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A B S T R A C T

Glioblastoma (GBM) is one of the most aggressive and lethal brain tumors, characterized by limited therapeutic 
options and poor prognosis. This condition is strongly linked to the limitations of current preclinical models: 
traditional two-dimensional cell cultures and animal models often fail to recapitulate the complexity of the tumor 
microenvironment (TME), resulting in limited predictive value for clinical outcomes. Here, a biomimetic three- 
dimensional (3D) in vitro culture system is presented, designed to incorporate key components of the TME and to 
mimic human GBM biology by: (i) employing ad hoc–designed hydrogels as extracellular matrix (ECM) equiv
alents; (ii) integrating multiple cell types, namely GBM cells and astrocytes; and (iii) implementing dynamic cell 
culture conditions through a custom-designed microfluidic platform that closely resembles the hypoxic condi
tions typically found in this tumor. In parallel, an in silico model is developed to evaluate key microfluidic pa
rameters, including flow velocity, diffusive and convective transport within the system, and spatiotemporal 
oxygen distributions. Experimental validation combined with computational modeling enables optimization of 
device design and conditions to better replicate hypoxic GBM microenvironments. The GBM-on-Chip platform 
highlights the potential of advanced 3D systems to improve physiologically relevant in vitro cancer models and 
support future drug testing and therapy development.

1. Introduction

Glioblastoma (GBM) is the deadliest form of adult primary brain 
cancer, accounting for approximately 15% of all central nervous system 
(CNS) malignancies [1]. Currently, the standard-of-care therapy consists 
of the combination of maximal safe surgery resection, radiotherapy and 
chemotherapy, with Temozolomide (TMZ) being the gold standard drug 
[2]. Unfortunately, patients’ survival time does not exceed 15 months, 
and only 26% of patients are expected to survive 2 years after treatment 
[3–6]. Despite several efforts in drug development over the past de
cades, little advances in the outcome for patients afflicted with GBM 

have been achieved. Immunotherapy, including CAR-T cell-based stra
tegies and vaccine approaches, could represent a new promising thera
peutic treatment, although the lack of GBM-specific antigens remains a 
limitation for their development and efficacy [7]. Unlike other solid 
tumors, the high mortality of GBM is not due to metastatic spread of 
cancerous cells in the body, but rather to the presence of 
therapy-resistant tumor cells able to infiltrate into the surrounding brain 
tissue, making complete extirpation impossible. These residual cells, 
localized at the resection margin, are often not identified by standard 
MRI imaging and neither treated properly by radiotherapy and chemo
therapy leading to GBM recurrences after tumor resection [7,8]. Such 
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cells, together with the surrounding extracellular matrix (ECM), blood 
vessels, and healthy cells (including astrocytes, glutaminergic neurons 
and macrophages), constitute the tumor microenvironment (TME) 
[9–11]. The TME is responsible for inducing heterogeneity, plasticity 
and evolution in the cancer cell population, which in turn modifies and 
manipulates adjacent tumor niches [12]. Indeed, the limited efficacy of 
current GBM therapies is largely attributed to the high degree of intra- 
and intertumoral heterogeneity, as well as the complex interactions 
between tumor cells, stromal cells, and the ECM within the TME 
[13–15]. Consequently, the development and evaluation of new thera
peutic strategies must focus on experimental platforms that closely 
replicate the GBM microenvironment to better understand tumor 
biology and accelerate the drug discovery and testing [16,17].

An ideal in vitro GBM model should be highly biomimetic, thus 
incorporating all crucial components of the TME, both in terms of 3D 
ECM organization, mechanical properties and cell populations, while 
remaining sufficiently simple to ensure reproducibility [5,18]. 
Mono-layer culture models, though still widely used to understand 
peculiar biological features of GBM, do not account for the TME and 
therefore do not allow to investigate the role of the different players in 
the tumorigenesis and expansion [4,19]. Given the severe limitations of 
2D culture systems, the development of more physiologically relevant 
3D models is required to recapitulate in vitro GBM growth and get 
further insights into its biology [20,21]. In this context, 3D cancer 
models such as spheroids and organoids are widely used, since they can 
recapitulate several tumor characteristics, including growth kinetics, 
cellular heterogeneity, signaling pathway activity, and gene expression 
[22]. However, these scaffold-free cell culture methods lack the 
cell-matrix interactions present in the native tumor stroma. The com
bination of spheroids with 3D culture systems, such as hydrogels and 
scaffolds, fills this gap, providing a platform able to recreate both 
cell-cell and cell-matrix interactions, while dynamically controlling 
chemokines and growth factors gradient, which are essential features for 
mimicking in vivo conditions [23,24]. Among the currently available 3D 
cell culture platforms, hydrogels have gained growing interest in the last 
years. They are hydrophilic polymer networks, capable of retaining 
large amounts of water, broadly used for their strong similarity to the 
natural ECM and their tunable physicochemical properties [12,20,25]. 
Deriving from natural ECM extracts, commercially available hydrogels, 
e.g. Matrigel, Cultrex, HyStem and Geltrex [26,27], are commonly used 
for their biological properties. However, their undefined composition, 
limited reproducibility, and high cost remain major drawbacks [22]. In 
contrast, natural polymer-based biomaterials, such as fibrin, albumin, 
collagen, hyaluronic acid, chitosan and gelatin, have been proposed as 
brain-mimetic matrices for GBM studies because of their tunable 
chemical and physical properties and their greater experimental con
sistency [28]. However, some of these materials, such as hyaluronic 
acid, although notably overexpressed in GBM ECM [29–33], intrinsi
cally exhibit low mechanical strength and therefore do not fall within 
the target brain stiffness range, which spans from the very soft me
chanical properties of healthy brain tissue (0.1–1 kPa) to the higher 
stiffness reported for GBM (up to ~13.5 kPa) [23,34]. Thus, to recreate 
3D structures capable of covering the full physio-pathological spectrum 
of GBM stiffness, commonly used approaches rely on either covalently 
crosslinked or non-covalent hydrogel systems [22,35]. In this context, 
methacrylate gelatin (GelMA) offers several advantages in terms of 
stiffness modulation [28,36–41], while simultaneously offering favor
able biological properties. Thanks to its abundance in 
arginine-glycine-aspartic acid (RGD) sequences and matrix 
metalloproteinase-responsive peptide motifs, GelMA promotes both 
cell–matrix adhesion and cell-mediated matrix remodeling [42–44]. 
Though less explored than GelMA, chitosan presents interesting features 
as a 3D culture system [45–47]. Chitosan is composed of randomly 
distributed D-glucosamine and N-acetyl-glucosamine monomers, and is 
chemically similar to glycosaminoglycans (GAGs), which are the major 
components of brain tumor ECM. In presence of weak bases, such as 

β-glycerophosphate, chitosan becomes a thermosensitive hydrogel, 
remaining liquid at low temperatures (8–25◦C) and undergoing gelation 
at physiological temperature (37◦C). This temperature-mediated sol-gel 
transition makes chitosan highly attractive for 3D in vitro models [22,24,
35,48,49]. Since both GelMA and chitosan physical properties can be 
easily tuned by varying process parameters (e.g., polymer concentration, 
gelling agent composition, time of physical stimulus exposure) [50], 
these materials were both selected in this study as potential ECM ana
logues to implement the three-dimensionality of the in vitro GBM model.

Another essential factor for improving the fidelity of in vitro GBM 
models is the inclusion of healthy, non-cancerous cells that surround and 
influence tumor behavior and progression. Among these, astrocytes are 
the most abundant parenchymal brain cells interacting with GBM cells, 
influencing tumor growth and invasion through both the secretion of 
soluble factors and direct physical contact. The latter is believed to be a 
major driving force behind astrocyte-mediated glioma cell migration 
and invasion [14,51,52]. Therefore, in the present study, malignant 
GBM cells and non-tumoral human astrocytes were both included in the 
model to assess their mutual interactions.

Finally, to more closely mimic in vivo cancer dynamics, a highly 
biomimetic GBM in vitro model should include proper cell and tissue 
perfusion through the implementation of a dynamic cell culture system. 
Such feature can be readily achieved using the Organ-on-Chip (OoC) 
technology, which, in addition to enabling fluidic control, offers several 
advantages over traditional in vitro models – such as miniaturization, 
reduced reagent consumption, and precise regulation of the cellular 
microenvironment – thus representing a powerful tool to investigate 
GBM progression, invasion, and therapy resistance [53,54]. Notably, 
GBM exhibits a highly heterogeneous and metabolically stressed 
microenvironment, marked by local regions of low oxygen tension 
[55–57]. Oxygenation within GBM is highly heterogeneous and exists 
along a continuum rather than as a single threshold. Physiological ox
ygen levels in the healthy brain are already considerably lower than 
atmospheric oxygen, typically ranging from approximately 4–6% O2, 
depending on the brain region and local metabolic activity [56]. Within 
GBM, oxygen tension progressively decreases from relatively 
well-perfused peripheral regions toward poorly vascularized and 
peri-necrotic areas, generating spatial oxygen gradients that regulate 
tumor cell behavior. Accordingly, different oxygen thresholds have been 
proposed to define the severity of hypoxia. For example, mild hypoxia 
has been classified as 0.5–2.5% pO2, moderate hypoxia as 0.1–0.5% pO2, 
and severe hypoxia (or anoxia) as ≤0.1% pO2, although these classifi
cations may vary depending on the experimental methodology and 
biological endpoint evaluated [56]. More generally, oxygen concentra
tions between approximately 1 and 3% pO2 are sufficient to activate 
hypoxia-responsive signaling pathways in many cell types [58], whereas 
the lowest oxygen levels are typically found in diffusion-limited, peri-
necrotic niches characterized by metabolic adaptation, maintenance of 
glioma stem-like cells, and increased therapeutic resistance [59–61]. 
Therefore, oxygen concentrations below 1% pO2 could be regarded as 
representative of the most severely hypoxic regions of GBM.

Several factors contribute to the development of hypoxia in GBM: (i) 
uncontrolled tumor-cell proliferation, which increases oxygen con
sumption, (ii) abnormal vascular endothelial growth factor (VEGF)- 
mediated neovascularization, which produces small, tortuous and 
frequently occluded vessels incapable of supplying adequate oxygen to 
the expanding tumor mass [62]. This chronic oxygen deprivation pro
motes genetic and phenotypic changes, favoring the rise of highly 
aggressive tumor cells able to infiltrate the surrounding healthy brain 
tissue [63]. Such genetic changes are due to the expression of a specific 
transcription factor, the hypoxia-inducible factor 1 alpha (HIF1α) [62,
64], activated by a low partial pressure of O2. Particularly, in hypoxia, 
HIF1α accumulates in the nucleus [65], where it becomes an active 
transcription factor that drives the expression of genes involved in 
angiogenesis, metabolic reprogramming, immunosuppression, and in
vasion [66,67].
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Adopting an OoC approach facilitates the integration of all the 
aforementioned features into a single, highly biomimetic GBM model, 
potentially overcoming the limitations of conventional cell culture 
methods and animal models, which fail to reproduce TME complexity, 
raise ethical concerns, and exhibit interspecies variations—all factors 
that limit the model predictive value. Indeed, OoC platforms are already 
used for photodynamic therapy and magnetic hyperthermia testing [68,
69], as well as for multi-organ platforms designed to study inter-tissue 
interactions [70]. Although recent literature reports a rapid increase 
in GBM-on-Chip models that can significantly advance the knowledge of 
GBM etiology and revolutionize drug development, most of them focus 
on GBM interaction with the blood-brain barrier (BBB) and tumor 

vascularization, focusing on intravasation/extravasation processes, or 
cell invasion and metastasis [53,54,71–73]. In the present study, we 
aimed to improve the fidelity of GBM in vitro models by: (i) employing ad 
hoc–designed hydrogels with tunable physicochemical properties to 
recapitulate the GBM ECM organization and to investigate cell–ECM 
interactions; (ii) incorporating multiple cell types, namely GBM and 
astrocyte cells, to explore their reciprocal interactions; (iii) imple
menting dynamic cell culture settings through the design and micro
fabrication of a microfluidic platform that mimics in vivo hypoxic 
conditions of GBM tumor; and (iv) developing an in silico model of the 
microfluidic platform to reproduce and predict the physicochemical 
microenvironment under both static and dynamic perfusion conditions. 

Fig. 1. Physicochemical characterization of GelMA and Ch hydrogels. A) Swelling ratio percentage of GelMA and Ch in PBS (n = 10). B) Stability test: weight 
variation over time of GelMA and Ch hydrogels immersed in PBS at 37◦C (n = 10). C) Young's modulus calculated as the slope of the compressive stress-strain curve at 
low strain values performed on GelMA and Ch hydrogels (n = 3; ns: not significant). Inset: stress–strain compression curves. D) In situ gelation kinetics of 10% GelMA 
(logarithmic scale). Storage modulus: G′, solid line; loss modulus: G″, dotted line. UV light exposure was applied at t = 60 s and interrupted at t = 120 s (indicated by 
blue inverted triangles in the graph). E) Time sweep rheological analysis of the Ch hydrogel (logarithmic scale). G′ and G″ were measured as a function of time at 37◦C 
(red lines) or 22◦C (yellow lines). F) Young's modulus of GelMA and Ch and their frequency distribution (G) calculated from more than 15,000 data points, collected 
through force-distance measurements in QI mode AFM. H,I) Stiffness maps of GelMA (H) and Ch (I) acquired by QI mode AFM (5 × 5 μm2, 112×112 pixels), with 
every pixel corresponding to a force/distance measurement. n = 3, images are representative of at least three independent samples. Data are presented as the 
mean ± SD. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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In this study, hypoxia was reproduced through the chip's geometry and 
perfusion configuration, and validated both quantitatively, using an 
oxygen-sensitive fluorescent probe, and biologically, through the 
assessment of HIF1α accumulation. Together, these complementary 
approaches confirmed the in silico predictions of oxygen partial pressure 
within the microfluidic platform. Together, these complementary and 
integrated approaches enabled us to better understand how matrix 
composition and mechanical stimuli influence GBM cell growth and 
organization, providing insights into how more physiologically relevant 
in vitro platforms could enhance translational cancer research.

2. Results

2.1. Hydrogels characterization

With the aim of reconstructing the 3D spatial organization of GBM 
and developing biomimetic extracellular matrices that replicate the 
native mechanical and structural features of GBM, two hydrogel for
mulations, capable of encapsulating both GBM cells and astrocytes, were 
selected based on their physicochemical properties. The first hydrogel, 
GelMA 10% w/V, (hereafter abbreviated as GelMA) was prepared by 
mixing a gelatin methacrylate solution with a photoinitiator (lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate, LAP) and exposing it to UV 
irradiation to induce crosslinking. The second hydrogel (hereafter 
referred to as Ch) consisted of a chitosan solution 3.33% w/V, which, 
when mixed with a gelling agent (β-glycerophosphate, BGP) and heated 
to 37◦C, undergoes a sol–gel transition. Both hydrogels were subjected 
to comprehensive physicochemical characterization, including evalua
tion of swelling capacity, stability, and mechanical properties.

The capability of GelMA and Ch hydrogel to retain water was eval
uated by a swelling test (Fig. 1A). Both formulations exhibited a similar 
swelling profile, showing an approximate 50% swelling ratio after 24 h. 
Moreover, the degradation profile of the hydrogels after immersion in 
phosphate-buffered saline (PBS) at 37◦C demonstrates great long-term 
stability up to 15 days for both hydrogels (Fig. 1B). The mechanical 
characterization, evaluated by an unconfined compression test, is dis
played in Fig. 1C. The stress-strain curve shows a linear elastic behavior 
in the range of interest namely from 1% to 5% of strain; indeed, the 
stiffness increases as the strain increases, showing the typical response of 
hydrogel materials (inset in Fig. 1C). Young's modulus, calculated as the 
slope of the compressive stress-strain curve at low strain values (in the 
range 1 – 5% of strain), was 8.2 ± 1.9 kPa and 6.2 ± 0.7 kPa for GelMA 
and Ch, respectively. No statistically significant difference was observed 
between the two materials, with both values falling within the reported 
range of human GBM tissue stiffness [34]. Dynamic rheological mea
sures were performed to assess the viscoelastic behavior of the materials. 
A time sweep rheology test at a constant frequency of 1 Hz and 3% strain 
was conducted to demonstrate the UV-responsive behavior of GelMA 
(Fig. 1D). Prior to UV exposure, GelMA exhibited weak solid-like 
behavior (G′ > G″), likely due to gelatin chain entanglements and par
tial gelation. Upon UV irradiation (60 s), a rapid increase in both moduli 
was observed, with G′ remaining dominant and a G′/G″ ratio of 
approximately 100, indicating the formation of a chemically crosslinked 
elastic network. Besides, a time sweep test was conducted on Ch at a 
constant frequency of 1 Hz and 10% strain at 22◦C (room temperature) 
or 37◦C (gelation temperature) to investigate the thermoresponsive 
behavior of the material (Fig. 1E). Under both temperature conditions, 
the storage modulus (G′) remained consistently higher than the loss 
modulus (G″), indicating a predominantly solid-like response. Notably, 
the test conducted at 37◦C exhibited a markedly higher increase in G′ 
compared to that at 22◦C, suggesting enhanced network formation at 
physiological temperature.

Mechanical properties of the two hydrogels were further evaluated 
by high-resolution force–distance measurements using atomic force 
microscopy (AFM) in Quantitative Imaging (QI) mode (Fig. 1F–I). These 
measurements revealed lower Young's modulus values for both 

hydrogels (1.49 ± 0.02 and 2.23 ± 0.77 kPa for GelMA and Ch, 
respectively) than those obtained from bulk compression tests. Inter
estingly, the analysis of the Young's modulus distribution, expressed as 
frequency (%) (Fig. 1G), revealed a remarkably homogeneous stiffness 
distribution in the GelMA substrates, as further confirmed by the uni
form color pattern in the corresponding stiffness map (Fig. 1H). In 
contrast, the Ch samples exhibited a broader Young's modulus distri
bution and a more heterogeneous stiffness map (Fig. 1I), indicating 
spatial variability in their surface mechanical properties. The same 
analysis was performed on hydrogel cross-sectional slices obtained by 
sectioning the bulk hydrogel cylinder (Fig. S1A), enabling AFM inden
tation of the hydrogel interior and, consequently, the assessment of its 
internal mechanical properties. The measurements revealed slightly 
higher Young's modulus values than those measured at the surface 
(3.33 ± 0.39 kPa and 2.38 ± 1.52 kPa for GelMA and Ch, respectively; 
Fig. S1B and C). Consistent with the surface analysis, Young's modulus 
distribution of Ch was broader than that of GelMA (Fig. S1D), indicating 
less homogeneous mechanical properties. Although a significant differ
ence in surface stiffness was measured between the two hydrogel for
mulations, cross-sectional analysis revealed no significant differences in 
their Young's modulus. Because the cells are embedded within the 
hydrogels, the cross-sectional measurements more accurately reflect the 
mechanical environment experienced by the cells, indicating that both 
hydrogel formulations provide comparable mechanical conditions.

2.2. GelMA and Ch hydrogels allow for high cell viability and 
proliferation

The biocompatibility of the two hydrogel formulations toward both 
U87-MG human glioblastoma and SVG-A human astrocyte cell lines was 
assessed by means of a live and dead assay (Fig. 2A and B). Only a few 
red nuclei, indicative of dead cells, were detected in both matrices, 
confirming high cell viability over seven days of culture. Nevertheless, 
an increase in cell death was observed after seven days of culture for 
SVG-A cells, likely due to the spheroid size limiting oxygen and nutrient 
diffusion to the core, leading to the formation of inner necrotic regions. 
Interestingly, when SVG-A cells were co-encapsulated with U87-MG 
glioblastoma cells, overall cell viability increased, despite spheroid 
formation.

The U87-MG and SVG-A cell proliferation within both hydrogels was 
also evaluated, to assess cell metabolic activity and obtain quantitative 
information on cell viability (Fig. 2C). On day 1, U87-MG cells encap
sulated within the GelMA hydrogel exhibited higher metabolic activity 
with respect to SVG-A cells. This trend was reversed on day 3, when 
U87-MG cells proliferation slightly decreased, while SVG-A metabolism 
increased up to day 7. The co-culture condition displayed an interme
diate metabolic profile, consistent with the combined contribution of 
both cell lines. Notably, both U87-MG and SVG-A cells showed a higher 
metabolic activity when encapsulated within the Ch hydrogel from day 
1 onward, compared to GelMA. In Ch, U87-MG cells’ metabolism 
remained stable over the entire 7-day culture period, while SVG-A cells 
showed a considerable increment in their metabolism at day 3, followed 
by a decrease, likely connected to cell death increasing due to the 
necrotic core formation within the spheroids. Similarly, in co-culture 
conditions, cells encapsulated within the Ch hydrogel showed compa
rable metabolic activity at days 1 and 7, with a peak at day 3, suggesting 
enhanced interaction between the two different cell lines promoted by 
the Ch matrix.

2.3. Hydrogel formulation strongly influences cell morphology

Hydrogel-embedded U87-MG and SVG-A cells were subjected to 
DAPI/phalloidin staining to evaluate and compare their morphology 
and distribution inside the two matrices (Fig. 3A). Following 8 days of 
culture, U87-MG cells encapsulated in GelMA displayed an elongated 
morphology, closely resembling the phenotype typically observed when 
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Fig. 2. Live and dead analysis and Presto Blue assay of cells embedded in hydrogel drops. A, B) Live and dead analysis of mono-culture (U87-MG or SVG-A) 
and co-culture (U87-MG + SVG-A) models obtained with cells embedded in GelMA (A) and in Ch (B) hydrogel drops. NucBlue reagent (blue) stains cell nuclei, 
propidium iodide (red) stains dead cells. Scale bars: 125 μm. (n = 3, images are representative of at least three independent samples). C) Presto Blue assay of mono- 
culture (U87-MG or SVG-A) and co-culture (U87-MG + SVG-A) models obtained with cells embedded in GelMA (left) or Ch (right) hydrogel drops analyzed at days 1, 
3 and 7 of culture. Data are presented as the mean ± SD. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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Fig. 3. Morphological analysis of U87-MG and SVG-A cells embedded in hydrogel drops after 8 days of culture. A) DAPI/Phalloidin-TRITC staining of U87- 
MG and SVG-A cells embedded in GelMA hydrogel (top) and Ch hydrogel (down) drops in mono-culture and in co-culture models. Phalloidin labels F-actin (red), 
while DAPI stains cell nuclei (blue). Scale bar: 50 μm. B) SEM micrographs of U87-MG and SVG-A cells embedded in GelMA hydrogel (top) and Ch hydrogel (down) 
drops in mono-culture and in co-culture models. Scale bar: 10 μm. (n = 3, images are representative of at least three independent samples). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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cultured on plastic substrates. On the other hand, SVG-A cells aggre
gated inside the hydrogel, forming large spheroids, reaching a diameter 
up to 300 μm at day 8 of culture. Under co-culture conditions, in the 
GelMA hydrogel, a hybrid behavior was observed, characterized by the 
presence of both elongated cells and spheroids with irregular 
morphology, compared to those observed in monocultures. In contrast, 
when cultured in Ch hydrogels, both U87-MG and SVG-A cells pre
dominantly formed spheroids in both mono- and co-culture models.

To gain further insight into cells distribution within the GelMA and 
Ch hydrogels, samples of cell-laden hydrogels were analyzed by scan
ning electron microscopy (SEM) after 8 days of culture (Fig. 3B). U87- 
MG cells clearly exhibited distinct behaviors within the two matrices, 
displaying an elongated morphology within the GelMA hydrogel and 
forming spheroid-like aggregates within the Ch hydrogel. SVG-A cells, 
although forming spheroids in both matrices, showed slightly different 
characteristics. Specifically, spheroids formed within GelMA appeared 
less compact, suggesting that the cells might interact more extensively 
with the biomaterial, compared to those in the Ch hydrogel. In co- 
culture conditions, a similar trend to mono-culture is observed, with 
GelMA-embedded cells showing enhanced matrix adhesion and 
decreased cell aggregation. These findings led us to hypothesize that 
U87-MG cells retain their behavior in the GelMA hydrogel even in the 
co-culture model, remaining as single cells and interacting more with 
the matrix compared to the SVG-A cell population. To further test this 
hypothesis, we performed immunofluorescence staining using cell- 
specific markers to better distinguish the two cell populations within 
the hydrogel matrix.

2.4. Ch hydrogel induces the formation of heterotypic spheroids

Cell-specific markers were used to further investigate spheroids 
composition. To this end, an immunofluorescence staining was per
formed using CD44, a type I single-pass transmembrane glycoprotein 
with a pro-tumorigenic effect [74,75] as U87-MG cell marker, and 
GFAP, an astrocyte-specific intermediate filament protein as astrocytic 
cell marker. Marker specificity was validated by immunofluorescence 
staining of 2D cultures of U87-MG and SVG-A cells, respectively, con
firming the absence of cross-reactivity (Fig. S2). Both markers were 
applied in mono- and in co-culture hydrogel models. As shown in Fig. 4, 
in the GelMA co-culture model, U87-MG cells arrange themselves to 
form a network surrounding SVG-A spheroids. In contrast, in the Ch 
co-culture model, both U87-MG and SVG-A cells interact with each other 
to form spheroids consisting of a mixed population of the two cell types.

2.5. Ch hydrogel stimulates spheroid growth more effectively than GelMA 
hydrogel

Brightfield images of U87-MG and SVG-A cells embedded in hydro
gel drops were acquired and further analyzed to evaluate spheroid 
growth under static 3D culture conditions. As shown in Fig. 5, although 
both hydrogel formulations contained a similar number of cell aggre
gates (approximately 100 spheroids per 40 μL drop), a marked differ
ence in their sizes was observed. In particular, the total area of cell 
aggregates in the Ch hydrogel is 4.5 times greater than in the GelMA 
hydrogel (Fig. 5B). Quantitative analyses were performed on three 

Fig. 4. Immunofluorescence staining U87-MG and SVG-A cells embedded in hydrogel drops after 8 days of culture. Representative images of immunoflu
orescence analysis of U87-MG and SVG-A cells embedded in GelMA hydrogel (left) and Ch hydrogel (right) drops in mono-culture and in co-culture models after 8 
days of culture. DAPI (blue) stains nuclei. Scale bars: 100 μm (n = 3, pictures are representative of what was observed in at least three independent samples or 
replicates). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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independent experiments (n = 3), demonstrating the reproducibility of 
spheroid formation. Consistently, the coefficient of variation (CV) of the 
mean spheroid area across experimental replicates was low, ranging 
from 2.7%, 3.2%, and 9.3% for U87-MG, SVG-A, and U87-MG + SVG-A 
co-cultures in GelMA, respectively, and from 1.9%, 0.2%, and 2.8% for 
the corresponding cultures in the Ch hydrogel, indicating good experi
mental reproducibility despite the intrinsic heterogeneity in spheroid 
size. Notably, measuring the size distribution of cell aggregates, most of 
them in the GelMA hydrogel are smaller or equal to 5000 μm2, whereas 
in the Ch hydrogel, aggregate sizes can be up to 20 times larger (Fig. 5D). 
These findings clearly indicate that only the Ch hydrogel promotes 
enhanced interactions between U87-MG and SVG-A cells, leading to 
increased spheroids growth (Fig. S3).

To further validate this hypothesis and quantify the ratio between 
the two cell populations during spheroid formation in the static culture 
condition, we analyzed spheroid growth in both hydrogel formulations 
using live fluorescently labeled cells (Fig. 5E). Specifically, U87-MG and 
SVG-A cells were transfected with plasmids encoding GFP and TO
MATO, respectively, enabling selective visualization and live tracking. 
Live cell imaging of these fluorescent cells embedded in hydrogel drops 
revealed that both cell types exhibited similar growth dynamics over the 
8-day culture period (Fig. 5E and F). Notably, analysis of the fluorescent 
signal areas showed that cell aggregates consistently occupied a larger 
area in the Ch hydrogel compared to GelMA, corroborating our previous 
observations.

2.6. The in silico model predicts optimal conditions for dynamic culture in 
ad-hoc designed microfluidic device

Once ECM-equivalent hydrogels capable of supporting the static co- 
culture of GBM and astrocyte cells were assessed, an ad hoc chip was 
designed to implement a dynamic culture of the 3D GBM model. A 
circular-shape microfluidic platform was designed presenting a central 
channel crossing a circular well capable of hosting the cell-laden 
hydrogel in its inner part (Fig. 6A). The circular well is surrounded 
and delimited by a pillar-based crown, that simultaneously provides the 
surface tension required to keep the hydrogel confined within its region 
and allows the media flow to perfuse the hydrogel matrix, supplying the 
cells with essential nutrients (Fig. S4, Fig. S5). By sealing the chip with a 
polydimethylsiloxane (PDMS)/polystyrene (PS) cover secured by six 
screws, media leakage was prevented during the dynamic culture.

With the aim of predicting the optimal conditions for cell culture in 
the ad hoc designed microfluidic device, an in silico model of the chip 
was developed by importing the CAD geometry into COMSOL Multi
physics (Fig. 6B, top). A preliminary analysis on Reynolds number 
confirmed laminar flow conditions within the chip, consistent with 
microfluidic systems [76]. The geometry was discretized using the 
COMSOL built-in mesh generator, which provided a high-quality mesh 
(Fig. 6B, bottom) suitable for the simulations. First, the results regarding 
the laminar flow were analyzed, imposing a flow rate of 100 μL/h at the 
inlet. Specifically, the fluid velocity streamline was plotted within the 
chip (Fig. 6C), showing a symmetric flow behavior in both the micro
channels and a high velocity reduction within the central well due to the 
presence of the hydrogel which hinders the flow. To quantify these 
considerations, a one-dimensional (1D) cut line was taken at the middle 

of the device, and the total velocity magnitude was plotted for both the 
GelMA and Ch setups (Fig. 6D). It is possible to appreciate the parabolic 
profile at the edges, which corresponds to the crown surrounding the 
well. This profile was expected since it is typical of the laminar regime, 
in which the flow is higher at the center and the lowest at the walls. On 
the other hand, the velocity inside the well is effectively negligible due 
to the hydrogel presence, demonstrating that in this region oxygen and 
nutrients will move via diffusion rather than convective flux. Only minor 
discrepancies were observed between the GelMA and Ch modelling 
setups. The slightly higher peaks when considering GelMA hydrogel are 
likely due to its lower porosity (0.80 ± 0.03 for GelMA and 0.95 ± 0.02 
for Ch) and permeability (4.1 ± 0.6 × 10− 16 m2 for GelMA and 
1.2 ± 0.4 × 10− 14 m2 for Ch, Fig. S6), which further restrict fluid flow 
within the well and, in turn, enhance the flow in the surrounding crown. 
These data were corroborated by the experimental set-up, showing a 
high viability of U87-MG cells within the entire microwell of the chip 
when perfused with a 100 μL/h flow rate (Fig. S7).

To validate the mass-transport model, an acellular diffusion experi
ment was performed for both matrices. A rhodamine 6G solution was 
perfused through the device and its penetration into the hydrogel well 
was monitored over time by fluorescence microscopy, then compared 
with the concentration field predicted by the model using the corre
sponding diffusion coefficients (Fig. 6E–H). For both hydrogels the 
computed normalized-concentration maps and the temporal concen
tration profiles closely reproduced the experimental data, with 
R2 = 0.99 for GelMA (Fig. 6E,F) and R2 = 0.94 for Ch (Fig. 6G and H). 
Consistent with the higher porosity and permeability measured for Ch, 
the dye front advanced faster in the Ch than in GelMA, and this differ
ence was correctly captured by the model. The slightly lower agreement 
obtained for Ch is attributable to the diffusion coefficient adopted for 
this matrix: whereas a rhodamine-specific value was available for a 
gelatin-based hydrogel [77], no direct measurement exists for rhoda
mine in Ch, and the coefficient was therefore estimated by scaling the 
free-water value through an obstruction factor derived from 
small-molecule diffusion data in Ch gels [78] (see Methods section). 
Overall, the good agreement between computed and experimental 
transport confirms the reliability of the diffusion model underpinning 
the subsequent oxygen-consumption simulations.

2.7. In silico modelling of oxygen-consumption predicts hypoxia 
development in the GBM-on-chip system

Subsequently, laminar flow was coupled with mass transport to 
evaluate and predict oxygen consumption within the hydrogel domain. 
In this extended model, the PDMS membrane and the PS cover were also 
included in the computational domain to account for oxygen diffusion 
and permeation from the external atmosphere through these layers, in 
addition to convective supply from the perfused medium. Cellular ox
ygen consumption within the hydrogel was described by Michae
lis–Menten kinetics along with a cellular growth law (see Methods 
section) and two experimental protocols were simulated: 4 days of static 
culture followed by 4 days of dynamic perfusion (4S+4D), and 8 days of 
continuous perfusion from seeding (8D), both at a flow rate of 100 μL/h. 
Simulation results showed distinct mean pO2 time courses between the 
two protocols (Fig. 7A and B). In the 4S+4D condition, during the initial 

Fig. 5. Live-cell imaging of U87-MG and SVG-A cells embedded in hydrogel drops at day 8 of culture. A) Representative brightfield images of U87-MG and 
SVG-A cells embedded in GelMA (left) and Ch hydrogel (right) drops in mono- and co-culture models after 8 days. Scale bars: 1 mm. To the right of each micrograph, 
a black and white image that evidences the spheroids borders is reported, obtained using imageJ software. Image analysis of the total area (B), numbers (C), and areas 
distribution (D) of cell aggregates, performed on brightfield micrographs (n = 3, images are representative of three independent experiments). Data are presented as 
the mean ± SD from three independent experiments (n = 3). Each dot represents one replicate. E) Representative fluorescent micrographs of transfected GFP-U87-MG 
and TOMATO-SVG-A cells (co-culture) embedded in GelMA (top) and Ch (down) hydrogel drops automatically acquired at days 0, 3, 4, 6 and 8 of culture. Scale bars: 
1 mm. The entire drop is outlined by a white dashed circle. F) Image analysis of the cell aggregates area performed on fluorescent micrographs at day 0, 3, 4, 6 and 8 
(n = 3, images are representative of three independent experiments). Green bars indicate U87-MG GFP cells, while red bars indicate SVG-A TOMATO cells. Data are 
presented as the mean ± SD from three independent experiments (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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static phase the chip remains open and equilibrated with atmospheric 
oxygen, maintaining pO2 close to 21%. After day 4, once the device is 
closed with the PDMS/PS cover via 6 screws and connected to perfusion, 
the average pO2 progressively decreases as cellular consumption over
comes oxygen replenishment, eventually reaching 1.09% at day 8. In 
contrast, in the 8D condition oxygen depletion begins immediately, as 
the chip is closed and perfused from the start; the system therefore 
spends a longer cumulative time at low oxygen levels and attains an 
even lower final pO2 of 0.65%. Thus, while both protocols drive the 
construct into the hypoxic range [79], the 8D regime establishes a more 

pronounced and sustained hypoxic environment than 4S+4D condition 
(insets in Fig. 7A and B). Similar trends were obtained for both hydrogels 
(GelMA and Ch), consistent with preliminary fluid-dynamics simula
tions that predicted negligible differences in their respective velocity 
fields (Fig. 6D). To further examine oxygen heterogeneity, spatial maps 
of pO2 were evaluated by drawing 2D cut planes within the hydrogel 
domain (Fig. 7C and D). In both protocols, a hypoxic core developed 
within the hydrogel, although its onset occurred earlier in the 8D con
dition than in 4S+4D, in agreement with the temporal evolution of mean 
oxygen levels. Notably, in both cases the minimum oxygen 

Fig. 6. GBM-on-Chip device development and computational setup. A) GBM-on-Chip fabrication and assembly. B) 3D chip geometry imported into COMSOL 
Multiphysics (blue: inlet, orange: outlet, green: hydrogel domain) and the corresponding mesh quality illustrated by mesh skewness distribution. C) Velocity 
streamlines (μm/s) with representative yz cross-sectional slices. D) 1D cut line of velocity profile along the mid-plane of the device. E–H) Validation of the diffusion 
model against experimental rhodamine transport. E) Experimental (left) and computed (right) normalized rhodamine 6G concentration maps in the GelMA-filled 
chamber; scale bar 2.5 mm. F) Corresponding experimental (solid) and computed (dashed) normalized concentration over time for GelMA (R2 = 0.99). G) Exper
imental (left) and computed (right) normalized rhodamine 6G concentration maps in the Ch-filled chamber; scale bar 2.5 mm. H) Corresponding experimental (solid) 
and computed (dashed) normalized concentration over time for Ch (R2 = 0.94). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 7. In silico oxygen-consumption outcomes within the GBM-on-Chip platform. A-B) Time evolution of the mean oxygen partial pressure (pO2) within the 
hydrogel phase for GelMA (A) and Ch (B) matrices, considering two culture protocols: 4 days of static conditions followed by 4 days of continuous perfusion (4S+4D) 
or 8 days of continuous perfusion (8D). Insets show a magnification of the final phase of the curves (days 7-8). C-D) Spatial distribution maps of pO2 (logarithmic 
scale) within the chip (considering a specific cut plane indicated by the red dashed line) at selected time points for the 4S+4D condition (C) and the 8D condition (D). 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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concentration localized toward the central–bottom region of the 
construct. This pattern reflects the combined boundary conditions of the 
system: oxygen is supplied near the upper surface by diffusion through 
the PDMS/PS cover and along the periphery by the perfused medium in 
the surrounding crown, leaving the central–bottom region of the 
hydrogel as the most diffusion-limited. To quantify the contribution of 
the sealing configuration, we surface-integrated the net oxygen flux 
entering through the air-exposed PDMS/PS surfaces at day 8 and closed 
a global oxygen balance for the device (Fig. S8). Diffusion through the 
cover delivered approximately 9.9 × 10− 13 mol/s, corresponding to 
approximately 19% of the integrated cellular oxygen demand 
(5.1 × 10− 12 mol/s), a further 77% being provided by net perfusion, 
with the balance closing to within approximately 4% (transient oxygen 
depletion still ongoing at day 8). The oxygen distributions computed 
within the PDMS membrane and the PS cover are consistent with this 
result, showing near-atmospheric pO2 across most of the two layers, a 
localized depletion mirroring the underlying cell chamber, and a 
gradient tracing the outlet channel, except for the air-exposed PS top 
surface which remains essentially uniform, consistent with its 
barrier-like low oxygen permeability. This modest but non-negligible 
atmospheric contribution, entering preferentially near the upper sur
face, accounts for the slight vertical oxygen asymmetry of the hypoxic 
core.

Overall, these in silico simulations quantitatively predict the forma
tion of hypoxic cores in both culture protocols and indicate that the 8D 
condition yields a more severe and long-lasting hypoxic microenviron
ment for the chosen device geometry and perfusion parameters. These 
predictions guided the subsequent experimental studies aimed at vali
dating hypoxia development within the GBM-on-Chip system.

2.8. Experimental oxygen mapping validates computational predictions of 
temporal and spatial hypoxia in the GBM-on-chip system

To experimentally validate the oxygen concentrations predicted by 
the computational model, the oxygen-sensitive fluorescent probe Image- 
iT™ Green Hypoxia Reagent was calibrated under controlled oxygen 
conditions using U87-MG/SVG-A co-cultures embedded in GelMA and 
Ch hydrogels (Fig. S9). The resulting hydrogel-specific calibration 
equations enabled conversion of fluorescence intensity into local oxygen 
partial pressure (pO2) within the GBM-on-Chip, allowing direct com
parison between experimental measurements and the simulated oxygen 
profiles. Temporal oxygen quantification revealed a progressive 
decrease in pO2 throughout the culture period for both GelMA and Ch 
hydrogels under the two culture protocols (Fig. 8A–D). In both mate
rials, experimental measurements closely followed the simulated oxygen 
depletion, accurately reproducing the distinct temporal profiles associ
ated with the 4S+4D and 8D culture conditions. Oxygen levels pro
gressively declined during culture, dropping below 5% after day 4 and 
reaching severe hypoxic conditions by day 8.

To further validate the model, spatial oxygen distribution was 
experimentally assessed by quantifying pO2 in three predefined regions 
of the hydrogel compartment (outer left, Region 1; center, Region 2; and 
outer right, Region 3; Fig. 8E). Representative fluorescence images are 
shown in Fig. S10, while the corresponding quantitative analysis is 
presented in Fig. 8F and G. Experimental pO2 measurements closely 
reproduced the spatial oxygen gradients predicted by the simulations, 
with the lowest oxygen concentrations consistently detected in the 
central region of the construct.

Overall, experimental oxygen concentrations showed excellent 
agreement with the computational predictions, with a maximum root 
mean square error (RMSE) of approximately 0.5% pO2, confirming the 
ability of the computational model to accurately describe both the 
temporal evolution and spatial distribution of oxygen within the GBM- 
on-Chip system.

2.9. Dynamic culture conditions exert distinct effects on spheroid 
formation depending on the hydrogel formulation

U87-MG and SVG-A cells, embedded in both GelMA and Ch, were co- 
cultured for 8 days in the GBM-on-Chip device under dynamic culture 
conditions sustained for 4 or 8 days through continuous medium 
perfusion at 100 μL/h using a syringe pump. Cell morphology and dis
tribution were analyzed through immunofluorescence (Fig. 9). Cell ag
gregation was mostly observed in the Ch hydrogel, particularly under 
dynamic culture conditions beginning on day 4 after seeding (Ch 
4S+4D), similarly to what was noted under static conditions (Fig. 5 and 
Fig. S3). In contrast, cells cultured in the GelMA hydrogel within the 
GBM-on-Chip system largely remained as dispersed single cells. These 
observations are quantitatively supported by analysis of fluorescent 
micrographs (Fig. 9C–E). Indeed, both the mean aggregate area and the 
average number of cell aggregates at day 8 are significantly higher in Ch- 
Chip cultured under dynamic conditions after an initial 4-days static 
phase (Ch 4S+4D) compared with all other samples. Furthermore, the 
distribution of aggregate areas highlights a clear distinction between the 
matrices: in GelMA-Chips, most aggregates are smaller than 500 μm2, 
which corresponds to the size of single cells or doublets, whereas in Ch- 
Chips, aggregates can reach areas nearly 10- to 100-fold larger, ranging 
from 5000 to 50,000 μm2. This difference in spheroid formation may be 
attributed to the distinct ability of each hydrogel matrix to retain cell- 
secreted factors that promote cell aggregation in the presence of me
dium flow. Indeed, while GelMA supports spheroid formation under 
static conditions, the resulting spheroids are smaller than those formed 
in Ch, and this capability is further diminished under dynamic 
conditions.

Moreover, while the computational model was experimentally vali
dated through quantitative oxygen mapping (Fig. 8), HIF1α immuno
staining, a well-established marker of cellular hypoxic response, 
confirmed that the predicted hypoxic microenvironment elicited the 
expected biological response in cells cultured in the GBM-on-Chip sys
tem (Fig. 10). Quantitative analysis of fluorescence micrographs 
revealed significantly higher HIF1α expression at day 8 in cells cultured 
under continuous dynamic perfusion (8D) than in those exposed to dy
namic flow only after an initial 4-day static phase (4S+4D), regardless of 
the hydrogel composition. In contrast, HIF1α expression was negligible 
under static culture conditions, consistent with the maintenance of ox
ygen partial pressures close to atmospheric levels (~21% pO2).

3. Discussion

Development of innovative technologies in the field of precision 
medicine has improved the outlook for human tumor treatments, 
although, in the case of GBM, substantial challenges remain. GBM is 
among the most treatment-resistant tumors in adults. Surgical resection, 
radiation, and chemotherapy with temozolomide (TMZ) remain insuf
ficient. As a result, the five-year survival rate of patients remains un
acceptably low. Accurately recreating the GBM TME in vitro is essential 
for understanding its aggressive behavior and improving therapeutic 
strategies, as conventional culture systems fail to capture the complex 
interplay of cellular, biochemical, and physical cues present in vivo. GBM 
progression is driven by a heterogeneous TME, where hypoxia, 
cell–matrix interactions, and stromal crosstalk orchestrate proliferation, 
invasion, and therapy resistance [18]. To this end, we first carried out a 
comparative study employing a simplified, yet biologically relevant, 
static 3D co-culture model, embedding GBM cells and astrocytes, either 
alone or together, in GelMA and Ch hydrogel droplets selected for their 
similar mechanical properties and distinct biochemical characteristics. 
The choice of GelMA and Ch hydrogels was driven by the need to 
compare the effects of distinct extracellular matrix biochemical cues 
while minimizing differences in matrix mechanics. GelMA retains 
collagen-derived bioactive motifs, including RGD sequences that sup
port integrin-mediated cell adhesion [80], whereas Ch is a GAG-mimetic 
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Fig. 8. Experimental validation of computational oxygen predictions through oxygen-sensitive fluorescent probe imaging. A,B) Representative confocal images 
showing the progressive increase in probe fluorescence during culture in GelMA (A) and Ch (B) hydrogels under the two culture protocols. Five randomly selected 
fields (dashed squares in the left scheme of the chip) have been acquired. Scale bar 200 μm. C,D) Temporal evolution of oxygen concentration for both GelMA and Ch 
GBM-on-chip platforms. Experimental measurements (blue and orange dots) obtained from five randomly selected fields within each chip are compared with 
COMSOL predictions (dashed lines) for both the experimental protocols (4S+4D, 8D). Fluorescent Images were converted into oxygen concentration values using the 
calibration equations reported in Figure S9 E) Schematic representation of the three analyzed regions used for spatial oxygen quantification (outer left:1, center:2, 
and outer right:3). Representative fluorescence images are shown in Figure S10 F,G) Spatial oxygen distribution across the microfluidic chips at different culture 
times for both the experimental protocols (4S+4D, 8D). The graphs compare experimentally measured oxygen concentrations (black) with the pO2 values predicted 
by the computational model (blue) in the analyzed regions. Data are presented as the mean ± SD. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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polysaccharide that shares structural similarities with glycosaminogly
cans [81,82], major components of the GBM ECM. First, both GelMA and 
Ch formulations were subjected to physicochemical characterization. 
The high long-term stability (up to 15 days under physiological condi
tions) observed for GelMA and Ch supports the selection of these two 
materials for a reliable in vitro model. A similar resistance to osmotic 
expansion was observed for the two matrices, as indicated by their 
comparable swelling behavior. Consistently, the compressive mechani
cal properties of GelMA and Ch were not significantly different 
(8.2 ± 1.9 kPa and 6.2 ± 0.7 kPa, respectively). Nevertheless, GelMA 
and Ch exhibited distinct rheological profiles reflecting their different 
gelation mechanisms. GelMA undergoes rapid UV-induced covalent 
crosslinking, leading to a sharp increase in the storage modulus (G′), 
which remained higher than the loss modulus (G″) during the entire time 
sweep analysis, indicating a strong elastic dominance [83]. In contrast, 
Ch displays thermoresponsive gelation driven by physical interactions, 
as evidenced by the progressive increase in G′ at elevated temperature 
(37◦C). To further characterize the mechanical properties of the two 
hydrogel formulations, AFM-based force–distance measurements were 
performed on the hydrogel surface and on cross-sectional slices, 

enabling comparison of the surface and internal mechanical properties. 
For both hydrogels, the Young's modulus values obtained by AFM were 
slightly lower than those measured by bulk compression testing. This 
discrepancy is likely attributable to the intrinsic differences between the 
two techniques, including the differences in testing scale, the localized 
nature of AFM indentation, and the sensitivity of AFM to microscale 
structural heterogeneities that are averaged in bulk measurements [84,
85]. Interestingly, internal measurements revealed no substantial dif
ferences in the mechanical properties of the two hydrogel formulations, 
in agreement with the results obtained from bulk compression tests.

Subsequently, GelMA and Ch were employed to encapsulate a well- 
established GBM cell line (U87-MG), and an astrocytic cell line (SVG- 
A), both in mono and co-culture models. U87-MG cells, originally 
derived from a human malignant glioma, are widely used as an in vitro 
model of GBM due to their robust proliferative capacity, invasive 
behavior, and expression of key GBM-associated molecular markers 
[86]. SVG-A cells are immortalized human fetal astrocytes commonly 
used as a representative model of non-tumorigenic astrocytes in the 
central nervous system. However, neither cell line fully recapitulates the 
cellular heterogeneity, molecular and genomic landscape, or functional 

Fig. 9. Morphology of U87-MG and SVG-A cells embedded in hydrogel drops (GelMA or Ch) cultured for 8 days in a GBM-on-Chip system. A continuous flow 
rate of 100 μL/h was applied either after 4 days of static culture within the chip (4S+4D) or immediately after seeding (8D). A) Overview images showing the central 
well of the GBM-on-Chip system at the end of the culture period within GelMA (left) or Ch (right) hydrogel (day 8). Scale bar: 1 mm. B) Magnified views of the same 
samples, indicated by dashed squares in (A). Scale bar: 300 μm. Phalloidin (red) stains the cytoskeleton, DAPI (blue) stains nuclei. Note: the presence of cell ag
gregates is enhanced in the Ch hydrogel when the fluidic culture starts after 4 days of static culture. Image analysis of (from left to right) mean area (C), number (D), 
and areas distribution (E), expressed in μm2 of cell aggregates, performed on fluorescence micrographs (n = 3, images are representative of at least three independent 
samples). Data are presented as the mean ± SD. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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Fig. 10. Hypoxia marker immunostaining in the GBM-on-Chip system. A) Representative immunofluorescence images of U87-MG and SVG-A cells embedded in 
hydrogel drops (GelMA or Ch) and cultured for 4 days in static conditions and 4 days in dynamic conditions (4S+4D) or 8 days in dynamic conditions (8D), applying 
a continuous flow rate of 100 μL/h in a GBM-on-Chip system. Cell nuclei were stained with DAPI (blue), cytoskeleton with Phalloidin (red), while HIF1α (green) was 
used as hypoxia marker. White arrowheads highlight intracellular HIF1α localization. B) The same experiment was performed on U87-MG and SVG-A cells embedded 
in hydrogel drops of GelMA or Ch cultured for 8 days in static conditions in a multi-well plate. Scale bars: 50 μm. C) Quantification of HIF1α expression based on 
fluorescence intensity, normalized to the cell-covered area (n = 3). Data are presented as the mean ± SD. Note that under dynamic conditions maintained for 8 days, 
both GelMA and Ch Organ-on-Chip systems show increased hypoxia-marker expression compared with the other conditions. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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characteristics of primary GBM tumors and adult tumor-associated 
reactive astrocytes. In particular, reactive astrocytes actively interact 
with glioma cells and promote tumor progression, invasiveness, and 
survival through the secretion of a wide range of cytokines and other 
signaling molecules in vivo [87–90]. Therefore, the findings reported in 
this study should be interpreted within the limits of this model, and 
future validation in patient-derived GBM cells is mandatory. Neverthe
less, the use of established cell lines represents a practical and highly 
reproducible approach for the biofabrication of in vitro tumor models. 
Within this context, the proposed strategy provides a reliable 3D plat
form to investigate tumor–astrocyte interactions, enabling the evalua
tion of cell–cell crosstalk and its influence on GBM behavior in 
biomimetic hydrogel systems. Both hydrogel formulations demonstrated 
high biocompatibility, supporting cell survival throughout the culture 
period. However, optical and electronic microscopy revealed that matrix 
composition dictates strong differences in cell morphology and spatial 
organization. GelMA promoted pronounced cell-matrix adhesion and an 
elongated morphology, particularly for U87-MG cells, while Ch favored 
spheroid formation for both cell types. The larger spheroids observed in 
Ch hydrogel compared to GelMA are likely attributable to differences in 
matrix adhesivity and chemistry. Indeed, GelMA provides cell-adhesive 
cues that enhance cell–matrix interactions and limit extensive aggre
gation, whereas the non-adhesive and cationic nature of Ch could pro
mote intercellular interactions, facilitating spheroid growth and 
coalescence, especially in the co-culture model. Although further in
vestigations are needed to confirm this mechanism, it is likely that this 
microenvironment allows for increased cellular rearrangement and ag
gregation, supporting the well-documented reciprocal interactions be
tween GBM cells and astrocytes [91,92], and ultimately leading to the 
formation of larger spheroids within the Ch matrix. In addition, the 
higher porosity measured for Ch hydrogel (0.95 ± 0.02) compared to 
GelMA (0.80 ± 0.03) may contribute to this behavior by providing a 
more permissive three-dimensional environment for cellular organiza
tion and spheroid expansion. This interpretation is further supported by 
the higher permeability of the Ch hydrogel and its greater rhodamine 
diffusion compared with GelMA, indicating enhanced molecular trans
port through the matrix. Improved transport of nutrients, oxygen, and 
soluble signaling molecules may facilitate cell viability, migration, and 
intercellular communication, thereby contributing to spheroid growth. 
Collectively, these findings suggest that both biochemical interactions 
and the distinct transport properties of the hydrogels contribute to the 
different spheroid morphologies observed. Notably, spheroids formation 
occurred directly within the hydrogel matrix, avoiding the need for 
pre-formed aggregates, and potentially preserving native cell–matrix 
interactions and spheroid architecture.

These observations were further corroborated under dynamic culture 
conditions using the ad-hoc designed GBM Organ-on-Chip platform, in 
which GBM cells and astrocytes were exposed to a controlled laminar 
flow, a biomechanical cue absent in the static model. The pronounced 
formation of large cell aggregates in Ch, particularly following an initial 
static phase and subsequent perfusion, suggests that this hydrogel pro
vides a microenvironment capable of stabilizing spheroids even under 
continuous media flow. This behavior may result from the enhanced 
retention of cell-secreted factors within the Ch network, limiting their 
convective removal during perfusion [93]. In contrast, GelMA pre
dominantly supported dispersed cell morphologies under dynamic 
conditions, which is consistent with the rapid washout of autocrine and 
paracrine signals within its network [94]. Collectively, these findings 
suggest that Ch more effectively provides a pro-aggregative tumor 
microenvironment under perfusion. More importantly, in the GelMA 
co-culture model, U87-MG cells predominantly organized into a 
network surrounding SVG-A spheroids, whereas in the Ch-based 
co-culture model, U87-MG and SVG-A cells exhibited extensive 
cell–cell interactions, forming mixed spheroids composed of both cell 
populations. These results suggest the ability of Ch to promote GBM-like 
multicellular organization and its potential suitability for modeling 

tumor spheroid formation in microfluidic systems.
At the same time, both matrices only marginally support cell- 

mediated ECM remodeling—photocrosslinked GelMA remains struc
turally stable over culture periods comparable to ours despite its MMP- 
sensitive motifs [95], and chitosan is poorly degraded by mammalian 
cells, which lack endogenous chitosanases [82]—meaning that the dy
namic ECM remodeling of the GBM microenvironment is only partially 
recapitulated and remains to be addressed in future long-term studies.

Currently, Organ-on-Chip devices are mostly fabricated in PDMS by 
soft-lithography technique, a process that is time-consuming, costly, and 
poorly scalable [96,97]. With the aim of speeding the prototyping pro
cess and providing an easy customization, other than lowering the 
production costs, in this study we fabricated our microfluidic platform 
by 3D printing DLP technology, one of the currently most explored OoC 
fabrication methods [98]. By means of DLP technique, we rapidly pro
totyped the GBM-on-Chip with a transparent and biocompatible resin, 
ensuring a level of resolution adequate for our cell culture studies [99]. 
In addition, we developed a computational model of the microfluidic 
system that incorporates both fluid dynamics and oxygen transport 
coupled to cellular consumption. As a matter of fact, in silico approaches 
complement experimental studies [100,101] by enabling systematic 
exploration of the design space [102], rapid hypothesis testing and 
integration of heterogeneous data into a coherent theoretical framework 
[103,104]. Our in silico approach enabled us to assess key parameters, 
such as flow velocity, diffusion-driven transport inside the hydrogel, and 
spatiotemporal oxygen distributions, that are challenging to measure 
directly through experimental techniques [100–103,105]. Some sim
plifications nonetheless remain and should be considered when inter
preting the results. The model describes oxygen transport at the 
construct scale, assuming a homogeneous cell distribution and 
time-invariant hydrogel properties, while local microgradients and dy
namic matrix remodeling are not explicitly resolved. Furthermore, 
cell-specific metabolic variations were not included, and the predicted 
pO2 values should therefore be interpreted as an approximation of the 
overall oxygenation state of the construct rather than the evolving 
pericellular microenvironment. A detailed description of the assump
tions and limitations underlying the oxygen transport model is provided 
in Appendix 1 of the Supplementary Information.

However, a major strength of the present study is the direct experi
mental validation of the computational predictions through quantitative 
oxygen mapping. By calibrating an oxygen-sensitive fluorescent probe 
under controlled oxygen conditions, fluorescence measurements ac
quired within the GBM-on-Chip were converted into local oxygen con
centrations and directly compared with the simulated pO2 profiles. The 
agreement between experimental and computational data demonstrates 
that the model accurately predicts both the temporal evolution and 
spatial distribution of oxygen within the microfluidic platform. This 
validation substantially increases the reliability of the computational 
framework and supports its use as a predictive tool for designing and 
optimizing hypoxic microenvironments in Organ-on-Chip systems.

Modeling hypoxia is especially critical in GBM research, as low- 
oxygen regions drive malignant traits, including altered metabolism, 
invasion, therapy resistance, and maintenance of treatment-resistant 
cell states [56,63,66,106,107]. Previous studies employing micro
fluidic systems have demonstrated that controlled oxygen gradients can 
be established and maintained on chip, producing spatially heteroge
neous hypoxic signaling that more faithfully replicates in vivo conditions 
than standard normoxic cultures [108–111], yet quantitative experi
mental validation of computational oxygen transport models remains 
relatively uncommon. By combining experimentally measured oxygen 
levels with numerical simulations, our approach provides a robust 
framework for accurately characterizing hypoxia within the 
GBM-on-Chip platform. Importantly, while quantitative oxygen map
ping validated the computational model, HIF1α expression indepen
dently confirmed that the predicted hypoxic microenvironment elicited 
the expected cellular response, thereby linking the physical 
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characterization of oxygen availability with its biological consequences. 
Furthermore, our results demonstrate the versatility of the proposed 
platform, showing that both spheroid growth and the extent of the 
hypoxic window can be modulated by adjusting the culture protocol. 
The progressive establishment of a stable hypoxic microenvironment in 
our device is consistent with chronic hypoxia, which characterizes 
diffusion-limited and peri-necrotic regions of GBM and is associated 
with sustained HIF signaling, metabolic reprogramming, enhanced 
invasiveness, stem-like phenotypes, and therapeutic resistance. In 
contrast, cycling hypoxia, generated by transient fluctuations in tumor 
perfusion and oxygen delivery, induces repeated hypoxia–reoxygena
tion episodes that promote oxidative stress, inflammatory signaling, and 
dynamic regulation of hypoxia-responsive pathways [59,112–114]. 
While the current platform is designed to reproduce chronic hypoxia 
rather than temporal oxygen oscillations, future iterations could incor
porate programmable modulation of perfusion conditions, for example 
through controlled variation of the flow rate, to generate temporal 
changes in oxygen availability and thereby emulate aspects of cycling 
hypoxia. By integrating computational prediction with experimental 
validation, this platform provides a controlled system to investigate 
hypoxia-driven GBM behaviors under physiologically relevant oxygen 
conditions, while offering the potential to explore more dynamic oxygen 
environments in future implementations.

Although the complexity of GBM hypoxia in vivo, which involves 
abnormal vasculature, immune infiltration, metabolic gradients, ne
crosis, and dynamic oxygen fluctuations [115], is not fully reproduced in 
this chip, the model successfully recapitulates several key features of the 
TME, including a 3D ECM, heterotypic cell-cell interaction between 
U87-MG and SVG-A, and clinically relevant hypoxia. Moreover, the 
modular design of the platform makes it readily adaptable for 
higher-throughput drug screening. This scalability is enabled by the DLP 
3D-printing approach, which allows rapid fabrication of customized and 
parallelized architectures directly from CAD designs without additional 
tooling.

By integrating experimental validation and computational predic
tion, the platform provides a powerful tool to optimize device geometry, 
culture protocols, and perfusion conditions, supporting the rational 
design of physiologically relevant hypoxic microenvironments. 
Although the current platform incorporates tumor and astroglial cells, it 
does not yet include other key cellular component of the GBM micro
environment, such as microglia, macrophages, endothelial cells, peri
cytes, or neurons, which are known to influence tumor progression and 
hypoxia responses [114,116]. Nevertheless, the modular architecture of 
the device provides a flexible framework for the future incorporation of 
these additional cell populations, enabling more biomimetic modeling 
of the GBM TME. This platform may contribute to the future develop
ment of precision medicine approaches by providing a controlled and 
physiologically relevant system for evaluating GBM cellular responses 
and therapeutic effects under biomimetic microenvironmental 
conditions.

4. Methods

4.1. GelMA hydrogel preparation

10 g of gelatin from porcine skin (type A, ~175 bloom, G2625, Sigma 
Aldrich, Milan, Italy) was dissolved in 100 mL of PBS at 50◦C in an oil 
bath under stirring, to get a final concentration of 10% (w/V). Once the 
gelatin solution was clear, 0.7 mL of methacrylic anhydride (MA) (Sigma 
Aldrich) were added dropwise, to get a degree of substitution (DS) of 
50 ± 8%. The resulting solution was left under stirring at 50◦C for 3 h. 
The methacrylation process was then stopped diluting with 400 mL PBS. 
The solution was then transferred in pre-soaked dialysis membranes 
(Spectro/Por molecular porous membrane tubes, MWCO 12-14 kDa, 
#08-801-244, Fisher Scientific, Milan, Italy), to dialyze the GelMA so
lution against deionized water for 7-8 days at 40◦C (changing water 

twice daily), to remove unreacted methacrylic anhydride and meth
acrylic acid. At the end of the dialysis the GelMA solution was trans
ferred to 50 mL Falcon tubes, frozen at − 80◦C overnight, and then 
lyophilized for 72 h. The lyophilized GelMA was dissolved in a pre- 
warmed PBS, containing 10% w/V of FBS (Life Technologies), to 
obtain a 10% (w/v) GelMA solution. The solution was stirred at 50◦C 
until complete dissolution, and then 0.5% w/v of LAP (Lithium phenyl- 
2,4,6-trimethylbenzoylphosphinate, Sigma Aldrich) was added and let 
react for 1 h at 50◦C under stirring in the dark. The resulting GelMA 
hydrogel was used for further experiments.

4.2. Ch hydrogel preparation

Low molecular weight chitosan (Sigma Aldrich) was used for 
hydrogel preparation. The hydrogel was prepared starting from a 3.33% 
(w/v) solution of chitosan (Ch) in 0.1 M HCl (Sigma Aldrich). The so
lution was kept under stirring at room temperature overnight. The gel
ling agent (GA) solution was prepared by dissolving β-glycerophosphate 
powder in MilliQ water to a final concentration of 0.5 M. The hydrogel 
was prepared by cold mixing the chitosan solution with the GA in a 3:2 
ratio.

4.3. Swelling test

The swelling ratio is the fractional increase in the weight of the 
hydrogel due to water absorption and is useful to determine the amount 
of media that could be retained by the hydrogel network. Cylindrical 
structures (Ø ≃ 8 mm, h ≃ 5 mm) from GelMA and Ch solutions have 
been obtained from a PDMS mold, immersed in PBS at 37◦C, and 
weighted at different time points for 24h. The swelling ratio (SR) per
centage is calculated as: 

SR(%)=

[
Wwet–Wdry

Wdry

]

× 100 1 

Where Wdry is the weight of sample at time 0 and Wwet is the weight of 
the hydrated sample.

4.4. Stability test

The hydrogel stability test is used to determine the stability of the 
material in physiological conditions in a non-enzymatic environment. 
The hydrogel was immersed in PBS at 37◦C and its weight was measured 
at different time points over 15 days. The weight variation of the ma
terial was calculated as: 

Weight variation(%) =

[
Wi − Wd

Wd

]

× 100 2 

Where Wi is the initial weight and Wd is the weight that is measured at 
different time points.

4.5. Compression test

Swollen GelMA and Ch samples after the swelling tests were 
measured with a gauge to determine diameter and thickness and then 
tested with a Z5.0 testing machine (Zwick/Roell, Germany), equipped 
with a 10 N load cell to determine the hydrogels stiffness. The test was 
performed at room temperature, up to 75% deformation and with a 
displacement velocity of 2 mm/min [117], obtaining the compressive 
stress–strain curves. At least 3 samples were measured for both hydro
gels. The Young's modulus was calculated as the slope of the linear part 
of the stress–strain curve between 1% and 5% of the strain and plotted.

4.6. Rheological properties

The rheological properties of GelMA and Ch solutions were tested by 

G. Corallo et al.                                                                                                                                                                                                                                 Materials Today Bio 40 (2026) 103548 

17 



a rheometer (MCR 301, Anton Paar Physica) equipped with a 25-mm 
cone-plate geometry. Temperature-sweep tests were performed on Ch 
at 22◦C and 37◦C with a frequency of 1 Hz and a strain of 10%. To 
investigate the effect of photopolymerization on GelMA rheological 
properties, time-sweep measurements were performed at room tem
perature at a frequency of 1 Hz and a strain of 3% in the rheometer 
connected with Omnicure LX500 UV LED Spot Curing system (385 nm). 
UV exposure time was 60 s for all samples with a 1.1 W/cm2 irradiance.

4.7. AFM force-distance characterization

Force–distance measurements were conducted in liquid at room 
temperature after soaking both the hydrogel cylinders and the corre
sponding cross-sectional slices in PBS for 24 h. The analysis was per
formed using a JPK NanoWizard V Atomic Force Microscope (Bruker, 
Germany) equipped with a SAA-SPH-1UM cantilever (Bruker) featuring 
a cylindrical tip with a hemispherical end of 1 μm radius (spring con
stant: 0.25 N/m). Young's modulus maps were acquired using the 
Quantitative Imaging (QI™) advanced mode, in which a complete 
force–distance curve was recorded at each pixel by indenting the sample 
surface until a predefined force threshold was reached. A setpoint force 
of 1 nN and a z-range of 4000 nm were applied, and at least three maps 
(5 × 5 μm2, 112×112 pixels) were collected for each sample. Young's 
modulus values were obtained by fitting each force–distance curve pixel 
by pixel using the Hertz contact model, as implemented in the JPK 
analysis software [85,118].

4.8. Cell culture and cell encapsulation within the hydrogels

The U87-MG human glioblastoma and SVG-A human astrocyte cell 
lines were cultured in Dulbecco's Modified Eagle Medium (DMEM, Life 
Technologies) supplemented with 10% FBS, in the presence of 100 U/ 
mL of Na-penicillin and 100 μg/mL of streptomycin sulfate purchased 
from ECACC (European Collection of Authenticated Cell Cultures, Sal
isbury, UK), whereas the SVG-A astrocyte cells were obtained from R.S. 
Lahue Laboratory, Human Molecular Genetics Lab, University of Gal
way, Ireland [119]. Cells were cultured at 37◦C with 95% humidity and 
5% CO2. After preliminary tests, a cell density of 1 million cells per mL of 
hydrogel was chosen for cell encapsulation, by gently mixing the cells, 
resuspended in 50 μL of medium, within the hydrogel solution. Drops 
(40 μL) of cell-laden Ch hydrogel were placed in a 24-well cell culture 
plate and then incubated at 37◦C to induce the sol–gel transition of the 
thermo-responsive hydrogel. After 10 min, complete DMEM was added 
to each well. Alternatively, drops (40 μL) of cell-laden GelMA hydrogel 
were placed in a 24-well cell culture plate and immediately exposed to 
UV irradiation for 60 s to induce hydrogel crosslinking. Samples were 
then incubated at 37◦C with 95% humidity and 5% CO2 for 20 min for 
further experiments. U87-MG and SVG-A cells have been embedded in 
hydrogel drops generating a mono-culture model (with U87-MG or 
SVG-A cells) or a co-culture model in which both the cell types were used 
together.

4.9. Live/dead staining of cells encapsulated within the hydrogels

The live/dead assay was performed to evaluate cell viability inside 
the GelMA and the Ch hydrogels. The cell-encapsulated hydrogel drops 
were incubated with a working solution, composed by NucBlue® Live 
reagent (ReadyProbes® Cell Viability Imaging Kit) or Calcein-AM 
(Invitrogen) and propidium iodide in pre-warmed DMEM, depending 
on the experiments. The working solution was left reacting for 1 h in the 
dark and then removed. Fluorescent images were obtained using an 
inverted fluorescence microscope (Evos M7000, Thermo Fisher), with 
specific wavelengths following manufacturer's instructions.

4.10. Presto Blue assay

Presto Blue assay (Invitrogen) was performed at days 1, 3, and 7 of 
cultivation of the cell-laden hydrogel drops, to evaluate the metabolism 
of the cells encapsulated in the hydrogels, according to the manufac
turer's instructions. Briefly, the samples were deprived of culture me
dium and incubated at 37◦C for 2 h in the dark in the presence of the 
Presto Blue reagent. At the end of the incubation time, the medium was 
recovered and the absorbance at 570 nm was read using a spectropho
tometer. Data were expressed as a percentage of metabolic activity, and 
all the results were normalized to day-1 values.

4.11. Scanning electron microscopy (SEM) analysis

Drops of GelMA and Ch hydrogels with encapsulated cells (U87-MG, 
SVG-A, U87-MG + SVG-A) were cultured for 8 days, and analyzed using 
scanning electron microscopy (SEM EVO 40, Carl Zeiss AG). After 
cultivation, samples were washed twice with 1× PBS, fixed with 4% 
paraformaldehyde solution (PFA) for 10 min at room temperature, and 
finally washed with 1× PBS. The samples were then dehydrated in 
increasing concentrations of ethanol (50%, 70%, 95% and 100%) and 
left to dry overnight. Prior to SEM imaging, samples were coated with a 
10-nm gold layer by sputtering (CCU-010 HV, Safematic GmbH). Images 
at 2-3k× magnifications were acquired with an accelerating voltage of 5 
kV.

4.12. Generation of GFP-U87-MG and TOMATO-SVG-A fluorescent cells

2.5 × 106 subconfluent U87-MG cells were stable transfected by 
electroporation with Neon Transfection System (Invitrogen) at 1300 V, 
30 ms, in the presence of 30 μg of pEGFP-N1 vector (Real Gene Biotech 
Company), encoding green fluorescence protein (GFP) in 3 mL DMEM. 
Cells were subsequently diluted to 10 mL DMEM without FBS and an
tibiotics and seeded in a 10-cm culture dish, with medium replacement 
after 6 h. Antibiotic selection of transfected cells was performed with the 
neomycin analogue G418 (Sigma), added at 0.8 mg/mL 48 h after the 
transfection and replaced twice a week. The pool of U87-MG neomycin 
resistant cells was used for experiments.

Stable transfection of 2.5 × 106 subconfluent SVG-A human astrocyte 
cells was performed by 60 μL of Transfectin Reagent (Biorad) in the 
presence of 30 μg of ptdTomato-N1 vector (Clontech), encoding tdTo
mato, a member of the family of fruit fluorescent proteins derived from 
the Discosoma sp [51], Red fluorescent protein, DsRed, in 3 mL of DMEM 
without FBS and antibiotics, and plated in a 10-cm dish. The medium 
was replaced after 6 h. The neomycin analogue G418 (Sigma) was added 
at 0.8 mg/mL 48 h after the transfection and the medium was changed 
twice a week. The pool of SVG-A transfected and neomycin resistant 
cells were used for experiments. The percentage of positive cells was 
evaluated by acquiring several fluorescence and bright-field micro
graphs of U87-MG and SVG-A cells and calculating the ratio of fluo
rescent to total cells. Both cell lines were approximately 70% 
transfected.

4.13. Live-cell imaging of transfected GFP-U87-MG and TOMATO-SVG- 
A cells

For the evaluation of cell aggregates growth, the cells-laden hydrogel 
drops obtained from transfected GFP-U87-MG and TOMATO-SVG-A 
cells were cultured for 8 days as previously described. Fluorescence 
and bright-field micrographs of the entire drops were automatically 
acquired every 24 h for 8 days with an inverted fluorescence microscope 
(Evos M7000, Thermo Fisher). The number and area of cell aggregates 
were analyzed using the ImageJ software and visualized with GraphPad 
Prism v.10. Quantification was performed on spheroids obtained from 
three independent experiments (n = 3), demonstrating reproducible 
spontaneous spheroid formation despite the expected biological 
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heterogeneity in spheroid size. To further assess the reproducibility of 
spheroid formation, the coefficient of variation (CV) of the mean 
spheroid area was calculated as the ratio of the standard deviation (SD) 
to the mean of the three experimental replicates, expressed as a per
centage according to the following equation: 

CV(%) =

(
SD

mean

)

× 100 3 

4.14. Chip design and fabrication

The microfluidic device, used to construct the GBM-on-chip, has 
been designed using Rhinoceros Software (Robert McNeel & Associates, 
v6.0) (Fig. 6A, Fig. S4). The chip consists of a central microchannel with 
a width of 1 mm and a height of 1.5 mm. The channel crosses a central 
well, with a radius of 3.5 mm, which will host the cell-laden hydrogel 
inside an inner space, surrounded and delimited by a pillars’ crown with 
an inner radius of 2.5 mm. The inlet and outlet of the chip are sym
metrically positioned and consist of integrated connectors, useful for the 
tube insertion and microfluidic set-up (Fig. S5). The chip is fabricated 
using Digital Light Processing (DLP) 3D-Printing technology (Asiga MAX 
X27 UV 3D printer, Asiga, Australia), with a printable volume of 
51.8 mm × 29.2 mm × 75 mm and a xy resolution of 27 μm, equipped 
with a high power led (385 nm). A biocompatible resin (GR-10 resin, 
pro3dure medical GmbH, Germany) was chosen as chip fabrication 
material [99]. The printing parameters were experimentally optimized 
to ensure dimensional accuracy and structural integrity (Table S1). Once 
printed, the chip undergoes a cleaning phase with 2-propanol (IPA) to 
remove excess resin, and it is placed under UV light (30 min each side) to 
further polymerize the resin and obtain the final cured device. The de
vice is then assembled and closed by a transparent polystyrene (PS) 
cover, fabricated by CNC micromilling (Mini-mill3 NSK E3000 from 
MiniTech Machinery, Norccross, GA, USA). The PS cover was fixed using 
6 screws and 6 nuts, positioned on the long sides of the device. To ensure 
a hermetic seal of the device, a 300 μm-thick Polydimethylsiloxane 
(PDMS) membrane (Sylgard 184, base-to-curing-agent ratio 10:1, 
fabricated by spin-coating on a silicon wafer at 700 rpm for 45 s) was 
oxygen-plasma bonded to the PS cover.

4.15. Computational simulation setup

The computational models were carried out using COMSOL Multi
physics (COMSOL Inc., version 6.1, 2023, Stockholm, Sweden), a finite 
element software particularly suited for multiphysics simulations. In 
microfluidic devices with small geometric length scales, fluid motion is 
governed by the continuity and the Navier–Stokes equations [120]. To 
determine the appropriate flow regime for our chip, the Reynolds 
number (Re) was calculated as: 

R=
ρUD

μ 4 

Where ρ is the fluid density, U the velocity, D the characteristic length 
and μ the dynamic viscosity. Water was selected as the reference fluid in 
this study, which is a popular choice for in silico simulations of bio- 
microfluidic chips [121–123], as it is a Newtonian fluid, and its rheo
logical properties reasonably approximate those of DMEM through the 
chip in the experimental study [124]. Using water density and viscosity 
values adjusted for 37◦C (cell culture conditions), with a characteristic 
length of 3.5 mm and an inlet flow rate of 100 μL/h, the Reynolds 
number was estimated to be approximately 0.34 which corresponds to 
laminar regime. This was expected, since in the microfluidic realm, flow 
is generally laminar, with viscous forces overcoming inertial ones [105,
125]. No-slip boundary conditions were imposed on the walls, while a 
fully developed flow was applied at the inlet and a zero-gauge pressure 
condition at the outlet (Fig. 6B). To account for the porous nature of the 
Ch and GelMA hydrogels, a Darcian flow [126] was implemented within 

the hydrogel domain (Fig. 6B). The hydraulic permeability of the GelMA 
and Ch formulations was measured experimentally following the 
approach of Gao et al. [127], using a purpose-built permeability setup in 
which GelMA and Ch were cast. Each hydrogel was perfused with MilliQ 
water using an Elveflow OB1 MK3+ pressure controller (Elveflow, Paris, 
France) coupled with an inline flow sensor, varying the applied pressure 
between 200 and 2000 mbar while recording the steady-state volu
metric flow rate Q. Within the tested range, Q varied linearly with the 
applied pressure ΔP (R2 > 0.999; Fig. S6), confirming that the mea
surements lay within the linear Darcy regime, from which the hydrogel 
permeability was obtained as: 

κ =
μQL
AΔP

5 

Where L is the hydrogel height (fixed at L = 1.5 mm), A is the hydrogel 
surface area (fixed at A = 50.27 mm2), and μ the water dynamic viscosity 
at 25◦C (fixed at 0.89 mPa × s). After accounting for the hydraulic 
resistance of the empty setup, the measured values were κ = (4.1 ± 0.6) 
× 10− 16 m2 for GelMA and κ = (1.2 ± 0.4) × 10− 14 m2 for Ch.

Hydrogels porosity was experimentally determined as the ratio be
tween the pore volume and the total volume of the fully swollen 
hydrogel (n = 3). The pore volume was assumed to correspond to the 
amount of water retained under equilibrium swelling conditions, with 
complete saturation and full pore occupancy. To calculate this, the 
volume of the dry polymer network, obtained after freeze-drying, was 
subtracted from the total swollen volume. The total volume was defined 
as the volume of the hydrogel in its fully hydrated state, including both 
the polymer matrix and the absorbed water. Porosity was then calcu
lated using the following formula: 

Pore V
Total V

=
Total V − Dry polymer V

Total V
6 

The porosity, as determined by the described method, resulted to be 
0.80 ± 0.03 for GelMA and 0.95 ± 0.02 for Ch. Finally, a physics- 
controlled mesh was selected using the in-house COMSOL mesh 
builder, and the grid independence of the result was checked by globally 
refining the mesh to obtain finer tetrahedra throughout the domain. A 
total of 2,190,485 tetrahedral elements provided mesh-independent 
results (Fig. 6B).

4.16. Diffusion model validation

The diffusion model was validated experimentally under acellular 
conditions. Fresh GelMA and Ch hydrogels were cast in the chip well and 
the device was perfused at 100 μL/h with a rhodamine 6G solution 
(0.1 mg/mL). Dye penetration into the hydrogel was recorded over 
250 min by fluorescence microscopy and expressed as normalized con
centration. Fluorescence imaging was performed using an EVOS M7000 
Imaging System (Thermo Fisher) equipped with an Olympus 4×
apochromatic objective (AMEP4904; NA = 0.16, WD = 13 mm). 
Rhodamine 6G fluorescence was acquired using the EVOS RFP light 
cube. Automated tile scanning was performed to acquire multiple 
overlapping fields of view covering the entire central chamber of the 
microfluidic chip, and the acquired images were stitched to generate a 
complete fluorescence mosaic reconstruction using the integrated EVOS 
M7000 Software (Thermo Fisher). The same experiment was reproduced 
in silico by solving a time-dependent convection–diffusion problem 
coupled with the laminar-flow and Darcy velocity field described in the 
previous subsection. The computed concentration maps and temporal 
profiles were compared with the experimental ones (Fig. 6E–H). The 
free-diffusion coefficient of rhodamine in water was set to 
4.14 × 10− 10 m2/s [128]. Matrix-specific values were assigned as fol
lows: for GelMA, a value of 4 × 10− 11 m2/s, reported for rhodamine 6G 
in a gelatin-based hydrogel by fluorescence correlation spectroscopy 
[77]; for Ch, a value of 2.3 × 10− 10 m2/s, obtained by scaling the 
free-water coefficient through an obstruction factor derived from 
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proton-NMR measurements of small-molecule diffusion in chitosan gels 
of comparable polymer content [78], due to lack of literature data for 
rhodamine in Ch. Model agreement was quantified by the coefficient of 
determination (R2) between computed and experimental 
normalized-concentration time courses (Fig. 6F–H).

4.17. Oxygen transport and consumption simulation

To predict hypoxia development within the chip, an oxygen trans
port and consumption model was coupled with the laminar flow simu
lation (Table S2). To account for oxygen diffusion from the external 
atmosphere through the PS cover and PDMS membrane when the chip is 
closed, both layers were explicitly included in COMSOL with their actual 
dimensions: two parallelepipeds of 37 × 25 mm, with a thickness of 
2 mm for the PS layer, and 300 μm for PDMS membrane. At 37◦C, the 
diffusion coefficients of oxygen were set to 3.8 × 10− 9 m2/s in aqueous 
solution [129], 4.1 × 10− 9 m2/s in PDMS [108,130], and 
2.3 × 10− 11 m2/s in PS [108,131]. Cellular oxygen uptake reaction was 
described by Michaelis-Menten kinetics [132,133]: 

RO2 =(qU87− MGρU87− MG + qSVG− AρSVG− A)
cO2

cO2 + kMM,O2

δ(cO2 > ccrit) 7 

Here, q is the single-cell oxygen consumption rate, set to 0.005 pmol/ 
min for U87-MG cells [134] and 0.0013 pmol/min for SVG-A cells [135], 
ρcells is the cell density, experimentally set to an initial value of 
0.5 × 106 cells/mL for both cell cultures. Furthermore, kMM,O2 is the 
Michaelis-Menten constant for the oxygen – set to 3 × 10− 3 mol/m3 [79] 
– and cO2 is the local oxygen concentration in time and space, computed 
by the solver at each step. To avoid overestimating oxygen consumption 
due to non-viable cells, a Heaviside function δ was introduced so that 
consumption ceased below a critical oxygen concentration. This critical 
concentration ccrit for hypoxia-induced cell death was set to 
1 × 10− 4 mol/m3 [129,136]. The initial oxygen concentration was set to 
0.192 mol/m3 – corresponding to the solubility of oxygen in DMEM at 
37◦C [137] – within all the chip, assuming complete perfusion of the 
culture medium at t = 0. The same oxygen concentration was imposed at 
the inlet throughout the simulation to represent continuous perfusion 
from the connected syringe pump. Moreover, to account for oxygen 
transfer from the external atmosphere, the same oxygen concentration 
boundary condition was prescribed on the PDMS and PS surfaces 
exposed to air. Although oxygen solubility in PDMS is substantially 
higher than in the culture medium, the same oxygen concentration was 
imposed at all air-exposed boundaries to avoid artificial concentration 
jumps at material interfaces. The resulting differences in oxygen levels 
are therefore determined by diffusion and material properties within the 
simulated domains rather than by boundary discontinuities. Regarding 
the 4S+4D protocol, the simulations describe the perfused phase of the 
culture protocol, which begins at day 4. The oxygen concentration 
within the hydrogel at the start of this phase was prescribed as uniform 
and equal to the concentration of oxygen dissolved in culture medium at 
equilibrium with the surrounding atmosphere, 0.192 mol/m3 [137], 
corresponding to the open, static configuration in which the device is 
immersed in culture medium within a dish during the preceding four 
days. The initial cell density for the perfused phase was not predicted by 
the model but was derived from experimental measurements performed 
at day 4, resulting in a value of 1.1 × 106 cells/mL for both hydrogels. To 
account for cellular growth and death, a logistic equation which was 
implemented through the ordinary differential equation (ODE) interface 
in COMSOL [79,137]: 

dρcell

dt
= umax

cO2

cO2 + KP

(

1 −
ρcell

ρcell,max

)

ρcell − λdeath

(

1 −
cO2

Kdeath + cO2

)

ρcell 8 

where umax is the maximum proliferation rate under normoxia, KP is the 
half-saturation constant for proliferation, ρcell,max is the maximum 
achievable cell density within the hydrogel due to space or nutrient 

limitations, λdeath is the maximum death rate under severe hypoxia, and 
Kdeath is the oxygen concentration at which the death rate is halved. For 
U87-MG, umax was experimentally estimated from static culture growth 
over 8 days, obtaining 5.32 × 10− 6 1/s, consistent with literature values 
[79]. KP was set to 0.02 mol/m3 [138], ρcell,max to 1 × 108 1/mL [79,
139], λdeath to 5.88 × 10− 6 1/s [79,140] and Kdeath equal to 
0.845 mmol/m3 [79,141]. The same parameter set was used for SVG-A 
cells due to the lack of specific modeling data for this cell line.

4.18. 3D culture in the microfluidic chip

A cell density of 1 million cells per mL of hydrogel was chosen for cell 
encapsulation in the microfluidic chip, by gently mixing the cells (U87- 
MG and SVG-A) with the hydrogel solution. A drop (40 μL) of cell-laden 
Ch hydrogel was dispensed into the central well of the chip, surrounded 
and delimited by a pillars’ crown and then incubated at 37◦C in order to 
induce the sol–gel transition of the thermoresponsive hydrogel. Alter
natively, a drop (40 μL) of cell-laden GelMA hydrogel was dispensed into 
the central well of the chip as previously described and exposed to UV 
for 60 s to induce hydrogel crosslinking. The chips were hermetically 
sealed with a transparent PS cover secured by six screws and six nuts, 
and subjected to dynamic culture conditions for 8 days—either imme
diately after seeding or starting on day 4—via connection to a syringe 
pump system operating at a flow rate of 100 μL/h.

4.19. Experimental oxygen quantification using an oxygen-sensitive 
fluorescent probe

To experimentally quantify oxygen concentration within the GBM- 
on-Chip platform, an oxygen-sensitive fluorescent probe (Image-iT™ 
Green Hypoxia Reagent, Thermo Fisher Scientific) was employed. This 
live-cell permeable compound exhibits increased fluorescence under 
hypoxic conditions due to oxygen-dependent intracellular activation. 
The fluorogenic response is negligible under normoxic conditions, while 
provides a hypoxia-dependent fluorescent signal when oxygen level 
reaches 5%, and progressively increases as oxygen availability de
creases, as reported by the manufacturer. To convert fluorescence in
tensity into oxygen concentration, a calibration procedure was first 
established using cell-laden GelMA and chitosan hydrogel drops pre
pared under the same experimental conditions as the GBM-on-Chip 
constructs. Samples were incubated with 5 μM Image-iT™ Green Hyp
oxia Reagent for 2 h at 37◦C and imaged using a Zeiss LSM980 confocal 
microscope with a LD Plan-Neofluar 20×/0.4 Korr M27 air objective, 
equipped with a PeCon live-cell environmental chamber (PeCon GmbH, 
Germany), allowing controlled regulation of temperature, CO2, and 
oxygen concentration throughout the calibration experiments. Samples 
were sequentially equilibrated at predefined oxygen concentrations 
spanning normoxic to severe hypoxic conditions (20%, 5%, 2.5% and 
0.1% pO2), while maintaining identical acquisition parameters (laser 
power, detector gain, pinhole, and offset) throughout the entire cali
bration procedure. Confocal z-stacks were acquired for each oxygen 
concentration and converted into maximum intensity projections to 
include fluorescent cells distributed throughout the entire thickness of 
the hydrogel. Fluorescence intensity was quantified in Fiji (version 
1.54p) as the mean gray value after thresholding to selectively identify 
fluorescent cells. Under normoxic conditions (21% pO2), the probe 
fluorescence remained at background levels and was quantified as zero 
after thresholding. Increasing fluorescence intensities were detected 
under hypoxic conditions, with progressively higher signal at decreasing 
oxygen concentrations. Separate calibration curves were generated for 
GelMA and Ch hydrogels by linear regression analysis in GraphPad 
Prism v.10, yielding hydrogel-specific equations relating fluorescence 
intensity to oxygen concentration (Supplementary Fig. S9). These 
equations were subsequently used to estimate oxygen concentration 
from fluorescence images acquired in the GBM-on-Chip experiments. 
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Prior to imaging, microfluidic chips were perfused with culture medium 
supplemented with 5 μM Image-iT™ Green Hypoxia Reagent for 4 h to 
allow probe administration. For temporal oxygen quantification, 
confocal images were acquired from five randomly selected fields of 
view within each chip at the different culture time points. Mean fluo
rescence intensity was converted into oxygen concentration using the 
corresponding calibration equation and compared with the oxygen 
consumption predicted by the computational model. For spatial oxygen 
quantification, fluorescence images were acquired from three pre
defined regions of the microfluidic device distributed along the hydrogel 
compartment, including two peripheral regions (Regions 1 and 3) and 
one central region (Region 2), as illustrated in Fig. 8E. At least three 
fields per region were acquired. Mean fluorescence intensity was con
verted into oxygen concentration using the corresponding calibration 
equation and compared with the spatial oxygen distributions predicted 
by the computational model considering a specific cut line encompass
ing the three predefined regions of the microfluidic device. Day 0 in the 
8D protocol and days 0 and 4 in the 4S+4D protocol were considered 
normoxic reference conditions (21% pO2), as the devices remained in 
equilibrium with the incubator atmosphere during these culture phases.

To quantify the agreement between the computational predictions 
and the experimental measurements the root mean square error (RMSE) 
was quantified as: 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(Si − Ei)

2

√

9 

where Si and Ei represent the simulated and experimental values, 
respectively, and n is the total number of paired observations.

4.20. Morphological analysis of embedded cells by DAPI/Phalloidin 
staining

To evaluate cell morphology and distribution of U87-MG and SVG-A 
cells within the GelMA and Ch hydrogels, samples were subjected to 
DAPI/Phalloidin staining. After 8 days of culture the cells-containing 
hydrogel drops (both in static and dynamic experiments) were washed 
twice with PBS, fixed with 4% paraformaldehyde (PFA), and per
meabilized in 0.2% PBS/Triton X-100 for 15 min. Blocking solution (2% 
BSA in 0.1% PBS/Triton) was added for 1 h at room temperature. TRITC- 
Phalloidin (1:1000 v/v in blocking solution) was added to the samples 
for 20 min at room temperature. Cells nuclei were stained with DAPI. 
Fluorescent images were obtained by a Carl Zeiss confocal microscope 
(LSM700) using an EC Plan-Neofluar 40X/1.3 oil-immersion objective.

4.21. Immunofluorescence staining

For immunofluorescence analyses the cells-laden hydrogel drops 
(both in static and dynamic experiments) cultured for 8 days were 
washed twice with PBS, fixed with 4% PFA, and permeabilized in 0.2% 
PBS/Triton X-100 for 15 min. Blocking solution (2% BSA in 0.1% PBS/ 
Triton) was added for 1 h at room temperature. U87-MG cells were 
stained with CD44 antibody, while SVG-A cells were stained with GFAP 
AlexaFluor-488 conjugated antibody at 4◦C overnight. A secondary 
antibody for CD44 and TRITC-Phalloidin were added to the samples for 
25 min at room temperature. Cell nuclei were stained with DAPI. HIF1α 
staining of the microfluidic chips was performed following the same 
protocol described above, with the only modification that the chips were 
unsealed before starting the staining procedure. Fluorescent images 
were obtained by a Carl Zeiss confocal microscope (LSM700) using an 
EC Plan-Neofluar 40X/1.3 oil-immersion objective. List of antibodies, 
source, and concentration is reported in Table S3.

4.22. Statistical analysis

The number of performed experiments is indicated in the figure 

legends. For qualitative analyses, such as those obtained from immu
nofluorescence, images are representative of what was observed in at 
least three independent samples or replicates. GraphPad Prism v.10 was 
used for statistical analyses. Data are presented as the mean ± SD of at 
least three independent experiments (n = 3). Significance was calculated 
by analysis of variance (ANOVA) (p: <0.05 (*), <0.01 (**), <0.001 
(***), <0.0001 (****), ns: not significant).
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