10P Publishing

W) Check for updates

OPEN ACCESS

RECEIVED
26 September 2025

ACCEPTED FOR PUBLICATION
22 January 2026

PUBLISHED
5 February 2026

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Biofabrication 18 (2026) 015033 https://doi.org/10.1088/1758-5090/ae3c42

Biofabrication

PAPER

Scaffold-free assembly of cortical-hippocampal circuit from
modular neurospheroids: a high-throughput platform to
investigate network development and dynamics

Ilaria Donati della Lunga' @, Francesca Callegari' @, Fabio Poggio'(®, Letizia Cerutti"*(®), Mattia Pesce’,

Giovanni Lo Bello', Alessandro Simi’(®), Mariateresa Tedesco', Paolo Massobrio"*
and Martina Brofiga">*

Department of Informatics, Bioengineering, Robotics, Systems Engineering (DIBRIS), University of Genova, Genova, Italy
Neurofacility, Istituto Italiano di Tecnologia (IIT), Genova, Italy

Central RNA Laboratory, Istituto Italiano di Tecnologia (IIT), Genova, Italy

National Institute for Nuclear Physics (INEN), Genova, Italy

ScreenNeuroPharm, Sanremo Italy

1
2
3
4
5
* Author to whom any correspondence should be addressed.

E-mail: martina.brofiga@unige.it

Keywords: neurospheroids, assembloid-like structures, cortex, hippocampus, calcium imaging, brain rhythms, micro-electrode arrays

Supplementary material for this article is available online

Abstract

Three-dimensional in vitro models are critical for recapitulating key aspects of neural network
development and interregional interactions. We present a scaffold-free modular system based on
primary cortical and hippocampal neurospheroids (NSs), which are subsequently coupled to self-
assemble into reproducible assembloid-like structures (ASs). Through a multimodal approach,
we characterized their morphological, mechanical, metabolic, and functional properties. NSs dis-
played progressive growth, viability surpassing 2D cultures, and stiffness approaching physiolo-
gical brain ranges. Immunostaining verified proper neuronal and astrocytic ratios and confirmed
a physiologically relevant GABAergic component. Upon coupling, ASs exhibited robust structural
integration while maintaining functional modularity. Calcium imaging enabled the investigation
of synchronization patterns at modules’ interface, while electrophysiology revealed maturation-
dependent and configuration-specific emergence of rhythms, a type of activity typically found

in vivo. Functional excitation—inhibition balance remained constant throughout development
and was pharmacologically modulated successfully. Our platform balances biological relevance
and experimental tractability, offering a versatile tool for investigating neural circuit develop-
ment, network dynamics, and region-specific perturbations in a reproducible and scalable in vitro
environment.

1. Introduction

In vitro neuronal models have long been a corner-
stone of biomedical research, providing insights into
neuronal dynamics, disease mechanisms, and drug
screening [1]. Traditionally, these models have been
two-dimensional (2D), with cells cultivated on flat
substrates. Although 2D systems are widely used, they
fall short in replicating the dynamic microenviron-
ment of native tissues that depends on their complex
three-dimensional (3D) architecture [1-3]. This lim-
itation is relevant specifically in the study of the brain,
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as neurons in 2D often form abnormal connections
and exhibit altered behaviours that do not accurately
reflect the coordinated and structured activity of the
brain [4].

To better mimic the physiological conditions of
neural tissues, researchers have adopted 3D in vitro
models. One of the most significant advances in
this area is neurospheroids (NSs), spherical aggreg-
ates of neuronal cells that self-organize into struc-
tures resembling regions of the brain at early develop-
ment stages [5-8]. By promoting more natural cell-
cell interactions, these 3D assemblies are valuable


https://doi.org/10.1088/1758-5090/ae3c42
https://crossmark.crossref.org/dialog/?doi=10.1088/1758-5090/ae3c42&domain=pdf&date_stamp=2026-2-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0002-1621-8306
https://orcid.org/0000-0002-8381-7360
https://orcid.org/0000-0002-7354-5314
https://orcid.org/0009-0008-7088-3597
https://orcid.org/0000-0002-0427-8523
https://orcid.org/0000-0001-8335-3407
https://orcid.org/0000-0003-2993-0597
mailto:martina.brofiga@unige.it
https://doi.org/10.1088/1758-5090/ae3c42

10P Publishing

Biofabrication 18 (2026) 015033

tools for investigating complex patterns of electro-
physiological activity and their computational prop-
erties and provide a robust platform for studying key
neural processes such as neurogenesis [9], synaptic
formation [10], and region-specific signalling [5].

A more elaborate approach is represented by
organoids, which are stem cell-derived 3D constructs
that undergo partial self-patterning and recapitu-
late several features of embryonic brain develop-
ment, including neuroepithelial organization, pro-
genitor zonation, and region-specific differentiation
[11]. Building upon these models, assembloids—
composite systems resulting from the coupling of
organoids—have emerged as groundbreaking plat-
forms that combine multiple brain regions to cap-
ture the functional and structural complexity of
the brain [12-14]. Assembloids enable the study
of interregional communication and dynamic pro-
cesses such as synaptic connectivity, neural migra-
tion, and signal transmission in a physiological-like
in vitro environment [15]. While assembloids derived
from human pluripotent stem cells provide powerful
tools for patient-specific modelling, precision medi-
cine applications, and exploring the genetic basis
of neurodevelopmental disorders, they also present
non-negligible technical and biological challenges.
These include batch-to-batch variability, long and
expensive differentiation protocols, and often result
in heterogeneous tissue composition and size, which
limit their reproducibility and scalability [16-18].
Moreover, they typically require embedding in extra-
cellular matrices such as Matrigel, which can influ-
ence morphogenesis and complicate downstream
structural or functional analysis [19]. These factors
make organoid-based assembloids less suitable for
applications that demand high throughput, precise
timing, or fine control over experimental conditions.

These constraints have led to growing interest in
intermediate models that bridge the gap between tra-
ditional 2D systems and complex organoid systems.

In this context, we introduced a modular and
scaffold-free NS-based model that provides a good
compromise between biological relevance and
experimental tractability. It allows the generation
of assembloid-like structures (ASs) composed of
primary heterogeneous (i.e. region-specific) spher-
oids, offering a controlled environment to investigate
interregional interactions, circuit maturation, and
emergent network dynamics, while supporting repro-
ducibility, reduced variability, and compatibility with
multi-modal analysis.

In particular, we investigated the structural
and functional properties of NSs as fundamental
building blocks for 3D brain-inspired structures,
with a specific focus on studying the cortical-
hippocampal interactions. Our setup supported a
comprehensive, multi-modal investigation of the cir-
cuit, integrating morphological analysis, metabolic
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and mechanical characterization, calcium imaging,
and electrophysiological recordings with Micro-
Electrode Arrays (MEAs). Our findings reveal that
these models exhibit an overall cellular composition
that mostly reflects that of the brain, while guarantee-
ing effective cell growth and viability. Additionally,
the stiffness of NSs falls within the physiological range
of brain tissue, driving the formation and matura-
tion of functional networks and ensuring appropriate
cellular signalling and tissue integrity. With mor-
phologic analyses, we identified the optimal coupling
conditions necessary to achieve robust inter-module
interactions. Furthermore, we observed that the 3D
configuration of NSs and ASs influenced matura-
tion dynamics, leading to the emergence of distinct
activity profiles and synchronization patterns over
time. Through calcium imaging and MEA record-
ings, we proved that neuronal functional interactions
evolved as cultures matured and resulted in different
brain rhythms whose expression changed throughout
development. This suggests that our model effect-
ively captures critical aspects of neurodevelopmental
processes, with networks self-organizing differently
depending on the source tissue of the NSs and their
degree of maturation. Overall, our results emphasize
the potential of our 3D model to recapitulate some
features of neuronal network organization found
in vivo, providing a valuable platform for investig-
ating fundamental neurobiological mechanisms and
modelling diseases.

2. Materials and methods

2.1. Cell culture preparation

Primary cortical and hippocampal tissues were isol-
ated from rat embryos at gestational day 18 (E18)
under sterile conditions. All procedures were car-
ried out to reduce the number of animals and
to minimize their suffering. The experimental pro-
tocol was approved by the European Animal Care
Legislation (2010/63/EU), by the Italian Ministry of
Health in accordance with the D.L. 116/1992 and
by the guidelines of the University of Genova (Prot-
75F11.N.6]J1, 08/08/18).

Tissue was dissociated enzymatically with a solu-
tion of Hank’s Balanced Salt Solution (HBSS) without
calcium and magnesium, 0.125% Trypsin, and
0.02 mg ml ~! DNase. To guarantee the enzymatic
process, the tissue was left in a water bath at 37 °C for
18 min. The process was quenched by replacing the
solution with medium (1% Penicillin-Streptomycin,
1% stable L-Glutamine, 2% B-27 supplement, and
96% Neurobasal medium) supplemented with 10%
fetal bovine serum. Eventually, mechanical disso-
ciation was carried out with fire-polished Pasteur
pipettes. About 8000 cells were added per well in
ultra-low attachment 96-uwells. The low adhesion
properties and the shape of the wells induced the
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creation of a single NS per well. Spheroids were
maintained in incubator at 37 °C in a 5% CO,,
95% humidity atmosphere for 3 weeks by replacing
half of the medium every two days. From DIV 6,
we switched to BrainPhys neuronal medium sup-
plemented with 2% SM1 supplement, 1% PenStrep,
and 1% GlutaMAX [20]. ASs were formed by placing
two NSs into the same well of an ultra-low attach-
ment 96-uwells at DIV 9 (unless otherwise specified).
This was selected as the optimal coupling day that
guarantees the establishment of mutual interaction
while maintaining the individual properties of the
NSs (figures 3 and S2). Three types of ASs were gen-
erated: homogenous cortical—cortical (CC), homo-
genous hippocampal-hippocampal (HH), and het-
erogeneous cortical-hippocampal (CH).

2.2. Morphology

The morphological characterization of NSs and ASs
was carried out throughout their entire development,
from DIV 1 to DIV 14 for NSs and from the day of
coupling (DIV 7—DIV 12) to DIV 15 for ASs. Images
were acquired using differential interference con-
trast microscopy with an Olympus IX51 microscope
mounting an Olympus SC50 camera with Olympus
U-TV0.5XC-3 and analysed using ImageJ [21] and
MATLAB (Mathworks, Natik, US).

NSs: The development of NSs was assessed based
on two parameters: (i) the perimeter and (ii) the area
of the spheroid. The increase rate was quantified using
double exponential fitting (equation (1)):

Growthys = Ael” + Ce? (D

where the reciprocal of the smaller of the two expo-
nents b or d defines the growth rate (7ns), and A and
C are the coefficients of the fitting equation.

ASs: To determine the optimal day for the ASs
formation, we investigated the ratio between the
physical contact length between the two NSs to the
perimeter of the entire ASs (contactlength/dm).
We identified 15% as the ideal value since it rep-
resents the midpoint between no contact (and
maximum interaction, which occurs when the
contact length equals the diameter d of the NSs
(contact length = d : ~ 30%).

2.3. MTT assay and cell viability

The cell viability was evaluated by performing the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay every three days from DIV 3
to DIV 21. MTT was added to each well at the final
concentration of 0.5 mg ml~! and was removed after
4 h of incubation. The formazan crystals were sol-
ubilized using 0.04 M of HCI in isopropanol. The
viability of the assemblies was estimated by meas-
uring the absorbance at 570 nm using a microplate
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reader Agilent technologies Cary 60 UV—-Vis spectro-
photometer. The analysis of cell viability in 2D cul-
tures was also performed. In this case, the same num-
ber of cells used in NSs were plated onto flat 96-well
plate precoated with poly-L-ornithine (100 gg ml~!).
To quantify cell viability in NSs at each timepoint,
their absorbance values were normalized to the mean
absorbance of the 2D sister cultures (equation (2)):

ABS(N
cell viability, = AB;?((ZS’”)) 100 (2)

where ABS(NS,) is the absorbance of #n™ NS and
ABS(2D,,) is the mean absorbance of 2D samples at
each DIV.

2.4. Cell counting protocol

The number of cells within each NS was assessed
daily from DIV 0 to DIV 6, and subsequently every
three days until DIV 21. NSs were rinsed with HBSS
without calcium and magnesium. Then, TrypLE™
Express reagent was added and incubated at 37 °C for
15 min. To block the dissociation, an equal volume of
fresh medium was added. The enzymatic dissociation
was followed by a mechanical one with 20 ul pipette
tips. The dissociated cells were counted using a hemo-
cytometer and a dilution of cells suspension in 0.04%
Trypan Blue in a 1:2 v/v ratio.

2.5. Mechanical characterization

Mechanical properties of the NSs were tested every
3 days from DIV 3 to DIV 21, with a JPK NanoWizard
4 atomic force microscope (AFM) connected to
a ZEISS Axio Zoom.V16 microscope. NSs were
immobilized on a 35 mm petri dish with the
MEA-plating protocol. A spherical-tipped cantilever
(40 pm diameter, k ~ 0.27 N m~!) was used to
extract information about sample elasticity and mor-
phology. The cantilever sensitivity was computed by
performing force curves on glass. For each sample,
a 20 x 20 pm? area was selected, and 8 x 8
measurement points were evenly placed in the area,
performing 64 indentation curves per area. Force-
displacement curves were acquired with an approach
speed of 5 yum s ! and maximal target force of 27 nN,
resulting in an indentation depth range of 3-11 pm.
The elastic modulus was computed using a modified
Hertz mode [8, 22] (equation (3)):

_ 4 \/EEelastic

30— )

F(5)

where ¢ is the indentation depth (defined by subtract-
ing the cantilever deflection from the z-displacement
of the piezoelectric actuator), F the force exerted on
the sample, R the effective radius of the cantilever tip,
and v the Poisson’s ratio assumed to be 0.5 for incom-
pressible materials.
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2.6. Cryosectioning and immunostaining

Every 3 days from DIV 6 to DIV 21, NSs were fixed
in 4% paraformaldehyde (PFA) at 4 °C overnight
and then washed three times with phosphate buf-
fer solution (PBS) for 1 h each. They were subjec-
ted to a gradient of 15% and 45% w v~! sucrose
in PBS for 12 h each. NSs were embedded in OCT
Compound and stored at —80 °C. 30 pm thick
slices were cut using a Leica CM3050 S Cryostat and
placed on SuperFrost Plus slides. To restore epitope-
antibody reactivity, an antigen retrieval protocol was
performed: slices were washed three times with PBS
for 10 min each and immersed in Citrate Buffer
(10 mM sodium citrate, 0.05% Tween20, pH 6.0) at
95 °C for 10 min. Then, cells were permeabilized and
non-specific binding was blocked with a 5% Normal
Goat Serum and 0.5% Triton-X100 in PBS solution
(PBBS) for 1 h. Samples were incubated overnight
at 4 °C in a humidified chamber with anti-GABA
(1:500), anti-GFAP (1:500), NeuN (1:500), or MAP2
(1:500) diluted in PBBS. The next day, slices were
rinsed twice with a PBS and 0.1% Tween20 solution
for 10 min each, followed by a 1 h incubation at room
temperature with secondary antibodies (AlexaFluor
488 and AlexaFluor 546) diluted in PBBS (1:700 and
1:1000 respectively). Eventually, after two 10 min PBS
washes, samples were exposed to a DAPI solution
(1:10 000 in PBS) for 10 min, rinsed twice with PBS,
and mounted with Mowiol.

To quantify cell composition within NSs, images
were acquired using an Axio Observer 7 microscope
mounting an Axiocam 503 mono coupled with a
LD Plan-Neofluar 40x/0.6 Corr M27 objective. Five
30 pm-thick slices obtained from distinct spher-
oids were analysed for each considered configura-
tion. Image analysis was performed using Image]
and MATLAB for quantitative assessments. DAPI+,
NeuN+, GABA+, and GFAP+ cells were manually
identified and counted using the Cell Counter Fiji
plugin [23]. Neuronal and astrocytic components
were expressed as a percentage of the total DAPI-
positive nuclei within each image. The number of
GABA-positive cells was normalized over the total
NeuN-positive population.

2.7. Neuronal cells transfection protocol

To evaluate the structural connections between the
NSs, cortical and hippocampal cells were transfec-
ted with Amaxa™ 4D-Nucleofector™. Briefly, 1 ml
of neuronal cell suspension at the concentration of
about 4000 cells ul~! was centrifuged at 80 x g at
room temperature for 10 min. The supernatant was
removed, and neurons were resuspended in 100 pl of
room-temperature nucleofection/supplement mix-
ture (82 ul of Nucleofector Solution, 18 ul of sup-
plement, and 2 pg plasmid DNA) by gently pipet-
ting the solution up and down. Then, 100 ul of cell
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suspension was pipetted into a dedicated nucleofec-
tion cuvette and the specific O-0003 program was
applied. Cortical neurons were transfected to express
green fluorescent protein, while hippocampal neur-
ons were transfected to express red fluorescent pro-
tein. The transfected cells were maintained at room
temperature for 10 min before cell plating following
the procedures indicated above.

2.8. Calcium imaging

Calcium activity of homogeneous and heterogen-
eous ASs was recorded and analysed at DIV 15, 18,
21. ASs were incubated for 20 min in pH-stable (at
7.4) recording medium with 4.6 uM cell-permeant
calcium sensitive dye Fluo-4-AM, 10 mM HEPES,
5.5 mM D-Glucose, 145 mM NaCl, 5 mM KCI,
2 mM CaCl,, and 1 mM MgSO,4. Then, ASs were
rinsed and placed in a chamber with fresh Fluo-4-
free recording medium. The chamber was mounted
on Leica TCS SP5 AOBS Tandem DM6000 upright
microscope coupled with Leica HCX IRAPO L 25x,
0.95 NA, water objective. Neuronal activity was mon-
itored with high-speed fluorescence imaging using
Hamamatsu Orca camera. Calcium imaging was per-
formed at an acquisition rate of 8’000 frames s !, and
the resulting data were temporally averaged to obtain
a final effective temporal resolution of 3.8 Hz, allow-
ing reliable detection of spontaneous calcium transi-
ents while enhancing signal-to-noise ratio.

The fluorescence intensity traces (F) of detec-
ted regions of interest (ROIs) were extracted using
the time series analyzer plugin in ImageJ [21]. To
improve signal quality, any drift caused by photo-
bleaching was corrected by subtracting it from the sig-
nal when fluorescence decay exceeded 15%. Activity
events were identified exploiting the Schmitt trigger
algorithm [24, 25]. An event was detected when the
signal remained between two thresholds for at least
700 ms. Depending on the trace, the upper threshold
was set to 10—15 times the standard deviation (std)
of the baseline noise, while the lower threshold was
set to 5-10 times the same std. A ROI was considered
active if it detected at least two events in the 4 min
recordings. The macroscopic behaviour of ASs was
evaluated in terms of the mean number of events
per minute (mean event rate, MER). Synchronization
coefficients among ROIs, in the range [0, 1], were
obtained using the SPIKE-synchronization algorithm
[26]. These coefficients were then clustered with a
dendrogram and only those within 80% of the max-
imum cluster distance were selected for further ana-
lysis. Finally, we evaluated inter- and intra-module
synchronization for each AS by manually assigning
each ROI to one of the two NSs.

2.9. Electrophysiology
The electrophysiological activity of NSs and ASs was
recorded for 15 min in spontaneous and for 10 min in



10P Publishing

Biofabrication 18 (2026) 015033

BIC-modulated conditions using the MEA2100 sys-
tem (Multi Channel Systems, Reutlingen, Germany)
and the MC_Rack software with a sampling frequency
of 10 kHz. NSs and ASs were immobilized three days
prior to recording on the MEA surface with ECM GEL
at the final concentration of 4-6 mg ml~'. Working
on ice, the gel was applied to the MEAs where the
NSs and ASs were then transferred and incubated for
30 min before adding 1 ml of medium. Data were
recorded at DIV 15, 18, and 21 outside the incubator.
To reduce thermal and mechanical stress during the
recordings, MEAs were positioned on a heated pad at
37 °C. A constant flow of humidified gas (5% CO2,
20% 02, 75% N2) was maintained over the MEAs to
ensure stable conditions and prevent evaporation or
pH shifts in the medium.

Raw data were processed by applying the continu-
ous Gabor wavelet transform, utilizing a logarithmic-
ally spaced set of frequencies ranging from 1 Hz to
5,000 Hz. To identify activity events, a threshold TH;
(equation (4)) was computed on the magnitude val-
ues obtained from the wavelet transform:

TH; = ¢;Median (std;) + ¢, (4)

1
Max (std;)

where Median(std;) and Max(std;) represent the
median and the maximum stds of the magnitudes
computed for the ith frequency, respectively. For each
frequency, stds were computed over 250 ms windows
with a 100 ms shift between consecutive windows.
By increasing c;, the threshold is raised during peri-
ods of high signal variability, indicative of high fre-
quency noise, enhancing sensitivity to fluctuations. ¢,
is employed to exclude regions with minimal mag-
nitude changes, corresponding to absence of signal,
especially at low frequency. Each electrode in every
NSs or ASs was assessed separately. Electrodes exhib-
iting insufficient activity were excluded in the follow-
ing unsupervised manner. The area of each recorded
event was determined as the product of its temporal
duration and its frequency range. These areas were
then summed to obtain the total spectrogram area.
Then, within each experiment, two thresholds were
set to evaluate its pertaining electrodes: the first to
10% of the highest total area, and the second to 75%
of the second-largest total area. Electrodes with a total
area below the lower of these two thresholds were
excluded from the analysis. We specifically investig-
ated the frequencies of the canonical five frequency
bands: 1-4 Hz (delta), 4-8 Hz (theta), 8-12 Hz
(alpha), 12-35 Hz (beta), and 35-100 Hz (gamma).
We quantified the percentage of expression of each
frequency interval in every experimental condition in
terms of seconds during which the specific band was
present.
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2.10. Excitation—inhibition (E/I) balance

The analysis of the E/I balance was conducted using
the functional E/I (fEI) ratio metric [27]. Each elec-
trode signal underwent band-pass filtering, where the
frequency range was determined by including only
the frequencies expressed for at least 30% of the
duration of the most persistent frequency in that
electrode’s signal, ensuring that non-characteristic
frequency bands were excluded from the analysis.
Each filtered signal was then processed to calculate
the fEI applying a 30 s window with 80% overlap
between windows [27]. The fEI calculation method
involves quantifying spectral power and long-range
temporal correlations (LRTC)—a scale-free dynamic
signature of E/I interactions commonly employed in
EEG research. For each band-pass filtered trace, spec-
tral power and LRTC (via detrended fluctuation ana-
lysis) were computed and then combined into the
fEI ratio: fEI < 1 indicates an inhibition dominated
state, fEI = 1 reflects balanced excitation and inhib-
ition, and fEI > 1 denotes an excitation dominated
state. This metric was computed for both NSs and ASs
under physiological conditions as well as under chem-
ical modulation with Bicuculline at the concentration
of 30 uM [28]. At DIV 21, we evaluated the absolute
value of the deviation of fEI from the balance (fEI =1)
in physiological and BIC-modulated conditions.

2.11. Statistical analysis

Statistical analyses were performed in MATLAB with
the non- parametric Kruskal-Wallis test, as data do
not follow a normal distribution (evaluated by the
Kolmogorov-Smirnov normality test). Significance
levels were set at p < 0.05. The box plots represent-
ations indicate the 25-75 percentile (box), the std
(whiskers), the mean (square), and the median (line)
values.

2.12. Dataset

In the present study, a total of 599 NSs (301 C and 298
H) and 293 ASs (88 CC, 108 HH and 97 CH) from
22 preparations were analysed. The entire dataset is
reported in Tables (table S40-S44) in the supplement-
ary information.

3. Results

3.1. Morphological, metabolic, and mechanical
characterizations prove NSs as a viable and reliable
model over time

To assess the morphology and the development of
NSs, in cortical (C) and hippocampal (H) configur-
ations, we first compared their perimeter and area
during the first 14 days in vitro (DIVs) (figures 1(a)—
(c)). At DIV 1, cells had not yet assembled into organ-
ized structures, especially in C (figure 1(a), top).
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Figure 1. Morphological, metabolic, and mechanical characterization of cortical (C) and hippocampal (H) neurospheroids (NSs)
over development. (a) Phase contrast images of two representative C (top) and H (bottom) from DIV 1 to DIV 14. Scale bars,
100 pm. (b) Perimeter and (c) area of C (blue) and H (pink) evaluated from DIV 1 to DIV 14, with T indicating the C and H
growth rate of the corresponding parameter. (d)—(e) Cell viability values of C (blue) and H (pink) from DIV 3 to DIV 21. The
grey dotted lines represent the normalized 2D values used as reference. (f) Cell proliferation evaluated in terms of cell number
forming C and H from DIV 0 to DIV 21. (g) Stiffness values of C and H from DIV 3 to DIV 21. * refers to 0.01 < p < 0.05, ** to
0.001 < p < 0.01, *** t0 0.0001 < p < 0.001, and **** to p < 0.0001 by Kruskal-Wallis test. Asterisks are color-coded: blue for
C and pink for H differences over development, while the grey ones indicate differences between the two population at the same
DIV.

From DIV 2, both populations exhibited monotonic
growth; however, the growth rates of perimeter
(figure 1(b)) and area (figure 1(c)) in H were approx-
imately twice those of C, as quantified by the time
constants (figures 1(b) and (c), insets). This suggests
an increased proliferation in H, likely due to a higher
presence of progenitor cells (figure S1). After an ini-
tial phase of rapid expansion, the increment of both
C and H perimeter and area slowed down, albeit at
different time points. In C, the trend of the perimeter
decelerated at DIV 10 (1.7 &= 0.1 mm), while the area
reached a plateau at DIV 13 (2.3 & 0.1 - 10° um?).

In H, perimeter and area stabilized earlier, at DIV 9
(1.8 £ 0.1 mm) and DIV 11 (2.4 £ 0.3 - 10° pm?),
respectively. Significant differences between C and
H were observed at each stage up to DIV 13,
from when the two populations became comparable
geometrically.

As the perimeter and area of the NSs increased
over time, it became crucial to assess whether their
compact structure might hinder oxygen and nutri-
ent penetration into their core, potentially leading to
tissue necrosis [29]. To verify this possible limitation,
we investigated the cell viability (according to ISO




10P Publishing

Biofabrication 18 (2026) 015033

I Donati della Lunga et al

{a) (b) (9)
30 7 s ! 301
o ° 0 ()
(4] > L] (]
%20 A (O ) <. 201 U TR » =
3 il ; S ? -
2 2 2
10 ==C 10 - H
5 8 9 12 15 18 21 d 9 12 15 18 21
) DIV (d) DIV
; =
100 ) 100 g
o)
9 = N
= &
2 2
S 8] @ 5 80 °
5 ® 8 & e 3 o, @ o
=z = o
60 ' . ! 60 . 5
6 9 1215 18 21 9 1215 18 21
(e) DIV ® DIV L
50+ . 507
9 s
g %)
g 5
5 301 ’ g 3 304 L o o =
2 ® o PO, 0o ol ‘o T g ¢ 3
% 5 2
o = [T
- 3 ;
G 10 . . - - - - O 10 : :
6 9 1215 18 21 6 9 12 15 18 21
DIV DIV

Figure 2. Cell composition analysis of C and H from DIV 6 to DIV 21. Quantitative results showing percentages of glial cells
(GFAP+) ((a) and (b)) and neurons (NeuN+) ((c) and (d)) computed over the total number of cells (DAPI+) in C (blue) and
H (pink) slices. ((e) and (f)) Percentage of GABAergic neurons (GABA+) computed over the number of neurons (NeuN+) in
C (blue) and H (pink) slices. (g) Representative central slice of C at DIV 15 with immunostaining for DAPI (blue), MAP2 (red),
and GFAP (green). Scale bar, 50 um. * refers to 0.01 < p < 0.05, ** t0 0.001 < p < 0.01 by Kruskal-Wallis test. Asterisks are
color-coded: blue for C and pink for H differences over development.

10 993-5) of NSs over time using MTT colorimetric
assays. We normalized NSs absorbance against that of
2D controls (figures 1(d) and (e)). In the early stages,
both C and H exhibited lower cell viability than 2D
cultures (cell viability < 100 %) but with an increas-
ing trend. By DIV 12 for C and DIV 9 for H—i.e,,
around the time when the overall geometry of the
structures tended to stabilize—cell viability became
comparable to that of 2D (cell viability = 100%), with
H exhibiting a faster growth consistent with previ-
ous results (figures 1(b) and (c)). At later develop-
mental stages, cell viability in NSs exceeded that of
conventional 2D models (cell viability > 100%). This
suggested a significant increase in cell number, likely
due to more physiological cell-cell interactions and
reduced apoptosis, thereby fostering a higher density
of synaptic connections [30] and enhancing compu-
tation capability [31]. The metabolic increase and the
differences in growth rates between the two types of
NSs were confirmed through a cell count over devel-
opment (figure 1(f)). On the day of cell culture pre-
paration, approximately 8’000 cells were seeded per
NS and cell proliferation was monitored until DIV 21.
Consistent with their geometry, H contained a signi-
ficantly higher number of cells compared to C already
from DIV 2. This trend was maintained throughout
development, with H reaching a peak value before C
(DIV 9 for H with an average 15’500 = 2’121 cells and
DIV 12 for C with an average of 11800 £ 570 cells).

7

The greater cell proliferation in NSs (compared
to 2D cultures) and the NSs morphology might
be influenced by the models’ mechanical proper-
ties, which have a crucial role in neuronal function
and development [32]. Therefore, we evaluated NSs
Young’s modulus from DIV 3 (0.07 £ 0.01 kPa for C
and 0.13 = 0.02 kPa for H) to DIV 21 (0.47 = 0.05 kPa
for C and 0.47 + 0.10 kPa for H). As for previ-
ous findings, both C and H exhibited an increasing
stiffness over time, with values progressively aligning
with in vivo [33] (0.3—1 kPa, figure 1(g)). Along with
geometrical considerations, this gradual shift towards
native tissue mechanical properties, as opposed to
the much harder surfaces used in 2D cultures, might
have contributed to the higher observed cell viability
(figures 1(d) and (e)).

The cellular composition of NSs is a critical
marker of their physiological relevance as the balance
between distinct neuronal cell types deeply influences
neuronal function, dynamics [34], and viability [35].
With immunocytochemical analysis, we studied the
composition of NSs and the spatial organization of
neuronal and glial populations in C and H over time
(DIV 6-21). The GFAP+ component displayed a sig-
nificant, progressive increase (reaching 22.5 + 1.3%
in Cand 20.9 £ 0.8% in H at DIV 21, figures 2(a) and
(b)). The first statistical difference emerged at DIV 12
in C and DIV 9 in H. The NeuN+ population gener-
ally followed an opposite trend (figures 2(c) and (d)),
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Figure 3. Morphological characterization of assembloid-like structures (ASs) in different configurations: cortical—cortical (CC),
hippocampal-hippocampal (HH), and cortical-hippocampal (CH). (a) Phase contrast images of representative CC (top), HH
(middle), and CH (bottom) from DIV 9 (coupling day) to DIV 15. Scale bars, 200 pm. (b) Ratio (percentage) of the physical
contact length between the two NSs to the entire AS perimeter of CC (blue), HH (pink), and CH (light blue) coupled at DIV 7,

9, 12. * refers to 0.01 < p < 0.05, ** t0 0.001 < p < 0.01, *** t0 0.0001 < p < 0.001 by Kruskal-Wallis test. Asterisks are color-
coded: blue for CC, pink for HH, light blue for CH. (c) Confocal z-stack images of transfected CH (coupled at DIV 9) acquired at
DIV 12, 15, 18, 21. Cortical and hippocampal neurons are color-coded in green and red, respectively. Scale bars, 50 pm.
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stabilizing at DIV 12in C (74.7 £ 2.7%) and at 15in H
(73.1 £ 2.4%), reflecting the physiological astrocyte-
to-neuron ratio [36]. Furthermore, we evaluated the
proportion of inhibitory neurons, quantifying the
number of GABAergic ones (figures 2(e) and (f)).
In C, the fraction of GABA+ cells remained con-
stant (24.9 £+ 4.4% at DIV 21, figure 2(e)), sug-
gesting early stabilization of the inhibitory popu-
lation. Contrarily, H exhibited a gradual increase
in GABAergic neurons (29.4 + 3.3% at DIV 21,
figure 2(f)). Despite the differences, the percentage
of inhibitory cells closely approximated physiolo-
gical levels in both conditions [37, 38]. Additionally,
DAPI staining revealed a homogeneous nuclear dis-
tribution, a finding reflected in astrocytes behaviour,
whereas neuronal cells exhibited a preferential loc-
alization along the periphery (figure 2(g)). Still, the
presence of well-developed dendritic processes sug-
gests the presence of viable neuronal cells throughout
the entire NS.

3.2. ASs morphological characterization reveals
robust interconnection between segregated
populations

To investigate the interregional communication and
dynamic processes among neuronal populations,

we aimed to create a 3D model of the cortical-
hippocampal circuit based on ASs. Coupling NSs
at different developmental stages can drive their
interaction, leading to the formation of distinct but
not-trivially connected modules within the ASs. We
inferred that NSs reach an advanced maturation stage
between DIV 9 and 10 in terms of cell viability, num-
ber of cells, and overall size (figure 1). Thus, we
combined cortical and hippocampal NSs into either
cortical (CC), hippocampal (HH), or heterogeneous
cortical-hippocampal (CH) ASs from DIV 7 to DIV
12 to test ASs formation efficacy (figure 3(a)). To
derive the optimal coupling day, we evaluated the
ratio of the physical contact length between the two
NSs to the perimeter of the entire ASs (figures 3(b)
and S2(a)). The trend of contact ratio was similar for
all considered coupling days and across all configura-
tions, i.e., it doubled or tripled the day after coupling
and steadily increased afterwards (figures 3(b) and
S2(a)). However, the level of morphological inter-
action between NSs coupled at different DIVs was
different.

The highest contact percentage was reached if
they were coupled at DIV 7. The values (20.0 4= 2.3%
in CC, 205 £ 2.6% in HH, 20.3 + 2.4% in
CH, figure 3(b), left) indicate that this condi-



10P Publishing

Biofabrication 18 (2026) 015033

I Donati della Lunga et al
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Figure 4. Calcium activity recorded over time. (a) Representative frame of a HH contact area at DIV 18. Regions of interest
(ROIs) are highlighted in red. Scale bar, 50 um. (b) Relative Ca2+- activity traces from the detected ROIs and (c) relative raster
plot. (d) Mean event rate (MER, events/min) of CC (blue), HH (pink), and CH (light blue) at DIV 15, 18, 21. The acronyms
indicate a p < 0.05 in the statistical comparison among congruent ASs at different DIVs. * refers to 0.01 < p < 0.05, ** to
0.001 < p < 0.01, *** t0 0.0001 < p < 0.001, and **** to p < 0.0001 by Kruskal-Wallis test.
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tion promoted the formation of multiple structural
connections between NSs, but it also resulted in
insufficient segregation between the two modules.
Contrarily, NSs coupled at DIV 12 failed to estab-
lish enough inter-module connections to form cohes-
ive structures as indicated by the low contact ratio
over time (at most 10.0 &= 1.0% in CC, 11.1 &+ 1.2%
in HH, 11.3 £ 1.0% in CH, figure 3(b), right). This
falls in line with the observation that at DIV 12 the
NSs had already reached a more mature develop-
mental stage (figure 1). Conversely, coupling at DIV 9
promoted the growth of robust physical connections
while maintaining clearly defined separated modules
within the ASs. ASs formed at this stage of devel-
opment (figure 3(a)) reached maximum interaction
four and six days after coupling in homogeneous
and heterogeneous configurations, respectively. The
intermediate percentages of contact ratio (at most
16.4 £+ 1.5% in CC, 16.5 £ 2.9% in HH, 15.5 £+ 1.9%
in CH, figure 3(b), centre) were sufficiently high to
ensure structural integrity to the ASs while preserving
the distinguishability between NSs. Therefore, DIV 9
was chosen as the best coupling day for all subsequent
analyses.

To further support these observations, we
explored the structural components using a transfec-
tion technique to express differently labelled proteins
in the NSs of representative CH samples coupled at
DIV 9 (figures 3(c) and S2(b)). We assessed the struc-
tural inter-module projections at DIV 12, 15, 18, and
21. At DIV 12, the structural inter-module connec-
tions were restricted to the contact area (figure 3(c)
and S2(b)). By DIV 15, some cortical links began
to extend into the hippocampal module, becom-
ing increasingly prominent at DIV 18. At DIV 21,
the structural connections from both populations
were able to fully interconnect the two NSs while
preserving their segregation. Notably, the confocal
images provide evidence that the neurites of the

cortical module structurally extend into the hippo-
campal population, possibly reflecting the in vivo
organization of these brain regions (figure S2(b))
(39, 40].

3.3. Calcium imaging proves functional
interconnection and reveals synchronization
dynamics in ASs

From a morphological and structural perspective, we
identified DIV 9 as the optimal coupling day to obtain
ASs with robust physical connections between dis-
tinct, segregated modules over time. To determine
whether these structural links (figure 3) had func-
tional confirmation, we analysed the electrophysiolo-
gical activity of the ASs throughout maturation (every
3 days from DIV 15-21) with calcium imaging.
ASs activity was monitored at the junction of the
two NSs to focus the investigation on their interac-
tion (figure 4(a)). Fluorescent traces were recorded
(figure 4(b)) and neural events detected (figure 4(c)).
Firstly, we investigated the activity of ASs in terms of
MER as a function of their development (figure 4(d)).

The HH configuration displayed stable MER
throughout the recordings, whereas CC exhibited a
higher event rate and greater variability at DIV 15
and 21. CH closely mimicked the behaviour of HH
at DIV 15 and 18; however, at DIV 21, MER sig-
nificantly increased reaching an intermediate value
between HH and CC, likely due to the influence of
the cortical module. By DIV 21, each configuration
seemed to exhibit a distinct pattern of neural activ-
ity, possibly indicating unique maturation dynamics
across different AS models.

Next, to explore the information transmission
between the NSs, we quantified the synchroniza-
tion levels (figures 5(a)-(d)), identifying patterns
both within and between modules of each AS.
Opverall, we observed a global increase in the syn-
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Figure 5. Global, inter-, and intra-module synchronization coefficients in assembloid-like structures. (a) Synchronization coef-
ficients matrix of ROISs activity of the representative HH at DIV 18 depicted in figure 4(a). (b) Reordered matrices according to
the cluster distance dendrogram in (c). The threshold used for cluster separation is 80% of the maximum dendrogram value.
(d) Global synchronization coefficients of CC (blue), HH (pink) and CH (light blue) at DIV 15, 18, 21. The acronyms indic-
ate a p < 0.05 in the statistical comparison among congruent ASs at a different DIVs. ((e), (f) and (g)) Inter- and intra-module
synchronization coefficients at DIV 15, 18, 21. The acronyms indicate a p < 0.05 in the statistical comparison between inter- or
intra-module synchronization values in different ASs configuration. * refers to 0.01 < p < 0.05, ** t0 0.001 < p < 0.01, *** to
0.0001 < p < 0.001, and **** to p < 0.0001 by Kruskal-Wallis test.

chronization levels over time in all configurations,
though the trend differed among them. The incre-
ment was delayed but steeper in CC, which star-
ted as the most synchronous configuration. In con-
trast, CH and HH levels showed a gradual increase
at each recording point, exhibiting similar synchron-
ization profiles up to DIV 21 (figure 5(d)), when
CH exhibited lower synchronization coefficients than
both CC and HH. Considering the position of the
ROIs and decomposing their contribution to the
synchronization levels, we observed that the intra-
module coefficients were consistently higher than
those between modules, albeit not always in a stat-
istical way (figures 5(e)—(g)). At DIV 15, the higher
synchronization level observed in CC (figure 5(d))
was primarily driven by the intra-module coefficients
(figure 5(e)). In the physiological CH configura-
tion, similar intra- and inter-module synchronization
levels at the junction could indicate a strong interac-
tion between the NSs at this stage of development.
By DIV 18, both the inter- and intra-module coef-
ficients in HH and CH increased, surpassing those
observed in CC (figure 5(f)). The largest increment
was observed for both CH and HH in intra-module

synchronization, with values significantly higher than
those between NSs (figure 5(f)). At DIV 21, all con-
figurations exhibited lower inter-module synchron-
ization (figure 5(g)). This fact may suggest that the
individual populations retain their distinct identities
throughout development despite effective commu-
nication between them, a feature that could be par-
ticularly relevant in the CH configuration.

3.4.NSs and ASs display brain rhythms and a
physiological excitatory/inhibitory balance

We examined the patterns of electrophysiological
activity in terms of oscillatory rhythms, which are
typically recorded in vivo, to verify whether our model
was able to induce their generation. MEAs were used
to collect signals from NSs and ASs and extract the
spectrograms (figure 6(a)). We quantified the expres-
sion of the different brain waves (i.e., the percent-
age of occurrences evaluated as seconds during which
the specific band was present) in each configuration
at DIV 15, 18, and 21 (figures 6(b), (c) and S3).
Alpha rhythm (8-12 Hz, figure 6(b), third column)
was consistently present throughout development

10
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Figure 6. Brain waves expression in NSs and ASs. (a) Spectrograms of representative CH samples at DIV 15, 18 and 21. The
colormap indicates the magnitude. (b) Bar plots showing the mean percentage of expression of delta, theta, alpha, beta, and
gamma rhythms at DIV 15, 18 and 21 in C (first row), H (second row), CC (third row), HH (fourth row), and CH (fifth row).
The greyscale shading identifies the different bands. The acronyms and numbers superimposed on the bars indicate a p < 0.05
by Kruskal-Wallis test in the statistical comparison among configurations at the same DIV (acronyms) and among congruent
configurations at different DIVs (numbers). (c) Histograms of representative CH samples showing the duration of frequency
contributions corresponding to delta, theta, alpha, beta, and gamma brain waves. Each grey area provides an indication about the

level of expression of the wave in the 3D model.

(figures 6(b) , (c) and S3). These waves showed the
highest expression at DIV 15 across all configurations
except for CC, which exhibited a slight increase at DIV
21. In hippocampal constructs (H, HH), they typic-
ally remained stable or decreased gradually over time.
Contrarily, C and CH featured a decreased expression
at DIV 18 and stabilized on an intermediate value by
DIV 21.

The lowest detected frequency rhythms were not
particularly present in our model: delta waves (1—
4 Hz, figure 6(b), first column) accounted for at most
7% of the global wave expression across all configura-
tions (figures 6(b), (c) and S3). In cortical constructs

11

(C, CC), these waves decreased monotonically from
DIV 15-21, coinciding with an increase in higher-
frequency waves such as beta and gamma. In contrast,
in hippocampal configurations (H, HH) delta rhythm
became more pronounced, particularly from DIV 15
to DIV 18. CH differed from the other configurations,
with a decrease in delta wave expression at DIV 18,
reaching levels similar to CC, before becoming more
prominent at DIV 21, with percentages comparable
to HH.

Theta rhythm (4-8 Hz, figure 6(b), second
column) increased its expression from DIV 15-18 in
hippocampal constructs (H, HH), statistically in the



10P Publishing

Biofabrication 18 (2026) 015033

I Donati della Lunga et al

(a) (b) (c)
fEl fEI fEl [fEI - 1] (%)
DIV 12 097 100 103097 100 103 097 100 103 5 0 5 10 15
<>
DIV15]  RECORDING © 1 = ——1l ¢ == €1 o0 4
DIV 15
Ty 1P [ —— —.— { e H Qe ¢
DIV 18 RECORDING CC —e— —e—o {}F—eo— cc 0@ &
DIV 18
. HH{ |—e— —o0— 1 e HH oe ¢
>
DIV 214 RECORDING CHA o E o 1 o CHA o @ ¢
= & o W
N BIC30M
Py
v o DIV 15 DIV 18 DIV 21 DIV 21

Figure 7. Functional Excitatory/Inhibitory (E/I) ratio. (a) Schematics of data collection timeline. (b) Distribution of the func-
tional excitatory/inhibitory ratio (fEI) across different neuronal configurations at DIV 15, 18, and 21. fEI values around 1 indicate
a balance between excitation and inhibition. (c) Deviation of fEI values from the balance (~ 1) in physiological (grey) and BIC-
modulated (purple) conditions at DIV 21. BIC was delivered at 30 pM. * refers to 0.01 < p < 0.05, ** to0 0.001 < p < 0.01, ***
t0 0.0001 < p < 0.001, and **** to p < 0.0001 by Kruskal-Wallis test.

case of H. Subsequently, theta levels decreased, with
the HH condition returning to its initial value by DIV
21. Conversely, C and CH exhibited their highest theta
expression at DIV 15, followed by a decrease at DIV 18
and a slight rebound at DIV 21. Finally, the CC con-
figuration presented an increasing trend on the last
day.

The expression of theta waves exhibited a com-
plementary trend to beta’s (12-35 Hz, figure 6(b),
fourth column) for all the configurations except for
C at DIV 21. In this case, both waves showed a slight
increase with respect to DIV 18, reaching comparable
percentages that were balanced by a sharp decline in
gamma activity. Interestingly, beta rhythm was gen-
erally more present in complex structures (i.e., the
ASs), especially in CC and HH where it was the most
expressed rhythm (figures 6(b) and S3). In the hetero-
geneous case, at DIV 15, beta waves were less prom-
inent than H, but their level increased, peaking at
DIV 18, and stabilizing at an intermediate value by
DIV 21. Finally, the expression of gamma waves (35—
100 Hz, figure 6(b), fifth column) did not follow a
well-defined trend (figures 6(c) and S3). In hippo-
campal configurations (H and HH), gamma rhythm
tended to disappear at DIV 18. In contrast, cortical
and heterogeneous configurations (C, CC, and CH)
featured a peak in gamma activity at DIV 18, although
values were not stable over time.

Focusing on the heterogeneous configuration
(CH, figure 6(b), fifth row), we observed a marked
shift in the expression of all waves at DIV 18
(figure 6(b) and (c)) with respect to DIV 15. There
was a reduction in delta, theta, and alpha oscilla-
tions, with a parallel increase in faster oscillations
like beta and gamma. At this stage (DIV 18), CH
tended to follow the same wave expression of CC,
except for gamma, which was more present in CH.
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Conversely, at DIV 21, the expression patterns of all
waves reversed. CH percentages stabilized at inter-
mediate values between those at DIV 15 and 18 in
the same configuration, and between those at DIV 21
in HH and CC. These fluctuations suggest that DIV
18 represents a critical time point for network reor-
ganization, followed by the stabilization of oscillatory
dynamics by DIV 21.

The analysis of the characteristic frequency bands
of the signal allows for the extraction of the fEI ratio
[27] that quantifies the dynamical state of the net-
works and provides indications about possible alter-
ations. We confirmed that the E/I balance was prop-
erly established under physiological conditions both
in NSs and ASs, with fEI values remaining consist-
ently close to 1 across all configurations over time
(figures 7(a) and (b)), a condition expected as the
GABA switch finishes by DIV 13 in rat cultures [41—
43]. Then, at DIV 21, we delivered Bicuculline (BIC),
a GABA, receptor antagonist, at 30 uM to verify
that an induced E/I imbalance would alter the fEI
(figure 7(a)). All the considered configurations dis-
played a significant sensitivity to the delivery of BIC,
which shifted and spread their fEI from physiological
values (grey curve) towards unbalanced conditions
(purple curves) (figure 7(c)).

4. Discussion

Understanding how distinct brain regions interact
structurally and functionally remains one of the
major challenges in neuroscience. In vitro 2D neur-
onal networks have significantly contributed to our
knowledge of brain function and disease mechanisms
[44, 45]. However, these models often fail to accur-
ately reflect the complexity of the brain as they lack
3D and heterogeneity, impairing their physiological
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relevance [46—48]. To address this issue, recent efforts
have turned toward 3D models, such as NSs [5],
organoids [11], and assembloid or ASs, which offer
a more physiologically relevant microenvironment
[12,15].

In this context, we introduce a simplified and
experimentally tractable 3D in vitro system designed
to study structural and functional interactions
between distinct brain regions using modular cor-
tical and hippocampal NSs. Rather than mimicking
the in vivo circuitry in its entirety, our model focuses
on offering precise control over inter-regional coup-
ling and maturation timing, facilitating the investiga-
tion of emergent network features under well-defined
conditions. Our work complements and extends
prior 3D systems by using a scaffold-free modu-
lar assembly, enabling spontaneous yet reproducible
interconnectivity. We implemented the model using
a conventional fusion method based on ultra-low
attachment U-bottom well plates, thereby maintain-
ing a fully scaffold-free environment: no external bio-
logical or synthetic matrices (e.g., Matrigel, PDMS,
collagen, chitosan [3, 19, 49, 50]) were used dur-
ing the formation and maturation of both single
spheroids and assembled constructs. This enabled
the spontaneous self-organization of 3D structures
without physical constraints or guided position-
ing. More engineered systems—such as microfluidic
platforms—can offer fine control over connectivity
and axonal guidance [51], allowing direct resolution
of axonal conduction or transmission dynamics. They
have been shown to play a critical role in coordinating
oscillatory behaviour across interconnected modules,
influencing burst timing, synchronization, and neur-
onal maturation [52]. However, these systems often
require more complex setups and prolonged culture
on rigid flat substrates, which may affect 3D archi-
tecture, limit imaging access, and reduce scalability
[53]. In contrast, our setup favours a simplified and
flexible design, well-suited for multimodal analysis
across structural and functional domains.

While previous assembloid studies have often
relied on human stem cell-derived systems [12—14],
which present batch-to-batch differences and long
differentiation timescales, we focus on NSs and ASs
derived from primary rodent neurons to reduce
variability and increase throughput. Our modular
approach supports physical integration and allows for
reproducible pairing of spheroids at defined devel-
opmental stages, facilitating the study of hetero-
chronic interactions and inter-regional connectiv-
ity. Such experimental control is often difficult to
achieve in organoid-based systems, where variab-
ility in size, shape, and differentiation state can
confound functional readouts [54]. This positions
our approach as a pragmatic bridge between tradi-
tional 2D cultures and complex organoid systems,
particularly suited for high-throughput applications
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such as pharmacological screening or biophysical
manipulations. Our findings, therefore, align with
and contribute to current efforts at balancing bio-
logical complexity with tractability—an increasingly
important consideration for both basic neuroscience
and preclinical platforms.

We characterized the proposed 3D model using
a multimodal approach to ensure a comprehensive
assessment across structural and functional domains.
Morphological analysis revealed distinct and consist-
ent growth trajectories for cortical (C) and hippo-
campal (H) spheroids (figures 1(b) and (c)), mir-
roring known in vivo differences in neurodevelop-
mental timing and plasticity [55]. Complementing
these region-specific patterns, both spheroid types
displayed progressive increase in stiffness over time
(figure 1(g)), with values gradually approaching those
of native brain tissue [33]. This shared mechan-
ical maturation not only supports the emergence
of biomimetic properties in the system but is also
fundamental for the correct expression of under-
lying neurodevelopmental processes—such as neur-
onal migration, astrocyte organization, and inhibit-
ory circuit formation [8, 56, 57]—that are often dis-
rupted in planar models. Although expected, these
parallel trends offer a valuable experimental frame-
work for exploring region-specific network devel-
opment under precisely controlled and reproducible
conditions.

To determine whether these mechanical changes
corresponded to a biologically meaningful architec-
ture, we next performed immunostaining (figure 2).
Astrocytes and neurons followed temporally distinct
developmental trajectories, with astrocytic prolifera-
tion beginning earlier in hippocampal than cortical
spheroids. This offset mirrors the earlier mechanical
stabilization observed in H and supports literature
linking extracellular mechanics to astrocytes regula-
tion of synaptic function and trophic support [58].
Notably, the overall astrocytes-to-neuron ratio (~
25/75) aligned well with physiological benchmarks
[36], and spatial compartmentalization of neurons
and astrocytes emerged spontaneously, with neurons
predominantly localizing to the periphery and astro-
cytes being more uniformly distributed throughout
the spheroid (figure 2(g)). This suggests that even
in a simplified model, cell populations may self-
organize in response to intrinsic metabolic demands
[59] and nutrient gradients, optimizing conditions
for variability and signal transmission. These archi-
tectural adaptations were functionally validated by
metabolic assays showing that viability in 3D cultures
surpassed that of their 2D counterparts, particularly
after the DIV 9-12 transition period (figures 1(d)
and (e)). This developmental window also correspon-
ded to peak proliferation in both C and H spher-
oids (figure 1(f)), reinforcing its importance as a
pivotal stage in circuit emergence. While similar
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dynamic transitions have been documented in prior
studies of 2D neuronal networks (refs), our model
enables to explore them within a 3D context that
better preserves spatial organization and cell-type
interactions. The ability to define and manipu-
late such critical periods with precision is a key
advantage of our approach. It opens avenues for
targeted interventions—pharmacological, genetic, or
environmental—at developmentally relevant stages.
Calcium imaging was employed to assess the
functional relevance of the structural connections
between spheroids. Activity dynamics appeared to
show differences by configuration. Both CH and HH
maintained a relatively stable MER at earlier time
points. By DIV 21, however, only CH exhibited an
increase in MER. This trend may reflect the con-
tribution of the cortical component, as also sugges-
ted by the increased CC activity at this later stage
(figure 4(d)). These differences underscore the role
of spatial arrangement and neural identity in shap-
ing network evolution, extending to a 3D modu-
lar framework that supports structured interregional
coupling findings reported in co-cultured 2D systems
[60]. Synchronization analysis further revealed a pro-
gressive increase in coordinated activity across all
configurations (figure 5). Notably, intra-module syn-
chronization consistently exceeded inter-module val-
ues (figures 5(e)—(g)), indicating that the functional
specificity of the original spheroids was preserved
despite their physical integration. This pattern aligns
with structural observations (figure 3) and supports
the idea that ASs formed under controlled coup-
ling conditions retain distinct population-level iden-
tities. This modular organization may confer compu-
tational advantages such as improved signal segrega-
tion, robustness to local perturbations, and support
for parallel processing—principles of both biological
and artificial neural networks [31, 61]. The sustained
predominance of intra-spheroid synchrony also par-
allels brain developmental processes, where local
microcircuits form and stabilize before large-scale
interregional integration occurs [62]. In this context,
the observed delay in inter-module synchrony may
reflect a biologically relevant progression from local
to global network organization. It is important to
note that Fluo-4 (the calcium indicator used in this
study) is a non-specific dye that labels both neur-
ons and glial cells [63]. Nevertheless, Fluo-4 has been
widely employed to monitor neural activity in vari-
ous contexts, including studies of network dynamics
[64], assessments of functional connectivity [65, 66],
investigations linking connectivity with resilience to
perturbations and pharmacological modulation [41,
67], evaluations of novel stimulation platforms [68],
analyses of oscillatory behaviour [41], and disease
modelling [69]. While the non-specificity of the dye
was taken into account when interpreting our results,
we also considered the substantial body of evidence
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supporting its effectiveness in evaluating neural cul-
tures and their maturation, a process involving both
neuronal and glial components.

Finally, to explore whether the configuration-
dependent differences in activity patterns observed
via calcium imaging extended to the frequency
domain, we performed spectral analysis of the
electrophysiological recordings. Multiple frequency
bands emerged across all AS configurations (figure 6),
suggesting the presence of distinct dynamic states
throughout development. Alpha waves, which are
implicated in perceptual events gating and coordin-
ation of interregional communication [70, 71], were
consistently detected in our models. Theta rhythm,
typically associated with hippocampal processing and
large-scale integration [72, 73], showed a transi-
ent peak at DIV 18 in our hippocampal constructs
before declining. This temporal profile may reflect
synaptic reorganization. Beta-band activity, linked to
long-range communication and cognitive processes
[74, 75], was more prominent in the more com-
plex assembloid-like configurations. Theta and beta
waves often followed complementary patterns, in line
with prior reports of their competitive or sequential
expression during maturation or task-relevant states.
Gamma oscillations were detected in all configura-
tions but exhibited brief and variable patterns, with
construct-specific differences in temporal dynam-
ics. A marked expression change was observed at
DIV 18, suggesting a modulation in local network
organization. This interpretation aligns with previ-
ous evidence that in vitro gamma oscillations are
shaped by microcircuit architecture [76], and that
in vivo gamma rhythms typically occur in brief bursts
[72], supporting high-level local processing through
precise temporal synchrony and coordination [73, 75,
77, 78]. A particularly notable finding is the marked
shift in overall oscillatory dynamics at DIV 18 in the
most complex configuration (CH), evolving from
slow (delta, theta, alpha) to fast (beta, gamma) oscil-
lations. This transition typically marks key develop-
mental stages [79], suggesting increasing integration
within the network. These results support the idea
that DIV 18 represents a critical network maturation
phase, after which oscillatory activity stabilizes.

These results place our model within the broader
landscape of in vitro systems investigating the emer-
gence of neural rhythms, while highlighting key
advantages in terms of maturation speed, modu-
larity, and circuit-level organization. Research using
2D primary neuronal cultures has provided valu-
able insights into intrinsic network states, study-
ing oscillatory activity (e.g., in the theta range)
emerging under both baseline and pharmacologic-
ally manipulated conditions [41]. In parallel, spa-
tially organized neuronal clusters on MEAs have
demonstrated that even small aggregates (as few as
40 cells) can generate spontaneous high-frequency
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oscillations (25-100 Hz), shaped by inhibitory sig-
nalling and structural parameters such as cluster size
and connectivity [80]. These studies underscored the
importance of topological features in shaping oscil-
latory behaviour, yet they lack the 3D architecture
and region-specific features of brain tissue that crit-
ically influence network connectivity. Moreover, they
also highlighted the need to explore the electro-
physiological properties of interconnected clusters—
an open question directly addressed by our model.
More recently, organoid-based systems have added
biological richness, showing the capacity to generate
structured oscillatory patterns—including delta and
theta rhythms, and theta-gamma phase-amplitude
coupling—over extended periods of maturation [52,
81]. However, these dynamics typically require weeks
to months to emerge and often display high inter-
batch variability. In contrast, our 3D models effect-
ively bridge the gap between the fast-developing 2D
cultures and the structural complexity of organoid
systems, replicating transitions in oscillatory regimes
typically observed in human 3D models but within a
much shorter timeframe. Our ASs provide an exper-
imentally accessible and physiologically relevant sys-
tem to dissect how spatially distinct neuronal popu-
lations generate coordinated oscillatory activity and
to probe the interplay between network architecture
and functional dynamics—addressing key drawbacks
in current in vitro models.

Despite providing valuable insights into the emer-
gence of oscillatory activity within interconnected
regions, certain limitations of our systems should be
acknowledged. The reliance on 2D under-sampling,
albeit partially compensated by multi-plane calcium
imaging, restricts a comprehensive reconstruction of
the full 3D network connectivity. Additionally, the
absence of a controlled external electrical stimula-
tion reduces our ability to dissect and characterize
stimulus-specific responses within and across mod-
ules. Moreover, our functional redouts primarily cap-
ture somatic activity, without resolving cellular pro-
cesses such as axonal conduction or synaptic trans-
mission. Such detailed insights are only accessible
through the integration of advanced technologies,
including microfluidic compartmentalization, which
enable finer dissection of information flow across
circuits [51, 52].

Although these constraints remain, our find-
ings still demonstrate the potential of our model
to unravel fundamental mechanisms underlying net-
work oscillations and their role in neuronal com-
putation and brain development [82]. It is indeed
a tractable system to probe how neuronal cod-
ing emerges from the interaction of discrete mod-
ules. This dynamic interplay suggests a potential
refinement of the theory of state-dependent inform-
ation processing [83, 84], framed within an AS-
based computational paradigm, in which intrinsic
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dynamic states are shaped by region-specific interac-
tions (figures 5 and 6).

To further explore the principles underlying
these dynamics, we evaluated the E/I balance using
the fEI metric—a rhythm-derived measure sensit-
ive to changes in synaptic connectivity and inhib-
itory signalling [27]. Under baseline conditions,
fEI remained near equilibrium for all NSs and
ASs (figure 7(c), grey), indicating a stable and
well-balanced network state. This evidence is con-
sistent with morphological findings of inhibitory
neuron proportions (~25-30%) aligning with in vivo
physiological benchmarks [37, 38]. This parallel
confirmation further validates the model’s struc-
tural and functional relevance (figures 2(e) and
(f)). Pharmacological manipulation of inhibitory sig-
nalling pathways induced significant shifts in fEI
(figure 7(c), purple). These changes underscored the
model’s responsiveness to E/I fluctuations and its rel-
evance for modelling pathological disruptions in net-
work balance, such as those implicated in epilepsy
[85].

In summary, our ASs offer a simplified yet
physiologically relevant platform for investigating
inter-regional interactions under controlled and
reproducible conditions. By integrating structural,
mechanical, and functional readouts, the model cap-
tures key aspects of neural circuit development—
including configuration-dependent dynamics, pro-
gressive synchronization, and the emergence of oscil-
latory states—within a framework that is experiment-
ally accessible and scalable. Moreover, the system’s
modular organization, with physically coupled but
functionally distinct compartments, enables selective
targeting of individual spheroids without comprom-
ising the overall connectivity. This opens the door
to precise experimental manipulation at the regional
level and to localized perturbation strategies aimed
at probing causality within coupled networks. To
illustrate this potential, we implemented a proof-
of-concept selective targeting using a nanoparticle-
based delivery strategy designed to achieve region-
specific drug exposure. We adapted the protocol
developed by Huang and colleagues [86] to syn-
thesize PLGA/PVA nanoparticles, and we further
coated them with laminin and fluorescent poly-L-
lysine to promote neural adhesion and tracking [87]
(figure 8(a)). They were introduced into one single
spheroid at DIV 8 (either C or H), followed by coup-
ling to an untreated counterpart at DIV 9 and fixation
at DIV 15 (figure 8(b)).

Imaging revealed that nanoparticles remained
confined to the treated NS, with minimal diffusion
across the inter-spheroid interface (figures 8(c), and
S2(b)).

The ability to locally modulate one region while
preserving the global circuit is a key advantage of
our platform. Such compartmentalized interventions
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Figure 8. Fluorescent nanoparticles (NPs) in heterogeneous ASs: synthesis, deposition, and imaging. (a) Nanoparticles prepar-
ation. PLGA/PVA nanoparticles were synthesized via nanoprecipitation, sterilized under UV light for 1.5 h, and coated with a
fluorescent poly-D-lysine and laminin layer. Created with BioRender.com. (b) Nanoparticles deposition on ASs. At DIV 8, nan-
oparticles were diluted in PBS and applied to either C or H spheroids. Created with BioRender.com. After 1 DIV, spheroids were
coupled to form CH. At DIV 15, they were fixed with PFA and imaged. (c) Representative confocal images of CH with PLGA/PVA
fluorescent nanoparticles localized in either the C (left) or H (right) regions. Scale bars, 50 pm.
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enable the dissection of both direct and indirect
effects of pharmacological agents within interconnec-
ted structures. The approach is particularly relevant
for modelling diseases characterized by regionally dis-
tinct vulnerability such as Alzheimer’s disease, which
features both cortical and hippocampal dysfunction
[60].

Our assembloid-like model provides a tractable
and physiologically relevant platform for investigat-
ing brain network development in vitro, integrat-
ing modular architecture, functional specificity, and
reproducibility within a cost-effective scaffold-free
design. By bridging the simplicity and rapid matura-
tion and high reproducibility of 2D cultures with the
structural complexity of 3D organoids, it overcomes
the limitations of both systems, offering a valuable
compromise for both mechanistic investigations and
translational or preclinical applications.
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