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ABSTRACT

Glioblastoma (GBM) is a highly aggressive brain tumor in which hypoxia plays a central role
in driving tumor progression, cellular plasticity, and resistance to treatment. In order to mimic
these pathological features under in vitro conditions, a bioprinted GBM model was developed

by integrating a PDMS based hypoxia chip with a hydrogel composed of hyaluronic acid

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

methacrylate (HAMA) and decellularized extracellular matrix (dECM), aiming to replicate the

biochemical, mechanical, and oxygen deprived conditions of native tumors. Glioblastoma
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(U87) and microglia (HMC3) cells were bioprinted with the hydrogel into the core and the

periphery of the compartmentalized model, respectively. Hypoxic conditions were generated

(<)

passively through a barrier and monitored by a fluorescence based probe. The model was able
to reproduce the key GBM features, including pseudopalisading necrosis (central
Ki67 /necrotic and peripheral Ki67*/proliferative cells) and a 32% increase in invasion distance
under hypoxic conditions. Gene expression analysis revealed hypoxic conditions induced the
upregulation of proliferation (EGFR, Ki67), stemness (SOX2, NES), and invasion (MMP2)
associated markers, while proteomic analysis showed increased glycolysis, HIF1 signaling, and
amino acid biosynthesis. Drug testing with temozolomide (TMZ) demonstrated reduced
sensitivity under hypoxic conditions, evidenced by a 56% increase in 1Cs, reflecting clinically

relevant therapy resistance. These findings showed the ability of the model to mimic key
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properties of the GBM microenvironment at both phenotypic and molecular levels and offers a

physiologically relevant platform to study GBM biology and evaluate therapeutic responses.

Keywords: Glioblastoma, Hypoxia, In Vitro Model, 3D Bioprinting, Therapy Resistance,

1. Introduction

Glioblastoma (GBM) is the most aggressive primary brain tumor in the central nervous system,
characterized by rapid progression, high invasiveness, and resistance to standard treatments (1).
Hypoxia is a characteristic feature of GBM tumor microenvironment (TME), contributing to
tumor heterogeneity and therapeutic resistance. Under hypoxic conditions, stabilization of
hypoxia inducible factors (HIFs) drives tumor adaptation by promoting metabolic
reprogramming toward glycolysis and inducing phenotypic changes. HIF activation leads to
resistance to chemotherapy and radiotherapy by inhibiting apoptotic pathways and activating
cellular stress responses (2, 3). Hypoxia induced phenotypic shifts into the mesenchymal
subtype further drive tumor aggressiveness and complicate therapeutic management,
contributing to the poor prognosis of GBM (4).

Differences in oxygen availability cause spatial heterogeneity in GBM, resulting in distinct
tumor compartments with specific roles in disease progression and resistance to therapy.
Necrotic cores develop under severe hypoxia due to poor vascularization, leading to cell death
and release of proinflammatory signals that promote tumor growth and invasion into
surrounding healthy tissue. Pseudopalisading regions, although exhibiting increased
vascularization, remain relatively hypoxic, which promotes an aggressive tumor phenotype,
increases invasive subpopulations, and contributes to resistance to standard therapies (5-7).
Despite standard-of-care treatments including surgery, radiotherapy, and chemotherapy with
temozolomide, GBM remains incurable. TME drives therapeutic resistance through interplay
of cellular and extracellular components, hypoxic regions, and metabolic adaptations, that
impair anti-tumor immunity and reduce sensitivity to temozolomide (8, 9). Many therapeutic
approaches that show promise in preclinical studies fail in clinical trials. This is largely because
conventional preclinical models, relying on 2D cell cultures followed by animal studies, cannot
reflect the complexity and heterogeneity of the GBM microenvironment, limiting their
predictive value for drug screening. Given that no single in vitro platform can fully mimics
these microenvironmental features, models recapitulating specific physiological properties of

native tumors may provide useful tools for studying disease mechanisms and drug development.
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Several advanced in vitro models have been developed to reproduce pathological and

microenvironmental features of GBM tumors, including hypoxia mimicking platforms (10-13),
ECM-mimetic constructs (14, 15), and immune integrated tumor models (16-18).

The present study builds on these approaches by integrating hypoxic gradient, GBM-microglia
interactions, and biomimetic extracellular matrix properties within a compartmentalized model.
Although these microenvironmental interactions collectively drive GBM progression and
therapeutic resistance, they have not been simultaneously represented within a single in vitro
platform. For this purpose, U87 glioblastoma and HMC3 microglia cells were incorporated into
a decellularized extracellular matrix (lECM) and hyaluronic acid methacrylate (HAMA) based
bioink and bioprinted into a compartmentalized disc shaped structure. The dECM/HAMA-
based bioink was formulated to mimic the compositional, mechanical, and rheological
properties of native GBM tissue. In the PDMS chip system, central hypoxia was induced using
a gas diffusion barrier. The platform reproduces several pathological features of GBM,
including pseudopalisading necrosis, ECM remodeling, metabolic adaptation, and reduced
temozolomide sensitivity, offering a physiologically relevant system for disease modeling and

preclinical drug evaluation.

2. Materials and Methods

2.1. Materials

Human glioblastoma cell line U887 (ATCC: HTB-14, RRID: CVCL 0022) and human
microglial cell line HMC3 (ATCC: CRL-3304, RRID: CVCL I176) were gifted by scientists

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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at Koc University and Ege University, respectively. Hyaluronic acid sodium salt from
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Streptococcus  equi  (#53747), 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(#410896), Triton X-100 (#T8787) were purchased from Sigma Aldrich (USA). 4',6-diamidino-
2-phenylindole (#D21490), AlexaFluor 488-phalloidin (#A12379), RevertAid First Strand
cDNA Synthesis Kit (#K1622), TRIzol reagent (#15596026) were obtained from
ThermoScientific (USA). Fetal bovine serum (FBS) (#04-007-1A) was obtained from Sartorius
Biological Industries (Israel). Phosphate buffered saline (PBS) without Ca+2 and Mg+2
(#14190-094), Opti-MEM Reduced Serum Medium (#31985062), high glucose Dulbecco's
Modified Eagle's medium (#11965092), high glucose Dulbecco's Modified Eagle's medium
phenol red free (#31053028), Normal Goat Serum (#PCNS5000), penicillin/streptomycin
(#15140-122), Trypsin-EDTA (#25200056) were purchased from Gibco (USA). PBS with
Cat+2, Mg+2 (#PBS-2A) was obtained from Capricorn (Germany). Rabbit anti-human anti-
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Ki67 IgG primary antibody (#ab15580) was purchased from Abcam (UK). AlamarBlue Cell
Viability Reagent (#DAL1025), image IT green hypoxia reagent (#114834), Lipofectamine
2000 Transfection Reagent (#11668019), LIVE/DEAD™ Viability/Cytotoxicity Kit (#L.3224),
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555 (#A-
21428), Goat anti-Chicken IgY (H+L) Secondary Antibody, Alexa Fluor™ 488 (#A-11039),
Chicken anti-human GFAP IgY (#PA1-10004) were purchased from Invitrogen (USA).
pcDNA3-EGFP plasmid (#13031) was purchased from Addgene (USA). Ultra low attachment
microplates (#10023683) were purchased from Corning (USA). SYLGARD™ 184 Silicone
Elastomer Kit (#4019862) was obtained from Dow Chemical Company (USA). Direct-zol RNA
miniprep (#R2051) was purchased from Zymo Research (USA). The primer sequences were
designed based on gene sequences from the National Library of Medicine (NCBI) database and
synthesized by Sentromer DNA Technologies (Tiirkiye). PowerUp™ SYBR™ Green Master
Mix (#A25741) was obtained from Applied Biosystems (USA). Temozolomide (#sc203292)
was purchased from Santa Cruz Biotecnology (USA). Fluorescein-sodium (0.4 kDa, #J61549)

was obtained from Alfa Aesar (Germany).

2.2. Printability analysis of hydrogel solutions

Photoinitiator Irgacure 2959 was dissolved (3 mg/mL in 100 mL DMEM) at 37°C and
subsequently cooled to 4°C. HAMA (1 g, 54% methacrylated form of hyaluronic acid sodium
salt from Streptococcus equi) (19) was added to this solution and stirred overnight at 4°C. A
powder of dECM (30 mg) was then added to the HAMA mixture (1 mL) and stirred overnight
at 4°C. Rheological properties were measured at 10°C using a rtheometer (Kinetux, Malvern,
United Kingdom) equipped with a cone plate geometry. Shear thinning behavior was assessed
by recording viscosity over a logarithmic shear rate range from 0.1 to 100 s™'. Thixotropic
behavior was analyzed using a three step shear protocol in which viscosity was first measured
at rest (1 s™! for 30 s), then under high shear to simulate extrusion (100 s™ for 30 s), followed
by recovery at low shear (1 s™' for 60 s). Hydrogel solutions were loaded into syringes (nozzle
25Q) and printed with a 3D printer (EnvisionTec 3D Bioplotter Developer Series, Germany).
Constructs with internal patterns in honeycomb (hexagonal) and grid (rectangular) geometries
were printed to assess printability. Printing parameters were set to be the pressure of 0.4 bar,
cartridge movement speed of 10 mm/s, and cartridge temperature of 10°C. After printing,

crosslinking was carried out under UV light (365 nm, 0.160 joule/cm?).
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2.3. Cell culture

Human glioblastoma (U87) and human microglial (HMC3) cells were cultured in tissue culture
flasks with complete medium, high glucose Dulbecco's Modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum, and 1% penicillin/streptomycin. Cells were
incubated in an incubator (37°C, 5% CO,) with the medium replaced every two days. Upon
reaching approximately 80% confluence, cells were detached using 0.25% trypsin-EDTA at
37°C for 5 min, centrifuged at 1500 rpm for 5 min, and the resulting pellet was resuspended in

the hydrogel solution for subsequent experiments.

2.4. Transfection of U87 cells with the EGFP gene for live cell imaging

U87 cells were transfected with the Enhanced Green Fluorescent Protein (EGFP) gene using
the pcDNA3-EGFP plasmid to enable live cell imaging in the co-culture model. Cells were
seeded in 24 well plates and cultured for 18 h. A DNA-lipid complex was prepared by diluting
0.5 pg plasmid DNA and 2 pL Lipofectamine 2000 separately in 50 uL Opti-MEM, incubating
each for 5 min, then combining and incubating for 20 min more. The mixture was added to each
well, and the final volume adjusted to 1 mL with Opti-MEM. After 48 h, stably transfected cells
(U87-EGFP) were selected using G418 (550 pg/mL) for 21 days, and EGFP expression was
confirmed by fluorescence microscopy (Zeiss Axio Imager M2, Germany) and flow cytometry

(BD Accuri C6 plus, USA).

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.5. 3D bioprinting of glioblastoma and microglia cells with HAMA/dECM bioink
HAMA/dECM solution (1%, w/v HAMA and 3% w/v dECM, 1H3D) was prepared in a beaker
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on a magnetic stirrer and kept on ice. U87 and HMC3 cells were detached from culture flasks

(<)

through tripsinization, pelleted by centrifugation, and separately resuspended in hydrogel
solutions to obtain Bioink 1 (U87, 107 cells/mL) and Bioink 2 (HMC3, 107 cells/mL). Each
bioink was loaded into separate syringes of the EnvisionTEC 3D Bioplotter equipped with a 25
G nozzle. The printing parameters were set to be the pressure of 0.4 bar, cartridge movement
speed of 10 mm/s, and cartridge temperature of 10°C, and dimensions of disc (9 mm diameter,
1 mm height). Bioink 1 was printed as a four layer inner region, followed by Bioink 2 printed
around Bioink 1 (Fig. 1). Printed constructs were crosslinked under UV light (365 nm, 0.160
joule/cm?, 2 min) and transferred to the center of the PDMS chip.
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Bioink 1
Bioink 2
= ¢ = =
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Glioblastoma cells loaded 5 5 b= =
i

in 1H3D hydrogel, printed as a
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Microglia cells loaded
in IH3D hydrogel, printed
as a ring structure

Figure 1. Scheme of 3D bioprinted model

2.6. Scanning electron microscopy (SEM) of the hydrogels

The cell free and cell loaded (bioprinted with glioblastoma and microglia cells and incubated
for 7 days) dry hydrogels were examined using scanning electron microscopy (SEM). Firstly,
the samples were washed with PBS (3 times, 5 min each), fixed with paraformaldehyde (4%,
w/v) for 1 h, washed with PBS (3 times, 5 min each) and dH,O. Then, fixed samples were
frozen -80 °C overnight and lyophilized by freeze drying at -80°C. Dry hydrogels were coated
with gold (20 A, 120 s), and examined using a SEM (Zeiss EVO 10, Germany).

2.7. Live/Dead Assay

Viability of U87 and HMC3 co-culture in the bioprinted constructs was determined on days 1,
3,7, and 14 using Live/Dead assay. Bioinks consisting of HAMA/dECM with U87 and HMC3
cells were prepared and bioprinted as described in Section 2.5, then incubated in a humidified
incubator (37°C, 5% CO,). Samples were washed with phenol red free DMEM (twice), stained
with 2 uM calcein AM (live cells) and 4 puM ethidium homodimer-1 (EthD-1, dead cells) in
phenol red free DMEM for 30 min at 37°C, then washed with phenol red free DMEM (twice),
and examined with confocal laser scanning microscopy (CLSM, Zeiss LSM 900, Germany).

Viability was quantified by counting live and dead cells using ImagelJ (version 1.53k, NIH).

2.8. Production and characterization of the hypoxia chip

The hypoxia chip was fabricated from polydimethylsiloxane (PDMS; Sylgard 184) using a
negative mold. A negative mold was produced using stereolithography (Formlabs Form 2,
USA) with a light sensitive resin and printed at 45° angle. The printed molds were cleaned with
isopropanol using ultrasonic cleaning for 30 min, then cured under 405 nm LED light at 60°C
for 3 h. PDMS was prepared by mixing the elastomer base and curing agent ata 10:1 (v/v) ratio,
then poured onto the negative molds, and cured in a vacuum oven at 70°C for 4 h (20). After
curing, the PDMS chips (Fig. 2A) were removed from the molds, disinfected in 70% ethanol
for 30 min, and sterilized by exposure to UV for 30 min each side. The PDMS chip was strongly
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stuck to a glass slide by applying a thin layer of uncured PDMS between the surfaces and curing

at 100°C for 1 h (Fig. 2B). The bioprinted, cell loaded hydrogel construct was positioned in the
central chamber of the chip, and a glass slide was positioned over the hydrogels to prevent
vertical oxygen diffusion (Fig. 2C, D). In the design, the glass slide served as an oxygen
diffusion barrier, blocking atmospheric gas exchange and allowing oxygen entry only through
the gas permeable PDMS side walls. Culture medium was supplied through the reservoirs and
distributed via the side channels of the chip, allowing nutrient and drug transport predominantly

by diffusion.

36 mm

A I 12 mm
"}

e — = \

.. 6mm - - 45mm

Medium reservoir >

oy

Glass barrier . diffusi arrier
T—_) 0, diffusion barrier

PDMS chip
Glass slide Iﬁ
}—os 1 ‘
— 2

3D printed structure

B C ’

_~" PDMS chip

3D printed structure Medium channels Bottom glass slide

D

o Glass slide 0y, PDMS _
Medium reservoir ( \ y = top
7{7 - ® - - -~
4 _ . FEaetes-——— -l
N T L[L'— GBM —jJ
S Glass slide Glass slide

% Microglia
(Bottom) 3D printed B
structure

Figure 2. Scheme of hypoxia chips. (A) PDMS chip design. (C) Blow up of the chip. (C, D) Complete
chip.

2.9. Staining of hypoxic cells

Central hypoxia was achieved by placing a glass slide over the hydrogel to block oxygen
diffusion from the air. Cells were stained using Image-iT™ Green Hypoxia Reagent, which
fluoresces when oxygen level is below 5%, increasing intensity under more severe hypoxia.
After 72 h incubation in the hypoxia chip, the medium was replaced with fresh complete
medium containing 5 M Image-iT Green Hypoxia Reagent and incubated at 37°C for 3 h.
Samples were then washed twice with PBS, incubated for 16 h, and examined using CLSM
(Zeiss LSM 900, Germany). The images were acquired using same gain and laser power

settings. Chips without the gas diffusion barrier served as normoxic controls. Image analysis
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was performed using ImagelJ (version 1.53k, NIH). Images were converted to 8-bit grayscale.
Fluorescence intensity was quantified by measuring the Raw Integrated Density of equal sized
fluorescence fields from images of three distinct regions, including center, intermediate, and
periphery. Background fluorescence was corrected by subtracting the mean intensity of a non-
fluorescent region multiplied by the corresponding measurement area. Brightness and contrast

adjustments were applied equally across all images for visualization.

2.10. Detection of pseudopalisading regions using anti-Ki67 staining

Pseudopalisading regions in the hypoxia model were determined by anti-Ki67
immunofluorescence staining (21). After 7 days of incubation in the hypoxia chip, cells were
fixed with paraformaldehyde (4%, w/v) for 15 min, washed with PBS (3 times, 5 in each), and
permeabilized with Triton X-100 (0.1%, v/v in PBST) for 10 min. Nonspecific bindings were
blocked with normal goat serum (5%, v/v in PBST) for 1 h. Cells were then washed with goat
serum (1%, v/v in PBST) and incubated overnight at 4°C with primary antibody (rabbit anti-
human Ki67 primary antibody, 1:1000, v/v in 1% goat serum). After washing with 1% goat
serum (3 times, 5 min each), cells were incubated with secondary antibody (Alexa Fluor 555-
conjugated anti-rabbit [gG secondary antibody, 1:500, v/v in 1% goat serum) and Alexa Fluor
488-phalloidin (1:200, v/v) at 37°C for 1 h. Samples were then washed with PBS (3 times, 5
min each) and examined using CLSM (Zeiss LSM 900, Germany). The images were acquired
using same gain and laser power settings. Fluorescence intensity analysis was performed using
ImageJ (version 1.53k, NIH). Images were converted to 8-bit grayscale. Regions of interest
(ROIs) were manually drawn around individual Ki67-positive cells from images of three
distinct regions, including center, intermediate, and periphery. For each ROI, the Raw
Integrated Density was measured. Background was corrected by subtracting the mean intensity
of a non-fluorescent region multiplied by the ROI area. Brightness and contrast adjustments

were applied equally across all images for visualization.

2.11. Detection of necrotic regions using EthD-1 staining

Necrotic areas were identified by calcein and EthD-1 staining, after 7 days of incubation in the
hypoxia chip. Samples were washed with phenol red free DMEM (twice), stained with 2 uM
calcein AM (live cells, green) and 4 uM ethidium homodimer-1 (dead cells, red) in phenol red
free DMEM for 30 min at 37°C, then washed with with phenol red free DMEM (twice), and
imaged using CLSM (Zeiss LSM 900, Germany).
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2.12. Analysis of gene expression in cells using real time polymerase chain reaction

Gene expression levels associated with GBM were analyzed using real time PCR (RT-PCR).
Cells were cultured in the hypoxia chip for 7 days, while co-cultured cells grown on 2D
monolayers, as well as those loaded in hydrogels under normoxic conditions, served as controls.
Total RNA was extracted using the Direct-zol™ RNA Miniprep Kit according to the
manufacturer’s protocol. Briefly, cell loaded hydrogels were homogenized in 1 mL TRIzol
reagent by sonication (90 s, 10 s on/off), followed by the addition of 200 pL chloroform,
incubation on ice for 15 min, and centrifugation (16,000 rpm, 15 min, 4°C) for phase separation.
The aqueous phase was transferred to a new tube, mixed with an equal volume of absolute
ethanol, and loaded onto Zymo-Spin™ IICR columns. Columns were washed with RNA Wash
Buffer, treated with DNase I for 15 min, rinsed with Direct-zol™ RNA PreWash, and eluted in
50 uL DNase/RNase free water. RNA concentration and purity were determined using a
Nanodrop spectrophotometer (Nanodrop 1/1, Thermo Fisher Scientific, USA). First strand
cDNA was synthesized from 1 pg total RNA using the RevertAid First Strand cDNA Synthesis
Kit with random primers, according to the manufacturer’s protocol, by incubating at 42°C for
60 min followed by 70°C for 5 min. RT-PCR was carried out with PowerUp™ SYBR™ Green
Master Mix in 20 pL reactions containing 0.7 uM gene specific primers (Supplementary Table
1) and 50 ng cDNA, using a real-time PCR system (BioRad CFX 96, USA). Cycling conditions
were: UDG activation at 50°C for 2 min, Dual-Lock™ DNA polymerase activation at 95°C for

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Melting curve analysis was

performed from 60 to 95°C. GAPDH served as the reference gene, and relative gene expression

Open Access Article. Published on 12 June 2026. Downloaded on 6/12/2026 10:56:33 PM.

was calculated using the 2-*A¢t method.
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2.13. Proteomics Analysis using LC-MS/MS

Proteomic profiling was performed using liquid chromatography tandem mass spectrometry
(LC-MS/MS) to examine the differential protein expression patterns between hypoxia and
normoxia groups in the PDMS chip after 7 days of incubation. Proteomic experiments were
outsourced to Acibadem Healthcare Group LABMED (Istanbul, Turkiye). Lyophilized samples
were mechanically disrupted using magnetic beads (Retsch, Germany), and proteins were
extracted with the Universal Protein Extraction Kit (UPX; containing 4% SDS, 0.1 M DTT,
and 0.1 M Tris, pH 7.6) supplemented with a protease inhibitor cocktail. Samples were
incubated at 95°C for 5 min, cooled to room temperature, and stored at 4°C for 1 h. After

centrifugation (15,000 g, 10 min), the supernatant was collected and stored at -80°C. For
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proteomic sample preparation, 50 pg of protein was processed using the filter aided sample
preparation (FASP). Firstly, proteins were loaded onto 30 kDa MWCO centrifugal filters
(Microcon 30, Merck Millipore) and washed with 8 M urea in 0.1 M Tris-HCI buffer (pH 8.5).
Alkylation was carried out with 400 mM iodoacetamide (IAA) in the dark for 20 min, followed
by repeated washing with urea and 50 mM ammonium bicarbonate. Proteins were digested
overnight at 37°C with MS-grade trypsin (enzyme-to-protein ratio 1:50 in 50 mM ammonium
bicarbonate). Peptides were recovered by centrifugation, desalted, and subjected to LC-MS/MS
analysis. Peptide separation (400 ng) was performed by nanoLC, and analysis was carried out
using a high-resolution mass spectrometer (Xevo G2-XS QTof, Waters, USA). Raw MS/MS
spectra were searched against the UniProt protein database using Progenesis software. Label
free quantification (LFQ) was applied, and significantly differentially expressed proteins were
further analyzed for functional annotation and pathway enrichment using Metascape and
STRING databases (22). Protein intensity values were log2 transformed and row Z-scores were
calculated. Unsupervised hierarchical clustering was performed using the complete linkage
method prior to heatmap generation. Differentially expressed proteins were identified using a
threshold of [log2FC|>1 and -log10(p-value)>1.3 and visualized as a volcano plot. Heatmap
was generated using the pheatmap package (23) and volcano plots were created using ggplot2

(24)in R (25).

2.14. Determination of the astrocytic differentiation of the cells using anti-GFAP staining

In order to determine the differentiation properties of U87 cells with mono- and co-culture with
microglia within the hydrogel, and under normoxic and hypoxic conditions in the chip model,
immunofluorescence staining was conducted for GFAP. After 7 days of incubation within the
PDMS chip (with or without the glass diffusion barrier), cells were washed with PBS (3 times,
5 min each), fixed with paraformaldehyde (4%, w/v) for 15 min, washed with PBS (3 times, 5
min each), and incubated in glycerol (100 mM in PBS) for 15 min. Following washes with PBS,
cell membranes were permeabilized with Triton X-100 (0.1%, v/v, in PBST) for 10 min.
Nonspecific binding was blocked with normal goat serum (5%, v/v, in PBST) for 1 h. Cells
were then washed with goat serum (1%, v/v, in PBST) and incubated overnight at 4°C with the
primary antibody (chicken anti-human GFAP IgY, 1:3000, v/v in 1% goat serum). After
washing with 1% goat serum (3 times, 5 min each), cells were incubated with the secondary
antibody (Alexa Fluor 488-conjugated anti-chicken IgY, 1:500, v/v in 1% goat serum) at 37°C
for 1 h. Nuclei were counterstained with DAPI (1:5000 in PBS) for 10 min, washed with PBS
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(3 times, 5 min each), and the samples were examined with CLSM (Zeiss LSM 900, Germany).

The images were acquired using same gain and laser power settings. Fluorescence intensity
analysis was performed using ImageJ (version 1.53k, NIH). GFAP and DAPI channel images
were exported separately and converted to 8-bit grayscale. Cell nuclei were counted from DAPI
channel images after manual thresholding, using the “Analyze Particle” function. GFAP
fluorescence intensity was quantified by measuring the Raw Integrated Density of the entire
image field. Background fluorescence was corrected by subtracting the mean intensity of a non-
fluorescent region multiplied by the corresponding measurement area. The resulting values
were normalized to cell count to obtain fluorescence intensity per cell.Brightness and contrast

adjustments were applied equally across all images for visualization.

2.15. Invasion assay under normoxic and hypoxic conditions

For the assessment of invasion, spheroids composed of U87-EGFP and HMC3 cells were
formed. Firstly, U87-EGFP (3.5x103 cells/100 uL) and HMC3 (1.5x103 cells/100 pL) cells were
seeded into the wells of an ultralow attachment plates and incubated in an incubator (37°C, 5%
CO,). After 72 h incubation, compact spheroids formed. Cell free HAMA/dECM solution (1%,
w/v HAMA and 3% w/v dECM, 1H3D) was prepared and printed into a disc structure (9 mm
diameter, 1 mm height) using the printing parameters described in Section 2.5. Then, the

compact spheroids were transferred into the center of the printed structures by gently pipetting,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and crosslinked under UV (365 nm, 2 min). The constructs were then placed to the center of

the PDMS chips with a glass diffusion barrier (hypoxia) or without a barrier (normoxia) and

Open Access Article. Published on 12 June 2026. Downloaded on 6/12/2026 10:56:33 PM.

incubated for 5 days. Only U87 cells were EGFP-labeled in the co-culture system to specifically
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monitor GBM invasion. Spheroids were imaged daily using CLSM (Zeiss LSM 900, Germany).
Spheroid radius was measured on Day 0 using ImageJ (version 1.53k, NIH). The image scale
was set based on the scale bar present in the images prior to measurement. Invasion distance
was calculated by measuring the distance from the spheroid center to the invading cell front for
each point around spheroids. The initial spheroid radius was subtracted from each measurement

to determine the net invasion distance.

2.16. Visualization of nutrient and drug flow

Transport of nutrient and drug within the printed constructs in the PDMS chip was modeled by
diffusion using fluorescein (5 pM) in culture medium. The fluorescein containing medium was
introduced into the chip via the medium channels, and its distribution was monitored for 24 h

(at 0, 1, 2, and 24t h) using CLSM (Zeiss LSM 900, Germany) (17).


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm01824b

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 June 2026. Downloaded on 6/12/2026 10:56:33 PM.

(<)

Biomaterials Science

Page 12 of 35

View Article Online

DOI: 10.1039/D5BM01824B

2.17. Testing of the platform with a model drug: temozolomide (TMZ)

Drug response in the GBM model was examined by determining the ICso, value of
temozolomide (TMZ). TMZ stock solution (200 mM) was prepared in DMSO, and diluted to
the desired concentrations in complete medium. In order to determine the concentration range,
a preliminary Live/Dead assay was performed on cells treated with TMZ (0, 1000, 2500, and
5000 uM) for 72 h under hypoxic conditions. For cytotoxicity assessment, the cell-loaded
hydrogels were cultured in the chips under hypoxic or normoxic conditions for 7 days. As a
control, co-culture cells were grown on 2D monolayers for 24 h (to reach 80% confluency).
Then, the medium was replaced with medium containing TMZ concentrations (0, 10, 100, 500,
1000, 1500, 2000, 2500 uM). Following 72 h incubation in a humidified incubator (37°C, 5%
COy), cell viability was measured using the Alamar Blue assay. Firstly, the cell-loaded
hydrogels in the chips were transferred to black well plates, alamar Blue reagent (10%, v/v in
complete medium) was added to the wells, and incubated for 3 h at 37°C in a humidified
incubator. Then, fluorescence was measured at ex/em: 560/590 nm using a microplate reader
(Victor Nivo, PerkinElmer, USA). The viabilities were normalized to untreated controls. 1Csg
values were determined in GraphPad Prism (version 5.02) by nonlinear regression using a three
parameter dose-response model (log[inhibitor] vs. normalized response, Hill slope=-1), and

reported as best fit values with 95% confidence intervals.

2.18. Statistical analysis

Statistical differences between groups were determined using one-way ANOVA with Tukey
post hoc test. For datasets with two independent variables, two-way analysis of variance
(ANOVA) with a Bonferroni post hoc test was applied. Data were expressed as mean =+ standard
deviation (SD), and differences were considered statistically significant at p<0.05. Differences
in ICs, values between groups were assessed using the extra sum-of-squares F-test. Analyses
were performed using GraphPad Prism (version 5.02). For proteomics data, differential protein
expression was determined using an unpaired two tailed Student’s t-test with Benjamini-
Hochberg false discovery rate (FDR) correction (FDR<0.05). Proteins with a fold change>1.2

and adjusted p<0.05 were considered significantly differentially expressed.

3. Results
3.1. Modeling hypoxia within the bioprinted glioblastoma-microglia structure
In order to develop a GBM model, the suitability of the HAMA/dECM composites for extrusion

printing was examined firstly. Printability and rheological characterization were performed to
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identify a formulation capable of maintaining structural fidelity during printing while

supporting cell viability. Different HAMA/dECM hydrogel formulations were examined for
their rheological and printing performance. In extrusion bioprinting, shear thinning facilitates
smooth and continuous extrusion with minimal cell damage, while thixotropy and yield stress
ensure post printing structural stability, and together these rheological features determine the
overall printability of bioinks (26, 27). All tested formulations, containing 1% (w/v) HAMA
and 1-3% (w/v) dECM, exhibited shear thinning behavior, decreasing of viscosity as shear rate
increased, which prevents nozzle clogging and ensures continuous and uniform filament
formation. Thixotropic analysis demonstrated rapid recovery of viscosity after high shear stress,
indicating post printing recovery. Printability tests with different internal patterns (rectangular
and hexagonal) revealed that lower viscosity formulations with lower dECM content (1-2%
w/v) lacked stability for consistent extrusion, while the optimized composition (1%, w/v
HAMA and 3% w/v dECM) leads to continuous filament deposition and retention of shape after
printing. Using the optimized formulation and printing parameters, the GBM construct was
fabricated with U87 cells as the four layer thick inner core, surrounded by a four-layer ring of
HMC3 cells (Fig. 1). This design aimed to mimic the spatial organization of tumor-microglia
to study the interactions within the glioblastoma microenvironment. Characterization with SEM
(Fig. 3A) revealed that the cell free matrix exhibited an interconnected porous architecture, with

an average pore size of 270 £ 21 um, which is suitable for cell infiltration and nutrient transfer.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The cell loaded hydrogel (Fig. 3B) displayed networks of cellular extensions spanning across

the pores and the presence of ECM-like fibrillar structures, suggesting active cell adhesion and
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potential matrix remodeling during culture. Cell viability in the printed co-culture constructs
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remained above 90% (Fig.3C-F), confirming that the printing process effectively supported cell
survival over 14 days. High viability was similarly maintained in U87 and HMC3 monocultures
(Fig. 3G), as well as across HAMA-only, dECM-only, and HAMA/dECM formulations,

confirming the biocompatibility of the hydrogel composition and its individual components.
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Figure 3. The bioprinted glioblastoma-microglia co-culture. SEM images of (A) the cell free matrix,
and (B) the same matrix after co-culture with glioblastoma-microglia cells. Black arrows indicate
crosslinked networks, yellow arrows show the interconnected pores. White arrows indicate the cells, red
arrows show ECM-like fibrillar structures. Scale bar: (A, B) 10 um, insert: 100 pm. (n=3 samples per
group). (C-F) Live/Dead analysis of the bioprinted U§7/HMC3 co-culture on days (C) 1, (D) 3, (E) 7,
and (F) 14. (i) The dead cells (stained with ethidium homodimer-1, red), (ii) the viable cells (stained
with calcein AM, green) and (iii) merged. Scale bar: 50 um. (G) Viability of U87, HMC3, and co-culture
cells within the hydrogel system at days 1, 3, 7, and 14, quantified from Live/Dead images. Data is

presented as mean + SD (n=3 samples per group).
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The PDMS platform was designed to create an oxygen gradient from the periphery toward the

center, with decreasing oxygen toward the core (Fig 4A). Consistent with this design, constructs
cultured with the glass barrier exhibited intense green fluorescence in the central regions,
indicating pronounced hypoxia, while peripheral regions displayed markedly lower
fluorescence (Fig. 4D). The hydrogel construct itself may also limit oxygen diffusion, resulting
in a relatively hypoxic microenvironment (28). When cells loaded in the hydrogels were
cultured without the glass barrier, a moderate green fluorescence signal was detected, yet its
intensity was markedly lower (Fig. 4C), similar to that observed at the periphery of the hypoxia
chip. These results demonstrate that the glass barrier served its purpose and prevented
atmospheric O, diffusion, thus creating a graded hypoxic environment that increased from the

periphery to the center (Fig. 4B).
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Figure 4. Hypoxia in the PDMS chip. (A) The hypoxia chip components. (B) Quantlﬁcatlon of mean
fluorescence intensity in the center, intermediate, and periphery regions under hypoxic and normoxic
conditions. CLSM images of the cells in the PDMS chip (C) without glass barrier (normoxia) and (D)
with glass barrier (hypoxia): (i) whole chip view, (ii) periphery, and (iii) center. Green: hypoxic cells
stained with Image -iT Green Hypoxia Reagent Orange dashed lines indicate hydrogel borders. Scale
1ndependent experlments), and stat1st1ca1 comparisons were performed using two-way ANOVA
followed by Bonferroni post-hoc test. ***p < 0.001, p** < 0.01.
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3.2. Hypoxia produces histopathologic features of GBM
Viability and proliferation patterns of U87/HMC3 co-cultures in the hypoxia chip were
determined using a Live/Dead assay (Fig. 5) and Ki-67 immunofluorescence staining (Fig. 6).
The central region of the hypoxia chip exhibited a distinct necrotic core composed
predominantly of dead cells, resembling the necrosis characteristic of GBM tumors arising from
oxygen and nutrient deprivation. As expected, the intermediate and peripheral regions
contained mostly viable cells, suggesting reduced hypoxia and improved nutrient availability
in these areas. Immunofluorescence staining with the proliferation marker Ki-67 further
confirmed this pattern (Fig. 6A,B). The results showed that Ki-67 expression was significantly
lower and nearly absent in the cells in the center of the chip compared to those in the
intermediate and peripheral regions, indicating increased proliferative activity toward the
periphery. This spatial distribution resembles the pathological feature of GBM, in which

proliferating tumor cells form concentric layers surrounding a necrotic core.
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Figure 5. Regional analysis of viability in the hypoxia chip. (A) Whole chip fluorescence image
indicating the center, intermediate, and periphery regions. (B) Live/dead staining in the center,
intermediate, and periphery regions. Green: viable cells (Calcein AM), red: dead cells (ethidium
homodimer-1). Scale bars: 50 um. (n=3 samples per group)
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Figure 6. Regional analysis of proliferation in the hypoxia chip. (A) Ki-67/Phalloidin staining in the
center, intermediate, and periphery regions. Green: F-actin (phalloidin), red: Ki-67 positive proliferating
cells. Scale bars: 50 um. (B) Quantification of Ki67 fluorescence intensity in the center, intermediate,
and periphery regions. Data is presented as mean + SD (n=3 samples per group), and statistical
comparisons were performed using one-way ANOVA followed by Tukey's post-hoc test. ***p <0.001,
p** <0.01.

3.3. Hypoxia induces transcriptional and proteomics changes
Gene expression analysis was performed to examine the effects of hydrogel platform and
hypoxia on cellular adaptation and their resemblance to in vivo tumors (Fig. 7A). The results
indicated that under normoxic conditions, Ki67 and EGFR, key regulators of cell growth and
survival, showed significantly higher expression in hydrogel compared to monolayer cultures,
with further upregulation observed under hypoxia (Fig. 7B). Similarly, CHI3L1 expression was
elevated in hydrogels under normoxia, and further increased under hypoxia. In contrast,
stemness and therapy resistance associated genes (HIF1a, SOX2, and NES) exhibited minimal
change in normoxia but were significantly upregulated under hypoxic conditions. In contrast,
GFAP expression did not change significantly in both normoxic and hypoxic 3D cultures

compared to monolayer controls.
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Figure 7. Gene expression analysis of the cells cultured in PDMS chips under normoxic and hypoxic
conditions. (A) Heatmap showing relative gene expression across hypoxia, normoxia, and monolayer
conditions. Z-score normalized fold change values across experimental groups were visualized with
color scale ranges from -2 (blue) to 2 (red), with white indicating a Z-score of 0. Quantification of
growth, proliferation, and tumor development related genes (EGFR, CHI3L1, and Ki67) and hypoxia,
stemness, and therapy resistance related genes (HIF1a, SOX2, NES, and GFAP). Data is presented as
fold change (2-24¢9) relative to 2D monolayer cultures. (n=8 samples per group from 3 independent
experiments). Statistical comparisons were performed using two-way ANOVA with a Bonferroni post-
hoc test. ***p < 0.001, p** < 0.01, ns: not significant.
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Immunofluorescence staining was performed for GFAP to assess the differentiation of cells
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into astrocytes under normoxic and hypoxic conditions (Fig. 8). In U87/HMC3 co-cultures,

GFAP expression was 47.7% lower compared to U87 monocultures in the hydrogel under
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normoxic conditions, indicating that the presence of microglia reduces astrocytic differentiation
in glioblastoma cells. This reduction was even greater under hypoxic conditions, where GFAP
expression levels decreased by 30.9% compared to normoxic co-cultures. In the hypoxia group,
cells appeared smaller with altered morphology compared to normoxic conditions. These
findings suggest that microglia and hypoxia together promote a shift from astrocytic
differentiation toward a mesenchymal-like phenotype, a characteristic feature of high grade

gliomas (29).
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Figure 8. Immunofluorescence staining against GFAP. (A) CLSM images of the cells under normoxic
and hypoxic conditions. Scale: 50 um. (B) Graph shows relative fluorescence intensity (GFAP-Alexa
Fluor 488) per cell. Data is presented as mean + SD (n=3 samples per group), and statistical comparisons
were performed using one-way ANOVA followed by Tukey's post-hoc test. ***p < 0.001, *p < 0.05.

In order to investigate the pathways involved in hypoxia induced adaptations in the model, label
free quantitative proteomic profiling was performed comparing hypoxic and normoxic
conditions. Heatmap clustering (Fig. 9A) showed clear separation between normoxia and
hypoxia samples, indicating consistent proteomic shifts in response to hypoxia. Volcano plot
analysis revealed 16 upregulated and 10 downregulated proteins in hypoxic compared to
normoxic conditions (Fig. 9B). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of the significantly upregulated proteins under hypoxic conditions
indicated activation of glycolysis/gluconeogenesis, carbon metabolism, amino acid
biosynthesis, mineral absorption, and HIF1 signaling (Fig. 9D). Protein-protein interaction
(PPI) network analysis (Fig. 9C) revealed a highly connected glycolysis module, including
lactate dehydrogenase (LDHALG6B), triosephosphate Isomerase (TPI1), pyruvate kinase
(PKLR), phosphoglycerate kinase (PGK1), glucose-6-phosphate isomerase (GPI), and enolase
1 (ENO1), which regulate metabolic reprogramming in GBM, supporting anaerobic glycolysis

and potentially contributing to adaptation in oxygen deprived tumor regions (30-32).
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Figure 9. Proteomic analysis of hypoxia chip model. (A) Heatmap showing relative abundance patterns
of significantly altered proteins (p < 0.05). Row Z-score normalized protein expression values across
experimental groups were visualized with color scale ranging from -2 (blue) to 2 (red), with white
indicating a Z-score of 0 (n=3 samples per group). (B) Volcano plot showing the identified proteins.
Differentially expressed proteins (|log2FC| > 1, -loglO(p-value) > 1.3) were highlighted in red,
remaining proteins are in grey. (C) PPI network of significantly upregulated proteins generated in
Metascape, highlighting a core glycolysis pathway cluster in red. (C) KEGG pathway enrichment of
upregulated proteins performed in STRING.

3.4. Hypoxia enhances invasive behavior of GBM

In order to assess the invasive potential of GBM cells under hypoxic conditions, an invasion
assay was performed using spheroids composed of U87-EGFP and HMC3 cells. EGFP labeling

enabled separate tracking of GBM cells within the co-culture system. Spheroids were preferred
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over bioprinted cell constructs as they provided a more compact and well defined initial
geometry, enabling clearer and more reproducible comparisons between experimental groups.
The boundaries of bioprinted cell structures were less sharply defined, which could introduce
variability in invasion distance measurements. The assay revealed clear differences in
glioblastoma cell invasion between normoxic and hypoxic conditions (Fig. 10), with invasion
increasing over time in both groups (Fig. 10A, B). In the early stages, spheroids remained
compact, showing minimal outward migration. However, spheroids under hypoxia exhibited
early signs of migration, with cellular extensions penetrating the surrounding matrix. Over time,
spheroids under hypoxia exhibited significantly greater cell migration and expansion (32%)
than spheroids under normoxia. These findings were supported by molecular analysis, which
showed increased expression of invasion related genes. Under both normoxic and hypoxic
conditions within the hydrogel platform, MMP2, MMP9, TGF-B and CD44 genes were
significantly upregulated compared to monolayer cultures. MMP2, TGF-$ and CD44 levels
were also significantly higher under hypoxia than in normoxic 3D conditions (Fig. 10C).
Together, these data suggest that hypoxia promotes GBM invasion, likely through enhanced

extracellular matrix degradation and cell migration.
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Figure 10. Glioblastoma invasion in the PDMS chip. (A) CLSM images of the glioblastoma cell
invasion. Green: EGFP labeled U87 cells. Scale: 100 um. (B) Invasion distances were measured for 5
days. Data is presented as mean + SD (n=3 samples per group), and statistical comparisons were
performed using two-way ANOVA followed by Bonferroni post-hoc test. ***p < 0.001, p** <0.01. (C)
Quantification of invasion related gene expressions (MMP2, MMP9, CD44, TGF-p). Data is presented
as fold change (2-24¢9) relative to 2D monolayer culture (n=8 samples per group from 3 independent
experiments). Statistical comparisons were performed using two-way ANOVA with a Bonferroni post-
hoc test. ***p < 0.001, p** <0.01, *p < 0.05, ns: not significant.
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3.5. Hypoxia promotes chemoresistance to temozolomide

Diffusion of fluorescein (molecular weight of 0.4 kDa) within the hydrogel was monitored for
24 h to simulate the transport behavior of low molecular weight drugs such as TMZ (Fig. 11A).
Fluorescence imaging analysis revealed a clear time dependent diffusion profile. Initially (0 h),
no fluorescence signal was detected within the hydrogel. By 1 h, a fluorescence signal was
observed progressing from the periphery toward the center, indicating inward diffusion from
the hydrogel edges. At 24 h, fluorescence intensity was uniformly distributed, suggesting that
diffusion had reached equilibrium.

In order to test the model, the cytotoxic response of the cells to TMZ was assessed. Live/Dead

assay showed that 2500 uM TMZ induced pronounced cell death (Fig. 11B), therefore, 0-2500
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uM was selected as the concentration range for subsequent cytotoxicity experiments. Following
72 h treatment with TMZ, cell viability was subsequently quantified, and 1Cs, values were
derived from the corresponding dose-response curves (Fig. 11C). In 2D monolayer cultures,
ICsy was calculated to be 320 uM (95% CI: 153.4-668.4), whereas in the chip model, 1Csg
values were 698 uM (95% CI: 489.7-911.3) under normoxia and 1091 uM (95% CI: 851.4-
1399) under hypoxia (Fig. 11D). The higher ICs, values in the 3D model, particularly under
hypoxic conditions, indicate increased chemoresistance to TMZ due to the physiological

relevance of the model, which closely mimics in vivo oxygen gradients.
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Figure 11. Visualization of molecular diffusion in the hydrogel and testing the chip model with TMZ.
(A) Fluorescence images showing the diffusion of fluorescein (0 h, 1 h, 2 h, and 24 h) from the periphery
toward the center of the hydrogel. Scale bars: 1000 um. (n=3 samples). (B) Fluorescence images of co-
cultures in the hypoxia chip treated with different TMZ concentrations for 72 h. Scale bars: 1000 pm.
(n=2 samples). (C) Dose-response curves for TMZ in hypoxic, normoxic, and monolayer cultures. Data
is presented as mean = SD (n=6 samples per group from 2 independent experiments). The curves were
fitted using a three-parameter dose-response model (log[TMZ] vs. normalized response, Hill slope=-1).
(D) 1Cs values for hypoxic, normoxic, and monolayer cultures with 95% confidence intervals derived
from nonlinear regression. Statistical comparisons were made using the extra sum-of-squares F-test. *p
<0.05, **p <0.01, ***p < 0.001.
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4. Discussion

GBM tumors exhibit resistance to conventional therapies, shaped by a complex
microenvironment comprising dense ECM, diverse cellular populations, and hypoxic gradients
(33-35). Therefore, replicating these features in vitro is essential to better understand tumor
biology and treatment response. In this study, a PDMS based hypoxia chip combined with a
biomimetic hydrogel was developed to reproduce the pathological characteristics of GBM
tumors. In our previous study, we formulated HAMA/dECM composite hydrogel which
retained native ECM components and exhibited mechanical and rheological properties similar
to those of GBM tissue, and supported key glioblastoma cell behaviors (19). The PDMS based
hypoxia chip developed in this study further reproduced key characteristics of the glioblastoma
microenvironment, offering a useful platform for investigating hypoxia related cellular
behaviors. Using glass slide as a diffusion barrier enabled the formation of oxygen gradients,
as indicated by Image-iT hypoxia staining, which showed higher fluorescence intensity in the
hydrogel center compared to the periphery. This approach enabled the generation of hypoxic
conditions without the need for complex instrumentation or chemical agents. Previous studies
using diffusion barriers, such as PMMA layers (36) and PC films (11), have created hypoxic
conditions, however, their closed system design limited the flexibility to include layered
structures. In contrast, our model allows the integration of multicellular layers or organotypic

cultures within a single platform, enabling more physiologically relevant in vitro models.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

In order to examine the ability of the model to mimic GBM characteristics, key markers

associated with proliferation, invasion, stemness, and therapy resistance were analyzed. HIF1a,
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SOX2, and NES, key regulators of stemness and therapeutic resistance, exhibited minimal
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expression in 3D cultures under normoxia but were significantly upregulated under hypoxia,
suggesting that matrix cues alone do not activate stem-like programs and hypoxia is the primary
trigger of stemness in our model (37-39). Macharia et al. (2021) demonstrated that exposure of
GBM cells to 1% O, in 2D culture upregulated SOX2 expression, indicating that hypoxia can
initiate reprogramming toward a stem-like state (40). Immunofluorescence analysis showed a
significant decreases in GFAP levels under hypoxia and, suggesting that hypoxic conditions
promote a less differentiated, stem-like, and potentially more aggressive tumor phenotype (29).
Shah et al. (2021) similarly reported that glioblastoma cells cultured in 3D gelatin methacrylate
hydrogels, unlike those in 2D, showed reduced GFAP and increased CD44 and MMP2
expression, reflecting mesenchymal reprogramming patterns seen in vivo (41). It was reported

that hypoxia promotes mesenchymal transition in glioblastoma by activating transcription
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factors such as HIF1a, especially in hypoxic and necrotic tumor areas (42). Consistent with
this, our hypoxia model showed increased HIF1a, CD44, and MMP2 expression. Interestingly,
the transcriptional profile also showed increased EGFR and Ki67 levels, suggesting a mixed
phenotype combining proliferative and mesenchymal features. Supporting this, recent 3D
spatial analyses of glioblastoma tumors showed that mesenchymal and proliferative traits are
often observed together within the same tumor (43). Rather than leading to a complete lineage
transition, hypoxia facilitates a mesenchymal-proliferative state, indicating heterogeneity of
glioblastoma cells under low oxygen conditions.

Proteomic profiling further confirmed the relevance of the model, showing that hypoxic
conditions triggered signaling pathways known to be associated with aggressive glioblastoma
(44). Enrichment and network analysis showed that there were hypoxia related increases in
glycolysis, carbon metabolism, amino acid biosynthesis, and HIF1 signaling pathways. These
data is consistent with the phenotypic and transcriptional changes seen in this model. Notably,
enrichment of the HIF1 signaling pathway suggests an activation of transcriptional programs
that regulate metabolic and structural changes. Diffusion limitations within hydrogel systems,
especially under hydpoxic conditions, can drive extracellular acidification and spatial metabolic
heterogeneity by restricting local oxygen and nutrient availability and slowing transport of
metabolic byproducts such as lactate and protons. Hypoxic tumor regions shift toward
glycolytic metabolism and export lactate, while normoxic regions use it as a metabolic
substrate, a reverse Warburg type effect that supports metabolic coupling across tumor cell
populations (45, 46). Proteomic analysis revealed significant upregulation of glycolysis-
associated pathway enzymes, including LDH, under hypoxic conditions. Since lactate
accumulation and HIF-driven glycolytic signaling are closely linked to tumor aggressiveness,
immune modulation, and therapy resistance in GBM (47), these parameters may offer
predictive insight into cellular behavior within the hydrogel microenvironment. Direct pH and
lactate measurements and metabolomic analyses are needed to further characterize the
metabolic dynamics of this platform. Hypoxic conditions also drive metabolic coupling
between GBM and microglia, simultaneously promoting immunosuppression and tumor
progression. Lactate accumulation induces epigenetic reprogramming in microglia through
histone lactylation, shifting them toward an immunosuppressive M2 phenotype. In turn, M2
microglia secrete immunomodulatory cytokines that can enhance glycolytic signaling in GBM
cells, increasing lactate production (48). However, our previous proteomic comparison of

GBM-microglia co-culture and GBM monoculture showed only limited enrichment of
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glycolysis related processes, suggesting that hypoxia, rather than microglia-mediated metabolic

reprogramming, may be the primary driver of the glycolytic shift observed in our model.
Overall, these findings suggest that the hypoxia chip platform represents certain characteristics
of metabolic and microenvironmental adaptation associated with glioblastoma. Nonetheless,
different regions within a single tumor can display distinct molecular profiles. Therefore, it
would be essential to perform advanced techniques such as spatial transcriptomics or single-
cell RNA sequencing for gaining detailed insight on tumor heterogeneity and region specific
expression and adaptability driven by hypoxic conditions in the model.

Glioblastoma cells under hypoxia demonstrated significantly greater invasion than those under
normoxic conditions. Supporting this finding, MMP2, CD44, and TGF-f expressions were also
upregulated, suggesting that hypoxia enhances invasiveness through ECM remodeling, cell-
matrix interactions, and activation of epithelial-to-mesenchymal transition (EMT) and
cytoskeletal reorganization (49, 50). The correlation between these transcriptional alterations
and the observed invasion patterns demonstrates the role of hypoxia driven signaling
mechanisms in glioblastoma aggressiveness. These findings are consistent with previous
reports showing that hypoxia induced HIFla activation alters gene expression profile,
promoting a mesenchymal-like transition that increases glioblastoma cell motility, invasion,
and resistance to therapy (51). Although the increased invasion observed was largely due to

hypoxia induced pathways, other factors such as ECM and microglia signaling should also be

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

considered. In our previous study using the same HAMA/dECM matrix, we showed that

microglia co-culture increased glioblastoma invasion even under normoxia, indicating their
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intrinsic protumoral role (19). Therefore, the further increase in invasion associated markers
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and invasion distance under hypoxia suggests that low oxygen conditions act synergistically
with microenvironmental cues, rather than function independently. ECM also acts as a dynamic
regulator of tumor progression and therapeutic response. Since cell-ECM interactions,
including HA-CD44 ligand signaling and mechanotransduction, depend on intrinsic cell
properties (52), patient-derived cells may respond differently to the same ECM-derived cues
and induce distinct remodeling patterns. Integrating patient derived cells into this ECM mimetic
hydrogel alongside molecular imaging modalities such as PET, MRI, and SPECT could enable
dynamic spatial characterization of ECM remodeling and provide predictive insight into
patient-specific therapeutic responses (53). The tunable nature of the platform further allows
modulation of matrix composition and mechanical properties, supporting the modeling of

patient-specific tumor microenvironments that reflect interpatient variability.
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In GBM tumors, pseudopalisading necrosis pattern is largely driven by hypoxia induced
signaling and nutrient gradients, which promote proliferation and migration toward regions
with greater oxygen and nutrient supply (6). The hypoxia chip reproduced this spatial
heterogeneity by generating a necrotic core surrounded by proliferative tumor regions. Ki-67
expression and viability patterns within the model indicated the pseudopalisading necrosis
characteristic of GBM.

The in vitro model system was also examined for its response to TMZ under normoxic and
hypoxic conditions. While DMSO controls were not included in TMZ treatment experiments
due to throughput and sample number limitations of the platform, a separate cytotoxicity
assessment in co-cultured GBM-microglia monolayers confirmed that DMSO concentrations
within the treatment range (up to 1.25%) did not induce significant cytotoxicity. The ICsy value
for TMZ was found to be significantly lower in monolayer cultures compared to hydrogel
cultures under normoxia, while hypoxic conditions further increased the ICsy value by 56%,
indicating increased chemoresistance. These findings are consistent with previous reports
signifying reduced drug penetration within 3D matrices due to high ECM density, which acts
as a diffusion barrier and limits drug access to cells (54). In addition, hypoxic
microenvironments are known to promote drug resistance within glioma cells due to its effects
on modulation of gene expression, quiescence inducing effects, and survival signaling, which
are contributing to the higher ICs, values under hypoxic conditions (55). However, the impact
of hypoxia on glioblastoma behavior is highly dependent on the microenvironment. Musah-
Eroje and Watson (2019) showed that while hypoxia had minimal effects on temozolomide
resistance in 2D cultures, the same cells showed significantly increased resistance in a 3D
model, particularly under low oxygen conditions. This suggests that hypoxia alone is
insufficient to drive therapeutic resistance without combined with ECM signals and spatial
gradients (56). Therefore, the increased resistance and metabolic changes observed in our
model likely result from the combined effects of hypoxia and the 3D microenvironment.
Microglia has also been shown to contribute to TMZ resistance in glioblastoma (57). However,
a hypoxic GBM monoculture condition was not included in the study, limiting the ability to
distinguish microglia-specific effects from hypoxia-driven responses. Despite this, our previous
findings showed that GBM-microglia co-culture within the hydrogel promoted proliferation,
and upregulation of MMP2, MMP9, and TGF-f relative to both GBM monoculture within the
hydrogel and monolayer cultures under normoxic conditions. Given that pro-tumorigenic

microglias are known to secrete MMPs and TGF-f (58), these results suggest that hydrogel
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derived signals and GBM-microglia interactions contribute to a pro-tumoral microenvironment.

Previous proteomic comparison of GBM-microglia co-culture and GBM monoculture under
normoxic conditions identified enrichment of biological processes relevant to therapeutic
response, including cellular oxidant detoxification (19). Since TMZ induces ROS-mediated
tumor cell death, enhanced antioxidant and ROS-detoxification capacity may reduce treatment
induced oxidative damage and drive therapy resistance (59, 60). These findings suggest that
microglia associated signaling contributes to therapy resistant and survival related adaptations
within the GBM microenvironment in our model. On the other hand, reported TMZ sensitivities
for U87 cell line vary, with ICsy values ranging from 34.1 uM to 650.0 uM (61), thereby
limiting translational relevance of drug response studies using standard 2D cultures or
immortalized cell lines. A key limitation of the present study is the use of immortalized U87
glioblastoma cell line as cell source. Although widely applied in in vitro research, U87 cells do
not fully represent the intrinsic characteristics of patient derived GBM tumors (62, 63). This
limitation may restrict the translational accuracy of the observed responses, particularly in the
context of therapeutic evaluation. Moreover, therapeutic responses in this model were not
benchmarked against clinical datasets or patient derived treatment outcomes, which limits
assessment of its capacity to predict clinical treatment efficacy. Future studies incorporating
patient derived or glioma stem-like cells and correlating model derived drug response data with

clinical cohorts will be critical to validate the translational relevance and predictive potential of

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

this platform. Additionally, although the model includes microglia to mimic immune-tumor

interactions, it employs the HMC3 cell line, an immortalized human microglial model. While
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offering human origin, HMC3 cells do not fully reproduce the phenotypic heterogeneity,
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activation states, or immune regulatory functions exhibited by primary microglia in the native
tissue (64, 65). Another limitation of this model is the absence of a blood-brain barrier (BBB)
component, which plays a direct role in drug transport and therapeutic response. BBB-like
structures have been successfully incorporated into glioblastoma-on-a-chip platforms. For
example, Silvani et al. (2021) developed a 3D bioprinted vascularized model that included a
perfusable BBB structure and compartmentalized tumor architecture under physiological shear
stress (66). Integrating a similar BBB component into future work with this model could
strengthen its translational value and usefulness in drug screening. Furthermore, the absence of
other critical immune cell populations, such as tumor associated macrophages, T cells, and
myeloid derived suppressor cells, restrict the capacity of the platform to capture the

immunological complexity of the glioblastoma microenvironment.
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Overall, integrating an ECM-like matrix and microglia interaction with oxygen gradients in the
model reproduced several key features of GBM, including histopathologic characteristics,
invasion, heterogeneity, metabolic adaptation, and resistance to therapy. This platform may
offer a useful platform for studying hypoxia related tumor biology and testing therapeutic
strategies under conditions that closely resemble the GBM microenvironment. Incorporating
patient derived cells, additional immune populations, and advanced molecular analysis into
future studies could further improve its capacity to represent GBM complexity and support

translational applications.

5. Conclusion

In this study, a bioprinted GBM model combining a PDMS based hypoxia chip, microglia
interaction and an ECM mimetic hydrogel was produced. The inclusion of a glass diffusion
barrier facilitated the formation of oxygen gradients without requiring external gas control or
chemicals. The platform reproduced key pathological features of GBM, including
pseudopalisading necrosis, heterogeneity, metabolic adaptation, and chemoresistance. Under
hypoxia, cells within the chip exhibited increased proliferation, invasion, and stemness related
gene expression, consistent with hypoxia driven reprogramming observed in vivo. The model
also demonstrated increased resistance to TMZ under hypoxic conditions, indicating the
influence of oxygen gradients and extracellular matrix cues on drug response. These findings
highlight the importance of mimicking hypoxic conditions, matrix characteristics, and
microglia interactions of the tumor microenvironment for in vitro modeling. Since the current
model uses immortalized cell lines, integration of cancer and immune cells from patients into
the future work could enhance its translational value. At present, this hypoxia chip serves as a
basis for developing physiologically relevant tools to study GBM progression and evaluate

novel therapeutic approaches.
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