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Abstract

Gliomas are the most common primary malignant brain tumors and are frequently as-
sociated with severe neurological comorbidities, most notably tumor-associated epilepsy. 
Seizures affect 40% of all patients and up to 80% of patients with IDH-mutant low-grade 
gliomas, while more than half of these cases are refractory to standard antiseizure med-
ications. Despite significant advances in molecular profiling, the mechanistic interplay 
between infiltrating glioma cells and peritumoral neuronal circuits remains poorly un-
derstood, largely due to the lack of adequate in vitro models that recapitulate both the 
cytoarchitecture and the electrophysiological complexity of the tumor microenvironment. 
In this Perspective, we discuss the use of microfluidic Glioma-on-a-Chip platforms as 
a transformative tool for studying glioma-neuron interactions. These compartmental-
ized devices, when integrated with multi-electrode arrays and patient-derived cells (in-
cluding human iPSC-derived neurons), enable real-time monitoring of the interaction 
of neurons and cancer cells, tumor invasion, network hyperexcitability, and pharmaco-
logical responses. The integration of these advanced platforms offers the potential to 
generate more physiologically relevant disease models. Recent studies have demonstrated 
that glioma-on-a-chip platforms are valuable for unraveling fundamental mechanisms 
of network hyperexcitability and may facilitate personalized drug screening, improving
clinical outcomes.

Keywords: glioma-on-a-chip; microfluidics; tumor-associated epilepsy; IDH mutation; 
multi-electrode array (MEA); iPSC-derived neurons; personalized medicine; organ-on-a-chip

1. Introduction
Primary cancers of the central nervous system (CNS) represent a significant public 

health challenge. Globally, the age-standardized incidence rate of primary brain and CNS 
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cancers (ICD-10 codes C71, C72) has been reported as 4.72 and 3.88 cases per 100,000 male 
and female populations, respectively, corresponding to approximately 100,000 newly diag-
nosed patients annually [1].

Gliomas are primary tumors of the central nervous system that are thought to originate 
predominantly from neural and glial progenitor cells or through dedifferentiation of mature 
glial cells [2]. According to the WHO CNS5 classification, gliomas are graded 1–4 and 
classified into astrocytomas and oligodendrogliomas, based on histological features and 
integrated molecular markers (e.g., IDH mutation, 1p/19q codeletion), which are essential 
for prognosis and therapy decisions [3]. A classification of glioma into molecular subtypes 
characterized by abnormalities in the PDGFRA, IDH1, EGFR, and NF1 genes has been 
proposed [4]; however, it should be noted that cells representing all four subtypes may be 
found within a single patient’s tumor [5].

A particularly challenging subgroup comprises gliomas harboring mutations in the 
metabolic enzymes isocitrate dehydrogenase 1 or 2 (IDH1/2). These mutations are detected 
in approximately 65–85% of lower-grade gliomas (WHO grade 2–3) and now represent a 
defining molecular feature in the WHO CNS5 classification [6–8].

A wide range of methods are used to treat gliomas, including surgery, radiation 
therapy and drug combinations; however, the percentage of grade 2 tumors progressing to 
grades 3 and 4 remains high (70% for IDH-mutant astrocytomas, 9–75% for IDH-mutant 
oligodendrogliomas, depending on the treatment strategy) [9–11]. Glioma cells are highly 
mobile and invasive, leading to rapid tumor growth and poor outcomes. Seizures develop 
in approximately 40% of patients with brain tumors during the course of the disease [12]. 
Patients with IDH-mutant gliomas exhibit a striking predisposition to epileptic seizures. 
The incidence of seizures in this population approaches 80%, and notably, over 50% of 
affected individuals experience reappearance or exacerbation of seizure activity [13–16]. 
This refractory epilepsy profoundly impairs quality of life, accelerates cognitive decline, 
and complicates oncological treatment.

Gliomas induce functional reorganization of neural circuits such that task-related 
neuronal responses engage tumor-infiltrated cortical regions beyond those normally re-
cruited in the healthy brain, reflecting pathological integration of glioma cells into neural 
networks [17]. Glioma cells form a unified electrically coupled network through gap junc-
tions located on extended membranous protrusions known as tumor microtubes. This 
architecture enables the propagation of depolarizing currents generated in response to 
neuronal excitation, thereby establishing a route for direct neuron–glioma interaction. 
The impact of gliomas on the biophysical properties of neurons is further evidenced by 
the differential excitability of neural tissue adjacent to gliomas of varying malignancy
grades [18].

Multiple additional pathophysiological mechanisms contribute to the epileptogenic 
process. Glioma cells actively remodel the peritumoral microenvironment through ex-
cessive secretion of glutamate and simultaneous impairment of GABAergic inhibition, 
thereby shifting the excitation–inhibition balance toward hyperexcitability [19,20]. The 
tumor microenvironment promotes a reduction in the number of GABAergic interneu-
rons and alters the expression of the neuronal chloride transporter, thereby shifting the 
effect of GABA from inhibitory to excitatory, which leads to network hyperexcitability [21]. 
An additional mechanism by which neuronal excitability is modified involves the secre-
tion of synaptogenic factors, such as glypican-3 and thrombospondin-1, which stimulate 
synaptogenesis and lead to enhanced functional connectivity between the glioma and the
brain [22].

The specific mechanism underlying the development of epileptogenesis induced by 
IDH-mutant gliomas has been partially elucidated. The neomorphic enzymatic activity of 
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mutant IDH converts α-ketoglutarate (α-KG) into the oncometabolite D-2-hydroxyglutarate 
(D-2-HG) [23]. Recent evidence demonstrates that D-2-HG released by IDH-mutant glioma 
cells diffuses into the peritumoral cortex, where it induces hyperactivation of the mech-
anistic target of rapamycin (mTOR) signaling pathway in surrounding neurons [14,24]. 
This mTOR-dependent hyperactivation is associated with increased network excitability 
and the emergence of synchronized epileptiform discharges [25]. In some models, mTOR 
hyperactivation reduces the threshold for action potential generation via repression of 
Kv1.1 channels [26]. In other studies, network hyperexcitability arises predominantly 
from enhanced excitatory synaptic inputs or weakened inhibition, despite reduced intrinsic 
excitability of individual neurons [27,28]. Furthermore, glioma infiltration disrupts the 
structural integrity of perineuronal nets and alters the composition of the extracellular 
matrix, which further compromises the stability of local neuronal circuits [29,30]. Transcrip-
tomic analysis of human peritumoral tissue indicates a link between seizures associated 
with gliomas and alterations in signaling pathways mediated by inflammatory processes 
and glial cell activity [31].

Importantly, the relationship between glioma cells and neurons is bidirectional. Neu-
rons and glioma cells form unidirectional connections via glutamatergic and GABAergic 
synapses, leading to depolarization of the tumor cells, which stimulates their proliferation 
and enhances brain invasion [32–34]. AMPA receptor (AMPAR) inhibitors, such as peram-
panel, have been shown to reduce the proliferation and invasion of glioma cells [34]. Up 
to this point, several paracrine mechanisms by which neuronal activity enhances glioma 
proliferation have been identified. Neuroligin-3 (NLGN3) signaling induces a synapto-
genic gene expression profile in glioma cells [35]; the use of ADAM10 inhibitors, which 
mediate the activity-dependent cleavage of NLGN3, significantly reduced glioma growth 
in mouse models [36]. Brain-derived neurotrophic factor (BDNF) mediates an increase in 
the number of AMPA receptors on glioma cells, leading to enhanced excitatory postsynap-
tic potentials (EPSPs) and increased intracellular calcium concentration [32]. Inhibition 
of the BDNF receptor TrkB reduced the sensitivity of glioma cells to glutamate, thereby 
weakening neuron–glioma synaptic connections and decreasing neuronal activity-driven 
glioma proliferation [37]. It has been demonstrated in mice that mitral and tufted (M/T) 
cells, which are activated in response to olfactory stimuli, can mediate the development of 
highly malignant olfactory bulb glioma through the release of insulin-like growth factor 
1 (IGF1) [38]. It has been shown that GABAergic synapses between neurons and diffuse 
midline glioma cells depolarize tumor cells via GABA-A receptors, and GABAergic cur-
rents exert a stimulatory effect on tumor growth. Studies in mice have demonstrated that 
administration of positive allosteric modulators of GABA-A receptors accelerates tumor 
growth and reduces survival time [39]. Cholinergic synapses and signaling via muscarinic 
acetylcholine receptors promote glioma cell proliferation and increase tumor cell migration 
and invasion [40,41].

Consequently, the tumor and the neuronal network become locked in a positive feed-
back loop: glioma-induced hyperexcitability promotes further tumor growth, which in turn 
exacerbates network dysfunction and epileptogenesis.

Understanding the mechanisms of mutual interaction between glioma and adjacent 
nervous tissue will make it possible to identify targets for suppressing the spread of tumor 
cells and the onset of epileptic activity. Despite these fundamental insights, the precise 
molecular and cellular mechanisms underlying glioma-associated epilepsy remain incom-
pletely understood. Several critical questions persist: How do IDH-mutant cells specifically 
alter synaptic connectivity? What is the role of tumor location relative to functional white 
matter tracts? Why do only a subset of patients develop refractory seizures, and what 
predicts responsiveness to specific antiseizure medications (ASMs)?
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Promising avenues for research into the pathophysiological mechanisms underlying 
glioma-associated epilepsy include the development of new models to assess neural network 
activity during interactions with tumor cells, as well as personalized approaches using 
patient-derived cells and comparing results observed in vitro and in vivo. Despite growing 
interest in this topic, the ability to study patient tumor tissue in the laboratory to assess 
interactions between various brain cells and the tumor and to analyze responses to various 
types and combinations of drugs, with subsequent adjustment of therapy based on specific 
results, remains uncommon.

A major impediment to addressing these fundamental and biomedical tasks is the lack 
of experimental models that faithfully recapitulate the complex, spatiotemporally dynamic 
interactions between an invading glioma and an electrically active neuronal network.

In vivo animal models, including genetically modified mouse models, provide a physi-
ological context for studying the mechanisms of glioma proliferation and invasion and for 
testing therapeutic agents, but they are limited by ethical constraints, high costs, and low 
throughput [42,43]. More accessible in vitro models are used as an alternative to in vivo 
methods [44]. To develop physiologically relevant models, it is necessary to reproduce the 
tumor microenvironment, which influences the tumor’s proliferative and invasive proper-
ties [45]. At the same time, the model must be easily scalable to enable standardized testing 
of pharmaceutical drugs.

Traditional in vitro models rely primarily on two-dimensional (2D) monocultures of 
immortalized glioma cell lines. While useful for studying cell-autonomous processes and 
selected aspects of neuron–glioma communication, these systems cannot fully recapitulate 
the three-dimensional conditions of the tumor microenvironment and the full spectrum of 
neuron–glioma signaling mechanisms [46,47].

Transwell co-culture systems, which separate glioma and neuronal populations by a 
permeable membrane, enable the study of soluble factors (e.g., D-2-HG, NLGN3, BDNF) 
on neuronal excitability and, when used with large-pore membranes, allow quantification 
of chemotaxis and migration of glioma cells across the membrane [24,48]. They are sim-
ple and compatible with independent analysis of each cell population. However, these 
systems preclude direct cell–cell contact and cannot reproduce the complex spatial organi-
zation or microenvironmental features of brain tumors, including the physical guidance of 
glioma invasion along axonal or white matter tracts, which is a hallmark of diffuse gliomas 
in vivo [49,50].

Microfluidic approaches using chip-based and biomaterial-based constructs have been 
widely used to develop glioma-on-a-chip (GOC) models to simulate multiple phenom-
ena such as tumor angiogenesis [51], tumor-vasculature interactions [52,53], invasion 
assays [54], and tumor cell extravasation [55–57]. A number of microfluidic constructs 
have been developed to study growth factor gradients in cancer cell migration [58,59], 
tumor-stromal cell interactions [60], and tumor-endothelial cell interactions [61]. A 
three-dimensional (3D) in vitro model of the tumor-vascular interface was previously 
presented, designed to precisely control microenvironmental factors and measure en-
dothelial barrier characteristics with real-time visualization [58]. In recent years, mi-
crofluidic devices for culturing glioma tissue obtained from patients following tumor 
resection have been actively developed to enable evaluation of the efficacy of anticancer
drugs [47,62].

Consequently, there is an urgent need for advanced in vitro platforms that bridge 
the gap between 2D cultures and whole-animal models, where microfluidic approaches 
represent a promising direction.

In this review, we focus on in vitro models reported in the literature that ad-
dress research questions related to the experimental model of neuro-glioma in vitro 

https://doi.org/10.3390/mi17111260

https://doi.org/10.3390/mi17111260


Micromachines 2026, 17, 1260 5 of 38

in the context of epilepsy induced seizures. We then propose further applications 
of microfluidic technologies and improvements in the design of experimental models 
of glioma induced epileptogenesis that may uncover fundamental mechanisms of net-
work hyperexcitability and facilitate personalized drug screening, ultimately improving
clinical outcomes.

2. Engineering Glioma–Neuron Interface on a Chip
Over the last decade, microfluidic “Organ-on-a-Chip” technologies have undergone 

active development, aiming to recreate the structural and functional complexity of living 
tissues within precisely controlled microfabricated environments [63]. Glioma-on-a-chip 
(GoC) interfaces have been developed to recreate a tumor microenvironment, enabling the 
study of glioma spread and the preclinical assessment of drug effects on tumor cells under 
conditions mimicking the brain. Typically, these platforms feature several connected com-
partments: one for culturing glioma cells derived from established cell lines, hiPSCs, hESCs, 
or patient explants, and additional compartments for drug delivery, neurons cultivating, 
or the modeling of the tumoral microenvironment. GoC platforms serve as convenient, 
effective tools for investigating tumor cell development, interactions with other cell types 
and blood vessels, and responses to therapeutic agents.

The microfluidic chips underpinning these platforms contain one or more cell-culture 
compartments with dimensions in the tens to hundreds of microns; they may also incor-
porate channels that mimic blood vessels to facilitate nutrient medium flow and can be 
integrated with sensing elements [64].

2.1. Microfluidic Chip Production Technology
Microfluidic chips can be fabricated using various methods: soft lithography, laser 

ablation, 3D printing or bioprinting [64]. Most commonly microfluidic chips are produced 
by soft lithography from polydimethylsiloxane (PDMS). They can be designed as bilayer 
structures that facilitate the localized application of pharmacological agents (e.g., ASMs or 
chemotherapeutics) to either the glioma or the neuronal compartment, thereby enabling the 
dissection of drug effects with spatial resolution [65]. Master molds for soft lithography are 
fabricated with micrometer precision using photolithography, micromilling, or 3D printing, 
each offering distinct advantages in resolution and rapid prototyping [66]. PDMS-based 
chips can be integrated with MEAs in a reversible manner, which significantly helps to 
reduce the cost of the experiments.

In addition to PDMS, hydrogels such as PEGDA can be used to create microfluidic 
structures. In this case, the photopolymerization process takes place at low UV intensity 
and does not require an expensive chrome photomask [62]. Achieving stable bonding 
between a hydrogel and an MEA is nontrivial because hydrogels undergo volume changes 
that can lead to its delamination from the electrodes or the substrate, thereby compromising 
electrical contact and the mechanical integrity of the device [67].

However, it should be noted that PDMS and hydrogels could absorb small hydrophobic 
molecules and leach uncured oligomers, which can distort effective drug concentrations 
during screening. Alternative materials for chip fabrication, such as glass and thermoplastics 
(e.g., PMMA, COC, or COP), require high initial manufacturing costs [68].

Thus, PDMS is the optimal material for creating a GoC platform under laboratory 
conditions and offers the additional advantage of compatibility with MEAs. However, in 
drug studies, the partial adsorption of test compounds onto the chip surface must be taken 
into account [69].

The technology of combining soft lithography with nanomaterials such as poly(lactic-
co-glycolic acid) nanofiber membranes is undergoing rapid development [70], or nanoim-
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print lithography, both utilize materials that cure under specific thermal, chemical, or optical 
stimuli [71].

Laser ablation is a method based on laser processing that enables the creation of 
complex structures from glass, hydrogels, and other materials without the need for a 
preliminary mask, thereby reducing the typical manufacturing process by 60% compared 
to traditional lithography-based approaches [72].

3D printing enables the layer-by-layer fabrication of a chip that can incorporate various 
complex 3D structures. Advances in the resolution and speed of 3D printing technology 
over the past decade have simplified the fabrication of microfluidic devices [73].

In addition to cell culture structures, bioprinting is used to develop glioma-on-a-chip 
models; this technique enables the simultaneous printing of various cell types and materials 
that mimic the extracellular matrix [74].

Thus, glioma-on-a-chip platforms are fabricated using a range of techniques, each 
offering distinct advantages in resolution and in the capacity to reproduce the complex 
three-dimensional architecture and heterogeneity of the tumor microenvironment.

2.2. Fluid Flow Modeling
For applications requiring the simulation of drug delivery through BBB or the modeling 

of the perivascular niche in GoC platforms, microfluidic channels are used to generate a 
flow of culture medium that supplies oxygen and nutrients to the tumor tissue.

Endothelial cells are used to create a vascular channel via forming a dense layer along 
the wall of a microfluidic channel, through which substances diffuse toward neurons and 
glioma cells. Shear stress plays a critical role in the formation of tight junctions between 
endothelial cells [75]. Establishing a physiological microarchitecture of the endothelial 
layer which induces specific cellular phenotypes and genotypes requires uniform fluid flow 
with a shear stress in the range of native blood vessels (0.1–6 dyn/cm2 ) [76].

In in vitro models, the cross-section of the vascular channel is most frequently rectan-
gular. Although this is less physiological than a circular shape, which is simpler to fabricate. 
The dimensions of microfluidic channels should allow the seeding of endothelial cells and 
formation of the required shear stress levels. Typically, channel cross-sectional dimensions 
range from 50 μm to 6.2 mm and most commonly fall within the range of several hundred 
micrometers [77]. The volumetric flow rate of the fluid ranges from 0.01 to 400 μL/min 
and selected based on the required level of shear stress in existing blood–brain barrier 
(BBB) models.

The type of the flow through a vascular channel can be implemented with the different 
technological approaches. Perfusion systems are used to generate unidirectional flow, 
whereas bidirectional flow is achieved using rocker platforms. In the latter setup, the chip 
is mounted on the platform, and the culture medium flows through the channel under the 
influence of gravity [47]. A physiologically relevant approach involves pulsatile flow, which 
mimics the cardiac cycle. However, generating such flow is technically challenging, and 
pulsatile shear stress can compromise the integrity of the blood–brain barrier by reducing 
the expression of tight junction markers and altering cell morphology [78].

2.3. Sources of Glioma Cells
Selecting an appropriate cell model is crucial for developing “glioma-on-a-chip” (GOC) 

systems adapted to a specific research objective. The following types of glioma cell sources 
can be distinguished: (1) immortalized cell lines, (2) glioma-like cells transformed with 
oncogenic mutations and (3) patient-derived tumor cells.

Immortalized glioma cell lines remain widely used due to their reproducibility and 
ease of experimental procedures [74,79]. This model is considered suitable for funda-
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mental research and the early stages of preclinical screening studies. Adapted to serum-
containing media (typically 10% FBS), these lines lose EGFR amplification and associated 
mutations present in patient tumors [80,81]. Classical lines (e.g., U87MG, U251, LN229, 
T98G, A172, U373) lack the original EGFR amplification. Long-term culture alters gene 
expression profiles compared with primary tumors [82]. These models fail to recapit-
ulate the infiltrative growth and patient-specific heterogeneity, limiting their preclinical
utility [82].

Glioma-like cells transformed with oncogenic mutations can be obtained by CRISPR/
Cas9-mediated genome editing of neuronal stem cells [83]. This approach enables modeling 
of the early stages of gliomagenesis. However, such cells do not reproduce the full genetic 
complexity of gliomas and require complex genome-editing protocols.

Cells isolated from surgical material contain stem and differentiated tumor cells, as 
well as microenvironment cells. Such cell sources may improve the physiological relevance 
of glioma-on-a-chip models. Within this approach, the following glioma cell models can 
be distinguished: (1) Patient-Derived Cells (PDCs) in 2D and Patient-Derived Organoids 
(PDOs) in 3D, (2) cells derived from Patient-Derived Xenografts (PDX), (3) Glioma Stem 
Cells (GSCs), and (4) long-term serum-cultured PDCs.

PDCs in 2D and 3D represent a heterogeneous cell population closely resembling 
the original tumor. To preserve the cellular composition of the tumor, the number of 
passages is limited to 5–8, as prolonged culture under certain conditions in vitro leads 
to natural selection and enrichment of certain cell types. PDCs are generally maintained 
under serum-free conditions with growth factors (EGF/FGF2, PDGF, HBEGF) to preserve 
stem-like properties [82,84,85]. Three-dimensional formats preserve the initial tumor het-
erogeneity significantly better, whereas 2D cultures are prone to selection and genetic
drift [86,87].

To preserve the native properties of tumor cells during culture more accurately, it is 
important to identify the cell of origin of the tumor and to use a medium with appropriate 
factors. For example, if the cell of origin is established to be the oligodendrocyte progenitor 
type, the original properties are better preserved in medium with PDGF than in medium 
for neural progenitors with EGF/FGF2 [88]. Definitive identification of the cell of origin for 
a given patient’s tumor is only possible on an individual basis. At the same time, recent 
research has shown that different molecular subtypes of gliomas may be associated with 
origination from particular types of progenitor cells [89].

PDCs with a low passage number preserve the genetics and heterogeneity of the tumor 
and can be used for testing therapy sensitivity [90] and electrophysiological responses. A 
limitation of the method is the inability to guarantee obtaining a culture from the tumor 
tissue. Only about 50% of samples successfully established in vitro in serum-free medium 
with EGF/FGF2 [91,92]. Furthermore, the limited number of passages requires strict 
synchronization of experiments with the receipt of surgical material.

PDX-derived cells represent cells isolated from tumors grown in immunodeficient 
mice after implantation of patient material. After isolation from the animal, cells can be 
cultured using protocols similar to those for PDCs. Xenografts derived from patients and 
implanted into orthotopic brain sites allow, to a certain extent, the retention of genetic 
and morphological characteristics and are considered preferred models for studying the 
resistance of glioma cells to therapy [93]. Such a model is preferred for investigation of the 
invasive potential of glioma [94]. Obvious limitations of this model include the influence of 
the animal microenvironment on human glioma cells and the long time required to obtain 
cells from PDX, approximately 2–11 months [95].

Glioma Stem Cells (GSCs) represent a subpopulation of tumor cells capable of self-
renewal and differentiation, which play a key role in tumor growth, heterogeneity, in-
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vasion, therapy resistance, and potential recurrence [96–98]. Therefore, these cells are 
of interest for both fundamental research and personalized screening. GSCs-enriched 
cultures are obtained through natural selection during prolonged culture of primary tu-
mor cells under serum-free conditions in the presence of growth factors and nutritional 
supplements [82,99,100]. GSCs are characterized by the expression of the markers Nestin, 
SOX2, and CD133. The limitations of this cell model stem from the fact that it has not pos-
sible to establish cultures from all tumor samples, moreover gradual phenotypic changes 
occur during prolonged in vitro expansion [101,102].

Long-term culture of primary PDCs under adherent serum conditions resulted in loss 
of tumorigenicity in vivo and downregulation of neural stem cell markers. Although such 
cells regained tumorigenic potential at later passages, they did not reproduce the phenotype 
of the original tumor and underwent significant de novo genomic changes [82]. During 
prolonged culture in serum-containing monolayer, rapid selection of cells lacking EGFR 
amplification occurred, leading to the loss of key genetic drivers of the original tumor [80]. 
However, when non-adherent cells were not removed during the establishment of primary 
cultures in serum-containing medium, clusters of predominantly bipolar cells formed on 
top of adherent cells. These mixed cultures exhibited a hybrid expression profile between 
sphere serum-free and adherent serum cultures and, upon intracerebral transplantation, 
generated invasive lethal tumors, unlike traditional adherent cultures [103]. Thus, under 
certain culture conditions, tumor cells with tumorigenic potential can be maintained in 
serum-containing medium. In another study, cells derived from GSC-spheroid xenografts 
retained EGFR amplification when cultured as spheroids in serum-containing medium, but 
not in adherent cultures, which also confirmed the importance of the culture format [104]. 
GSCs obtained under serum-free conditions retained the ability to form neurospheres and 
initiate tumors after >60 days in serum-containing medium, however this led to aberrant 
differentiation and activation of alternative oncogenic pathways [105]. Today, it is accepted 
that serum-free cultures represent a more reliable and standardized model for studying 
glioma biology [99].

The specific mechanisms underlying the development of glioma-associated epilep-
tiform activity may depend on the molecular subtype and phenotype of glioma cells. In 
this regard, the precise selection of the glioma cell source depending on the research ob-
jectives is important in the glioma-induced epilepsy models. IDH1-mutant gliomas are 
commonly used to study tumor-induced epileptogenesis since their oncometabolite D-2-
hydroxyglutarate (D2HG) promotes neuronal excitatory activity. Glial progenitor cells 
(GPCs), including oligodendrocyte progenitor cells (OPCs) harboring IDH mutations, 
may represent the cellular origin of IDH-mutant glioma cells [89]. Consequently, cells of 
this molecular glioma subtype require culture conditions that differ from those used for 
gliomas originating from neuronal progenitors. Under adherent serum-free conditions 
with EGF/FGF2, IDH1-mutant cells demonstrated loss of the mutant phenotype within 
the first several passages [101,106,107]. Recently, a method for long-term culturing of 
non-dissociated explants of IDH1-mutant diffuse lower-grade gliomas under serum-free 
conditions with PDGF supplementation was described, allowing the maintenance of a 
heterogeneous cell composition for months [108]. To date, several stable cell lines har-
boring IDH mutations have been reported [109,110]. As a rule, IDH-mutant cell lines 
are characterized by a low proliferation rate and require specific culture protocols. For 
example, the IDH-mutant BT142 line was established and maintained as neurospheres in 
serum-free medium with a high concentration of PDGF-AA (100 ng/mL) and standard 
EGF/FGF2 (10 ng/mL) [109]. Thus, cultivation of IDH1-mutant glioma cells requires
specific protocols.

https://doi.org/10.3390/mi17111260

https://doi.org/10.3390/mi17111260


Micromachines 2026, 17, 1260 9 of 38

Comparison of IDH-wild-type and IDH-mutant glioma cells has limitations related to 
differences in optimal medium composition and culture protocols for these two cell types, 
both in the case of patient-derived glioma stem cells and stable cell lines [101,109]. To 
study the direct effect of the IDH mutation, isogenic cells carrying an IDH mutation can 
be used. For example, cells with a heterozygous IDH1R132H/WT mutation generated by 
CRISPR-mediated genome editing in human astrocytes [111].

Results of fundamental research and drug screening require stratification by molecular 
subtype and validation across multiple cultures. This is especially critical for chip models 
using patient-derived cells. It should be taken into account that, as the number of passages 
increases, cell selection occurs depending on the growth and morphogen factors present 
in the culture medium. Therefore, when comparing studies involving cells with different 
passage numbers, an assessment of the comparability of cellular phenotype composition 
should be included.

In developing “glioma-on-a-chip” (GOC) systems for personalized research, prior-
ity should be addressed to patient-derived cell models, culture protocols and medium 
composition must be selected to preserve the pool of original tumor cells. Developing 
protocols for the derivation and maintenance of patient tumor cell cultures remains a key 
challenge. Future efforts must strike a balance between standardizing culture protocols and 
tailoring culture conditions to cells with heterogeneous and unique genetic profiles. Non-
malignant components of the tumor microenvironment, such as the extracellular matrix, as-
trocytes and oligodendrocytes, microglia, endothelial cells, pericytes, neurons, and immune 
cells, can be incorporated into modern “glioma-on-a-chip” systems to enhance biological
fidelity [9,112].

2.4. Microelectrode Array Electrophysiology
To study tumor-induced epilepsy in vitro, GoC platforms are integrated with micro-

electrode arrays (MEAs). MEAs enable non-invasive, long-term extracellular recording of 
the spontaneous and evoked bioelectrical activity of the neuronal compartment co-cultured 
with glioma cells [113,114]. Spontaneous activity of neuronal networks in vitro contain 
individual spikes and bursts events lasting tens of milliseconds that involve the entire 
network. Application of chemoconvulsants for modeling epileptiform activity induces 
network hyperexcitability, which is reflected in increased spiking frequency, prolonged 
burst duration, and a higher level of network synchrony.

The mechanisms of epilepsy are currently being actively investigated using MEAs and 
human stem cells in vitro [14,115]. A study was conducted to search for integrated network 
activity parameters for detecting epileptiform activity in homogeneous neuronal cultures 
derived from human pluripotent stem cells exposed to various epileptogenic substances 
using MEAs [116]. A periodicity was identified as a new analytical parameter that facilitated 
the detection of responses to epileptogenic drugs, which had previously been difficult to 
detect using conventional analytical parameters. Changes in burst frequency have been used 
as an indicator of drug toxicity (picrotoxin, isoniazid, chlorpromazine, etc.) [117–121]. Thus, 
in a homogeneous neuronal network, picrotoxin induced epileptiform electrical activity in 
neurons when a critical concentration was exceeded [118].

Combining microfluidics and MEA methods makes it possible to model and study 
the formation and development of focal epilepsy in neuronal networks, including patient-
derived iPSCs [121].
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Culturing glioma cells and neurons in connected chambers of a microfluidic chip 
integrated with a microelectrode array (MEA) enables long-term monitoring of network 
dynamics. This approach allows for the assessment of the glioma’s impact on neuronal 
network activity including the emergence of early epileptiform signatures, such as increased 
spiking frequency and enhanced synchrony, relative to a control group [122,123]. Such a 
model holds promise for evaluating both the toxicity and the efficacy of anti-tumor and 
anti-seizure medications.

The epileptiform activity recorded in neuronal networks in vitro only partially re-
flects the seizure activity observed in the brain, largely due to the absence of a com-
plex, three-dimensional network architecture. Although approaches to increasing the 
architectural complexity of in vitro networks are being actively developed ranging from 
the use of microfluidic systems and the creation of two-dimensional modular networks 
to the development of three-dimensional organoids, spheroids, and models incorporat-
ing gels or 3D printing, such networks remain significantly simplified compared to the
living brain.

A technical challenge lies in recording electrical activity within three-dimensional 
CoG models, as standard microelectrode arrays (MEAs) only capture action potentials 
from neurons located in close proximity to the MEA surface. Solutions include applying 
thin hydrogel layers over planar high-density MEAs (HD-MEAs) [124] which ensures 
close contact between the 3D neuronal network and the surface or the use of 3D or flexible 
electrode arrays [125,126]. Conformal/shell MEAs feature a mesh-like, “kirigami,” or 
foldable-capsule structure that fits tightly around the exterior of a spherical organoid, 
enabling the recording of signals from cells located on its surface [127–129]. Another type 
of flexible electrode array—stretchable mesh nanoelectronics, which feature a macroporous, 
mesh-like structure, is integrated into an organoid during the early stage of its formation. 
The organoid develops directly around the mesh, which enables the recording of activity 
within the deep layers of the mature tissue (up to 1–2 mm) [130]. MEAs featuring electrodes 
in the form of flexible 3D microneedles and pillars, with an insertion depth of up to 1 mm, 
allow for the recording of activity within three-dimensional neuronal cultures, although 
this results in localized tissue damage [131,132]. Multilayered flexible MEAs consist of 
several parallel layers of flexible meshes separated by biocompatible spacers. They infiltrate 
the organoid as it develops, recording activity layer by layer to a depth of several hundred 
micrometers [133].

Thus, recent developments in MEA technology allow for the investigation of activity 
in three-dimensional GoC networks. However, even two-dimensional models are suitable 
for simulating seizure-like neuronal activity and evaluating the efficacy of ASMs. MEA-
based in vitro epilepsy models are not intended to replace clinical data, but can be used 
as a simplified scalable tool for early ASM screening, seizure-liability assessment, and 
personalized drug testing. However, obtained results should be validated against in vivo 
and clinical outcomes.

2.5. Neuron-Glioma Interaction in the GoC Platform
Microfluidic platforms are widely used for neuronal modeling and functional as-

sessment. Neuronal networks cultured in microfluidic chips were used for modelling 
epileptiform activity [121] and other functional impairments [134]. Microchannels that 
separate neuronal processes from cell bodies can be used to study axonal injury and re-
generation [135]. Axonal transport of organelles and vesicles can be assessed in a model 
of neuron subpopulations connected by axons within microchannels in vitro [134,136]. 
Furthermore, neuronal cultures in microfluidic chips can be used to assess the presence of 
various chemical substances in the perfused medium by monitoring changes in calcium 
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activity [137]. Microfluidic chips made it possible to model connections between cells 
from different regions of the brain by culturing the relevant cells in chambers linked by 
microchannels [138,139].

Primary rodent neurons or human iPSC/ESC-derived neuronal cells are typically used 
in microfluidic platforms. Primary animal cells are obtained using relatively standard 
protocols and are characterized by largely stable and well-studied activity dynamics. The 
generation of neurons and glial cells from stem cells can be performed using various 
protocols that differ in cell maturation efficiency, differentiation specification, required time 
for networkwide activity, and other parameters [139–141].

GoC platforms are used to investigate the bidirectional interaction between glioma 
cells and neuronal networks as well as the efficacy of anti-tumor drugs. For these purposes 
tumor cells are seeded into neuronal cultures or cultivated in connected chip compartments. 
In the latter case, neuron-glioma cultures form an interface that is convenient for studying 
the migration and proliferative properties of glioma cells.

Tumor cell migration along neurites was demonstrated using a two-chamber chip. 
Hippocampal and cerebral cortical neurons from embryonic rats or dorsal root ganglion 
neurons from postnatal rats were cultured in one compartment, while PC-3 (prostate cancer), 
Panc-1 (pancreatic cancer), or MCF-7 (breast cancer) cells were cultured in the adjacent 
compartment. The neurites provided biophysical support for cancer cell attachment and 
guided their migration. Furthermore, the authors showed that blocking NE-adrenergic and 
ACh-muscarinic receptors on the cancer cells inhibited the migration of PC-3 cells along the 
neurites [142].

Subsequently, a study by Liu et al. demonstrated the migration of glioma cells along 
neurites. The chamber with neurons and chamber with tumor cells were connected by 
channels into which axons from rat hippocampal or dorsal root ganglion (DRG) neurons 
grew. The migration of glioma cells was more directional and covered greater distances 
in the presence of neurites. Furthermore, the platform proved effective for evaluating the 
effects of anti-tumor drugs, neurotransmitter blockers, and NGF inhibitors on tumor cell 
proliferation and migration [143]. Similar two-chamber platforms can be used for long-term 
studies of the migration of patient-derived glioma cells.

GoC platforms integrated with MEAs enable the investigation of deeper aspects 
of glioma-neuron interactions, including the effect of glioma cells on the functional 
properties of neuronal networks and the mechanisms underlying the generation of
epileptiform seizures.

A group of tumors that usually have mutations in isocitrate dehydrogenase 1 
(IDH1mut) are more likely to induce epilepsy than other gliomas. The IDH1mut product 
D-2-hydroxyglutarate (D2HG) bears a strong structural resemblance to glutamate, lead-
ing to the hypothesis that it might increase neuronal activity by mimicking glutamate’s 
action at the NMDA receptor. Studies using MEAs demonstrated that the firing rate of 
rat cortical neurons increased four- to sixfold following treatment with exogenous D2HG, 
an effect that was abolished in the presence of the selective NMDA receptor antagonist 
AP5 [6]. Thus, the ability of exogenous D2HG to excite neurons at certain concentrations
was demonstrated.

However, recent studies using MEA technology have identified an alternative mecha-
nism of action for D2HG. In models involving IDH-mutant mouse glioma cells co-cultured 
in transwell with primary rat neuronal-glial cultures on MEAs, it was demonstrated 
that D2HG released by IDH-mutant gliomas as well as exogenous D2HG increased neu-
ronal network activity that eliminated when the mTOR pathway was inactivated by ra-
pamycin. In the neuron-glial cortical cultures exogenous D2HG increases maximal mi-
tochondrial respiration and exhibits upregulation of P-S6 and LDHA, associated with 
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activation of the mTOR signaling pathway, even when bioelectrical activity was completely 
suppressed by tetrodotoxin [14]. Changes in excitability mediated by mTOR may be 
combined with direct effects of D2HG on NMDA receptors. The relative contribution 
of different mechanisms of D2HG action on neuronal activity at tissue-relevant concen-
trations remains incompletely understood and may be of interest for future studies in the
glioma-on-a-chip model.

An in vitro functional model was used to evaluate the interaction between human 
induced pluripotent stem cell (hiPSC)-derived cortical glutamatergic neurons and pediatric 
high-grade glioma cells co-cultured in a single microfluidic chamber. Neuronal network 
firing rates increased in cultures containing tumor cells 48 h after their seeding onto mature 
neurons [144].

A more detailed analysis of neuronal spikes revealed specific categories of activ-
ity waveforms and temporal characteristics associated with enhanced invasion by im-
mortalized glioma cell lines (U251 and U87 MG, IDH-wildtype). Increased gamma-
wave activity suggests enhanced synchrony of spontaneous network activity, which in-
creased intracellular calcium influx in glioma cells and facilitated their further invasion 
in vitro through signaling across neuron-glioma synapses [145]. These data confirm that 
glioma cells change the activity of neuronal networks, which may lead to the occurrence 
of epileptic seizures in patients. At the same time, tumor cell invasion is enhanced by
neuronal activity.

There are numerous gaps in our understanding of the mechanisms underlying glioma-
associated epilepsy. In particular, the precise molecular pathway linking the pTERT mu-
tation in glioma cells, MGMT promoter methylation, neurotransmitter imbalance in the 
peritumoral space, and seizure development remains unclear. Debate continues regard-
ing the expression of vimentin, Rho, p53, and LGI1 in relation to epilepsy in glioma pa-
tients. It also remains unclear whether tumor location plays a significant role in seizure
onset [24].

Compared with conventional adherent cultures, GoC models provide cell–cell and 
cell–matrix interactions as well as a three-dimensional architecture that enables a more 
physiologically relevant model of in vivo conditions. Precise control over cell positioning 
and migration direction via chip microstructures allows quantitative assessment of glioma 
cell migration capacity and determination of cell-to-cell interaction distance. Integrating 
GoC with MEAs enables a detailed study of bioelectrical activity patterns in neuronal 
networks in the presence of glioma cells and the identification of mechanisms underlying 
glioma-associated neuronal hyperexcitability [14].

Although the number of studies investigating direct neuron-glioma interactions in 
on-chip models remains limited, the significant potential of this technology for explor-
ing the underlying fundamental mechanisms has been confirmed (Figure 1). Network 
activity of dissociated neural cultures on MEAs differs substantially from in vivo activity. 
Nevertheless, dissociated cultures can be used to assess overall network excitability over 
extended timeframes and to analyze spiking and bursting activity characteristics valid for 
studying epileptiform phenomena. Network activity dynamics in dissociated cultures vary 
depending on cell density and culture surface area. On-chip models allow relatively precise 
control over these parameters, thereby reducing inter-culture variability.
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Figure 1. Investigating neuron-glioma interaction in in vitro platforms. (A) Schematic illustration of 
the microfluidic μCHC platform for investigating the interaction between T98G and hippocampal 
neurons. (B) Time-lapse images for the migratory assays of T98G along neurites, the yellow curves 
indicate the edge of hippocampal neurons or T98G migrating from the cell chambers. (A,B) Reprinted 
from [143] with permission from American Chemical Society. (C) Schematic demonstrating interac-
tions through media of glioma cell line cultured on Transwell and cortical rat neurons and astrocytes 
cultured on a MEA. (D) Thirty second raster plots (bottom) and spike histograms (top) of spiking 
activity in eight electrode channels in a single well. Right: IDHR132H induces a greater number 
of bursts (blue bars) compared to IDHWT. (C,D) reprinted from [14] with permission from Ox-
ford University Press. (E) A light microscope image (×40) of the neuronal culture on MEA. (F) A 
comparison of the amplitude and the duration of neuronal activity in healthy neuronal cultures 
and glioma cell line (CRL-2303) diseased culture. CRL-2303 diseased culture activity shows longer 
duration events with higher amplitudes lasting several seconds followed by periods of quiescence. 
(E,F) Adapted from [146] with permission from Springer Nature. (G) Schematic design of the mi-
crofluidic MEA component of the platform for real-time analysis and modulation of tumor–neural 
interactions. (H) Illustration of electrophysiological recordings, including the neuron-tumor cell co-
culture on a high-density microelectrode array and developmental staging over days. (G,H) reprinted 
from [145] under the terms of the Creative Commons CC-BY license.
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2.6. 3D Models and Organoids
2D GoC models are scalable and reproducible; however, the lack of spatial structure 

makes them less physiologically relevant compared with 3D models. In 3D models, tumor 
cells exhibit greater heterogeneity, nutrient and oxygen gradients form within the tissue 
structure, and a natural extracellular matrix develops. The following methods for creating 
three-dimensional neuron-glioma models can be identified: co-culturing tumor cells and 
healthy-cell organoids [147], bioprinting, and culturing in hydrogels [148].

Co-culturing patient-derived glioma stem cells (GSCs) and cerebral organoids derived 
from human embryonic stem cells (ESCs) enables the investigation of heterogeneous tumor 
development pathways [147,149,150]. Using the cerebral organoid glioma (GLICO) model, 
Linkous et al. demonstrated that GSCs infiltrate and proliferate within the organoid tissue, 
forming tumors with a phenotype similar to patient-derived GSCs. The resulting tumors 
were supported by a network of tumor microtubes that facilitate invasion into normal 
tissues [147]. It was shown that GSCs integrated into organoids formed hemisynapses with 
neurons, which may influence neuronal network functions [151].

Culturing in hydrogels facilitates the scaling up of experiments and involves embedding 
a glioma spheroid or individual glioma cells within a three-dimensional (3D) hydrogel, 
such as Matrigel [152]. To increase the physiological relevance of the model, glioma cells 
are co-cultured with other cell types, such as endothelial cells [153] and microglia [48].

However, models involving the co-culture of neurons and glioma cells in hydrogels 
have been rarely presented in the literature. A 3D model of glioma invasion in Matrigel 
demonstrated that the invasiveness of patient-derived glioblastoma cells is strongly de-
pendent on the microenvironment. In cortical spheroids, invasiveness was characterized 
by relatively short protrusions from the glioblastoma cells, whereas in Matrigel, the cells 
formed long protrusions and migrated away from the core. Furthermore, the addition of 
cortical cells to the Matrigel led to increased MMP2 expression in the glioblastoma core 
cells [154].

Förster et al. presented a 3D model of a neuron-glioblastoma construct derived from 
human induced pluripotent stem cells (hiPSCs) and spheroids of an immortalized human 
glioblastoma cell line, cultivated in a type I collagen hydrogel. The model demonstrated 
increased secretion of factors supporting tumor proliferation and/or progression, as well as 
the formation of neuron-glioma synapses [155].

A bioprinting-based approach enables the rapid development of complex cellular 
structures. An in vitro hemispherical 3D glioma model, featuring glioma cells in the inner 
layer and neurons in the outer layer allowed the study of changes in cell morphology at the 
neuron-glioma boundary [156].

Three-dimensional models have significant limitations despite its advantages. For 
instance, organoids have be cultured for several months to approach postnatal transcrip-
tional and functional states [157]. A significant issue is the immaturity of neurons, even in 
long-term organoid cultures, which is reflected in a fetal-like transcriptional profile of the 
neurons [158], reduced synaptic density, and less developed synaptic ultrastructure [159]. 
During long-term cultivation, the electrical activity of cortical organoids can evolve from 
sporadic spiking into rhythmic activity. However, its characteristics remain similar to the 
activity observed in the immature neural networks of premature newborns [160].

Thus, brain organoids are typically studied in the context of brain development and, at 
early stages, consist primarily of immature cell types [161]. To rapidly generate specific types 
of mature cells from iPSCs, the method of overexpressing the corresponding transcription 
factors can be used [162,163]. To model glioma, which often arises in the developed brain, 
organoids must include mature cell types: astrocytes, oligodendrocytes, myelinated neurons, 
and immune cells [164]. Although some progress has been made in generating astrocytes, 
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microglia [165,166] and endothelial cells [167] within organoids, further efforts are needed 
to produce three-dimensional structures that more closely mimic the living brain.

Another limitation of using organoids for glioma-on-a-chip models is their structural 
variability, which leads to inconsistent results [168]. Variability arises at the level of cell 
lines [169], culture protocols [170], and batch effects [171].

The oxygen and nutrient gradients that develop within organoids resembling those 
found in tumors can lead to the formation of necrotic cores and uneven cell viability. This 
increases sample variability and complicates the interpretation of results when testing 
therapeutic drugs. Approaches such as vascularization, sectioning of the samples, or 
culturing at an air–liquid interface can help to mitigate this issue partially [172].

Furthermore, in the context of studying glioma-induced epilepsy, 3D glioma-on-a-chip 
(GoC) systems require specialized microelectrode arrays (MEAs) capable of recording 
neuronal activity within volumetric structures.

Thus, although 3D models still suffer from immaturity, structural variability, and 
insufficient standardization, they offer a physiologically more relevant environment for 
investigating neuron–glioma interactions. Further improvements in maturation protocols, 
vascularization, reproducibility, and volumetric MEA recording will be required before 
these models can be fully exploited. Nevertheless, they represent a promising and rapidly 
developing platform for glioma-associated epilepsy research.

2.7. Glioma Microenvironment and Blood–Brain Barrier (BBB) Model
The glioblastoma tumor microenvironment consists of non-transformed stromal cells, 

including the vascular network, various infiltrating and resident immune cells, and other 
types of glial cells, endothelial cells, neurons, and the extracellular matrix, as well as 
heterogeneous cancer cells. The glioblastoma tumor microenvironment can be considered 
compartmentalized into perivascular, perinecrotic, and peritumoral niches [173], in which 
cancer cells and host cell populations interact directly and via paracrine signaling [174].

Tumor-associated microglia and macrophages, or TAMs, account for approximately 
30–50% of the cells in glioma tumors [175], with the highest percentage of these cells ob-
served in the most malignant grade IV gliomas [176]. In the tumor microenvironment, 
macrophages and microglia alter their characteristics, beginning to produce factors that 
enhance the growth and invasion of glioma cells [177,178]. Various factors produced by res-
ident microglia that contribute to glioma development have been identified [175,179,180]. 
Macrophages and microglia in gliomas show distinct phenotypic and functional hetero-
geneity and are characterized by unique gene expression profiles. However, the functional 
roles of specific TAM subsets remain poorly understood [181].

The role of microglia in glioma as a pro- or anti-epileptic factor remains insufficiently 
studied and probably depends on its phenotype. Under physiological conditions, microglia 
participate in the conversion of ATP, released upon activation of neurons and astrocytes, 
into ADP, AMP, and then adenosine, which suppresses neuronal activity. In addition, 
ADP can activate the P2RY12 receptor on the microglial membrane surface [182]. P2RY12 
expression is high in normal physiological state but decreases sharply after microglial 
activation [183] and gradually declines with decreasing distance to the glioma [184]. In 
a recent study, pharmacological blockade of microglial P2RY12 led to enhanced sponta-
neous neuronal activity in areas located distally from the glioma border, suggesting its 
possible significance in the development of glioma-associated epilepsy [184]. The effect of 
microglia on neuronal activity may be associated with various mechanisms, including its 
contribution to neuroinflammation [185], altered ion homeostasis, and blood–brain barrier 
disruption [186,187].
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In glioma-on-a-chip platforms, a three-dimensional tumor microenvironment can 
be recapitulated by integrating glioma cells, macrophages or microglia, and endothelial 
cells to investigate tumor cell development under the influence of macrophages and to 
develop anti-tumor approaches [188,189]. In a microfluidic model of glioma–microglia 
interaction, miR-124 delivered by extracellular vesicles suppressed the growth of human 
glioblastoma cells and inhibited the polarization of microglia toward a tumor-supporting 
phenotype [188].

The glioblastoma microenvironment is characterized by hypoxia that varies in de-
gree between the tumor core and the peritumoral regions [190], as well as by epithelial–
mesenchymal transition, migratory and invasive potential, functional impairment of 
the blood–brain barrier, greater molecular permeability, and a tendency toward brain 
edema [74]. Tumor microenvironment cells, such as astrocytes and endothelial cells, sup-
port the stem-like nature of glioma cells, thereby promoting tumor progression [191].

An excitation/inhibition imbalance emerges primarily within the peritumoral niche 
and may be mediated by a reduction in the number of parvalbumin-positive GABAergic 
neurons, impaired astrocyte-mediated uptake of synaptic glutamate [21,29], increased 
synaptogenesis [192], and other mechanisms.

In glioblastoma it was found that epilepsy-associated genes exhibit peak activity at 
the tumor leading edge with lower enrichment in the microvascular proliferation zone 
associated with the blood–brain barrier. These findings may indicate that seizure propensity 
is linked to the specific profile of activated genes and their spatial localization within the 
tumor microenvironment [193]. Studying the pathophysiology of epileptiform activity 
in the peritumoral niche and identifying microenvironmental changes that disrupt the 
excitation/inhibition balance could lead to the development of treatments for seizures 
following tumor resection.

Replicating the tumor microenvironment in “glioma-on-a-chip” platforms can involve 
specific microenvironmental components, such as the extracellular matrix and blood vessels, 
to mimic in vivo conditions (Figure 2). Blood vessels are modeled using microfluidic 
channels for endothelial cell culture, while tumor cells embedded in hydrogel biomaterials 
are seeded into an adjacent channel (Figure 2A) [194]. This type of GoC platform revealed 
increased expression of genes associated with neovascularization in endothelial cells co-
cultured with glioma stem-like cells and the migration of these cells toward the blood 
vessel [194]. Another group found that stem-like tumor cells exhibit migration toward blood 
vessels and attachment to their walls as opposed to proliferative tumor cells. Furthermore, 
the ability to co-localize in the perivascular region was associated with the genetic and 
pathological subtype of the tumor [195].

It has been shown that elevated CD44 expression on glioma stem cells (GSCs) is 
observed under conditions of severe hypoxia in the peritumoral zone, and subsequent CD44-
mediated signaling promotes the invasive phenotype of these cells [190]. Co-culturing 
glioma spheroids and astrocytes in a microfluidic chip revealed that astrocytes acquire a 
reactive phenotype, characterized by increased expression of glial fibrillary acidic protein 
(GFAP), which is associated with enhanced glioma cell growth (Figure 2B–D) [196].

More complex glioma-on-a-chip models enable the simultaneous investigation of the 
effects of both astrocytes and endothelial cells on glioma infiltrativeness (Figure 2E–G). 
Using a three-component platform that modeled tumor tissue contact with blood vessels 
via an astrocyte-containing matrix, it was demonstrated that endothelial cells and astro-
cytes enhanced tumor cell infiltrativeness. Receptors on glioma cells that interact with 
secreted ligands expressed by endothelial cells and astrocytes, thereby mediating tumor 
cell chemotaxis were identified [197].
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Figure 2. In vitro models of the tumoral microenvironment including the blood–brain barrier (BBB) 
(A) Design scheme of the on-chip perivascular niche and glioma interaction model. The quasi-
cylindrical microvessel formed with various endothelial cells coupled with ECM-integrated PDMS 
channel with glioma cells [194]. (B) Co-cultivating spheroids of GFP transfected rat glioma cells 
(central well) and rat astrocytes (side wells) in the microfluidic chip. (C,D) Images on days 7 and 14 
showing (top) GFP channel (green—glioma cells only), and (bottom) mixed channels including DAPI 
(dark blue—nucleus) and phalloidin (red—F-actin) and demonstrated the difference in outgrowth 
distance between co-culture (C) and glioma monoculture (D) samples [196]. Scale bars represent 
500 μm. (E) Perivascular niche within glioblastoma tumor microenvironment model. The microfluidic 
chip consists of three components: tumor region, stroma region, vascular region. (F) Phase-contrast 
images demonstrate vasculature formation between day 0 and day 3 and (G) fluorescent images 
showing formed vascular networks expressing Actin and CD31. Scale bar = 20 μm [197]. All the 
sub-figures in Figure 2 are under the terms of the Creative Commons CC-BY license.

Glioblastoma often causes blood–brain barrier (BBB) damage due to endothelial cell 
dysfunction, leading to the continuous infiltration of macrophages across the compromised 
BBB [198]. Glioma-induced BBB disruption can also cause epileptic seizures [24]. For 
example, an increase in albumin concentration as result of leakage across a compromised 
BBB leads to its TGF-β-mediated uptake by astrocytes and impaired K+  buffering, which 
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triggers hypersynchronized epileptiform spiking activity [199,200]. BBB-glioma-on-a-chip 
models enable the search for new therapeutic solutions for glioblastoma treatment. For 
instance, a targeted approach using nanoparticles was demonstrated in a chip consisting 
of a tumor compartment and two channels: a stromal channel filled with Matrigel and a 
distal channel containing endothelial cells and pericytes that mimic the blood–brain barrier 
(BBB). The nanoparticles delivered therapeutic agents to the tumor cells and showed greater 
efficacy in suppressing the growth and invasiveness of glioblastoma stem cells compared to 
free-drug counterparts [201].

The issue of epileptic seizures arising from neuron-glioma interactions involves numer-
ous aspects, including alterations in the tumor microenvironment and blood–brain barrier 
permeability. Investigating this matter requires the development of sophisticated new 
“glioma-on-a-chip” models capable of faithfully replicating the characteristics of the peritu-
moral region. Previous studies have combined glioma cells with neurons in microfluidic 
devices [142–144] or on MEAs [14,145,146], and modular microfluidic MEA devices have 
been developed for neuronal networks without glioma cells [121,202]. Furthermore, the 
capability of monitoring of neurite-guided glioma migration on chip [143] and formation of 
perfused perivascular niche with glioma cells has been demonstrated [194,197]. The follow-
ing prospective areas for investigating neuro-glioma interactions with the potential for future 
clinical application should be developed: BBB module with neurons and glioma, platform 
for studying IDH-mutant vs. wildtype comparison in a compartmentalized neuron–glioma 
chip and protocols for patient-derived screening that predicts treatment response. None of 
existing platforms combines axon-guided invasion, a white-matter compartment, a perivas-
cular/BBB module, human iPSC-derived neurons and molecularly defined (IDH-mutant vs. 
IDH-wildtype) glioma cells in a single complex system. Here we compare existing models 
(Table 1) and propose a staged modular design that integrates these elements.

Table 1. Comparison table summarizing the experimental models of neuron-glioma interaction and 
epileptiform activity on a chip related to the proposed platform.

Study Format
Format
Glioma/Other 
Cells (IDH)

Neurons MEA Main Outcome Key Limitation

Chen et al.,
2017 [6] 2D, no tumor cells exogenous D2HG rat cortical Yes

Firing rate up
4–6×; abolished
by AP5

Exogenous D2HG; 
rodent; no
glioma cells

Mortazavi et al., 
2022 [14]

2D Transwell
+ MEA

IDH-mutant vs. 
IDH-wt mouse 
glioma

IDH-mutant vs. 
IDH-wt mouse 
glioma

Yes

Increased bursting 
with IDH-R132H; 
TTX-resistant
mTOR activation

No direct contact; 
rodent; not 
microfluidic

Savarraj et al.,
2019 [146]

2D culture
on MEA CRL-2303 line rat cortical Yes Long, high-

amplitude events
No compartmental-
ization

Lei et al.,
2016 [142]

Microfluidic,
two chambers

PC-3, Panc-1, 
MCF-7 
(non-glioma)

rat hippocam-
pal/cortical, DRG No Neurite-guided 

migration Not glioma

Fuchs et al.,
2021 [144]

Microfluidic, single 
chamber

pediatric 
high-grade glioma

hiPSC 
glutamatergic Yes Firing up 48 h after 

seeding
No tumor/neuron 
separation; pediatric

Xu et al.,
2026 [145]

Microfluidic/
HD-MEA

U251, U87 
(IDH-wt) rat hippocampal Yes

Gamma and theta 
activity increased
by invasion

No compartmental-
ization

Pelkonen et al., 
2020 [121]; 
Pigareva et al., 
2023 [202]

Modular/bilayer 
microfluidic MEA none hiPSC [121]; 

rodent [202] Yes
Isolated medium in 
chambers, modular 
connectivity

No tumor cells

This proposal 
(Figure 3)

Staged microfluidic,
2D → 3D

IDH-mutant and 
IDH-wt 
patient-derived

hiPSC (+glia) Yes – Not yet validated
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3. Future Perspectives of the Glioma-on-a-Chip Approach
The glioma-on-a-chip models discussed here offer various options for studying the in-

teraction between glioma and its microenvironment, ranging from simple two-dimensional 
models to more physiologically relevant three-dimensional ones.

There is a growing consensus that reproducing the tumor microenvironment is neces-
sary to study glioma development in vitro, and integrating the blood–brain barrier with 
glioma cells on a single platform is important to evaluate drug delivery efficiency and 
efficacy. Co-culture of glioma cells with mature neural networks within microfluidic chips 
could address three main gaps: glioma invasion and development, long-term neuronal 
activity monitoring, and human-relevant microenvironmental control. We propose several 
key features for advanced Glioma-on-a-Chip technology:

Multicellular interaction: The microfluidic chip must contain multiple compartments 
to study glioma interaction with various brain structures (white matter, gray matter, BBB), 
tumor development and occurrence of epileptic seizures.

Complexity of the microenvironment: the microfluidic chips should include ad-
ditional cellular components of the tumor microenvironment (astrocytes, microglia, 
endothelial cells) and 3D extracellular matrix hydrogels to recapitulate the in vivo
tumor microenvironment.

Human iPSC integration: using iPSC-derived cells (glial cells, excitatory and inhibitory 
human neurons, etc.) are essential for assessing human-relevant pharmacology and genetic 
background effects.

3D organization. Development of physiologically relevant models of neuron-
glioma interaction.

Neuronal network activity monitoring: Integration with multielectrode arrays allows 
monitoring network level synchronous activity initiation and seizure localisation during 
glioma development.

Previous studies have focused on addressing specific tasks using platforms that 
replicate the interaction of glioma cells with individual components of the microenviron-
ment [144,145,203]. Integrating all or several components of the tumor microenvironment 
into a single platform may prove necessary in the future for both research purposes and 
personalized screening and therapy.

The fundamental architecture of prospective Glioma-on-a-Chip devices consists of 
two or more culture compartments connected by an array of microstructures (Figure 3), 
including two compartments designed to model the blood–brain barrier (BBB): a vascular 
compartment containing endothelial cells, and a matrix-containing compartment housing 
astrocytes and pericytes. Each compartment features two openings for cell loading and the 
delivery of culture medium. To generate fluid flow through the vascular compartment, a 
tubing is connected to the medium-supply openings—either directly or via fittings. This 
configuration also allows for the use of distinct culture media for the cells in the neuronal-
glioma chambers and for the endothelial cells.

The cell culture chambers are about several millimeters in size, with the height of all 
chambers (compartments) ranging between 100 and 200 μm.

The width of the compartment for astrocytes and pericytes is determined by the 
technical feasibility of loading a gel into the channel, as well as the time required substances 
to diffuse from the vascular compartment toward the neurons and glioma; it is typically 
around 0.5–1.5 mm [204–206].

The width of a vascularization channel is typically about hundreds of micro-
meters [206–208].

The platform incorporates two types of connections between the chambers. The first 
consists of microchannels with a rectangular cross-section and a small height (3–5 μm), 
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which allow axonal outgrowth from the neuronal side while physically confining neuronal 
cell bodies within the chamber [143]. Glial cells, characterized by their ability to change 
shape, are capable of migrating through microchannels that are only a few micrometers high. 
The second type of connection consists of a series of pillars designed to retain gel within 
one of the chip’s chambers; this configuration is intended for recreating the blood–brain 
barrier (BBB). The pillars are trapezoidal in shape, with base dimensions ranging from
70 to 450 μm [206–208].

The pillars prevent the gel—loaded into the channel containing astrocytes and 
pericytes—from entering adjacent chambers, while the gaps between them are sufficient 
to allow the diffusion of therapeutic agents across the blood–brain barrier (BBB) model 
toward glioma cells and neurons.

Electrophysiological signals from neurons can be recorded using planar microelectrode 
arrays (MEAs) for two-dimensional neuronal cultures, or by employing needle-type or 
“shell” MEAs. The setup is integrated with the MEA in such a way that the microelectrode 
region is positioned within the neuronal culture chamber.

Human iPSC-derived neurons are seeded into one chamber and allowed to mature over 
several weeks until robust spontaneous network activity occurs. The glioma and neuronal 
chambers are connected by microchannels. The axons extend through the microchannels 
forming a network that occupies most of the area of the glioma chamber. Glioma cells seeded 
to the glioma chamber can migrate along these axons toward the neuronal population, 
thereby modeling axon-guided glioma invasion.

A separate axonal chamber connected by microchannels to both the neuronal chamber 
and the glioma chamber is designated within the chip for modeling glioma interaction 
with white matter. Oligodendrocytes are added to this chamber to model myelination and 
its glioma-associated disruption, as well as glioma invasion along white matter observed
in patients.

The mature neuronal network generates burst activity. Microelectrode arrays (MEAs) 
provide sufficiently high spatial and temporal resolution for reliable detection of epilepti-
form activity associated with an imbalance between excitation and inhibition [121]. Such 
a Glioma-on-a-Chip platform with MEA allows the study of mechanisms and effects of 
glioma-induced network hyperexcitability and its correlation with glioma invasion.

Integration of the BBB model using two compartments connected to the neuronal 
and glial chambers allows the study of drug efficacy within the platform. Astrocytes 
and pericytes embedded in Matrigel are seeded into the compartment adjacent to the 
cell-containing chambers (Figure 3), while endothelial cells are seeded into the distal 
compartment to model a blood vessel into which nutrient medium containing a drug is 
delivered via a peristaltic pump or a rocking platform. The integrity of a modeled barrier 
within a chip, as well as its permeability to drug compounds, can be assessed by measuring 
the permeability of tracers and characterizing tight junctions [204–208]. Transendothelial 
electrical resistance (TEER) measurement can also be used [153]. However, due to a 
difficulty in controlling measurement variability, the TEER is not always measured in 3D 
BBB-on-chip culture models [207].

The channel adjacent to the cell-containing chambers is filled with astrocytes and 
pericytes embedded in Matrigel. Endothelial cells are seeded into the distal channel to 
model a blood vessel, into which culture medium containing the drug is delivered via a 
peristaltic pump or a rocking platform. Furthermore, recent innovations in microfluidic chip 
fabrication allow for the creation of fluidic reservoirs that maintain a hydrostatic pressure 
differential, enabling localized drug perfusion without inducing convective flow through 
the channels [121,202].
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Blood-derived macrophages and microglia can be added to the vascular and neuroglial 
compartments, respectively. Co-culturing macrophages and microglia with glioma and 
neuronal cells in separate compartments of microfluidic chips allows control of spatial 
organization and the recreation of conditions mimicking the glioma tumor core and the 
peritumoral niche.

The technical implementation of such a multicomponent model with a complex cellular 
composition requires stepwise chip preparation and sequential cell seeding. Glioma cells 
(e.g., PDCs or GSCs), astrocytes, oligodendrocytes, microglia, and endothelial cells must 
first be obtained and maintained separately under appropriate conditions with the addition 
of factors required for each specific cell type. First, an extracellular matrix 3D compartment 
containing astrocytes and pericytes should be formed. These cells secrete factors necessary 
for tight junction formation and transport regulation in the BBB model. Then neuronal cells 
should be seeded into the chip and cultured for several weeks, during which a network 
forms and synapses mature. Next, brain endothelial cells should be seeded, forming a 
monolayer and tight junctions over several days under perfusion of culturing medium. 
Glioma cells can be added at the final stage simultaneously with seeding of endothelial cells 
and BBB formation. During co-culture, neuronal, glial, and glioma cells can be maintained 
in a common culture medium [142,147]. Although recent studies have demonstrated the 
possibility of culturing individual vascular models for more than a month because of 
controlled physical and biological factors, the median culture duration in vascular chips 
across studies from 2010 to 2025 was 4 days [209]. Thus, maintaining a stable vascular 
cell phenotype and barrier function is a bottleneck for long-term maintenance of a fully 
heterogeneous model with a mature neuro-glial network and reconstituted BBB, with 
evaluation periods ranging from several days to weeks.

The presented generalized “Glioma-on-a-Chip” device scheme opens up the following 
future research strategies:

Epileptogenesis induced by gliomas of various molecular subtypes. For example, 
the new microfluidic approach enables the direct comparison of IDH-mutant versus IDH-
wildtype gliomas in terms of their epileptogenic potential and their sensitivity to specific 
ASMs (e.g., valproic acid, perampanel) or chemotherapeutic agents (e.g., temozolomide). 
Such comparisons are critical for understanding why seizures are more prevalent in IDH-
mutant tumors and for identifying the most effective therapeutic strategies for individual 
molecular subtypes.

Note, that comparisons between IDH-mutant and IDH-wildtype cells require glioma-
free neuronal controls. Differences in culturing medium requirements can be mitigated 
by using a common co-culture medium after preconditioning, by limiting the co-culture 
duration, and by including isogenic IDH-mutant and wildtype cells as an additional control. 
Furthermore, experiments comparing the effects of various molecular subtypes should be 
conducted by assessing neuronal network activity during co-culture with glioma cells as 
well as growth and invasion of glioma cells.

Comparison of results obtained on the GoC platform with the cultivation of neuronal 
and glioma cells in isolated compartments but in the same culture medium, will allow 
to study how direct cell contact could be distinguished from effects mediated by soluble 
tumor-derived factors.

Mechanisms of glioma interaction with both neurons and the tumor microenvironment. 
Introducing oligodendrocytes into the axonal chamber enables the study of myelination 
disruption caused by the glioma.

Glioma cells modify the extracellular matrix, a process that can also be investigated 
using the presented platform.
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The organ-on-a-chip model allows for the study of glioma-induced changes in blood–
brain barrier (BBB) function, the activity of specific transporters, and permeability to various 
substances and immune cells.

Co-culturing macrophages and microglia with glioma and neuronal cells in microflu-
idic chips allows for the study of the interactions of these glioma-associated immune cells 
with glioma and other cells within the tumor microenvironment and the investigation of 
their role in glioma-associated epilepsy. Such models also offer the opportunity to study the 
response of these cells to various therapeutic strategies, including testing immuno-oncology 
drugs designed to reprogram microglia.

Mechanisms of glioma cell invasion and migration into white and gray matter, as well 
as along blood vessels, can be investigated. Separate compartments for neurons and axons 
enable the difference in tumor cell invasion characteristics in gray versus white matter. An 
alternative chip design featuring a vessel-mimicking channel will facilitate the study of 
glioma cell migration toward blood vessels.

Biomedical research. A promising practical application of the platform is the assess-
ment of anti-tumor drugs, including their neurotoxicity and delivery across the BBB to the 
tumor microenvironment. A more advanced version incorporates a liver compartment, 
enabling the study of the drug pathway: blood vessel → hepatic metabolism → blood vessel 
→ BBB → brain.

Figure 3. Generalized diagram of proposed “Glioma-on-a-Chip” device for investigation of glioma 
interactions with various brain cell populations.

A critical step is the transition to models that combine patient-derived cells with 
microenvironmental components to better recapitulate the complex interactions driving 
glioma progression [112]. Studies utilizing “glioma-on-a-chip” systems require adjustment 
of parameters and chip design based on specific objectives and the chosen sources of glioma 
and neuronal cells.
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The standardization of co-culture protocols remains a promising area of development, 
essential for ensuring reproducibility of results and clinical validation. Some strategies 
could improve the comparability of results across different “glioma-on-a-chip” systems used 
in various laboratories. It is necessary to specify not only donor characteristics, molecular 
subtype, and tumor grade, but also the phenotypic composition of the cultured cells used in 
the model at the time of the experiment, for example, the ratio of glioma stem cells (GSCs) 
to differentiated cells. Passage number and functional characteristics of these cells, such as 
D2HG production in IDH-mutant gliomas, proliferation rates, and respiratory metabolic 
profile, should be reported. Differentiation efficiency must be reported for the generation 
of tumor microenvironment cells, including neurons, glia, and vascular cells, from stem 
cells (iPSCs/ESCs) or via transdifferentiation, and should be based on both the expression 
of specific markers and the results of functional assessments. Standardized quantitative 
metrics, such as neuronal spike frequency or the transendothelial electrical resistance 
(TEER) of a barrier, should be established for the functional evaluation of these models. 
Finally, the parameters of the chip must be clearly described, including the composition 
of the materials and their preparation methods, the dimensions of the microchannels and 
chambers, the type of adhesive coating, and the medium flow conditions.

4. Toward Personalized Therapy: Functional Drug Screening
Despite advances in genomic precision oncology, only a small fraction of patients 

benefit from targeted therapy selected on the basis of genomic profiling. In the pan-oncology 
NCI-MATCH trial, which enrolled patients with multiple cancer types, the overall objective 
response rate across treatment arms was 10.3% [210]; glioblastoma-specific series show 
a similar picture—fewer than 10% of screened patients actually initiate matched targeted 
therapy, and objective responses are confined to individual molecular subgroups, such as 
tumors harboring the BRAF V600E mutation [211]. This approach is limited by the lack of 
actionable mutations, complex genetic interactions, and unpredictable drug responses [212]. 
To overcome these limitations, evaluating drug efficacy directly on patient tumor tissues 
ex vivo can be used. Personalized functional testing using patient-derived models offers a 
promising complementary approach to guide clinical care, and early feasibility studies and 
clinical trials are currently underway to evaluate its clinical utility [213].

GoC platforms hold considerable promise as tools for patient-specific functional drug 
screening because they can capture both tumor-intrinsic behavior and the effects of glioma 
on neuronal network function. In current practice, the selection of antiseizure medications 
and anticancer therapies remains largely empirical, even though glioma-associated epilepsy, 
invasive growth, and therapeutic resistance are strongly influenced by tumor subtype and by 
the surrounding microenvironment [213]. A microfluidic system assembled from patient-
derived glioma cells and human iPSC-derived neurons could therefore enable parallel 
testing of multiple interventions across matched chip units, with concurrent assessment 
of tumor viability, invasion, and network electrophysiology. Therefore, GoC offers the 
opportunity to study tumor aggressiveness and the likelihood of recurrence.

Glioblastomas exhibit a high level of heterogeneity due to the presence of cell popu-
lations of varying levels of differentiation within the tumor. After therapy, glioma stem 
cells undergo a phenotypic transition from the proneuronal to the mesenchymal subtype, 
becoming more aggressive and leading to disease recurrence [96,97,105,214].

Confirming these data, in the microfluidic chip study, recurrent glioblastomas demon-
strated greater resistance and viability than grade 1–3 tumors. Furthermore, tumors with 
wild-type IDH showed greater viability than tumors with IDH mutations, which corre-
lates with the worse survival rate associated with wild-type IDH [47]. Drug screening 
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in personalized therapy requires the preservation of the original tumor’s properties and, 
consequently, the selection of culture conditions based on the tumor type.

4.1. Prioritizing Antitumor Efficacy While Preserving Neural Function
For a clinically meaningful screening platform, suppression of tumor growth and 

recurrence must remain the primary objective, but the assay should also capture effects 
on adjacent neural tissue [215]. This dual readout is essential because agents that reduce 
glioma viability may also injure neurons or exacerbate network hyperexcitability, whereas 
other compounds may improve seizure control without producing a substantial antitu-
mor effect [216]. Real-time microelectrode array recordings make it possible to quantify 
bursting activity, synchrony, and epileptiform discharges while the tumor compartment is 
simultaneously evaluated for invasion, growth, and survival.

Lomeli et al. demonstrated that temozolomide directly induces apoptosis in hippocam-
pal neurons and impairs neural transmission by reducing dendritic branching and synaptic 
spine density [217]. Additionally, it causes severe mitochondrial dysfunction and oxidative 
stress by suppressing mitochondrial gene transcription. GoC platforms may also be useful 
for distinguishing antitumor efficacy from neurotoxicity. A compound that reduces glioma 
growth but severely suppresses healthy neuronal activity would be less desirable in a patient 
with limited cognitive and functional reserve. Conversely, a therapy that stabilizes network 
excitability without affecting tumor progression would be inadequate as a stand-alone 
oncologic intervention. The GoC platform therefore provides a framework for assessing 
efficacy and safety within a single experimental system.

4.2. Criteria for Interpreting Drug Responses
We note first that validated criteria for interpreting drug responses on glioma-on-a-

chip platforms do not yet exist, and their development remains one of the tasks facing this 
technology. As a starting point, approaches from classical pharmacology, which distinguish 
efficacy from toxicity on the basis of dose–response curves, can be adapted. Within such a 
framework, two key distinctions are necessary.

First, genuine antitumor activity must be distinguished from general cytotoxicity. 
Each drug should be tested over a concentration range that includes clinically achievable 
concentrations of the free (unbound to plasma proteins) fraction of the drug (Cmax), on a 
tumor–neural network chip, on a control chip containing only the neuronal network, and on 
a chip with an isolated glioma culture. Following the classical approach, the selectivity index 
should be calculated on the basis of cytotoxicity: as the ratio of the concentration reducing 
neuronal population viability by 50% (IC50) to the concentration reducing tumor viability by 
50%. However, because a reduction in network electrical activity can occur without neuronal 
death (e.g., through ion channel blockade), and because slowly developing neurotoxicity 
may primarily manifest as network dysfunction, this measure should be complemented by 
a functional assessment—the ratio of the concentration reducing network activity by 50% to 
the concentration reducing tumor viability by 50%. A chip with an isolated glioma culture 
further allows direct tumor toxicity to be separated from effects mediated by neuronal 
network activity.

Second, normalization of pathological neuronal network activity must be distinguished 
from nonspecific neuronal suppression. MEA parameters should be interpreted relative to 
two reference points: the tumor-exposed network without drug and the healthy network 
treated with the drug. A response should be considered disease-modifying only if spike 
and burst rates, synchrony, periodicity, and the frequency of epileptiform discharges shift 
toward the values observed in healthy controls, at concentrations that essentially do not 
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alter the baseline activity of the healthy network; a comparable reduction in activity in 
tumor-bearing and healthy networks indicates nonspecific suppression.

Exposure duration is another critical parameter: acute (hours), sub-chronic (days), 
and chronic (weeks) recordings reflect different phenomena—acute channel blockade, 
delayed synaptic remodeling, and long-term compensatory plasticity—and only time frames 
compatible with the clinical decision window are informative for patient-specific testing.

Taken together, drug concentration, exposure time, tumor viability and migration, 
neuronal survival, and MEA-based network activity constitute a minimal interpretive 
framework that should be reported jointly for each tested compound.

4.3. Repurposing Antiseizure Medications
Although antiseizure medications are primarily used for symptom control, several may 

also exert direct effects on glioma biology. Among the most promising candidates is peram-
panel, a non-competitive AMPA receptor antagonist. In glioblastoma models, perampanel 
inhibited cell growth in vitro, and its rationale is supported by evidence that neuron-to-
glioma synaptic signaling through AMPA receptors promotes tumor progression [32]. This 
translational concept is currently undergoing clinical evaluation in a window-of-opportunity 
trial in progressive glioblastoma, making perampanel a rational candidate for on-chip screen-
ing. Clinical data stimulating interest in this direction remain limited: in a small series of 
glioma patients receiving perampanel for seizure control, shrinkage of the hyperintense 
lesion on MRI was reported in the majority of observed patients [218]; however, these 
patients were receiving concomitant antitumor therapy, the study design was retrospective, 
and the observed effects cannot be reliably attributed to perampanel. Thus, the antitumor 
efficacy of perampanel in glioma patients has not been established: the available evidence is 
limited to preclinical studies, small clinical series, and an ongoing trial designed primarily to 
assess pharmacodynamic and clinical endpoints rather than to demonstrate efficacy [219].

Valproic acid and levetiracetam are traditionally used in neuro-oncology primarily 
as antiseizure medications. In glioblastoma models, valproic acid has been reported to 
reduce cell growth and invasiveness, and clinical meta-analyses have suggested an associa-
tion between valproic acid use and improved overall survival, although the magnitude of 
benefit remains heterogeneous across studies [220,221]. In turn, levetiracetam enhances 
the efficacy of temozolomide in vitro and exhibits direct antitumor activity in cell cultures, 
while retrospective and population-based studies associate its use with improved overall 
and progression-free survival, although this clinical benefit remains a subject of debate and 
may depend on the duration of therapy [222]. Thus, both drugs are now considered not 
only as agents for seizure control, but also as potential modifiers of glioma biology [223].

In a functional screening platform, these agents should therefore be assessed not only 
for seizure control, but also for their effects on tumor viability, invasion, and treatment 
sensitivity. A useful screening platform should measure not only neuronal suppression or 
seizure reduction, but also whether a drug alters glioma viability, migration, and metabolic 
state [215].

4.4. Targeting Neuron–Tumor Crosstalk
Such a microfluidic model is also well suited for evaluating therapies that disrupt 

bidirectional signaling between glioma and neurons. Neuronal activity promotes cleavage 
and secretion of neuroligin-3, which functions as a glioma mitogen through the PI3K–mTOR 
pathway [224]. Another mechanism of tumor-neuron interaction may be mediated by brain-
derived neurotrophic factor (BDNF) secreted by neurons. It binds to TrkB receptors on 
the surface of glioma cells and triggers an intracellular signaling cascade. This leads to the 
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active insertion of additional AMPA receptors into the membrane of tumor cells, thereby 
strengthening neuron-to-glioma communication [37].

In this setting, the GoC platform can be used to test whether TrkB-pathway modulators 
attenuate malignant synaptic plasticity while preserving normal neuronal function. This 
should be presented as a preclinical screening strategy rather than an established therapeutic 
approach, because direct clinical validation of these agents in glioma remains limited.

Several practical barriers should be considered before GoC-based screening can inform 
decision-making in real clinical practice. First, cultures derived from patients cannot be 
established from every specimen: only about 50% of glioma samples grow successfully 
under standard serum-free conditions [91,92], and culture conditions must be carefully tai-
lored to preserve the original tumor phenotype (Section 2.3). Second, the amount of tissue 
available for culture is limited, as the material must be shared among histopathological 
examination, genomic profiling, and culturing. Third, the turnaround time is constrained 
by the clinical decision window: chips must be fabricated, coated, and quality-controlled in 
advance, and results must be obtained within days to weeks in order to influence treatment 
decisions. Fourth, inter-chip reproducibility—cell seeding density, network maturation 
stage, hydrogel properties, operator handling—requires standardized co-culture protocols, 
on-chip reference standards, and automated analysis pipelines. Finally, and most impor-
tantly, no glioma-on-a-chip assay has yet undergone prospective clinical validation for its 
ability to predict individual treatment response or improve outcomes; analytical validity, 
clinical validity, and clinical utility must be demonstrated in purpose-designed studies. At 
present, functional screening on GoC platforms should therefore be regarded as a tool for 
preclinical research rather than an established clinical test. Its application in routine clinical 
practice remains a prospect that requires further investigation.

5. Conclusions
Glioma-associated epilepsy remains a drug-resistant disease affecting up to 80% of 

IDH-mutated glioma patients. Replicating this complex pathology has been hindered 
by the limitations of traditional models: 2D cultures lack 3D spatial organization, while 
animal models suffer from high costs and poor real-time control. The modern organ-on-
a-chip approach, based on microfluidic technologies and cellular engineering, bridges 
this translational gap. In vitro microfluidic Glioma-on-a-Chip systems enable co-culture 
mature neural networks with glioma populations while allowing communication through 
microchannels that reconstruct the bidirectional glioma-neuron interface. Such GoC systems 
integrated with microelectrode arrays (MEAs) provide real-time monitoring of network-
level hyperexcitability and synchronized seizures development during epileptogenesis. 
This microengineered approach will allow for the study of complex bidirectional neuron-
glioma crosstalk with feedback, where glutamatergic neural transmission promotes glioma 
proliferation, and the invading glioma subsequently remodels peritumoral circuits, which 
trigger synchronized epileptiform activity.

If the technical and validation challenges outlined above are addressed, such in vitro 
approaches have the potential to complement existing personalized medicine strategies. 
Because only a small fraction of patients benefit from genome-matched targeted therapy in 
both cross-tumor and glioma-specific cohorts, testing antitumor drugs directly on patient-
derived glioma stem cells (GSCs) under co-culture conditions may provide clinically valu-
able functional information. GoC platforms capture patient-specific tumor heterogeneity 
and establish a vital framework to prioritize antitumor efficacy while preserving healthy 
neural network function. This dual readout distinguishes effective antineoplastic drugs from 
those inducing neurotoxicity, such as temozolomide-induced mitochondrial dysfunction.
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Furthermore, this approach may facilitate the repurposing of antiseizure medications 
with reported—though not yet clinically proven—antitumor activity in preclinical mod-
els and retrospective studies (e.g., perampanel, valproic acid, levetiracetam), as well as 
the screening of synaptic signaling blockers (e.g., TrkB-pathway inhibitors) to uncover 
bidirectional mechanisms influencing tumor progression. Looking forward, integrating 
fully humanized iPSC-derived cellular niches with multi-well scalability could substantially 
advance preclinical screening and—following prospective clinical validation—contribute to 
the development of personalized therapeutic strategies for patients.
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Abbreviations
 The following abbreviations are used in this manuscript:

ADAM10 A Disintegrin And Metalloproteinase 10
ADP Adenosine Diphosphate
AMP Adenosine Monophosphate
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ASM antiseizure medications
ATP Adenosine triphosphate
BBB blood–brain barrier
BDNF brain-derived neurotrophic factor
CNS central nervous system
D2HG D-2-hydroxyglutarate
ECM extracellular matrix
EGF Epidermal growth factor
EGFR Epidermal Growth Factor Receptor
EPSP excitatory postsynaptic potential
FBS Fetal bovine serum
FGF2 Fibroblast Growth Factor 2
GABA gamma-aminobutyric acid
GFAP glial fibrillary acidic protein
GOC glioma-on-a-chip
GPC Glial progenitor cell
GSC Glioma Stem Cell
HBEGF Heparin-binding EGF-like growth factor
hESC human embryonic stem cell
hiPSC human induced pluripotent stem cells
IDH Isocitrate dehydrogenase
IGF1 insulin-like growth factor 1
MCF-7 breast cancer cell line
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MEA multi-electrode array
NLGN3 Neuroligin-3
OPC oligodendrocyte progenitor cell
Panc-1 pancreatic cancer cell line
PC-3 prostate cancer cell line
PDC Patient-Derived Cell
PDGF Platelet-Derived Growth Factor
PDMS polydimethylsiloxane
PDO Patient-Derived Organoid
PDX Patient-Derived Xenograft
PEGDA Poly(ethylene glycol) diacrylate
TAM Tumor-associated microglia and macrophage
WHO World Health Organization
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