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Three-dimensional (3D), submillimeter-scale constructs of neural cells, known as cortical spheroids, are of rapidly 
growing importance in biological research because these systems reproduce complex features of the brain in vitro. 
Despite their great potential for studies of neurodevelopment and neurological disease modeling, 3D living ob-
jects cannot be studied easily using conventional approaches to neuromodulation, sensing, and manipulation. 
Here, we introduce classes of microfabricated 3D frameworks as compliant, multifunctional neural interfaces to 
spheroids and to assembloids. Electrical, optical, chemical, and thermal interfaces to cortical spheroids demon-
strate some of the capabilities. Complex architectures and high-resolution features highlight the design versa-
tility. Detailed studies of the spreading of coordinated bursting events across the surface of an isolated cortical 
spheroid and of the cascade of processes associated with formation and regrowth of bridging tissues across a 
pair of such spheroids represent two of the many opportunities in basic neuroscience research enabled by these 
platforms.

INTRODUCTION
Progress in elucidating the development of the human brain increas-
ingly relies on the use of biosystems produced by three-dimensional 
(3D) neural cultures, in the form of cortical spheroids, organoids, 
and assembloids (1–3). Precisely monitoring the physiological prop-
erties of these and other types of 3D biosystems, especially their 
electrophysiological behaviors, promises to enhance our understand-
ing of the interactions associated with development of the nervous 
system, as well as the evolution and origins of aberrant behaviors 
and disease states (4–8). Conventional multielectrode array (MEA) 
technologies exist only in rigid, planar, and 2D formats, thereby 
limiting their functional interfaces to small areas of 3D cultures, 
typically confined to regions near the bottom contacting surfaces 
(9). Optical techniques that use calcium-sensitive fluorescent stains 
and genetically encoded calcium indicators overcome some of these 
limitations in neural recording, and optogenetic approaches may 

provide related advantages in stimulation. Nevertheless, these meth-
ods involve constraints in temporal resolution and in duration of 
recording across the surface of spheroids/organoids (10–12). An ideal 
solution would involve soft, shape-matched semiconductor device 
platforms in 3D geometries that can gently envelop the 3D cultures 
to support multifunctional electronic, optoelectronic, thermal, me-
chanical, and biochemical interfaces. Initial work in this direction 
includes microelectrode shells to wrap individual cardiac cells (13) 
and cylindrical electrode arrays to contact cardiac spheroids (14). 
Here, we introduce a qualitatively distinct type of 3D neural inter-
face platform that exploits reversible, engineering control over shapes, 
sizes, and geometries to match organoids/spheroids of interest, with 
multimodal engagement. The ability to exploit the most advanced 
planar electronic and optoelectronic technologies in these platforms 
represents a key additional unique feature in this context, for high-
performance, high-resolution functionality of various types relevant 
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to neural interfaces. Complex frameworks as extensions of these 
concepts offer additional options in precisely and deterministically 
forming assembloids using spheroids as building blocks. Studies of 
cortical spheroids formed with human induced pluripotent stem 
cells (hiPSCs) demonstrate all of the important aspects of this form 
of 3D neurotechnology.

RESULTS AND DISCUSSION
Figure 1A presents schematic illustrations of a simple, but represen-
tative, example designed for a single neural spheroid. This 3D multi-
functional framework, which we refer to as a mesostructure because 
of feature sizes that range from microns to millimeters, follows 
from techniques of mechanically guided assembly applied to a planar, 

lithographically fabricated multilayer stack (see Materials and Meth-
ods for details; fig. S1) (15–17) that includes the following: (i) a thin 
layer of polyimide (PI; PI-2545, HD MicroSystems; 4 m in thick-
ness) on top; (ii) a network of electrical interconnections and an 
array of 25 microelectrodes (gold; thickness of 200 nm), with a sep-
arately addressable microscale inorganic light-emitting diode 
(-ILED; p = 470 nm; 220 m by 270 m; 50 m in thickness; 
C470TR2227, Cree), electrochemical sensor, thermal actuator, and 
precision temperature gauge; (iii) a thin layer of PI (4 m in thick-
ness) on the bottom; and (iv) a collection of lithographically defined 
bonding sites (Ti/SiO2; 10/50 nm in thickness) that anchors the sys-
tem to a soft, silicone elastomeric substrate [poly(dimethylsiloxane) 
(PDMS), 20:1, Sylgard 184, Dow]. Delivery of this stack onto a 
prestrained (~30%, equally biaxial) PDMS substrate followed by 

Fig. 1. Schematic illustrations, FEA results, and optical micrographs of a compliant, 3D MMF as an interface to a neural spheroid. (A) Tilted exploded view layout 
of the constituent layers of the 2D precursor to the corresponding 3D MMF. (B) Results of FEA of the system in its final configuration and (C) a magnified view to highlight 
the functional components that include 25 microelectrodes, along with devices to provide optical, thermal, and electrochemical capabilities. Optical micrographs of 
each device, (D) circular microelectrode (Pt black, diameter of 50 m, impedance of 10 kilohms at 1 kHz), (E) -ILED, (F) thermal actuator and sensor (Au trace in a serpen-
tine geometry), and (G) electrochemical oxygen sensor (Pt black, Au, and Ag/AgCl as working, counter, and reference electrodes, respectively). (H) Optical image of the 
3D mesostructure with 25 electrodes and the distributions of maximum principal strain according to FEA across the 3D MMF and the spheroid. Optical micrographs and 
corresponding FEA results at different stages of the process of enclosing the 3D MMF gently around the surface of the spheroid; from left, (I) opening the 3D MMF by 
stretching the elastomer substrate and placing the spheroid in the center region, (J) slowly releasing the substrate to cause the structure to begin to enclose the spheroid, 
(K) completing the release to conclude the integration. Photo credit: Yoonseok Park, Northwestern University.
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relaxation of the prestrain leads to compressive forces at the 
bonding sites that initiate translational and rotational motions in 
the nonbonded regions, thereby producing the desired 3D structure 
in a process of controlled, nonlinear buckling (movie S1).

The resulting system (computationally predicted; see the “Pro-
cedures for FEA” section in Materials and Methods) in this case 
consists of a 3D, radially symmetric collection of eight “wings,” each 
with a width of 74 m along a contour length of 800 m measured 
from the point at the center where they connect and bond to the 
substrate (bonding site of 300 m in diameter; fig. S2). The width 
then gradually increases along the length, abruptly at first at a height 
of 692 m above the substrate and then more slowly to reach a value 
of 440 m at a height of 1.077 mm (the highest point of the struc-
ture; lateral distance of 810 m from the center) and the full width 
(780 m) at the end, where the wing bonds to the substrate. These 
variations in width, together with the thicknesses and bonding loca-
tions, define mechanical responses that lead to the desired struc-
tural configurations as a result of the 2D to 3D transformation.

Specifically, each wing adopts a 3D shape characterized by 
concave and then convex bending orientations, changing at a height 
of 443 m (38 m below the third electrode), as the structure moves 
out of the plane from the center. The bending radii vary gradually 
from a minimum of 128 m (concave) near the central bonding 
site to values of 180 m (r1st; concave), 267 m (r2nd; concave), and 
252 m (r3rd; convex) at the first, second, and third electrode loca-
tions, respectively, at corresponding heights of 44, 315, and 481 m 
(fig. S3A). Circles oriented parallel to the substrate surface and 
drawn to pass through the first, second, and third electrodes have 
diameters of 499 m (D1st), 688 m (D2nd), and 558 m (D3rd), re-
spectively (fig. S3). In this way, the overall construct forms a me-
chanically compliant, pouch-shaped “cage” with an approximately 
spherical capture cavity designed to hold a single spheroid with a 
diameter between 480 and 600 m, without notable deformation/
constraint and with sufficient proximity (distances less than 
~125 m, corresponding to roughly half of the average separations 
between adjacent electrodes) to the electrodes for efficient stimula-
tion and/or recording (fig. S3, C to F).

The bending stiffnesses of the wings that form the cage are ex-
ceptionally small, 7.9 × 10−12 N·m2, and they increase to 8.3 × 10−11 
N·m2 at the regions of largest widths (fig. S4A) (as reference, a sin-
gle strand of silk from an adult silkworm has a bending stiffness of 
between 10−10 and 10−11 N·m2) (18). The wings terminate at the 
bonded locations (bonding areas of 0.78 mm by 0.78 mm) on the 
substrate, 2.62 mm from the center, to facilitate connection to ex-
ternal electronics for recording and control (fig. S3G). A circular 
strip of PI with a width of 0.78 mm connects the wings at these lo-
cations to ensure stability during the step of transferring the 2D 
precursors from the source substrate to the PDMS substrate using 
water-soluble tape. This strip adopts arc-shaped features in between 
the bonded locations, as a consequence of the 2D to 3D transforma-
tion. The peak value (3.48%) of the maximum principal strain (max) 
that arises from the 2D to 3D transformation process occurs at the 
bottom surface of the PI of the wings near the center, where the 
bending deformation is the highest. The electrodes and intercon-
nections experience strains less than the yield thresholds of the metal 
(0.3%), and the PI also remains within its elastic limits (fig. S4, B and 
C), thereby ensuring reproducibility in the 3D structure formation 
process and allowing for reversible reconfiguration during inser-
tion and removal of spheroids over hundreds of times (fig. S5).

With these tailored geometric features and low bending stiff-
nesses, the 3D framework (Fig. 1B) can gently envelop and hold an 
individual neural spheroid, with additional ability to support multi-
functional devices on the individual wings (Fig. 1C). In this exam-
ple, an electroplated film of nanoporous platinum (Pt black; 4 m in 
thickness) on each of the gold microelectrodes ensures a low im-
pedance (~10 kilohms at 1 kHz; Fig. 1D and fig. S6) interface for 
measurements of local potential. This design feature, together with 
soft, proximity contacts to the surface of the spheroid, yields high-
performance capabilities in recording of neural activity. The blue 
-ILED (p = 470 nm) offers the ability to locally deliver light for 
optogenetic neural stimulation (Fig. 1E). The serpentine conductive 
trace (3 m wide; 200 nm in thickness; 300 ohms in resistance) sup-
ports controlled Joule heating for neural inhibition, along with 
simultaneous measurements of temperature with sub-kelvin preci-
sion at a common location (Fig. 1F). An electrochemical sensor that 
incorporates a gold electrode coated with Pt black, a bare gold elec-
trode, and a silver/silver chloride (Ag/AgCl) electrode as working, 
counter, and reference electrodes, respectively, allows for monitor-
ing of the concentration of oxygen in culture media immediately 
adjacent to the corresponding region of the spheroid (Fig. 1G), as a 
possible indicator of metabolic activity.

Figure 1H shows an optical image of this 3D multifunctional 
mesoscale framework (3D MMF) with an enclosed spheroid, where 
50 contact pads serve as interconnections to external hardware for 
power supply, control, and data acquisition (fig. S7). Results of 
finite element analysis (FEA) reveal the distributions of maximum 
principal strain in both the 3D structure and the spheroid. Such 
computational approaches allow optimized selection of design 
parameters to ensure contact with extremely low forces at the soft 
tissue interfaces. The elastomeric substrate can be reversibly com-
pressed or stretched by small amounts to alter the 3D geometry to 
accommodate dynamic, natural changes in the size of the spheroid 
as it evolves and grows. More significant stretching allows the 3D 
MMF to be opened and closed for inserting and removing the 
spheroid, all with purely elastic mechanics captured by FEA (Fig. 1, 
I to K, and movie S2).

A first set of experiments involves preplated hiPSC cortical 
spheroids (19–21) (10 to 16 weeks old, microBrain, StemoniX; see 
note S1, figs. S8 and S9A, tables S1 and S2, and Materials and Meth-
ods for details), each gently inserted into a 3D MMF according to 
the procedures outlined above (Fig. 2A). A transparent test plat-
form formed with parylene-C and without microelectrodes or 
microdevices facilitates imaging by confocal microscopy (22), as in 
Fig. 2B (note S2). Here, the dashed circles indicate the locations of 
microelectrodes in an otherwise similar 3D MMF designed for elec-
trophysiological monitoring. The results highlight soft and/or close 
proximity contacts (separations of less than ~60 m) to the surfaces 
of the spheroid, across most (solid angle 3.83 sr; fig. S3, H and I) of 
its surface area (Fig. 2C), without any noticeable physical damage or 
deformation of the tissues. Cytotoxicity assay results from enclosed 
spheroids show no significant differences (P = 0.776) in the viability 
compared to controls (fig. S9).

Successful recordings of field potentials (Fig. 2E) across each of 
the 25 low-impedance microelectrodes highlight the high fidelity of 
the neural interface, at a relevant spatiotemporal resolution (200 m; 
12.5 kHz). Figure 2D and movie S3 highlight representative record-
ings of the 3D spatial propagation of wave spreading and firing and 
bursting events across a typical spheroid. Such neuronal bursting is 
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a common firing pattern of electrical activity observed in many 
electrophysiological experiments (9, 23) although previously con-
fined to 2D cell cultures and corresponding 2D MEAs. The 3D 
MMF provides the basis for related studies, but uniquely across the 
3D surfaces of spheroids and organoids, of direct relevance to spa-
tiotemporal monitoring of brain activity in the context of diagnosis 
of brain disease and rehabilitation using clinical electroencephalog-
raphy (EEG). Figure 2F shows a uniform potential waveform with 
an average duration of ∼0.5 ms and a peak-to-peak amplitude of 
∼15 V, characteristic of single-unit action potentials, similar to the 
waveform observed using reference 2D MEA (Cytoview MEA 6, 
Axion BioSystems; fig. S10).

Recordings of responses to pharmacological manipulation via 
applying sodium channel blocker tetrodotoxin (TTX) into the 
culture media illustrates capabilities in monitoring time dynam-
ic processes. The raster plot before and during TTX (Fig. 2G and 
fig. S11) shows abolished electrical burst firing during application, 
qualitatively consistent with expectation. Figure  2H summarizes 
quantified results of ongoing spiking activity before and during 
TTX, a significant decrease in the mean firing rate (P = 0.034). By 
comparison to these results, a cortical spheroid placed on a 2D 
MEA (Cytoview MEA 96, Axion BioSystems) produces signals on 
only three of the microelectrodes near the base (fig. S10, B and C) 
due to the strong curvature associated with the spherical shape. This 
geometrical mismatch prevents meaningful studies related to neu-
ral network architectures in these types of 3D systems. The 3D 
MMF platforms not only solve this challenge, but they also provide 
other important functional options as described in the following.

Although these and related hiPSC cortical spheroids create 
many opportunities for in vitro brain studies (21), even the most 

complex cerebral organoids (9) do not yet match the vast anatomic 
and functional complexity of the adult brain (24). Assembly of multi-
ple spheroids (i.e., assembloids) that represent different functional 
and anatomic domains of the brain is therefore an area of growing in-
terest in research on human brain development and diseases (25–27). 
Modeling the migration of neurons and growth of neurites from 
one region of the assembloid to another is possible, but measuring 
the functional connectivity represents a major challenge given the 
constraints inherent to 2D MEAs and related methods. The meth-
ods of assembly that form the 3D MMFs of Figs. 1 and 2 (A and B) 
apply equally well to geometries designed to accommodate multiple 
spheroids of different sizes and types in various spatial arrange-
ments. An example is a system with 34 microelectrodes designed to 
mount and support two separate hiPSC cortical spheroids in prox-
imity (17 microelectrodes per spheroid; Fig. 3A). This 3D MMF 
adopts a shape approximately defined by two overlapping 3D MMFs 
of the type described for a single spheroid (Fig. 1), but with a total 
of 10 wings, in two sets of five for each of the two spheroids, con-
nected at the center by a short, arc-shaped ribbon of PI. In this con-
figuration, the structure positions a pair of spheroids at a distance of 
550 m between their centers.

The continuously curved shapes and 3D configurations of the 
wings are similar to those of the previous example, with bending 
radii that vary gradually from a minimum of 148 m (concave) near 
the central bonding site to a minimum of 358 m (convex) at a 
height of 465 m (fig. S12A) as in Fig. 3B. The maximum height is 
1.097 mm, and the diameters are 7.33 and 6.81  mm along the 
major and minor axes (fig. S12B), respectively. The 34 microelec-
trodes on these 10 wings allow recording of high-quality field po-
tentials before and during the functional assembly of two cortical 

Fig. 2. 3D spatiotemporal mapping of spontaneous neural activity across the surface of a spheroid. (A) Optical image of a cortical spheroid enclosed in a 3D MMF 
designed for electrophysiological recording. (B) Confocal microscope image of the spheroid in a similar 3D mesostructure, formed in a transparent polymer (parylene-C) 
without microelectrodes or interconnections; neurofilament (red), GFAP (green), Nissl bodies (magenta), DAPI nuclear stain (blue), and autofluorescence from the 
parylene-C (blue). Dashed circles indicate the approximate positions of microelectrodes in a corresponding functional system. (C) 3D illustration of the positions of the 
microelectrodes across the surface of the spheroid. (D) 3D plot of time latency associated with traces in the blue box of (E). (E) Representative field potentials recorded 
from all 25 microelectrodes in the system (spheroid 1; table S2). (F) Overlaid plots of 30 spikes from channels 1, 2, and 4. Representative spike raster plots (spheroid 3; table 
S2) (G) for network activity of day 8 and suppressed behavior resulting from the application of TTX. (H) Weighted mean firing rate (the spike rate multiplied by the number 
of active electrodes) for representative of 2 min at each condition. n = 3 spheroids; *P < 0.05; two-tailed paired t test; means ± SEM. Photo credit: Yoonseok Park, North-
western University.
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spheroids. The confocal microscope image in Fig.  3C shows the 
resulting assembloid, along with the form-fitting 3D MMF (autoflu-
orescence arises from the parylene-C).

Detailed studies using this setup reveal interesting processes as-
sociated with growth, transection, and regrowth of the neurite 
bridge between these spheroids, as a model system of neural injury. 
Figure 3D illustrates the functional assembly between a pair of 
spheroids using the platform described in the previous paragraph, 
along with neural activities over 5 days after fusion (DaF; fig. S13) 
and raster plots for 60 s at DaF 1. These results reveal intermittent 
firing at all electrodes (Fig. 3E). At DaF 2, the data indicate enhanced 
activity from each electrode as well as time-synchronized bursting 
between the two spheroids (Fig. 3F). An experiment that involves 
electrophysiological recordings before and after transecting the 
neurite bridge that forms between these two spheroids illustrates 
processes of neural recovery for a period of days (Fig. 4). The neu-
ral activities across both spheroids are synchronous after the for-
mation of the bridge (Fig. 4A, DaF 9). Transection of the bridge on 
this day does not eliminate firing activity entirely, but the syn-
chrony declines immediately (Fig. 4B, DaF 9). On DaTr 2 (day after 

transection), the neurite bridge reestablishes, and synchronous 
firing resumes (Fig. 4C) with time frames similar to those associ-
ated with the initial formation of the bridge (2 days; fig. S14). 
Figure  4  (E  and  F) shows quantified results of ongoing spiking 
activity (synchrony index, mean firing rate) before and after tran-
section. While the mean firing rates return to baseline on DaTr 2, 
the electrophysiological pattern underlying this recovery is un-
expectedly heterogeneous. Figure 4G shows that the early reduction 
in mean firing rate on DaTr 0 is mainly driven by the large (>25%) 
decrease in spontaneous activity recorded in the subgroup of elec-
trodes (dot patterned) across the assembloid rather than a global 
depression within each spheroid. The recovery at 48 hours (DaTr 2) 
leads to an increased proportion of electrodes showing enhanced 
spontaneous activity compared to baseline (diagonal stripes, wide 
downward patterned) rather than a uniform recovery across each 
electrode. The transection model presented here reproduces neurite 
neural injury and recovery in a 3D human system and provides di-
rect electrical evidence of functional reintegration. Future studies 
using anatomic techniques such as neuron tracing may be incor-
porated into this model to define how different repair processes 
contribute to the recovery process (e.g., axon regeneration versus 
collateral sprouting).

In all of these and other cases, a heterogeneous collection of de-
vice components can be integrated into the 3D MMF for multifunc-
tional capabilities beyond electrophysiological mapping. Individual 
devices can provide useful, multifunctional forms of neuromodulation 
in precisely controlled locations across the 3D MMF, thereby providing 
a constant condition to interact with the spheroid during stimulation 
and measurement. The system in Fig. 1 (C to G) includes an optical 
device (blue -ILED, p = 470 nm), thermal actuator, electrochemical 
oxygen sensor, and low-impedance electrodes for both recording 
and electrical stimulation. These functions, especially those in neuro-
modulation (28), allow the use of the 3D MMF as a microlab for inves-
tigating various induced and natural behaviors of organoids.

Electrically evoked neural activity in spheroids, for example, can 
be important in assessing circuit formation and neuron intrinsic 
properties, as a possible correlate to clinical EEG diagnostic studies 
and therapeutic brain stimulation (29, 30). The plots in Fig. 5 (A to D) 
show field potentials on a neural spheroid evoked at a single elec-
trode (number 19) with an applied 5-s voltage pulses (Vapp) of 5 mV 
(Fig. 5B), 10 mV (Fig. 5C), and 50 mV (Fig. 5D). The amplitude of 
the field potential increases from 0.3 mV (Vapp = 5 mV) to 1.3 mV 
(Vapp = 50 mV), and the number of microelectrodes that respond to 
the electrical stimulation increases from adjacent 6 electrodes (total 
of 13 including backside) to all of 24 electrodes with a stimulation 
voltage (fig. S15) similar to previously reported in  vivo electrode 
systems EEG and fluorescence imaging (31). Microscale focal stim-
ulation (~250 m in diameter) is hard to achieve without conformal 
contact between electrode and tissue in vitro and in vivo. The find-
ing shows that focal neural modulation of the brain in vitro is pos-
sible through the 3D MMF, with high spatial resolution. Study 
opportunities include electrically modulated seizures or epilepsy 
suppression (32) using brain organoids.

Activating the blue -ILED exposes the neural spheroid (fig. 
S16) to localized illumination at a well-defined intensity, as shown 
in Fig. 5E (3D computational results). Optogenetic control of hiPSC 
cortical spheroids is achieved 7 to 10 days after transfection (33) 
with representative field potential traces (see Materials and Meth-
ods for detail; fig. S17 and note S3). The integrated electrochemical 

Fig. 3. Optical micrographs, FEA results, schematic illustrations, and electrical 
measurements associated with a complex 3D MMF designed for the assembly 
of two neural spheroids into a well-controlled assembloid. (A) Optical image of 
two neural spheroids in a 3D MMF designed to hold them in contact and to mea-
sure their neural activity and (B) corresponding FEA result (maximum principal 
strain along the gold wires embedded in PI). (C) Confocal microscope image of the 
two spheroids in a similar 3D MMF formed with a transparent polymer (parylene-C) 
and without 10 microelectrodes; neurofilament (red), GFAP (green), DAPI nuclear 
stain (blue), and autofluorescence from the parylene-C (blue). (D) Illustration of an 
assembly of functionally integrated neural spheroids. Raster plots at (E) DaF 1 
(asynchronous firing) and (F) DaF 2 after mounting the two spheroids (assembloid 
3; table S2) in this 3D MMF (synchronous firings are indicated using arrow). Photo 
credit: Yoonseok Park, Northwestern University.
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oxygen sensor can capture the concentration of oxygen in culture 
media adjacent to the spheroid, with levels of accuracy that com-
pare favorably to those of conventional commercial devices (fig. S18).

Another enablement is in the study of the effects of hyperther-
mia and associated depression of cortical activity (34), relevant to 
modeling various stressors from thermal and toxic to neurodegen-
erative disease (35, 36). Here, the thermal actuator (gold wire; thick-
ness of 200 nm; width of 3 m; resistance of 300 ohms) provides 
finely controlled levels of heat stress to temperatures up to 50°C and 
with possibilities for control of the set point temperature to a preci-
sion of a few tenth of a degree. A pair of conductive traces in serpen-
tine geometries serves as a thermal actuator and a temperature sensor, 
for closed-feedback loop control (fig. S19). The spatial distribution 
of temperature around and within the spheroid can be captured by 
3D computational modeling, as in Fig. 5F. The raster plot in Fig. 5G 
shows that a relatively brief exposure to elevated temperature (43°C; 
local temperature onto the surface of spheroid adjoining to thermal 
actuator, ∆T = 6°C; 5 min) reversibly suppresses network bursts 
measured simultaneously with the electrode array. Rapid recovery 
of activity, after 5 min, occurs following deactivation of the thermal 
actuator, as the temperature returns to its baseline value (37°C). 
The actuator provides a constant 43°C heat stress over approxi-
mately half of the spheroid (~39°C opposite half), leading to focal 

up-regulation of heat shock protein 70/72 (HSP70/72) only over 
this side (HSP70, indicated as green; Fig. 5H).

The 3D MMF systems introduced here offer features such as ge-
ometry, size, and component configuration that scale naturally, 
where FEA (16, 17) serves as a versatile design tool not only for the 
architectural parameters but also for the various modes of operation. 
The results create opportunities for assembly of various spheroids/
organoids from different domains of the central, autonomic, and 
peripheral nervous systems in different shapes and sizes, in com-
plex configurations and even as 2D arrays of 3D MMFs with differ-
ent layouts and functions. Figure 6A presents an example of a 3D 
MMF with a layout that accommodates three spheroids to form an 
assembloid with a triangular lattice geometry, approximately char-
acterized by a partial overlap of three 3D MMFs designed for single 
spheroids (Fig. 1), where each with four wings encloses roughly half 
of the surface area of each spheroid. The structure defines distances 
of 550 m between the centers of the spheroids, with 12 wings that 
create a mesoscale cage to enclose three 580-m spheroids with soft 
contact (bottom left in Fig. 6A and fig. S20A). The maximum height 
and the diameter are 1.049 and ~0.847 mm (fig. S21A), respectively, 
with designs that ensure that the material strains remain in the elas-
tic response regime during the 2D to 3D transformation (Fig. 6A). 
Extensions to assembloids that include larger collections of spheroids 

Fig. 4. Schematic illustrations, optical micrographs, and 3D measurements of neural activity associated with transection and neural recovery of a neurite 
bridge in an assembloid. Illustrations, optical images, and raster plots (A) before and (B) after transection of the neurite bridge that joins the spheroids of this assembloid 
on 0 DaTr and (C) recovery after transection on 2 DaTr. (D) Confocal microscope image of the neurite bridge that formed between the spheroids of an assembloid stained 
with neurofilament (violet) and DAPI nuclear stain (blue). (E) Quantification of the synchrony index over 2 days and (F) weighted mean firing rate before, after transection, 
and recovery (recording time n1 = 10, n2 = 4, and n3 = 20 min). n = 3 spheroids; *P < 0.05; one-way repeated-measures analysis of variance (ANOVA) followed by Tukey 
test; means ± SEM. (G) Up- and down-regulated mean firing rate after transection on DaTr 0, 1, and 2.
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in planar geometries are straightforward, and 3D configurations may 
also be possible.

As another option, the 2D precursor structures can be formed in 
separated multilayers such that the mechanical 3D assembly pro-
cess yields not only a curved framework to support a spheroid from 
the bottom but also a matching top capping structure that supports 
additional microelectrodes, for full coverage across the entire 4 solid 
angle, as in Fig. 6B. Here, 3D transformation of the top and bottom 
3D structures creates a “full spherical cage” with an approximate 
diameter of 580 m (Fig. 6B). The maximum height and diameter 
are 0.580 and 1.565 mm (fig. S20B), respectively, with other geo-
metrical details in figs. S3 and S21A. An additional example of de-
sign versatility is in 3D MMF structures with deformable, serpentine 
structural elements (Fig. 6C) to allow for mechanical deformations 
that can follow natural variability in the sizes of the organoids 
during neural development and growth. As an example, a radially 
symmetric collection of six wings combined with serpentine elements 
yields a 3D stretchable cage at the center, with an outer diameter 
of ~650 m at the widest point for a spheroid with a diameter of 
575 m (fig. S20C). The deformable space can expand easily and 
reversibly to an outer diameter of ~700 m (with PI thickness of 
3 m), suitable for a spheroid with a diameter of 650 m (Fig. 6C).

As mentioned previously, the most advanced 2D lithographic 
techniques, thin film growth and etching methods, and other forms 
of processing from the semiconductor industry can be leveraged 
for the functional elements. For instance, photolithographic pattern-
ing can provide high-density arrays of microelectrodes with sizes 
comparable to individual neurons (nine electrodes in 60 m by 60 
m; electrode size of 10 m; distance between electrodes of 30 m; 
fig. S22), for enhanced spatial resolution relative to previously de-
scribed examples. The parallel nature of these processes and the 3D 
assembly techniques allow immediate access to large arrays of 3D 
MMFs, of interest for high-throughput screening and/or statistical 
studies on various types of organoids. Examples in Fig. 6 show 3D 
MMFs with different characteristic dimensions (from left, spherical 
“cages” for spheroids with diameters of 600, 720, and 900 m; Fig. 6D) 
and in a 4 × 4 array (16 3D MMFs for spheroids with diameters of 
600 m; Fig. 6E and fig. S23).

The work reported here establishes a versatile 3D neural inter-
face with unique capabilities in fundamental studies of spheroids, 
organoids, and assembloids. Such culture systems have already con-
tributed much to our understanding of neurodevelopmental disor-
ders, such as microcephaly (37–39) and neurodegenerative disorders 
such as Parkinson’s (40) and Alzheimer’s disease (41). Most neuro-
logical disorders arise, however, from abnormal function in brains 
with grossly normal structures. Organoids and assembloids have 
the potential to reproduce these functional abnormalities (25, 42, 43), 
and the 3D neurotechnology platform introduced here will harness 
that potential with greater detail and efficiency than can be realized 
using conventional methodologies. Integrated light sources can evoke 
activity in a single, genetically modified cell type in a coculture of 
many types. Heating elements can create spatially heterogeneous 
patterns of thermal stress that can be superimposed on the spatially 
heterogeneous cellular and regional identity of a culture. Arrays of 
microelectrodes across the 3D culture can evoke and/or quantify 
electrophysiological network phenotypes across all these scenarios. 
Additional opportunities will follow from 3D integration of micro-
electromechanical systems for force actuation and measurement, 
microfluidic networks for delivery of pharmaceutical agents and 

Fig. 5. Results of multimodal stimulation and recordings from cortical spher-
oids using 3D MMFs. (A) 3D map of 12 microelectrodes surrounding a stimulation 
electrode (number 19). 3D plot of the amplitude of field potentials on the neural 
spheroid evoked by biasing this electrode to potentials of (B) 5 mV, (C) 10 mV, and 
(D) 50 mV. (E) Computed 3D spatial distribution of light intensity across the culture 
media and surface of a neural spheroid induced by illumination from a -ILED inte-
grated into the 3D MMF. (F) Computed 3D spatial distribution of temperature across 
the culture media and surface of a neural spheroid induced by a thermal actuator 
integrated into the 3D MMF. (G) Raster plot of spiking activity associated with base-
line behavior (before heating), 5 min exposure to thermal stress at 43°C (∆T = 6°C), 
and after return to baseline. (H) Confocal microscope image of focal heat shock 
response on the spheroid associated with heating for 1 hour by a thermal actuator 
(43°C). The pattern of HSP70 staining corresponds to a region where heat shock 
applied; neurofilament (red), HSP70 (green), and DAPI nuclear stain (blue).
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sampling of adjacent fluids, biochemical sensors for monitoring the 
transport of biomarkers to and from tissue surfaces, scaffolds for 
improving nutrient perfusion to maintain deep cells, and penetrating, 
multifunctional probes for interfacing to targeted depths beneath these 
surfaces where fundamental neural dynamics occur. The breadth of 
options suggests great promise for the use of these 3D MMFs in 
wide-ranging programs of research in modern neuroscience.

MATERIALS AND METHODS
Fabrication of the 3D MMF
Preparation of 2D precursors began with spin coating (3000 rpm 
for 30 s) and curing (180°C for 2 min) a thin layer of poly(methyl-
methacrylate) (PMMA) on a clean glass slide, followed by spin coat-
ing and fully curing (260°C for 1 hour) a layer of PI (4 m; PI-2545, 
HD MicroSystems). Electron beam evaporation formed thin films 
of chrome (Cr, 10 nm) and gold (Au, 200 nm) on the PI. Photoli-
thography and wet etching yielded patterns of interconnections and 
microelectrodes. Spin coating and curing another layer of PI (4 m) 
created an insulating film on these conductive features. A thin layer 
of copper (Cu, 50 nm) deposited on the PI by sputtering and pat-
terned by photolithography and wet etching served as a hard mask 
for oxygen plasma etching (220 mT, 200 W, 50 min) of the exposed 
regions of the PI. Immersion in acetone overnight dissolved the un-
derlying PMMA, thereby allowing the structures to be retrieved 
from the glass slide. Transferring this 2D precursor onto the surface 
of a water-soluble polyvinyl alcohol (PVA) tape allowed for deposi-
tion of Ti/SiO2 (10 nm/50 nm in thickness) via electron beam evap-
oration through a shadow mask onto the back side to define bonding 
sites. Exposing the 2D precursors and the surface of an elastomer 

substrate (≈1.5-mm sheet of PDMS) to ultraviolet (UV)–induced 
ozone generated surface hydroxyl groups to facilitate covalent link-
ages at the positions of the bonding sites. Prestretching the elasto-
mer to an equal biaxial strain of 30%, laminating the 2D precursors/
PVA tape on top, and heating to 70°C for 10 min led to strong 
bonding, dissolving the PVA frameworks via processes of mechan-
ical buckling. A polystyrene petri dish (Thermo Fisher Scientific, 
MA, USA; 35 mm in diameter, 10 mm in height) with an opening 
(2 mm in diameter) in the bottom was mounted on the PDMS sub-
strate using silicone adhesive (Kwik-Sil, World Precision Instruments 
Inc., FL, USA). Illustrations in fig. S1 show each step in detail.

Electrochemical deposition of Pt black and measurements 
of impedance
Platinum black was deposited by chronoamperometry (−0.1 V for 
20 s) using a three-electrode system (Autolab PGSTAT128N, 
Metrohm AG, Switzerland) with a Pt wire for the counter electrode 
and Ag/AgCl for the reference electrode, in a mixture of 3 weight % 
(wt %) chloroplatinic acid (PtCl6H2; Sigma-Aldrich, MO, USA) and 
0.1 wt % lead acetate [Pb(C2H3O2)2; Sigma-Aldrich, MO, USA]. 
Measurements of the impedance at frequencies between 1 Hz and 
10 kHz in a solution of phosphate-buffered saline (PBS; pH 7.4) 
relied on a commercial analyzer (Autolab PGSTAT128N). A sche-
matic illustration of the setup is in fig. S6E.

Integration of the -ILED
Applying small amounts of silver epoxy (8331 Silver Adhesive; MG 
Chemicals, BC, Canada) on the anode and cathode regions of the 
-ILED (p = 470 nm; 220 m by 270 m; thickness of 50 m; 
C470TR2227, Cree, NC, USA) prepared the devices for integration 

Fig. 6. 3D MMFs with advanced features, as isolated units and arrays. (A) FEA results and optical micrographs of a 3D MMF designed to create assembloids of three 
spheroids in a triangular lattice geometry. (B) 3D MMF with full coverage across an entire 4 solid angle. (C) 3D MMF with serpentine wires designed to stretch and deform 
to accommodate volumetric growth of an inserted spheroid. Arrays of these and other 3D MMFs are of interest for high throughput screening and/or size selection, (D) with 
the same or different characteristic dimensions, (E) with ability to for simultaneous monitoring of up to 16 spheroids. Photo credit: Yoonseok Park, Northwestern University.
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onto corresponding electrode pads on the 2D precursor by transfer 
printing. Spin coating and curing (250°C for 2 hours) yielded a con-
formal dielectric layer of PI over the -ILED for encapsulation. Op-
tical measurements of the light output were performed with a digital 
power meter (PM100D, power meter and S120VC, photodiode sensor, 
Thorlabs, NJ, USA). Illustrations in fig. S16 show each step in detail.

Fabrication of the electrochemical sensor
The electrochemical sensor incorporated three electrodes: working, 
counter, and reference. Electroplating porous Pt on a gold electrode 
(250 m by 300 m) formed the working electrode. Laminating Ag/
AgCl paste on a different gold electrode (250 m by 300 m) formed 
the reference electrode. A bare gold electrode served as the counter 
electrode. Illustrations in fig. S18 show each step in detail.

Formation of hiPSC-derived 3D cortical neuron/astrocyte 
cocultures
Preplated 3D human cortical neural spheroidal cocultures were 
provided by StemoniX Inc., in the form of the StemoniX microBrain 
3D Assay Ready product (StemoniX, MN, USA). Each well of the 
plate contained a single, free-floating hiPSC-derived cortical 3D neural 
cell culture generated from neural progenitor cells obtained from a 
single human donor source. StemoniX shipped the microBrain 3D 
Assay Ready plates overnight under ambient conditions. Upon re-
ceipt, plates were processed according to the detailed instructions 
provided. Briefly, after unpacking, the plates were centrifuged for 
2 min at 200g (Sorvall centrifuge) and then inspected using a light 
microscope to ensure the presence of a single spheroid in each well. 
Plate exteriors were decontaminated with 70% ethanol. After un-
sealing, the medium was changed (1/2 volume, three times) using 
the BrainPhys Neuronal Medium SM1 Kit (STEMCELL Tech-
nologies, no. 05792, BC, Canada) supplemented with recombinant 
human brain-derived neurotrophic factor (20 ng/ml; STEMCELL 
Technologies, no. 78005, BC, Canada), glial cell line–derived neu-
rotrophic factor (20 ng/ml; STEMCELL Technologies, no. 78058, 
BC, Canada), and 1× penicillin-streptomycin (GE Healthcare Life 
Sciences, PA, USA) or the NeuralX Cortical Neuron media kit that 
follows a recipe published by Bardy et al. (44) (StemoniX, NXCNM-
AA-0250, MN, USA). Spheroids were maintained at 37°C and 5% 
CO2 until used in experiments. Half media changes were performed 
Monday, Wednesday, and Friday using one of the two media de-
scribed above, which are interchangeable according to the manu-
facturer’s instructions.

Insertion of cortical spheroids into the 3D MMF
The petri dish with 3D MMF was sterilized by UV light illumina-
tion for 30 min and subsequent soaking in 70% ethanol solution 
and three washes with PBS (1×; Thermo Fisher Scientific, MA, USA; 
catalog no. 10010023) for 15 and 5 min, respectively. Opening of the 
3D MMF began with dropping the media (two to three drops) 
around the 3D MMF in a petri dish, gently pressing the bottom of 
the PDMS substrate (2 to 3 mm vertically). Collecting spheroids 
from each well of the plate was performed by firmly pipetting (with 
a wide-bore P200 tip) the medium in the well and transferring it 
onto 2D semitransformed MMF. After placing the cortical spheroid 
onto the 3D MMF, releasing the PDMS substrate transformed 
the 2D MMF into 3D MMF and enclosed the spheroid. The petri 
dish was filled with media and maintained at 37°C and 5% CO2. 
The enclosed spheroids were stained for neurofilament heavy chain 

(NF, Abcam, Cambridge, UK, ab72996), glial fibrillary acidic pro-
tein (GFAP; DSHB, Hybridoma product 8-1E7, IA, USA), Nissl 
bodies (Invitrogen, N21482, CA, USA,), and 4′,6-diamidino-2-
phenylindole (DAPI; Invitrogen, D1306, CA, USA) and imaged 
with confocal microscopy.

Acquisition of electrophysiological data
A commercial system (Maestro Pro, Axion Biosystems, GA, USA) 
and its companion software (Axion Biosystems Integrated Studio, 
AxIS) served as the basis for collection and, in some cases, analysis 
of electrophysiological data. The system recorded from all electrodes 
simultaneously with a sampling rate of 12.5 kHz and real-time dis-
play capabilities. Data collection used the neural spike setting, with 
a gain of 1000× and a bandpass filter between 200 Hz and 4 kHz. 
The AxIS software labels spikes as signals with amplitudes above a 
threshold of 6 SDs from the average noise level; bursts as a mini-
mum of five spikes with a maximum interspike interval of 100 ms; 
network bursts as a minimum of 50 spikes from at least 35% of the 
electrodes with a maximum interspike interval of 100 ms; and the 
synchrony index by first taking the cross-correlation between all 
the pairs of spiking electrodes over a 20-ms window, removing the 
autocorrelations, and then running it through a kernel to get a single 
metric, where 1 is perfect synchrony and 0 is no synchrony.

Preparation of spheroids for optogenetic studies
We generated high-titer lentiviruses [109 to 1010 transduction units 
(TU)/ml] to express a blue light–activated channelrhodopsin actua-
tor known as CheRiff-EGFP (Addgene #51693), under the control 
of the CamKII promoter (45). We transfected individual spheroids 
in a 96-multiwell plate with 0.5 l 7 to 10 days before each recording. 
The spheroid is transferred into a multifunctional 3D MEA with 
integrated blue -ILED lights for optical stimulation experiments.

Schemes for HSP assay
Focal heating involved delivery of 52 mW of electrical power across 
the thermal actuator for 1 hour. After 1 hours of focal heat stress, 
the spheroids were removed from the device and allowed to recover 
for 24 hours before being fixed with 4% paraformaldehyde for 
15 min and then stored in PBS until immunostaining. The fixed 
spheroids were stained for HSP70/72 (HSP, Enzo, ADI-SPA-812), 
neurofilament heavy chain (NF, Abcam, ab72996), and DAPI (Invi-
trogen, D1306) and imaged with confocal microscopy (46, 47).

Procedures for FEA
Analysis and prediction of the nonlinear mechanical behavior of 3D 
structures under compressive forces induced by the prestretched 
elastomer substrates used 3D FEA with the commercial software 
package Abaqus. Eight-node solid elements and four-node shell el-
ements were chosen for the substrates and the 2D/3D structures, 
respectively. Convergence tests of the mesh size were conducted to 
ensure computational accuracy. Linear buckling analysis for the 2D 
precursor structures under compression was performed to deter-
mine the critical buckling strain and corresponding buckling mode, 
which were then considered as initial geometric imperfections in 
post-buckling simulations. Deformed shapes and strain distribu-
tions at different prestrains for the 3D structures together with the 
substrate were thus obtained. PI and parylene-C were simulated as 
linear elastic materials with elastic modulus and Poisson’s ratio of 
EPI = 2.5 GPa, PI = 0.34 and Eparylene = 2.76 GPa, parylene = 0.4, 
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respectively. Gold (Au) was simulated using an idealized elastoplas-
tic model (without hardening; yield strain chosen as 0.3%). The 
elastic modulus and Poisson’s ratio are EAu = 78 GPa and Au = 0.44. 
The cortical spheroid was modeled as an incompressible solid 
material with an elastic modulus of ~1 kPa (48, 49). The substrate 
material (PDMS, 20:1) was modeled as an incompressible Mooney-
Rivlin solid, with an elastic modulus of Esubstrate = 0.7 MPa (50).

Optical simulations by Monte Carlo methods
Light propagation in aqueous environment and organoid stimula-
tion was phenomenologically modeled using the Monte Carlo sim-
ulation technique (51). The optical stimulation involved a blue 
(470-nm center emission wavelength) -ILED illuminating the 
surrounding medium with an optical power of 6.1 mW and 120° 
full divergence angle. The numerical volume was divided in 
500 × 500 × 500 bins each of 0.01 mm3 volume. A total of 3.1 × 
106 photons was launched into the numerical volume from a 
0.22 mm × 0.27 mm square area corresponding to the active emission 
area of the -ILED. The absorption of water at the wavelength of 
interest is a = 0.0001 cm−1 (52). The scattering and anisotropy fac-
tor were set at s = 1 cm−1 and g = 0.9, respectively. The numerical 
results describing the photon fluence were exported to Paraview 
5.7.0 to render the illumination profile observed as irradiance 
iso-contours of 1, 2, 5, and 10 mW/mm2; see Fig. 5E (53). Further-
more, the irradiance along the direct line of sight between the 
-ILED and the centroid of the organoid (see fig. S16F) was ex-
tracted, showing the irradiance decay (fig. S16E).

Simulations of thermal physics by FEA
The 3D heat transfer physics simulations used the commercial soft-
ware COMSOL Multiphysics to simulate both the solid materials 
(i.e., heater, PDMS substrate, and spheroid) and the surrounding 
fluids (culture solution). The geometries with detailed parameters 
are shown in Fig. 5F. Free tetrahedral mesh generated by default 
physics-controlled method with predefined finer element size was 
used, and quadratic Lagrange discretization method of temperature 
ensured sufficient accuracy. The environmental temperature at the 
outer boundary was set to be 35°C, and the heat source was set with 
a fixed heat rate of 38 mW.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/12/eabf9153/DC1
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