blue denote live cells, dead cells, and cell nuclei, respectively. Scale bars, 100 um. (B) Viability analysis of spheroids encapsulated by 3D-SR-BA (blue) and not encapsulated
spheroid controls (red) that were imaged every 30 min for 3 hours. Results are reported as mean + SD (n = 3). There was no significant difference in the % viability between
the encapsulated spheroids and the non-encapsulated control spheroids.
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Fig. 5. Electrical recordings in 3D of cardiac spheroids. (A) A 3D confocal microscopy image of 3D cardiac spher0|d labeled with Ca*" indicator dye (Fluo-4, green flu-
orescence) encapsulated by the 3D-SR-BA. Scale bar, 50 um. (B) 2D map of the microelectrodes labeled in (A). (C) Representative field potential (FP) traces recorded
from the channels labeled in (A) and (B). A.U., arbitrary units. Simultaneously recorded Ca®* fluorescence intensity as a function of time of the ROl marked by pink box in
(A). (D) Averaged FP peak (red trace) and raw data (gray traces, n =100 peaks recorded by channel 4).
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sensor arrays do not negatively affect the encapsulated spheroid
functionality. The Ca®* transient spike frequency agreed with the
FP spike frequency (Fig. 5C and fig. S6B) and is within the range of
previously reported values (15, 32). Using electrical biosensors
allowed in-depth electrophysiological investigation at a single sensor
level (Fig. 5D). The temporal resolution of the electrical recordings
using 3D-SR-BA allowed the detection of the individual ionic cur-
rents across the cell membrane: Na* current (upstroke), K™ current
(repolarization), and Ca** current (plateau phase), labeled in purple
on the recorded traces (Fig. 5D) (15). A few details can be gleaned
from these data, such as the average recorded FP amplitude (FPA)
for representative channel 4 of 1314 + 25 uV and FP duration (FPD)
of 279 + 29 ms (n = 100 peaks), which agreed with published values
(15, 32). Furthermore, the platform was used to obtain stable re-
cordings from the same spheroid for up to 3 hours after spheroid
encapsulation (fig. S7).

Although the optical imaging of Ca®" transients was able to pro-
vide the beat frequency information, the confocal imaging is limited
to an individual x-y plane, not allowing to obtain 3D information
with high temporal resolution. 3D-SR-BAs were able to record from
CM spheroids with high spatial and temporal resolution in 3D. The
time latency between FPs recorded from the spheroid was evident,
as illustrated in Fig. 6A. The time latency analysis (see the “Full-

A .
; t=14.9ms
1 2 3
4 5
st P 6 7
89 10
1 12
L t=22.0ms
_ .8 mEEE
E =
= it 9
' A T
I ,.V._/\/,LO t=27.5ms
i H EH B

|-/\/43 o .-

I”"“/\ 12 o

HE N
: 5
—™ 4 = om
1oms |\

+500

-500

field 2D representation of signal delays” section in Materials and
Methods) indicates that the FPs recorded by the sixth microelec-
trode preceded the FPs of the other channels. The time latencies
calculated with respect to channel 6 remained consistent throughout
the recording (fig. S8A). The fast transient propagation was further
examined across all recording channels simultaneously by visualiz-
ing relative positive and negative phases of the FP’s fast transient, as
represented by the 2D map of the sensor with time versus voltage
data (Fig. 6B and movie S4). Most evidently, at t = 27.5 ms (Fig. 6B),
it is possible to see that while the left-hand side sensors are at their
negative phase (blue color), the right-hand side sensors are still at
the positive phase (red color). The signal propagation direction in
the 3D-rendered representation (Fig. 6C) is indicated by a white arrow.
Electrical recordings with 3D-SR-BA exhibit high spatiotemporal
resolution, which allows construction of 3D isochronal map of the
spheroid’s surface (Fig. 6D, a 2D isochronal map representation of
the spheroid’s 3D surface). Such analysis is impossible using Ca**
transient imaging. The conduction velocity calculated as the gradient
from the extrapolated time latency isochronal map (Fig. 6D, white
arrow) averaged at 12.45 + 1.88 cm/s. The conduction velocities of
additionally measured spheroids are 6.09 + 0.65 cm/s (fig. S8D) and
14.55 + 1.79 cm/s (fig. S8G) for the second and third spheroids, re-
spectively. The signal propagation direction is indicated by the white

Time latency (ms)

Fig. 6. Mapping electrical signal propagation in 3D using 3D-SR-BA. (A) Representative recorded single FP fast transients across 12 channels. Red and blue arrows
represent the positive and negative phases of the recorded transients, respectively. (B) 2D representation of the fast transient signal phases across all 12 channels. Resting
state is presented at t = 14.9 ms, and depolarizing wave propagation is presented at t=22.0 ms and t=27.5 ms. (C) 3D rendered signal propagation at t=22.7 ms. Scale
bar, 50 um. (D) 2D representation of the isochronal map of time latencies. Scale bar, 35 um. White arrow in (C) and (D) represents average conduction velocity direction.
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arrows in fig. S8. The time latencies remained consistent throughout
the independent recording of each spheroid, as illustrated by the
calculated SD of the time latencies depicted in fig. S8 (B, E, and H)
for spheroids 1, 2, and 3, respectively. Conduction velocity values
are in good agreement with the values reported previously (33).

Conclusions and future directions

In conclusion, this work demonstrates the first 3D multisite and simul-
taneous measurements from a 3D multicellular system using 3D-
SR-BAs. The highly controlled 3D-SR-BA’s geometry allows
sensor customization to interface spheroids of varied size. The high
spatial resolution of the arrays provided information from individual
cells of the spheroid in 3D, while exceptional temporal resolution of
the recordings identified ionic currents (Na*, K*, Ca?*) in the high
SNR FP recordings. Functional assays indicate that the 3D-SR-BAs
do not affect the spheroid’s functionality. In addition, 3D-SR-BAs
show no detectable adverse effect on the viability of the cells. The
biocompatibility assay highlights the potential of 3D-SR-BA to be used
for stable interfaces with electrogenic spheroids for electrophysiology
studies that can last for several hours. High spatiotemporal resolution
of the electrical recordings allows following signal propagation in
3D, which is impossible using Ca** transient imaging.

The proposed 3D-SR-BAs introduce an approach for organ-on-
e-chip bioelectronics. A future direction for the 3D-SR-BAs includes
incorporation of porosity into the polymeric structures of the platform.
This porosity will allow more efficient nutrient diffusion, ensuring
long-term viability of spheroids. The 3D-SR-BAs are highly scal-
able, and the subsequent potential increase in recording density will
allow investigation of larger cellular networks. This work shows tailored
device diameters to accommodate a range of spheroid sizes that are
governed by the limits of diffusion. For larger tissue sizes, a future
direction for the 3D-SR-BAs involves scaling up of both the width
and the length dimensions, which can be easily attained by addition
of force generating metal lines. The use of 3D-SR-BAs for long-term
electrophysiological studies of multicellular 3D systems will enable
following tissue development and maturation. In addition, it will allow
testing of the drug effects on spheroids with diseased and healthy
phenotypes. Further capabilities of 3D-SR-BA extend beyond electro-
physiology and may combine concurrent electrical measurement and
stimulation (enabled by 3D-SR-BAs with passive devices) with bio-
sensing (using highly sensitive active devices, such as GFETSs, which
will require additional integrated circuit amplification added to the
platform) to gain insight into more complex 3D electrogenic tissue
constructs.

MATERIALS AND METHODS

3D-SR-BA fabrication

The 3D-SR-BAs were fabricated using well-established microfabri-
cation techniques (15). Si substrate with a 600-nm wet thermal oxide
(p-type, <0.005 ohm-cm, NOVA Electronic Materials Ltd., catalog
no. CP02 11208-0X) was cleaned with acetone and isopropyl alcohol
(IPA) in an ultrasonic bath for 5 min each, N, blow-dried, and
treated with O, plasma at 100-W power for 1 min (International
Plasma Corporation Barrel Asher). The substrate was coated with
300-nm lift-off resist (LOR3A, MicroChem) and 500-nm positive
photoresist (Shipley S1805, MicroChem). Outer electrode interconnects
were defined by ultraviolet (UV) exposure using a mask aligner
(MAS, Karl Suss) followed by development for 1 min in CD26 de-
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veloper (MicroChem). Cr (10 nm) (99.99%, R.D. Mathis Co.) and
Au (75 nm) (99.999%, Praxair) were deposited using a thermal
evaporator (Angstrom Engineering Covap II). The LOR3A/Shipley
1805/metal stack was lifted off using Remover PG (MicroChem).
The wafer was washed with acetone and IPA, N, blow-dried, and
treated with O, plasma at 50-W power for 1 min. A 200-nm Ge
(99.999%, Kurt J. Lesker) sacrificial layer was patterned and deposited
similarly. The mechanical support with varied thicknesses (170 to
240 nm) was patterned using negative photoresist (SU-8 2000.5,
MicroChem). Using a thinner (SU-8 2000 thinner, MicroChem),
the SU-8 was adjusted to 10.7, 9.5, 7.1, and 4.7% solids to achieve a
thickness range of 390 to 100 nm. The biosensor array interconnects
(sources and drains and microelectrodes for GFETs and MEAs, re-
spectively) were patterned using similar methods as the outer inter-
connects. Cr (1 nm) (99.998%, Kurt J. Lesker), Pd (50 nm) (99.99%,
Kurt J. Lesker), and Cr (25 nm) (99.998%, Kurt J. Lesker) were de-
posited using an electron beam evaporator (Pro Line PVD Evapora-
tor, Kurt J. Lesker). In the case of MEAs, an additional layer of
10 nm Au (99.999%, Kurt J. Lesker) was deposited. Last, the inter-
connects and the nonrecording leads of the biosensors were passivated
with 100 to 180 nm of diluted SU-8 2000.5. In the case of GFETs, an
additional step for graphene transfer and patterning was imple-
mented before the biosensor interconnect patterning and metallization.
Low-pressure chemical vapor deposition (LPCVD)-synthesized
graphene (see method below) was transferred to device chips and
patterned using photolithography and reactive ion etching (RIE), as
previously described (15). Briefly, LOR3A (300 nm) and Shipley
S1805 (500 nm) were coated on substrates with graphene, patterned
by UV exposure using a mask aligner, and developed for 1 min in
CD26 developer. Excess graphene was etched off by RIE (Plasma-
Therm 790) using 14 standard cubic centimeters per minute (sccm)
0O, and 6 sccm Ar at 20-W power and 10-mtorr pressure for 10 s.
After etching, the LOR3A/Shipley 1805 stack was stripped off using
Remover PG.

Graphene synthesis and transfer

A single layer of graphene was synthesized by a Cu-catalyzed LPCVD
process, as previously described (15, 34). Briefly, a 2 cm x 6 cm Cu
foil (99.8%, Alfa Aesar, uncoated, catalog no. 46365) was cleaned
with acetone and IPA in an ultrasonic bath for 5 min each and then
N, blow-dried. Before being introduced into a custom-built CVD
setup, the foil was treated with a 5.4% (w/w) HNOj solution (CMOS
grade, J.T. Baker, catalog no. JT9606-3) for 30 s, rinsed three times
with deionized (DI) water, and N, blow-dried. The synthesis pro-
cess was carried out at 1050°C and a total pressure of 0.5 torr. The
temperature was ramped up to 1050°C in 20 min, followed by stabi-
lization at 1050°C for 5 min under a flow of 100 sccm Ar. The foil
was annealed for 60 min under the flow of 100 sccm H,, followed by
a synthesis step of 8 min under the flow of 50 sccm CHy4 (5% in Ar,
Airgas) and 100 sccm H, (Matheson Gas). The sample was rapidly
cooled from growth temperature down to 100°C in 30 min while
flowing 100 sccm Ar. The Cu foil with graphene on both sides was
cut to the required dimensions. Before Cu etching, one side of the
foil was coated with 200 nm of polymethylmethacrylate (PMMA
950 A4, MicroChem) to mechanically support and protect graphene.
The graphene on the uncoated side of the foil was etched in a UV-
ozone cleaner (PSD Pro Series Digital UV-Ozone, Novascan) for
15 min at 100°C. The Cu foil was wet-etched in a solution contain-
ing 25% (w/w) FeCl3.6H,O (Sigma-Aldrich, catalog no. 31232), 4%
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(w/w) HCl acid (CMOS grade, J.T. Baker, catalog no. BDH3028),
and 71% (w/w) DI water. After the Cu etching, the PMMA-supported
graphene film was transferred to DI water two times, then to 70%
ethanol-water mixture, and finally onto a final substrate (device chip,
previously cleaned with acetone, IPA, and N, blow-dried). The
transferred samples were air-dried overnight. The substrates were
then baked at 150°C for 30 min. After the bake, PMMA was dis-
solved in an acetone bath at 60°C for 30 min. Last, the device chips
were rinsed with acetone and IPA and N, blow-dried.

Graphene characterization

Raman spectroscopy of graphene was performed with NT-MDT
NTEGRA Spectra (100x objective) under 532-nm excitation. For
the Raman spectra, a laser power of 2.3 mW was used; the spectra
were recorded with an acquisition time of 15 to 30 s. Raman spectra
were obtained from within 10 independent GFET channel ribbons
as well as directly outside of each ribbon, as illustrated in fig. S4D.
Analysis of the acquired spectra was performed using a custom
MATLAB (MathWorks Inc.) code to identify characteristics of
graphene Raman peaks: Their position, full width at half maximum,
and relative peak ratios (table S2).

3D-SR-BA structure release

After fabrication, the 3D-SR-BA chips were cleaned with acetone
and IPA and N; blow-dried. A rectangular chamber was prepared
by using 10:1 base:curing agent polydimethylsiloxane (PDMS) (Sylgard
184 Silicone Elastomer, Dow Corning), cured overnight at 65°C, cut
to the needed dimensions, and positioned on a device chip such that
the well surrounds the 3D-SR-BA region. A 1% H,O, (Sigma-Aldrich,
catalog no. 216763) solution in DI water was added to the well for
1 hour up to overnight to dissolve the Ge sacrificial layer and trigger
self-rolling. After 3D-SR-BAs conformed in 3D, the solution in the
well was exchanged for DI water.

3D-SR-BA radius of curvature measurements

The radius of curvature was estimated using the 3D reconstruction
of confocal images in Nikon NIS Elements software. Briefly, the y-z
plane slices of the z-stack were obtained to visualize the circumfer-
ence of each 3D-SR-BA. The radii were measured by using a three-point
circular fit to the 3D-SR-BA circumference slice in NIS Elements soft-
ware, as illustrated in fig. S2A.

Mechanical simulations

3D FEA with geometric nonlinearities was performed using the
commercially available package Abaqus (Dassault Systeémes). The
residual stress-induced self-rolling behavior of the 3D-SR-BAs was
modeled as a differential thermal expansion-driven shape transfor-
mation problem, where hypothetical thermal expansion coefficients
were assigned to the constituent layers (35). The temperature was
gradually raised to such a level that the resultant thermal stresses
were equivalent to the residual stresses. A combination of homoge-
neous (for regions occupied by only SU-8) and composite (for
regions patterned with Pd and Cr) shell sections was used in the
computations. The thicknesses and material properties of SU-8, Pd,
and Cr layers were summarized in table S1. For meshing, the four-
node shell element S4R with reduced integration, hourglass control,
and finite membrane strains was used. To replicate the experimental
design where one end of our 3D-SR-BA was free to roll along the
longitudinal axis while the other was physically anchored to the
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substrate, we applied an unconstrained boundary condition along
the edge at one end, and a fully fixed boundary condition was ap-
plied at the opposite end.

Electrical characterization of GFETs

GFETs (n = 20) were characterized to ensure ohmic contacts of
metal to graphene by recording source-to-drain current (Isp) with
varied source-to-drain voltage (Vgp) using a source meter unit
(2604, Keithley). Three-terminal water-gate measurements were
obtained in Tyrode’s solution, composed of calcium chloride (0.2 g/liter;
anhydrous), magnesium chloride (0.1 g/liter; anhydrous), potassium
chloride (0.2 g/liter), sodium chloride (8 g/liter), sodium phosphate
monobasic (0.05 g/liter; anhydrous), p-glucose (1 g/liter), and sodium
bicarbonate (1 g/liter; Sigma-Aldrich, catalog no. T2145), supplying
a linearly increasing gate potential from —0.3 to 0.7 V via Ag/AgCl
electrode using a function generator (DG1032, Rigol). The charge
neutrality voltage (Dirac point) was determined as the voltage at
which the recorded Isp was at minimum. Device sensitivity was de-
termined by taking the first derivative of Isp. The maximum p- and
n-type regime sensitivity was determined by the minima and maxima
of the sensitivity curve, respectively (fig. S4]).

PEDOT:PSS electrodeposition

Electrodeposition was performed in a three-electrode cell setup using
a potentiostat (PalmSens 3, PalmSens). Pt wire, Ag/AgCl electrode,
and Au microelectrode were used as counter, reference, and working
electrode, respectively. A solution of 0.01 M EDOT (97%, Sigma-Aldrich,
catalog no. 483028) (26) and 0.02 M PSS (Sigma-Aldrich, catalog
no. 243051) was prepared in DI water. Briefly, 53 ul of EDOT was
vigorously stirred with 206 mg of PSS in 50 ml of DI water and used
as an electrolyte solution. PEDOT:PSS electrodeposition was per-
formed by using a constant current density of 0.5 mA/cm? applied
for 10 min per electrode.

Electrochemical characterization of microelectrodes

CV experiments were performed in a three-electrode cell setup using
a potentiostat, as previously described (15). Electrolyte solution of
1 M KCI (=99%, Sigma-Aldrich, catalog no. P5405) was prepared in
DI water. Analyte solution of 5 mM Kj[Fe(CN)e] (Sigma-Aldrich,
catalog no. 244023) was prepared in 1 M KCl solution. Before conduct-
ing CV experiments, a PDMS well was sealed to the sample using 10:1
base:curing agent PDMS. Pt and Ag/AgCl electrodes were used for
counter and reference electrodes, respectively. To determine the faradaic
peaks, we recorded the CV measurements within a potential range
from —0.2 to 0.6 V versus Ag/AgCl at 500 mV/s scan rate in the presence
of 5mM K;[Fe(CN)¢] in 1 M KCl solution. For capacitive currents, CV
was conducted with 1 M KCl electrolyte solution within a potential
range from —0.2 to 0.3 V versus Ag/AgCl at 600 mV/s scan rate.

EIS was performed in a three-electrode cell setup using a potentiostat
(CHI660C, CH Instruments). Phosphate-buffered saline (PBS) (1x)
(Thermo Fisher, catalog no. 10010023) was used as an electrolyte
solution. Pt wire and Ag/AgCl electrodes were used for counter and
reference electrodes, respectively. The frequency was scanned from
0.01 to 100,000 Hz with Vpc of 0 V and Vac of 10 mV.

Both CV (n = 10) and EIS experiments (n = 23) were performed
before and after PEDOT:PSS electrodeposition. EIS experiments
(n = 15) were performed before and after 3D-SR-BA self-rolling on
the same electrodes. All measurements were performed in a grounded
aluminum box.
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Cell culture and CM spheroid formation

Cell culture

Human CMs were differentiated from HUES9 and HES3 human
embryonic stem cells (hESCs) using established protocols (36). The
hESCs were expanded in Essential 8 (E8) medium (Life Technologies,
catalog no. A1517001) (37) on Geltrex-coated six-well plates (12 ug/ cm;
Life Technologies, catalog no. A1413301) with an initial seeding
density of 125,000 cells per well for HUES9 and 100,000 cells per
well for HES3 cells. The cells were passaged every 4 days to prevent
over-confluence. For CM differentiation, hESCs were seeded at a
density of 16,000 cells/cm® for HUES9 and 12,000 cells/cm” for
HES3 cells in E8 medium with 2 uM ROCK inhibitor, thiazovivin
(Selleck Chemicals, catalog no. S1459); the medium was changed
daily. On the third day after seeding, hESCs were differentiated into
CMs. Cells were washed with 1x PBS and incubated with RPMI
1640 medium (Thermo Fisher, catalog no. 21870076) supplemented
with B27 minus insulin (Thermo Fisher, catalog no. A1895601) and
1% (v/v) L-glutamine (Thermo Fisher, catalog no. 25030081) plus
6 uM CHIR99021 (LC Laboratories, catalog no. C-6556), a glycogen
synthase kinase-3 inhibitor (LC Laboratories, catalog no. S1459),
for 2 days. On day 2 of differentiation, cells were washed with 1x
PBS and incubated with RPMI/B27 medium and 2 uM Wnt-C59, a
Wnt pathway inhibitor (Selleck Chemicals, catalog no. S7037). On
days 4 and 6 of differentiation, the medium was changed to RPMI/
B27. On days 8 and 10, the medium was changed to CDM3 medium
(37) consisting of RPMI 1640 medium supplemented with 1% (v/v)
L-glutamine, human albumin (500 pg/ml) (Sigma, catalog no. A9731),
and L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate
>95% (213 ug/ml) (Sigma, catalog no. A8960). On day 12, sponta-
neously beating cells were passaged for CM purification. CMs were
purified using lactate-supplemented medium, which achieves 95 to
98% purification of CMs, as previously demonstrated (38). Briefly,
beating CMs were washed with 1x PBS and detached from the surface
with TrypLE express (Thermo Fisher, catalog no. 12604013) for
15 min at 37°C. Detached cells were pipetted into Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (Thermo Fisher, catalog no. 11320033)
and centrifuged at 200g for 7 min to gellet the cells. CMs were seeded
on Matrigel-coated plates (12 ug/cm”) (Corning, catalog no. 356231)
with RPMI 1640 lacking glucose (Thermo Fisher, catalog no. 11879020)
and supplemented with human albumin (500 pg/ml), L-ascorbic
acid-2-phosphate (213 pg/ml), and sodium lactate (7.1 mM) (Sigma,
catalog no. L4263). CMs were purified for 5 days and then switched
back to CDM3 for at least 2 days before passaging.

Spheroid formation

The spheroids were formed following a previously established pro-
tocol (39). Briefly, sterile solution (10 g/liter) of agarose (Invitrogen,
catalog no. 16500) was prepared in 0.9% (w/v) NaCl (Sigma, catalog
no. S5886) in DI water. The agarose spherical microwells were ob-
tained by casting the agarose into a mold (3D Petri Dish, Microtissues
Inc.). The agarose microwells were equilibrated twice in CDM3 me-
dium for 30 min at 37°C. After purification, adherent CM cultures
were lifted with TrypLE for 15 min at 37°C. Cells were pipetted into
DMEM/F12 and centrifuged at 200g for 7 min. CMs were then
seeded at a density of 1.2 x 10° cells/mold for trough-shaped spheroids
and 0.65 x 10° cells/mold for round spheroids in 190 ul of CDM3
medium with 2 uM ROCK inhibitor, thiazovivin. The CM spheroids
were formed in microwells while incubating at 37°C and 5% CO,
for 1 day, after which the medium was exchanged to CDM3. The
cell medium was changed every other day with a fresh CDM3 medium.
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After 3 to 5 days, when spheroids compacted and began to sponta-
neously beat, they were harvested by inverting the micromolds and
centrifuging for 5 min at 500 rpm. Spheroids 1 and 2 were formed
from HUES9 hESCs, while spheroid 3 and spheroids used for bio-
compatibility studies were formed from HES3 hESCs.

Encapsulation of spheroids in 3D-SR-BAs

The harvested spheroids were placed in a Tyrode buffer solution-
filled recording chamber attached to the 3D-SR-BA chip. Each
3D-SR-BA was unrolled using a micromanipulator (SMX, Sensapex),
as illustrated in movie S2, followed by the spheroid encapsulation
inside the arrays. After encapsulation, the recording chamber was
perfused continuously with fresh Tyrode’s solution at 37°C.

Biocompatibility analysis
Cell viability was tested using the Live/Dead Assay Kit (Thermo
Fisher, catalog no. L3224) containing calcein-AM and ethidium homo-
dimer dyes for staining live and dead cells, respectively, as previously
described (34). Spheroids were formed from HES3 CMs and incu-
bated at 37°C and 5% CO; for 5 days with CDM3 medium changed
every other day. Hoechst 33342 (Thermo Fisher, catalog no. 62249),
calcein-AM, and ethidium homodimer dyes were added with a final
concentration of 1 ug/ml, 2 uM, and 4 uM, respectively, to each
sample and incubated for 30 min at 37°C and 5% CO,. The sphe-
roids were then treated with 20 M blebbistatin (Sigma-Aldrich, catalog
no. B0560) to decouple excitation and contraction, leading to inhi-
bition of spontaneous cell beating (31). The spheroids were washed
with Tyrode’s solution, and one spheroid was encapsulated by
3D-SR-BA. The live-cell imaging was performed at 37°C using up-
right confocal microscope (Nikon A1R) under 20x/0.50 numerical
aperture (NA) water immersion objective, with perfusion of Tyrode’s
solution with 4 uM ethidium homodimer dye at 37°C. The spheroid
encapsulated by 3D-SR-BA alongside with the non-encapsulated
control was imaged immediately after encapsulation and every
30 min after the encapsulation up to 3 hours. The procedure was
repeated three times for different sets of spheroids.

% Viability quantification was evaluated as previously described
(34) using the following formula

Total cells (blue ) —Dead cells (red)

Total cells (blue) x 100

%Viability =

where blue refers to the cells stained by Hoechst and red refers to
the dead cells stained by ethidium homodimer. Total cell count and
dead cell counts were determined by counting the Hoechst- and
ethidium homodimer-stained nuclei across the spheroid images for
each of the encapsulated spheroid and non-encapsulated control
spheroid separately (n = 3 each), using the spot tracking algorithm
in Imaris software (Imaris 8.2 Image Visualization and Analysis,
Bitplane, Oxford Instruments).

Electrical and optical recordings

Before recording, CM spheroids were stained with the Ca** indicator
Fluo-4 AM. Fluo-4 AM (10 uM) (Thermo Fisher, catalog no. F14217)
was prepared in 1x PBS and incubated at 37°C for 30 min. After
incubation, the spheroids were washed three times with Tyrode’s
solution prewarmed at 37°C. Each chip was glued to a printed circuit
board (PCB) with soldered 36-pin connector (Omnetics, catalog
no. A79024-001). The electrodes on the chip were wire-bonded to
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the Cu pads on the PCB using a manual wedge wire bonder (7476D
Wire Bonder, West Bond). The chip was loaded onto the micro-
scope stage, and the temperature inside the culture chamber was
maintained by constant perfusion of Tyrode’s solution maintained
at 37°C using an inline heater (ThermoClamp, Automate Scientific).
The spheroids were encapsulated by 3D-SR-BAs. After initial set of
recordings, the spheroids were treated with 20 pM blebbistatin and
additional recording sets were obtained.

For electrical recordings, the Omnetics connector on the PCB was
connected to a 32-channel amplifier (Intan Technologies, RHD2132),
and the electrical signals were recorded using the Intan acquisition
system (Intan Technologies, RHD2000) at an acquisition rate of
20 kHz. The optical recordings were performed using an upright
microscope equipped with a resonant confocal scanner (Nikon A1R)
under 20x/0.50 NA water immersion objective. All the recordings
were performed in a grounded Faraday cage.

Electrical and optical data analysis

The raw data acquired using Intan acquisition software were analyzed
using custom-made MATLAB scripts. The beat frequency was cal-
culated using the fast Fourier transform function. The findpeaks
function was used to detect the Na* peaks, and the FPA was calculated
by adding the heights of positive and negative peaks. To measure
FPD, we detected Na* and K peaks using findpeaks function, and
calculated the distance between the peaks. Before using findpeaks
function, the voltage versus time curves were smoothened using
Savitzky-Golay filtering to avoid interference of the baseline noise
while detecting K™ peaks. To measure the SNR, we divided FPA by
the peak-to-peak amplitude of the baseline noise. The peak-to-peak
amplitude of the baseline noise was calculated as 6.6 times the SD of
the baseline signal acquired for 5 min.

For Ca®* signal analysis, the time-lapse image sequences were
imported to a custom MATLAB script. The script provided a maximum
intensity projection of the Ca** image stack, on which the regions of
interest (ROIs) were selected. The data from each ROI were averaged
for each frame and stored as a time versus intensity series, with time
points determined using the frame rate of the image acquisition.
The series were then smoothed using a third-order Savitzky-Golay
numerical smoothing algorithm with a user-selected window length.
The smoothed fluorescence intensity versus time traces were plotted
for each ROL

Wave propagation analysis

2D representation of signal propagation

Using the image measurement tools in ImageJ (National Institutes
of Health), the boundaries of each sensor pad were determined us-
ing a CAD layout of a 3D-SR-BA (fig. S1B), i.e., x, y location and the
width and height were stored for each pad. A custom MATLAB
script used the sensor image as a template for each frame of movie
S7. To generate each frame, the voltage data for each recording
channel at each time point were placed at all pixel locations identi-
fied as being contained by the sensor pad (from Image] measurements).
The 2D time versus voltage data for each sensor pad were thus ex-
panded into a sequence of x, y voltage images constructed through
time. The images were generated in the real valued 32-bit .tiff format.
The sequence of images was saved individually with a sequential file
name. These files were then imported as an image sequence into
Image] for colorization. The phase lookup table was used to allow
for visualization of positive and negative voltages. Time and color-bar
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overlays were added using Image]. The image stack was finally ex-
ported as an .avi movie.

3D rendered signal propagation

To generate a 3D representation of the signal propagation at a given
time point, we extracted the 2D image of the sensor activity at that
time point from the image stack obtained, as described above. The
image was then adjusted using Photoshop (Adobe) to remove the
background and replace it with transparency and saved as a .png
file. The edited image was transferred into Inventor (Autodesk) and
applied as a decal wrapped around a cylinder with the dimensions
matching a single-turn 3D-SR-BA. A 2D representation of the 3D
signal propagation was then exported as a .jpg file.

Full-field 2D representation of signal delays

A custom MATLAB script was used for the following analysis. The
recording data for all sensors were split into individual FPs by finding
the peak maxima at each FP and extracting a 25-ms window of time
before and after each peak. These extracted data segments were used
to identify the time delay between each sensor for a given FP. To
determine the signal origin and time latencies across the spheroid,
the time points of the maxima of FPs for each sensor were com-
pared, and the earliest time point was set as time 0. For each FP, an
approximation of the time delays for the entire sensor was con-
structed by interpolating and extrapolating the time latency using
the physical coordinates of the sensor pads and the previously cal-
culated delay values. The approximated surface of time latency calcu-
lated for each FP was averaged over all FPs recorded in 1 min of
data. A contour map of isochrones was generated using the average
time latency surface and the gradient of the delays across the entire
measured area. Using this gradient and the average time latency
surface, the conduction velocity along the gradient was calculated.
Furthermore, the SD of the time latencies at each point within the
isochron image was calculated using all FPs recorded in 1 min of data.

Statistical analysis

Data were represented as the mean + SD. Statistical analysis was
performed using Student’s ¢ test (two-tailed) to determine significant
difference between two independent groups with one variable, i.e.,
impedance before and after PEDOT:PSS deposition, or impedance
of the 3D-SR-BAs before and after rolling (fig. S3F). NS denotes no
statistically significant difference between two sample populations.
A two-way ANOVA followed by Tukey’s post hoc test was per-
formed for more than two groups with two independent variables,
i.e., encapsulated versus non-encapsulated spheroids, and varied time
after encapsulation, i.e., 0.5, 1, 1.5, 2, 2.5, and 3 hours (Fig. 4).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/8/eaax0729/DC1

Fig. S1. Schematics of the 3D-SR-BA geometry.

Fig. S2. Simulation and experimental results for 3D-SR-BA used to estimate the radius of
curvature.

Fig. S3. 3D-SR-BA with microelectrodes: Fabrication and electrochemical characterization.
Fig. S4. 3D-SR-BA with GFETSs: Fabrication and electrical characterization.

Fig. S5. Electrical recordings with and without addition of chemomechanical decoupler,
blebbistatin.

Fig. $6. Simultaneous Ca* and electrical recording.

Fig. S7. Several hours (3 hours) 3D recording.

Fig. S8. 3D electrical signal propagation in spheroids.

Table S1. Thickness and mechanical parameters of SU-8, Cr, and Pd used in FEM simulations.
Table S2. Data summary for the Raman analysis of LPCVD synthesized graphene before and
after patterning.
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Movie S1. Release of the 3D-SR-BA upon sacrificial layer etch.

Movie S2. Unrolling the 3D-SR-BA using a micromanipulator.

Movie 3. Beating CM spheroid stained with Ca®* (Fluo-4) encapsulated in the 3D-SR-BA
(associated Ca®* imaging analysis is presented in fig. S6).

Movie S4. Electrical signal propagation in CM spheroid presented in Figs. 4 and 5.
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