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Exploring neuronal circuitry in neurodegenerative
diseases: from traditional models to cutting-edge
techniques

Chiara Ausilio,®®° Annachiara Scalzone? and Paolo Antonio Netti (& *2P¢

Current treatments of neurodegenerative diseases primarily address symptoms rather than halting
pathology progression. This gap is due to the lack of effective methods for monitoring neural circuitry and
dynamics over time. In this context, the development of in vitro models that more accurately replicate the
human brain microenvironment has become essential. Traditional two-dimensional (2D) cell cultures, while
providing valuable insights, fail to capture the intricate complexity of the human brain. Recent
advancements in neuroscience spotlight the emergence of more sophisticated three-dimensional (3D)
models, which can more faithfully recapitulate the intricacies of the brain. This review discusses the
evolution of in vitro brain models, emphasizing the transition from traditional 2D cultures to sophisticated
3D systems, including neurospheroids, brain organoids, assembloids and micro-tissue engineered neuronal
networks (micro-TENNs). We further highlight the emergence of brain-on-chip platforms, combining
microfluidics with cell culture technologies to create precisely controlled environments mimicking the
physiological conditions of the human brain. Furthermore, we discuss the application of 3D bioprinting
technology enabling the generation of neural constructs with precise control over cell placement. Lastly,
we delve into the potential of integrating brain organoids with 3D bioprinting technology, aiming to
recapitulate the true three-dimensional complexity of the brain, thereby improving the physiological
accuracy of brain models for advancing our understanding of neurodegenerative diseases.

and reshape its function in response to external and internal

Neurodegenerative diseases significantly impact society by
severely diminishing quality of life. Existing treatments
mainly address symptoms rather than halting disease
progression, largely due to our poor understanding of how
brain diseases begin and develop. This gap in knowledge
stems from the lack of methods to monitor neural circuitry
dynamics over time." Consequently, the development of
functional three-dimensional (3D) models in neuroscience is
propelled by the imperative need to unravel the intricacies of
the brain. Indeed, this sophisticated and fascinating organ
embraces billions of electrically excitable neurons and
supporting  glial  cells (astrocytes, microglia, and
oligodendrocytes), working together to process and transport
information and controlling several body functions.?
Moreover, the brain is able to dynamically respond, evolve
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stimuli. This mechanism is mediated by synapses,
connections between neurons, which change in strength and
structure in response to experience or activity.> This process,
defined as synaptic plasticity, is critical for learning and
memorizing and its dysregulation has been implicated in a
range of neurological and psychiatric disorders. Driven by the
complexity and the adaptive behaviour of the human brain,
advances in cell culture techniques, tissue engineering and
microfabrication have enabled the creation of increasingly
sophisticated and biologically relevant in vitro systems.
Several approaches have been exploited ranging from
traditional two-dimensional (2D) cell cultures, which offer
simplicity and ease of use, all the way up to more advanced
3D models that better emulate the brain cellular composition,
architecture, and  dynamics.  Nevertheless, current
methodologies fall short in facilitating a comprehensive
correlation of in vitro and in vivo features and findings.
Herein, we will briefly review the current state of art and
limitations of 2D in vitro models for investigating neuronal
behaviour. We will then report how 3D models, which more
accurately replicate the architecture of the brain, provide
enhanced opportunities to explore neuronal function and
connectivity under both healthy and pathological conditions.*

This journal is © The Royal Society of Chemistry 2025
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Finally, we will discuss the significant advancement in
brain-on-chip (BoC) platforms, highlighting the potential of
combining these models with cutting-edge manufacturing
technology, such as 3D bioprinting. This integration aims to
replicate the complex architecture of the brain in a highly
controlled manner, thereby enhancing the biomimetic
potential of neuro-hybrid systems.”

Cellular players in brain dynamics

The brain's complexity and functionality arise from the tuned
interactions among its various cells and the surrounding
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extracellular components (Fig. 1B). Among these, the
extracellular space (ECS), a narrow microenvironment
enveloping all brain cells, plays a crucial role in modulating
ionic diffusion and chemical communication, thereby
enabling neuron excitability and the propagation of electrical
signals. Neurons, as the primary signaling cells,
communicate through a combination of electrical impulses
and chemical synapses supporting rapid communication
across neural networks.® This signaling is further modulated
by synaptic plasticity mechanisms, including long-term
potentiation and depression, which are fundamental to
learning and memory processes.” Equally critical to brain
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Fig. 1 Comparison between healthy and diseased brain. (A and B) Schematic representation of a healthy brain model, illustrating the intricate
network of neurons, oligodendrocytes, astrocytes, and microglia, which collectively maintain brain function and homeostasis. (C) Depiction of a
diseased brain model highlighting the reduction in brain size due to neuronal death, characteristic of neurodegenerative diseases. The progression
of pathology is further exemplified by three major neurodegenerative diseases: (D) Alzheimer's disease, marked by extracellular A plaques and
intracellular tau tangles; (E) Parkinson's disease, characterized by the loss of dopaminergic neurons and presence of Lewy bodies; and (F) multiple
sclerosis, identified by demyelination and neuronal damage due to autoimmune attacks on oligodendrocytes.
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function is the vast population of glial cells, making up
approximately half of the cellular content in the mammalian
central nervous system (CNS). Far from being passive
supporters, glial cells actively interact with neurons through
chemical signaling, mainly providing nutrition and tropic
support.®>® For instance, astrocytes play a crucial supporting
role by maintaining the integrity of blood-brain barrier,
regulating cerebral blood flow, and modulating synaptic
transmission. They release gliotransmitters, influencing
neuronal communication and contributing to synaptic
plasticity and homeostatic balance."® Oligodendrocytes,
another major glial subtype, produce myelin sheaths that
insulate axons, facilitating the rapid conduction of electrical
impulses. Myelination is crucial not only for signal velocity
but also for synchronizing neuronal firing across distant
brain regions."" Meanwhile, microglia act as brain's resident
cells, constantly surveying the
environment and responding to injury, infection, or
pathological changes.'> The dynamic interactions between
these cells within the brain are essential for maintaining
homeostasis and adaptability, whether during development,
learning, or injury."**®

Indeed, understanding how specific neural cell types
contribute to brain homeostasis, provides critical insight into
the pathogenesis of neurodegenerative diseases such as
Alzheimer's disease (AD), Parkinson's disease (PD), and
multiple sclerosis (MS), each of which arises from distinct
cellular dysfunctions.

For instance, in AD, the pathological hallmarks include
the extracellular deposition of B-amyloid (AB) plaques and
the intracellular accumulation of hyperphosphorylated tau
protein in neurofibrillary tangles (Fig. 1D). These aggregates
disrupt synaptic communication and neuronal signaling,
leading progressively to cell dysfunction and death,
particularly in the hippocampus and cortical areas. Notably,
astrocytes respond to AP deposition by becoming reactive,
releasing pro-inflammatory cytokines (such as IL-1f3 and TNF-
o) and reactive oxygen species that intensify synaptic
dysfunction. Simultaneously, microglia initially exert a
neuroprotective function by attempting to clear AP via
receptors like TREM2 and CD36. However, chronic
stimulation drives them toward a persistent pro-
inflammatory state, marked by excessive cytokine secretion
and oxidative stress, which exacerbates neuronal
degeneration. Although oligodendrocytes are not primary
targets in AD, their impaired function in response to
inflammation may compromise support and
contribute indirectly to disease progression.

Similarly, in PD, the degeneration of dopaminergic
neurons in the substantia nigra pars compacta is closely
associated with the intracellular accumulation of misfolded
a-synuclein in Lewy bodies (Fig. 1E). This disrupts
intracellular trafficking, impairs mitochondrial function, and
reduces dopamine release in basal ganglia circuits, ultimately
producing characteristic motor symptoms. In this context,
astrocytes display a reactive phenotype that limits their

immune neuronal

axonal

3594 | Lab Chip, 2025, 25, 3592-3607

View Article Online

Lab on a Chip

neurotrophic support and leads to impaired glutamate
clearance, thereby increasing excitotoxic stress on neurons.
At the same time, microglia become activated in response to
o-synuclein and dying neurons, releasing inflammatory
mediators that contribute to a neurotoxic environment and
further dopaminergic cell loss. While the role of
oligodendrocytes in PD is less well defined, evidence suggests
that their dysfunction may be involved in white matter
abnormalities and reduced metabolic support to neurons,
potentially aggravating disease pathology.

In contrast, MS is primarily driven by chronic immune-
mediated demyelination within the CNS. The autoimmune
attack specifically targets oligodendrocytes, leading to the
loss of myelin sheaths and resulting in impaired axonal
conduction, neuronal damage, and functional deficits
(Fig. 1F). As a consequence, microglia are rapidly recruited
and participate in antigen presentation, phagocytosis of
myelin debris, and amplification of inflammatory signals,
contributing  to  lesion  formation and  chronic
neuroinflammation. Simultaneously, astrocytes undergo
hypertrophy and form glial scars that hinder axonal
regeneration and remyelination. Their release of cytokines
and extracellular matrix molecules further shapes the lesion
microenvironment, often in ways that limit repair.
Oligodendrocyte loss remains the central pathological event
in MS, but their regenerative failure is compounded by the
inflammatory environment and the inhibitory actions of
reactive glial cells.

Taken together, these observations illustrate the disease-
specific yet interconnected roles of neurons and glial cells
across AD, PD, and MS. Understanding these complex
interactions provides a robust foundation for investigating
how cellular dysfunction contributes to neurological
disorders. Recent advancements in in vitro platforms have
significantly enhanced our ability to study the coordinated
interplay between brain cells in neurological disorders. These
advanced models replicate key aspects of brain architecture
and function, facilitating detailed investigations of cellular
interactions and underlined disease mechanisms.

Exploring the dynamic role of brain
extracellular space in health and
disease

The formation of a functional nervous system requires
neurons to respond to an array of biochemical, mechanical,
and topographical signals within the brain's ECS. ECS is the
narrow microenvironment that surrounds every brain cell
and contains a solution that closely resembles cerebrospinal
fluid with the addition of extracellular matrix (ECM)
molecules. This latter is a dynamic intricate framework
consisting of proteins and carbohydrates, mechanically and
biochemically directing cell behavior."” ECM can be broadly
classified into two components: a structured phase and an
amorphous one. The structured component consists of

This journal is © The Royal Society of Chemistry 2025
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elastin, laminins, collagen which form an organized scaffold.
In contrast, the less organized amorphous component is
composed of hyaluronic acid (HA), proteoglycans, tenascins,
link proteins, and glycoproteins, which fill the interstitial
spaces."® Among the proteins, fibronectin is directly involved
in cell adhesion influencing cell migration, morphogenesis,
and proliferation, while collagen type IV is the most
abundant fibrous protein acting as a mechanical scaffold,
providing an adhesive substrate for neurite outgrowth.
Laminin facilitates neural migration and serves as a scaffold
for axon guidance. Tenascins, occurring in ‘C’ and ‘R’ forms,
can either promote or inhibit axon guidance. Additionally,
HA, which is a simple glycosaminoglycan (GAG), interacts
with cell surface receptors, impacting neural precursor cell
migration and guiding axons. Finally, proteoglycans, core
proteins often anchored to the apical membrane of
endothelial cells, play a central role in inhibiting nerve
growth, limiting plasticity, and fostering neural repair.
Especially, chondroitin sulphate proteoglycan (CSPG)
regulates neural stem cell proliferation and inhibits growth
cone sprouting. Understanding the intricate composition of
the ECM is not only essential for comprehending normal
brain function, but also for unravelling the mechanisms
underlying neurodegeneration.® >

Beyond its structural and biochemical roles, the ECS is a
critical medium for ionic streaming, which underpins the
electrical activity of neurons and forms an intercellular
chemical communication channel. Ionic streaming involves
the movement of key ions, including sodium (Na'),
potassium (K"), calcium (Ca®"), and chloride (CI"), through
the ECS, creating ionic gradients essential for maintaining
neuronal excitability and signal propagation. These ionic
currents facilitate the generation and transmission of action
potentials, allowing neurons to communicate rapidly and
precisely. Additionally, the modulation of ion concentrations
in the ECS is fundamental for synaptic plasticity, as changes
in Ca®" levels at synapses regulate neurotransmitter release
and post-synaptic response. The interplay between the ECM
and the ECS is particularly significant, as ECM molecules,
such as CSPGs, can influence ion fluxes and synaptic
function by modulating the availability of binding sites for
ions and neurotransmitters. Emerging evidence highlights
that the disruptions in the ionic balance of the ECS and the
ECM's structural integrity are implicated in neurological
disorders.” For example, in AD, alterations in the ECM,
particularly in the levels and sulfation patterns of
proteoglycans and GAGs, such as chondroitin sulfate and
heparan sulfate, can modulate AB aggregation kinetics and
tau pathology.”® Here, the interactions between ECM and
ECS create a dynamic microenvironment that modulates the
diffusion and spread of AR and tau aggregates, thereby
facilitating  their =~ accumulation  and  exacerbating
neuroinflammation. This interplay not only promotes
protein misfolding and aggregation but also contributes to
the disruption of neuronal signaling and the inflammatory
response, accelerating disease progression. Similarly, in MS,
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the ECM regulates the migration, proliferation, and
differentiation of oligodendrocyte progenitor cells (OPCs),
which are responsible for the myelination process.*'
Alterations in the ECM components, such as the
accumulation of HA, laminin, tenascins and CSPGs can
create a non-permissive microenvironment for OPCs. This
in turn, impedes their differentiation and leads to
dysfunctional interactions between ECM and ECS, which
hinders remyelination. These ECM-ECS interactions
exacerbate the inflammatory response in MS by affecting
oligodendrocyte migration and proliferation, which are
crucial for repair after demyelination. On the other hand, in
PD the alteration of CSPGs in the ECM has been shown to
inhibit neurogenesis, reducing the formation of new neural
connections and impeding repair mechanisms.>> These
alterations in ECM influence the ECS environment, leading
to impaired synaptic plasticity and neurogenesis, and
creating barriers to the regeneration of dopaminergic
neurons. The ECM-ECS interplay further exacerbates
neuronal dysfunction, which contributes to the progressive
neurodegeneration observed in PD.

Lastly, in complex and multifactorial psychiatric disorders
like schizophrenia, changes in ECM such as abnormal levels
of CSPGs can affect synaptic stabilization and plasticity.>
These changes affect neuronal connectivity by modifying the
ECM-ECS interactions that regulate synaptic structure and
function. Altered ECM components disrupt the balance of
neuronal signaling, leading to impaired connectivity between
brain regions, a hallmark feature of schizophrenia.

It is worth mentioning that during neurodegeneration, the
complex interaction between neuronal dysfunction and the
surrounding microenvironment is bidirectional. As healthy
neurons are lost, they disrupt the supportive ECM structure,
but recent research suggests that damaged neurons also
actively remodel their microenvironment.”* This remodeling
process often involves the dysregulation of growth factors
and proteases, which lead to the degradation of ECM
components. Understanding these mechanisms is crucial for
elucidating how impaired neurons not only contribute to
their own degeneration but also perpetuate the pathological
changes in the ECM that further exacerbate disease
progression.”® In AD, for example, altered expression of
neuronal matrix metalloproteinases (MMPs) has been linked
to the accumulation of A plaques, which in turn contribute
to a hostile environment that exacerbates neuronal damage.*®
Similarly, in PD, the loss of dopaminergic neurons is
associated with changes in the ECM, including reduced levels
of laminin, which is crucial for neuronal survival and
function.”” Finally, in amyotrophic lateral sclerosis (ALS),
studies suggest that dysfunctional motor neurons can trigger
the activation of astrocytes, glial cells that can remodel the
ECM and contribute to neuroinflammation, further
accelerating disease progression.®

Given the well-established role of the crosstalk between
neuronal cells and their microenvironment in maintaining
brain health and its impact on neurodegeneration, it is
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evident that targeting key ECM components presents

promising  opportunities  for  effective  therapeutic
intervention. Such strategies could indirectly modulate
cellular responses and restore the microenvironment,

potentially slowing disease progression. In this regard, the
development of reliable in vitro brain models has been
essential for elucidating the ECM role in disease progression,
as well as for exploring the fundamental mechanisms of ionic
streaming in neural signaling and identifying potential
therapeutic targets.

Unveiling modern perspectives

Driven by the intricacies of the human brain and the crucial
role of its microenvironment, several strategies have been
introduced to deeply investigate the architecture and
connectivity of neuronal networks.”® Historically, the easy
observation and manipulation of 2D cell cultures (Fig. 2A)
has made them a widely used method to study cellular
responses to physical, chemical and electrical signals, in a
controlled environment.*® For instance, 2D cultures have
been extensively used to explore the effects of substrate
surface chemistry on neuronal behavior, revealing how
positively and negatively charged surfaces, as well as protein-
coated surfaces, impact neuronal viability, adhesion, and
proliferation.*™*? Similarly, micro and nanostructures within
these systems have shown how surface topography can
dictate neuronal adhesion and modulate axon elongation
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and branching.®®  Additionally, 2D platforms have
demonstrated the potential of conductive materials to
facilitate seamless integration between neurons and artificial
devices by promoting cellular recognition of engineered
interfaces as biologically compatible surfaces.**

However, cellular behavior in 2D cultures often diverges
significantly from that observed in the complex 3D
microenvironment of the brain. In 2D systems, cells grow on
flat, rigid substrates that fail to replicate the mechanical and
biochemical cues present in native neural tissue. This
artificial geometry alters cell polarity, reduces the formation
of physiologically relevant cell-cell and cell-matrix
interactions, and limits synaptic connectivity. To overcome
these gaps, researchers have developed 3D models that better
recapitulate brain architecture and function. These include
self-organizing spheroids and brain organoids (BOs),
microfluidic ~ “brain-on-a-chip”  devices, and  other
bioengineered neural tissues. Together, such models provide
structural and functional advances for studying development,
disease, and even cognition in controlled settings.>”

For instance, neurospheroids (Fig. 2B) have emerged as
robust platforms for high-throughput screening studies,
particularly useful in disease modelling, drug testing as well
as in the investigation of tumour invasion.**°

Perhaps the most emblematic modern in vitro model is
the human brain organoid (BO) (Fig. 2C). BO are 3D clusters
of neural cells grown from stem cells that self-organize into
brain-like structures.’™** They can mimic aspects of early
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Fig. 2 In vitro models of neuronal cell cultures for brain studies. Schematic representation of various in vitro models utilized in neuroscience
research: (A) 2D cell cultures as traditional flat cultures providing basic cellular interactions; (B) neural spheroids as 3D clusters of neurons that
enhance cellular interactions and mimic early brain development; (C) brain organoids and assembloids as more complex structures that replicate
the architecture and functionality of the human brain, providing insights into developmental processes and disease modeling; (D) micro-TENNs as
engineered networks that facilitate the study of neuronal connectivity and activity within a controlled environment; (E) brain-on-chip as
microfluidic platform that integrates living cells to simulate brain functions and study neurovascular interactions; (F) brain organoids-on-chip,
which combine the complexity of brain organoids with the precision and control of microfluidic chips, allowing for advanced studies of brain

functions and diseases.
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human brain development at cellular, structural, and
functional levels. For instance, cerebral organoids have been
shown to form discrete brain regions and even exhibit
spontaneous neuronal electrical activity analogous to fetal
brain patterns.”® These features make organoids powerful for
disease modeling and personalized medicine. In this context,
organoids derived from AD patients' iPSCs can develop
hallmark AP plaques and tau tangles in vitro, recapitulating
key disease pathology for drug testing.**™*” Apart from being
reliable and valuable platforms for studying neurological
disease, BOs could also serve as a scalable source for cell
replacement therapy and facilitate the investigation of viral
infection pathogenesis.**>°

In addition to BOs, researchers have developed brain
assembloids, which are even more sophisticated models that
combine multiple region-specific organoids to model inter-
regional connectivity. For example, joining dorsal and ventral
forebrain organoids allowed researchers to observe
GABAergic interneurons migrating between regions,
recreating developmental migration patterns.*>®' These
platforms have also offered significant findings regarding
tumour mechanisms, which could be further explored.*
Notably, brain glioblastoma cells by integrating tumour
spheroids with cerebral organoids, enabling the observation
of tumour infiltration in a human-like 3D context.”® This
approach  allows for the analysis of
microenvironment interactions, response to therapies, and
identification of molecular drivers of malignancy in a more
physiologically relevant setting.

Such advances demonstrate how organoids provide more
physiologically relevant neural models compared to
conventional cell cultures.

Furthermore, recent studies have successfully replicated the
interconnectivity between different cortical areas by connecting
neuronal ensembles with bundles of reciprocally extending
axons, engineering the so-called micro-tissue engineered neural
networks (micro-TENNSs) (Fig. 2D).>*” These systems typically
feature a central core filled with ECM components (e.g.
collagen, collagen-laminin, or fibrin), which provide essential
support for axonal growth and function. An exterior agarose
hydrogel shell encases the entire structure, providing a defined
geometrical framework. Micro-TENNs have been largely used
for studying growth processes and functional characteristics
relevant to nervous system reconstruction, offering insights
into neurological function and dysfunction, particularly in
neurodegenerative diseases.’®

Despite these achievements, model validation and
limitations remain active areas of research. BOs, for example,
still lack certain hallmarks of mature brains. They often do
not develop the fully stratified cortical layers or gyrification
seen in vivo, and their neuronal circuits are relatively
rudimentary compared to an adult brain.”® Without blood
vessels, organoids also face an oxygen/nutrient diffusion
limit, causing cell death in their cores beyond ~200-300 um
size.®™®* This inherent lack of vascularization not only limits
organoid size but also makes it challenging to model late-

tumour-
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onset neurodegenerative diseases that require long
maturation.®> To address these issues, scientists are
experimenting with vascularization strategies, such as
embedding human endothelial cells into organoids to form
capillary-like networks,**®* or guided patterning approaches
using bioengineering or genetic tools to induce layering and
region-specific ~ differentiation.”> Advances in genome
engineering have also enabled more controllable organoids.
For instance, introducing reporters or mutations to track and
manipulate specific cell population. Looking ahead,
researchers emphasize improving cross-talk between different
tissues (for multi-organ interactions), applying
spatiotemporal control over organoid development, and
standardizing protocols to reduce variability.

Another modern paradigm is the integration of
microfluidic technologies revolutionizing the development of
BoC platforms (Fig. 2E).°°°® These devices use tiny
engineered channels and chambers to provide a close-to-
natural microenvironment with fluid perfusion, gradients,
and real-time sensing. Moreover, BoC models enable fine-
tuned control and observation of neuronal networks (e.g.,
applying shear flow or chemical gradients), bridging the gap
between simplistic in vitro assays and the complex in vivo
brain. BoC technology encompasses a variety of approaches,
from brain-cells-on-chip (dissociated neurons in microfluidic
networks) and brain-slices-on-chip (living brain tissue slices
sustained on perfused chips) to brain organoids-on-chip
(BOoC) (culturing mini-brains within microfluidic devices)
(Fig. 2F).*”7* Despite different implementations, all such
systems leverage microfluidics to maintain high cell viability
over long periods and to incorporate sensors for continuous
monitoring. For example, a BoC can integrate neuronal cells
with engineered microenvironments and on-chip electrodes,
yielding a structurally diverse, highly controlled model
suitable for drug screening or toxicity tests. These chips also
allow compartmentalization, such as modeling a blood-brain
barrier by co-culturing brain endothelial cells with neurons
and glia in adjacent channels.”” BoC technology has also
advanced the accurate modeling of neurological diseases
such as AD,PD and epilepsy, providing valuable insights into
these conditions.”

Recent research has also highlighted the potential of
interconnected BOs within these microfluidic platforms for
investigating the roles of macroscopic circuits in the human
brain. By interconnecting multiple organoids via engineered
neural connections, it is possible to create complex and
functional models for studying higher-order brain functions,
such as memory, learning, and decision-making, potentially
leading to a deeper understanding of neurological and
psychiatric disorders.”” Indeed, the concept of “organoid
intelligence” (OI) has been introduced, as BOs hold the
potential to mimic key molecular and cellular aspects of
learning, memory, and cognition.”® In this regard, Kagan
et al. have embedded monolayers of cortical neurons in a
real-time closed-loop environment using electrophysiological
stimulation and recording.”’ These cultures self-organized
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and rapidly adapted their activity, exhibiting goal-directed
behavior within a simulated game environment. In this
direction, ongoing challenges aim to develop biocomputing
models through stimulus-response training and interfaces
between BOs and computers.’® Future research will likely
focus on assessing the learning capacity of BOs for
computational purposes, utilizing biological learning
patterns. The final goal of all these studies is to establish
interfaces between organoids' models, including dissociated
organoids, sliced organoids, and interconnected organoids,
and computers, enabling supervised learning simulations
through trained stimulus-response patterns.*** In this
regard, high density-micro-electrode arrays (HD-MEAs), 3D
bioelectronics, and flexible bioelectronics have been largely
discussed for detailed exploration of BOs.**** Such findings
underscore the remarkable progress in creating in vitro
neuronal models that not only structurally resemble the
brain but also perform complex, integrative functions. As
these models continue to mature, they are poised to become
indispensable for studying human neural development,
neurodegenerative disease mechanisms, drug efficacy, and
even the neural basis of behavior, all without relying on
in vivo experiments.

Building brains: innovating the brain
study with 3D bioprinting

While the abovementioned traditional 3D models have
provided valuable insights into brain structure and function,
they often lack the complexity and precision needed to fully
replicate the intricate neural networks characteristic of the
human brain. To address these limitations, recent studies
emphasize the need for advanced and more controlled
techniques to better mimic the complexity of the brain.®* In
this scenario, 3D bioprinting offers a complementary strategy
to engineer brain tissue by actively patterning cells and
biomaterials into desired architectures.®® In 3D bioprinting,
living cells (such as neurons, glia, or stem-cell-derived
precursors) are mixed with a supportive hydrogel matrix to
obtain a bioink, which can be printed to build a tissue
construct. This technology grants extraordinary spatial
control, by precisely placing multiple cell types in defined 3D
arrangements, potentially recreating the layered structure of
cortex or the organization of neural circuits.’® Unlike
organoids, which rely on self-assembly and can be variable,
bioprinting enables defined reproducible tissue geometry.
For example, it is possible to print neuronal progenitors in a
grid or a layered pattern and include supportive cells
(astrocytes, oligodendrocytes) at strategic locations.®”®®
Indeed, recent work has shown that bioprinting can produce
complex neural tissue models that closely mimic the native
brain's architecture and cell composition. These printed
tissues are valuable for faithfully modeling brain function,
screening drugs, and even exploring regenerative therapies,
as they can be made patient-specific using iPSC-derived cells.
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More in details, several bioprinting strategies are being
exploited for neural bioprinting. Extrusion-based printing
uses a continuous flow of bioink extruded through a nozzle
to directly write patterns on a substrate in a layer-by-layer
fashion.®* While it allows for high cell densities and the
obtainment of intricate structures, achieving uniform cell
distribution within the bioprinted construct and maintaining
its structural integrity remain ongoing challenges. Inkjet
bioprinting deposits droplets of bioink containing cells with
or without biomaterials onto a substrate in a precise manner,
offering high printing speed and resolution at a lower cost.
However, it has limitations in the viscosity range of bioinks.”
Lastly, laser-assisted bioprinting (LAB) uses laser pulses to
propel cells and biomaterials from a donor slide to a
receiving substrate, providing high precision and control over
cell placement, though it involves a complex setup and
potential thermal damage to cells.”’ Alternative approach
beyond these established methods have been developed and
explored lately. Embedded bioprinting, for example, involves
printing cells within a supportive hydrogel matrix (e.g.
Pluronic F127, gelatin, Carbopol), which provides temporary
structural support during the printing process and can be
removed post-printing to yield delicate neural structures.’”
This method offers high resolution and the ability to create
complex structures geometries, but it requires careful
optimization of the hydrogel properties to ensure optimal cell
viability and functionality.

Apart from the selection of the bioprinting technique, also
the bioink selection and optimization are crucial for the
bioprinting process. In the context of in vitro brain models,
bioinks for neural tissue engineering need to possess three
main properties: (i) printability to ensure precise deposition
of cells and biomaterials during the process of bioprinting;
(ii) cytocompatibility, to ensure the bioink does not negatively
impact neural cell viability, proliferation, and differentiation;
and (iii) bio-instructiveness, which goes beyond simply
mimicking the ECM, in fact it focuses on actively promoting
desired cellular behaviors within the bioprinted construct.

Indeed, hydrogels must be carefully formulated: if the
printed gel is too soft, the structure may collapse, but if it's
too stiff, neurons cannot extend neurites or form synapses
effectively.’””°® Early attempts often printed a supporting
scaffold first (e.g. a 3D-printed polymer frame) and then
seeded neurons onto it, but this indirect approach led to
uneven cell distribution and physical barriers that impeded
network formation between printed layers. However, new
bioink strategies are overcoming these issues. For example,
one recent study identified an optimal hydrogel formulation
using fibrin as a base material, providing a biologically
compatible, soft matrix for neurons, which was blended with
hyaluronic acid to increase viscosity. This fibrin-based bioink
has allowed printing human neural progenitor cells in a
fibrin/gel construct differentiated into neurons that expressed
mature markers (MAP2, NeuN), formed dense networks made
of extensive connection characterized by synaptic puncta
(vGlut1, Synapsin) observable within weeks.®”

This journal is © The Royal Society of Chemistry 2025
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Advancements in bioinks specifically designed to mimic
brain environment have further improved the structural
integrity and signaling cues necessary for brain organoid
constructs development. Hydrogels enriched with growth
factors simulate the brain's ECM, promoting optimal cell
viability and function. Recent research has focused on
optimizing hydrogels like alginate, gelatine, collagen, fibrin,
HA, and laminin to support 3D culture of neuronal cells and
tissues.”® These hydrogels can be tailored to modulate their
mechanical properties, promoting the differentiation of stem
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cells into specific neural lineages.”” Moreover, the use of
multi-material bioprinting allows for the fabrication of
tissues with distinct regions, closely mimicking the
heterogeneity of brain. This enables the study of inter-
regional communication and complex neurological processes
with a new level of detail.

In disease modeling, bioprinted constructs offer a
powerful tool for recreating complex neural environments
that are essential for understanding the mechanisms
underlying neurological disorders such as AD, PD, and MS.**

Table 1 Schematic of relevant literature studies which exploited bioprinting techniques for brain tissue. For each study, in the columns are reported:
the bioprinting techniques; the cell source; the biomaterials/formulations used as bioink and the crosslinker or support bath; the applications and the

limitations
Bioprinting
technique Cells Biomaterials Application Limitation Ref.
Extrusion hiPSC-derived spinal Bioinks: Matrigel;  Bioengineered spinal cord Poor structural integrity and shape 98
bioprinting neuronal progenitor gelatin, fibrin; fidelity in low-viscosity inks, and
cells (NPCs) and gelatin potential cell damage from shear
oligodendrocyte methacrylate forces while extruding
progenitor cells (GelMa), PI
Extrusion hiPSCs and endothelial Bioink: HA, Modelling neural network Limited vertical layering due to the 87
bioprinting cells fibrinogen impairment softness of the gel, constrained
Crosslinking tissue thickness for optimal neural
buffer: CaCl,, network formation and lack of
transglutaminase, neuron orientation
thrombin

Mouse brain Bioink: sodium
microvascular
endothelial cells
Mouse-glioma cells
(GL261);
undifferentiated rat
pheochromocytoma
cells (PC12); astrocyte
Astrocytes and

Extrusion embedded
bioprinting

Support bath:
gelatin, CaCl,

Extrusion-embedded Bioink: GelMA,

In vitro neurovascular unit
alginate, collagen I models

Resembling neural stem cell

Limited ability to recapitulate native 99
architectural features and structural
organisation

Lack of vascularizion and perfusion 100

bioprinting Neuroepithelial cells gelatin, alginate,  niche needed for longer-term cultures
(NE-4C) PI
Support bath:
GelMA, CaCl,, PI
Microfluidic Cortical neurons and Bioink: Matrigel 3D models of the human Immature neuronal network; limited 101
bioprinting glial precursors derived and alginate nervous systems size, dimension and weight inhibit
from hiPSCs the easy handling of the samples
Microfluidic hiPSC-derived NPCs Core Channel: 3D bioprinting of neural Challenge of ensuring the 102
bioprinting fibrinogen, tissues to study hiPSC-derived differentiation of hiPSCs into the
alginate, genipin, ~NPC into dopaminergic desired mature phenotypes
guggulsterone neurons
microspheres
Coaxial channel:
chitosan, CaCl,,
thrombin
Microfluidic NPCs-derived from Bioink: fibrinogen, 3D bioprinted models of AD  Further optimization of the bioink 103
bioprinting both healthy and AD sodium alginate, composition and printing
patient-derived hiPSCs  genipin, PCL parameters is needed to enhance the
microspheres physiological relevance. The
consistent and uniform distribution
of microspheres within the bioink
can be challengings
Inkjet bioprinting Rat glial and retinal Bioink: cell culture CNS grafts Limited structural integrity and 104
cells media shape fidelity

Substrate:
gelatin-coated
quartz print
ribbon

Laser assisted
bioprinting

Dorsal root ganglion
(DRG) neuronal cells

Understanding of
neurophysiology and advance
studies in neurodegenerative
diseases and therapeutic

Lower survival rate of primary DRG 105
neurons due to the printing

conditions (absence of cell culture
medium and laser pulse)

interventions
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For example, in AD models, bioprinting allows spatially
controlled deposition of neurons and glial cells within
amyloid-rich matrices to mimic plaque formation and
neuroinflammatory cascades. In PD, constructs enriched with
dopaminergic neurons derived from iPSCs can reproduce key
features of substantia nigra degeneration and enable the
study of synaptic loss and a-synuclein aggregation. For MS,
3D printed constructs incorporating oligodendrocytes and
myelinated axons provide an in vitro platform to investigate
demyelination and remyelination  processes  under
autoimmune-like conditions.”® These models enable more
predictive screening of therapeutic compounds in
physiologically  relevant environments compared to
abovementioned 3D model.”” In the table below (Table 1) are
summarized recent articles reporting the use of bioprinting
techniques for generating neural models; articles are
categorized according to the exploited bioprinting technique
and for each study the bioink formulation (cells and
biomaterials), the application (healthy or disease) and any
limitations encountered are reported. The fidelity of
bioprinted models is continuously improving and bioprinting
holds great promise for generating high-throughput,
standardized process for producing physiologically accurate
brain constructs, necessary for advancing our understanding
of the nervous system and developing innovative treatments
for neurological conditions. However, several key challenges
remain in overcoming the limitations of each bioprinting
technique, optimizing bioprinting parameters and optimizing
bioinks to support high cell viability, differentiation, and
functional integration, ensuring nutrient and oxygen supply
through vascularization for the long-term viability of printed
neural constructs. Equally important to note are the current
limitations of 3D bioprinting in neuroscience. Maintaining
viability and guiding maturation in thick, complex printed
tissues remains challenging. Printed constructs with the lack
of vasculature face the same diffusion limits as organoids, so
researchers either print built-in microchannels or keep
designs thin for now.*® Achieving the full cellular diversity of
brain tissue including microglia, vasculature, and other
components, in a single print is a complex challenge.
Bioprinted models focus on specific subsets of cells such as
neurons and astrocytes. Additionally, resolution limitations
make it difficult to print extremely fine neural
microarchitectures, like minuscule cortical columns, with
current technology. Nevertheless, rapid progress is being
made on all these points. A 2024 comprehensive review
highlights that researchers are now systematically addressing
such challenges by analyzing which printing methods work
best for neural cells, formulating new bioinks tailored for
neural stem cells, and even experimenting with stimuli-
responsive materials to encourage proper organization over
time.”> The field is moving towards creating brain-like
constructs that incorporate multiple cell types and
functionalities, possibly even printing supporting vasculature
alongside neurons (using coaxial printing of endothelial cells,
for example). However, challenges remain, such as limited
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Inkjet
bioprinting

Extrusion

bioprinting
Hydrogel embedding
brain organoids

Fig. 3 Integration of bioprinting techniques with brain organoids.
Schematic representation of the integration between bioprinting and
brain organoids. The figure illustrates the two most exploited
bioprinting methods: extrusion bioprinting (left) and inkjet bioprinting
(right). In extrusion bioprinting, a continuous filament of bioink is
deposited layer by layer to create 3D structures. Inkjet bioprinting, on
the other hand, deposits droplets of bioink containing brain organoids
in precise locations to form discrete structures. The insert shows the
bioink composition, made of brain organoids embedded within a
hydrogel matrix or within cell culture medium, demonstrating how
organoids can be incorporated into the printed constructs.

printing resolution, the need for further optimization of
bioinks for delicate stem and progenitor cells, and
maintaining high cell viability during and after printing.
Additionally, the lack of standardized post-printing
maturation protocols and reproducibility across different
platforms limits broader application.

Synergistic advances: bioprinting and
brain organoids

An exciting frontier in neuroscience involves integrating 3D
bioprinting with BOs, offering unprecedented opportunities
to better mimic the intricate architecture and cellular
interactions of the human brain (Fig. 3).*°°

Bioprinting and BOs offer complementary advantages for
the fabrication of physiologically relevant neural models.
While brain organoids recapitulate key aspects of early brain
development, their intrinsic variability and limited spatial

organization can hinder reproducibility. Bioprinting
addresses these challenges by enabling controlled,
reproducible tissue fabrication with precise spatial

arrangement of different cell types and matrix components.
This synergy facilitates the generation of complex, multi-
regional brain models with enhanced structural fidelity and
reproducibility, allowing for more accurate studies of
neuronal connectivity, disease progression, and therapeutic
screening in neurodegenerative conditions. Moreover, the
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combination of bioprinting and BOs supports the recreation
of key features of brain architecture, including regional
compartmentalization and cellular heterogeneity, through
both spatial control and self-organization.'®” Although the
ability to fully replicate the brain's intricate cytoarchitecture
remains under development, the integration of these
technologies represents a significant advancement over
conventional 3D in vitro models, offering unprecedented
opportunities to model human brain function and pathology
with higher physiological relevance.

Importantly, this synergy opens new possibilities for
personalized medicine. Using patient-derived induced
pluripotent stem cells (iPSCs), researchers can create
individualized brain models to study patient-specific disease
mechanisms, identifying biomarkers, and testing potential
therapeutic interventions in an environments that closely
resemble the patient's brain."*®

To fully realize the potential of the coupling between
bioprinting and BOs, the challenges and limitations of both
techniques need to be overcome. For instance, keeping
organoids evenly suspended in the printer's syringe is
notoriously difficult. Without constant agitation, BOs quickly
settle in low-viscosity bioinks and can clog the nozzle mid-
print. Even the nozzle itself imposes a constraint: its
diameter must be large enough to accommodate the
organoids, which unavoidably limits printing resolution. To
address these challenges, researchers are exploring solutions
such as dynamic agitation systems and optimized bioink
formulations that help maintain organoid suspension and
prevent clogging.'*”''® Incorporating neurovascular units to
improve nutrient diffusion within bioprinted BOs will enable
more realistic studies of neurovascular interaction, which are
critical in conditions like stroke and MS. These approaches
can help sustain the long-term viability and functionality of
the constructs, making them more suitable for studying
complex brain functions and diseases. Furthermore,
combining bioprinting with advanced imaging techniques,
such as two-photon microscopy and optogenetics, can
provide real-time monitoring of neuronal activity and
network formation. For instance, two-photon microscopy
enables deep tissue imaging with high resolution, allowing
researchers to visualize cellular processes within the BOs over
time. Optogenetics, on the other hand, provides a method to
manipulate neuronal activity with light, facilitating the study
of functional neural circuits and their roles in different
neurological conditions. Similarly, integration with real-time
feedback systems and machine learning algorithms can
optimize bioprinting protocols, enhancing the precision of
cell placement and improving the outcomes of organoid
maturation. Remarkably, these integrated systems have the
potential to wunlock the full capability of organoid
intelligence. This breakthrough could lead to the creation of
constructs with capabilities for memory and cognition,
fundamentally redefining our understanding of the brain
and opening unprecedented possibilities for innovation in
medicine, artificial intelligence, and beyond.

This journal is © The Royal Society of Chemistry 2025
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Moreover, innovations such as multi-material printing for
replicating brain heterogeneity, Al-guided print parameter
optimization, and dynamic control systems for real-time cell
monitoring are emerging as essential tools to bridge these
gaps and enhance the synergy between organoids and
bioprinting.** '

In summary, the integration of 3D bioprinting and BOs
offers transformative potential for neuroscience. Overcoming
challenges such as vascularization and full regional
specialization will not only enhance our understanding of
brain development, function, and disease but also pave the
way for groundbreaking therapies and regenerative strategies.

Conclusion and future perspectives

The rising prevalence of neurodegenerative diseases and the
severe decline in quality of life they cause have a profound
impact on society. This highlights an urgent need to develop
in vitro models that more accurately mimic the human brain's
microenvironment and functionality, offering a more effective
approach than traditional assays for monitoring neural
circuitry dynamics over time. Recent advancements in
neuroscience emphasize the transition from simplified 2D
cultures to more complex 3D models, which better replicate the
complex architecture and dynamic interactions of the brain. In
the last decades, the integration of microfluidic technologies
has further enhanced these models, resulting in the
development of BoC platforms. These platforms offer
unparalleled precision in controlling the microenvironment,
allowing for the manipulation of factors such as fluid flow,
nutrient gradients, and cellular interactions. Despite these
innovations, BoC models still fall short of fully recapitulating
the complexity of in vivo brain architecture and function,
underscoring the necessity for more sophisticated and
controlled in vitro systems that can bridge the gap between
current models and in vivo complexity. In this context, 3D
models such as neurospheroids, BOs and assembloids, have
offered a more realistic representation for studying neural
development and connectivity. Similarly, microTENNs have
been developed to replicate the interconnectivity between
different cortical areas, enabling the study of growth processes
and functional features relevant to nervous system
reconstruction. However, while these systems represent major
steps forward, they often lack essential features such as
vascularization, full neuronal maturation, and scalable
reproducibility, factors that are critical for accurately modeling
chronic and late-onset neurodegenerative conditions. To
overcome these limitations, recent research highlights the
transformative potential of 3D bioprinting, which offers precise
control over the spatial placement of neural cells and enables
the creation of high-resolution functional neuronal constructs.
Moreover, this technology provides the ability to integrate key
supporting elements such as glial populations and even
vascular precursors, enhancing both the structural fidelity and
functional viability of engineered tissues. In doing so, their
physiological relevance would be significantly increased.
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Importantly, the combination of 3D bioprinting with BOs
stands out as a revolutionary leap forward, offering
transformative potential for neuroscience. This synergy
allows for unprecedented control over the spatial
arrangement of cells, facilitating the creation of high-
resolution, functional neuronal networks. Such innovation
not only enhances the physiological relevance of in vitro brain
models, but it is a paradigm shift that could fundamentally
transform our understanding of the brain.

Despite these advances, significant gaps remain and
filling them requires targeted engineering efforts. Based on
the recent literature, several practical strategies can be
proposed to advance current models: (i) functional
vascularization through co-culture with endothelial cells and
perfusion via microfluidic chips, vascular-like networks can
be introduced into 3D constructs to enhance viability and
long-term maturation; (ii) maturation and integration
controlling delivery of morphogens and neurotrophic factors,
use of matrix compositions mimicking developmental
gradients, and patterned electrical stimulation can promote
synaptogenesis and circuit maturation; (iii) sensor
integration embedding flexible bioelectronics and high-
density microelectrode arrays into 3D platforms will enable
real-time, non-invasive  electrophysiological  readouts,
essential for tracking network functionality and disease
progression; (iv) protocol standardization harmonizing
fabrication and characterization protocols, especially for
bioink formulation, stem cell differentiation timelines, and
quality control, will be essential to ensure reproducibility and
facilitate regulatory adoption.

Looking forward, the continued convergence of BOs, BoC
technologies and 3D bioprinting promises to deliver next-
generation platforms that are predictive, personalized, and
translationally relevant. The precision and control offered by
bioprinting, coupled with the biological relevance of BOs, are
likely to pave the way towards unraveling the complexities of
the brain. As these technologies advance, we can anticipate
significant breakthroughs in understanding brain function
and dysfunction, leading to the development of more
effective novel therapeutic strategies.
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