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ABSTRACT

Development of 3D-Bioprinted Glioblastoma Model to Mimic In Vivo Tumor

Microenvironment

Glioblastoma (GBM) represents one of the most aggressive primary brain tumors,
known for a complex microenvironment that promotes invasion, resistance to
treatment, and recurrence. In this study, a bioprinted GBM model was developed by
integrating hyaluronic acid methacrylate (HAMA) with decellularized brain
extracellular matrix (dECM), preparing a bioink that closely mimics the biochemical
composition and mechanical properties of native brain tissue. The compressive
modulus of the composite hydrogels was measured at 9.44 + 0.73 kPa, while the elastic
modulus was found to be 458.30 + 13.39 Pa, close to that of native GBM tissue. By
preserving the biochemical components of the brain, the hydrogels contributed to
essential cellular activities such as adhesion, invasion and matrix remodeling, which
are pivotal for replicating the highly invasive and adaptive nature of glioblastoma. The
model was created by compartmental co-culturing glioblastoma (U87) and microglia
(HMC3) cells in mimicking the cellular interactions between tumor and
microenvironment. Co-culturing with microglia distinctly increased glioblastoma
progression, as shown by the 43% increase in Ki67 expression and 41% increase in
invasion distance. Furthermore, the chip model replicated the hypoxic gradients
typically observed in GBM tumors. This in vitro model reproduced key pathological
characteristics of GBM, including pseudopalisading necrosis, hypoxia induced gene
expression, invasion and cellular heterogeneity. Finally, the model demonstrated its
potential as a drug screening platform during the determination of the ICso for
temozolomide, which showed reduced drug sensitivity under hypoxic conditions,
further supported by the upregulation of resistance related genes including SOX and
NES. This physiologically relevant in vitro system is a promising tool to study

glioblastoma biology and therapeutic strategies.

Keywords: Glioblastoma microenvironment, Tissue engineering, /n vitro models,

3D bioprinting



OZET

In Vivo Tiimér Mikro Ortamim Taklit Etmek i¢in 3B-Biyobasih Glioblastoma

Modelinin Gelistirilmesi

Glioblastoma (GBM), yiiksek invazifligi, tedaviye direngli yapisi ve tekrarlama
egilimi ile bilinen en agresif beyin tiimorlerinden biridir. Bu ¢alismada, hyaliironik asit
metakrilat (HAMA) ve hiicresizlestirilmis beyin ekstraselliiler matriksi (dECM)
kullanilarak dogal dokuyu biyokimyasal ve mekanik acidan taklit eden bir GBM
modeli gelistirilmistir. Mekanik olarak, bu kompozit hidrojeller 9.44 + 0.73 kPa'lik bir
basma modiilii ve 458.30 + 13.39 Pa'lik bir elastik modiil sergileyerek dogal GBM
dokusunu taklit etmistir. Beyin ECM’inin biyokimyasal bilesenlerini biiyiik dl¢iide
iceren hidrojeller, hiicre yapismasi, matriksin yeniden yapilandirilmasi ve invazyon
gibi temel biyolojik siirecleri etkin bigimde yansitmistir. Model, timor
mikrocevresindeki hiicresel etkilesimleri taklit etmek amaciyla glioblastoma (U87) ve
mikroglia (HMC3) hiicrelerin birlikte kiiltiirlenmesini kapsamaktadir. Bu kiiltiir, Ki67
ekspresyonunda %43’liikk ve invazyon uzakliginda %41°lik bir artisla glioblastoma
agresifligini 6nemli bir diizeyde artirmistir. Ayrica, GBM tiimdrlerine 6zgii hipoksik
gradyanlar in vitro ¢ip sisteminde olusturulabilmistir. Gelistirilen bu hipoksi modeli,
pseudopalisadik nekroz, hipoksiye bagli gen ekspresyonu, invazyon ve hiicresel
heterojenlik gibi GBM’ye 6zgii patolojik 6zellikleri iyi bir sekilde taklit etmistir. Buna
ek olarak, modelin bir anti kanser ilaci olan temozolomide kars1 duyarliligim
belirlemek amaciyla yapilan testlerde, modelin klinik 6ncesi ila¢ tarama platformu
olarak kullanilabilir oldugu gosterilmistir. Hipoksik kosullar altinda azalan ilag
duyarliligi, diren¢ mekanizmalarinda yer alan genlerin ekspresyonundaki artigla
birlikte molekiiler diizeyde desteklenmistir. Gelistirilen bu in vitro model,
glioblastoma biyolojisinin daha iyi anlagilmasini ve yeni tedavi stratejilerinin

gelistirilmesini saglayarak in vivo deneyleri azaltma potansiyeli de tagimaktadir.

Anahtar Sozciikler: Glioblastoma mikrogevresi, Doku miihendisligi, In vitro

modeller, 3B biyobasim



1 INTRODUCTION AND AIM

1.1 Impact of the Tumor Microenvironment on Glioblastoma Progression and

Therapeutic Strategies

Glioblastoma (GBM) is a deadly adult brain tumor with a high recurrence rate and
resistance to treatment. Every year, an estimated 17,000 new patients are diagnosed
with GBM, at a rate of 3.19 cases per 100,000 persons (1). GBM pathogenesis is the
sequential accumulation of genetic abnormalities and inadequate regulation of growth
factors signaling pathways that lead to malignant transformation. The current standard
of care for GBM is surgery followed by irradiation and chemotherapy, which has yet
to produce satisfactory results (2). Overall survival duration is 3-6 months after
surgical excision of the tumor. Postoperative radiation (RT) is the main option after
surgical resection. Since the 1970s, this has been considered standard therapy. The
introduction of radiotherapy to the treatment protocol increases the life expectancy to
12.1 months, 10.4% (2-year survival percent). Since 2005, temozolomide (TMZ) has
been recommended as the first line treatment for newly diagnosed GBM patients after
surgery and concomitant RT (3). Despite great tolerance towards TMZ, only about a
third of GBM patients respond to alkylating drugs because others have innate or
acquired chemoresistance. The combination of concomitant and adjuvant TMZ
treatment can result in a slight increase in survival to 14.6 months, 26.5% (2 year
survival percent) (4). These indicate that, even though we now have a better
understanding of GBM genetics, biology, and microenvironment than in the past, it is
still mainly incurable today. The management of GBM patients is complicated due to
a variety of reasons. These factors include tumor location, inter and intratumor
heterogeneity, comlex tumor microenvironment, invasive nature of GBM, the status
of molecular markers, chemotherapeutic drug delivery, and resistance (5). Despite the
years of research and technological advances, the prognosis for GBM has not
improved significantly. For decades, studies focusing on the genetic and molecular
alterations that occur in cancer cells and their contributions to unregulated cell
proliferation have primarily shaped our understanding of GBM biology. However,

GBM growth is highly dependent on growth regulatory signals that originate from the



tumor microenvironment. The interaction between the microenvironment and
glioblastoma cells promotes tumor growth, proliferation, immune surveillance, and
resistance to therapeutic agents (6). Presence of in vitro models to test drug candidates
and understand the disease mechanism would have enabled move tests under well-

defined conditions of a model.
1.2 Objective and Significance of the Developed In Vitro Model

Before clinical trials, drugs are tested first on cell cultures and then on animals to
evaluate their effectiveness and safety; however, these models do not completely
reflect human physiology. In order to decrease the risk of any undesirable reaction in
humans, the in vivo experiments use a large number of animals. This highlights the
urgent need for advanced in vitro models that can better replicate the biological and
biomechanical features of diseases, in this case, glioblastoma, providing a more
reliable platform for preclinical testing, bridging the gap to clinical studies, and

enabling a deeper understanding of the underlying mechanisms.

Considering the necessity for a tissue model that reflects the essential properties
of the native microenvironment, it was aimed to develop a glioblastoma model that
mimics the tumor microenvironment. The GBM model aimed to replicate the tumor
microenvironment by creating a hypoxic gradient that is a property of glioblastoma
tumors, mimicking the biological composition and mechanical properties of ECM, and
simulating the GBM-microglia interactions in a synergic manner. Although recent
models are quite advanced, replicating the complete microenvironment remains a
challenge, as none of them represent the native ECM, GBM-microglia interactions,
and hypoxic features simultaneously. This study aimed to develop a GBM model that
could better mimic in vivo tumor environment and offer a more precise platform for
drug efficacy testing. Earlier models used molecules such as hyaluronic acid,
decellularized patient tissues, collagen, and fibrinogen (7-9), which could replicate
certain structural aspects of the tumor to a limited extent. However, they lacked the
biochemical and mechanical complexity characteristic of the native ECM. For

instance, hyaluronic acid based models (7) did not accurately replicate the native ECM



composition, as they lacked key polysaccharides and structural proteins.
Decellularized ECM from brain tissue preserves the natural composition of the ECM
(10), and in this study, decellularized brain tissue was used to closely mimic the
biological composition of the native GBM ECM. Decellularized brain tissue was used
in earlier GBM models (11), but mechanical strength was not mimicked. Moreover,
printing using dECM has limitations such as low resolution and prolonged crosslinking
(about 1 h) which hinder the formation of realistic, layered structures. Combining
decellularized brain ECM with hyaluronic acid methacrylate was used to strengthen
the mechanical properties. The low dose of UV exposure used was found to be not
harmful to cells (12). Further, considering the hyaluronic acid rich environment of
glioblastoma, incorporating HAMA helps introducing this critical component in
resulting matrix, thereby better simulating native tissue composition. Another aim for
appropriate mimicking in this study was to create a hypoxic gradient in the model. In
order to achieve hypoxic conditions, different strategies have been followed. Hypoxia
chambers offer a basic approach but are limited to control of precise oxygen levels
(13). Microfluidic systems that adjust Oz levels through gas channels (14, 15) are
effective but require a complex setup. Enzyme based methods using oxygen
consuming agents (e.g., glucose oxidase) generate H,O,, limiting their use in cell
studies due to toxicity (16). The approach used in this study involves a diffusion barrier
to establish oxygen gradients, eliminating complex systems or toxic agents. Similar
diffusion barrier methods, such as PMMA layers (17) and PC films (18), have also
successfully created hypoxic gradients. However, these closed systems had problems
integrating layered structures and diverse cell types. Our model is able to integrate
both multicellular layered structures and organotypic cultures in one setup, offering a
more flexible system. This allows the production of precise internal structures and

layering of different cells and materials, enabling a more functional model.

This study aims to create an in vitro glioblastoma model that integrates native
ECM components, hypoxia gradients, and GBM microglia interactions to replicate the
tumor microenvironment more accurately, allowing better understanding of GBM

progression, and a reliable drug efficacy testing.



2 BACKGROUND

2.1 GBM Pathogenesis and Clinical Challenges

Glioblastoma multiforme (GBM) represents the most aggressive and deadly
primary brain tumor in the central nervous system. It is classified as Grade IV
astrocytoma by the World Health Organization (WHO) (19), and is pathologically
known for characteristics such as extensive proliferation, microvascular hyperplasia,
and pseudopalisading necrosis which help its highly infiltrative growth and resistance
to therapy (20-22). GBM originates from genetic mutations, epigenetic alterations,
and dysregulated molecular signaling. These changes disrupt molecular pathways
involved in cell cycle regulation, DNA repair, apoptosis, and metabolic homeostasis.
There are two subtypes of GBM, primary and secondary GBM. Primary GBM arises
de novo and is common in older patients, often is IDH-wild type and has alterations
such as TERT promoter mutations, EGFR amplification, PTEN deletions, and
chromosomal abnormalities including a gain of chromosome 7 and loss of
chromosome 10 (23-25). On the other hand, secondary GBM progresses from lower
grade gliomas and affects younger individuals (26) and is characterized by P53 and

IDH mutations (27-30).

GBM progression is driven by tumor intrinsic factors with GBM cells existing in
four main transcriptional states including mesenchymal-like (MES-like), neural
progenitor-like (NPC-like), astrocyte cell-like (AC-like), and oligodendrocyte
progenitor-like (OPC-like), and they are highly plastic which allow transitions
between states within single tumors (31, 32). This heterogeneity of distinct subclones
with varied therapy responses complicates treatment (33). Notably, recurrent GBMs
display increased cellular diversity, including stemness and proliferation-linked
subclones, and introduces resistance and invasiveness (34). In addition to this cellular
diversity, recurrent GBMs often show O6-methylguanine-DNA methyltransferase
(MGMT) overexpression, which increases resistance to TMZ by repairing DNA
damage (35). Standard clinical management includes surgical resection, radiotherapy,

and concomitant chemotherapy with TMZ, however, the median survival time for



GBM patients remains approximately 15 months and a five-year survival rate is below
10% (4). GBM progression is further shaped by complex and dynamic tumor

microenvironment complicating the treatment (36).
2.2  Tumor Microenvironment

Tumor microenvironment (TME) is a complex network of cellular and
extracellular components that drive tumor progression. The cells include cancer stem
cells (GSCs), astrocytes, neurons, endothelial cells, and immune cells such as tumor-
associated microglia and macrophages (TAMs), myeloid-derived suppressor cells
(MDSCs), and regulatory T cells (Tregs). The non-cellular components consist of the
extracellular matrix (ECM), which provides structural and biochemical support (37-
40). GBM TME consists of spatially distinct regions (Figure 1) including the necrotic
core which is mechanically soft due to severe hypoxia and vascular occlusion, leading
cell death. Pseudopalisading regions consist of a high density of migrating cells
surrounded by hypoxic zones with increased stiffness and ECM deposition. In
hypervascular zones, GBM shows abnormal, leaky neovasculature, causing increased
interstitial fluid pressure. The infiltrative rim contains invaded GBM cells in a healthy
parenchyma along myelinated tracts, and the perivascular niche where tumor cells

invade the vasculature (21, 41, 42).
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Figure 1 Schematic presentation of glioblastoma microenvironment across distinct
spatial regions. Adapted with permission (41).

The ECM of the brain is a highly specialized and tightly regulated network that
plays a significant role in maintaining neural homeostasis. Unlike the ECM in other
tissues, the brain ECM is uniquely soft, highly hydrophilic, and lacks abundant
structural proteins, which are predominantly composed of hyaluronic acid, chondroitin
sulfate proteoglycans (CSPGs), tenascin-R, and minimal amounts of collagen IV and

laminin (Figure 2). This composition creates a hydrated, loosely organized, and low



stiffness matrix that supports normal brain physiology, including cellular
communication and neurovascular integrity (9, 43-45). During GBM progression, this
balance is disrupted through biochemical and mechanical remodeling of the ECM (46).
GBM and stromal cells secrete matrix remodeling enzymes including matrix
metalloproteinases, hyaluronidases, and cathepsins that degrade the native matrix and
enable cellular infiltration. Also, abnormal ECM deposition occurs with the
accumulation of components such as collagens I, III, VI, fibronectin, periostin,
osteopontin, and SPARC, which remodel the ECM into a stiff, fibrotic, and

mesenchymal-like microenvironment (47, 48).
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Figure 2 Schematic overview of glioblastoma ECM. In healthy brain tissue, ECM is
characterized by low stiffness and the absence of neurodevelopmental proteins, while
the GBM ECM becomes denser, stiffer, and enriched in oncogenic components (e.g.,
tenascin-C, fibronectin), facilitating invasion and angiogenesis. (Adapted from
Biorender).

Hyaluronic acid (HA), a key constituent of the ECM in healthy brain tissue,
undergoes significant alterations in GBM, leading to the formation of a dense and
disorganized viscoelastic matrix (49). These changes are induced through the
upregulation of hyaluronidases, hyaluronan synthases, CD44, and RHAMM (46, 50,
51). This increased and altered HA composition promotes tumor cell migration,

angiogenesis, and immune evasion. The ECM remodeling was primarily driven by the



upregulated expression of matrix metalloproteinases (MMPs) which degrade ECM
components, enable tumor-specific matrix deposition, and create pathways for tumor

cell invasion into the surrounding healthy brain (52-54).

Collagen constitutes only a small fraction of healthy brain ECM (primarily
localized in the basement membrane) and becomes significantly upregulated in GBM.
Collagen supports glioblastoma cell adhesion, migration, and survival through
interactions with integrins, activating signaling pathways that promote tumor invasion
and resistance to apoptosis (55, 56). Fibronectin is also upregulated in GBM which
facilitates cell adhesion and proliferation, thereby promoting the invasive and
proliferative behavior of glioblastoma (45). Laminin is overexpressed in GBM,
especially in the perivascular niche that supports glioblastoma stem cell maintenance.
Laminin interacts with integrins to promote tumor cell adhesion, migration, and

maintenance of stem-like properties by activating signaling pathways (43, 56-58).

Tenascin-C (TNC) as a glycoprotein is present at very low levels in healthy brain
ECM but becomes a major component of the GBM ECM. Unlike its neural isoform
tenascin-R, TNC disrupts adhesion, modulates integrin and syndecan signaling, and
activates oncogenic cascades. It further contributes to GSC maintenance and immune
evasion, thereby promoting tumor heterogeneity and compartmentalization (9, 45, 59,
60).

Biomechanical properties of the ECM in glioblastoma are also significantly
altered. Increased fibrillar proteins, lysyl oxidase (LOX) mediated crosslinking, and
cell driven matrix deposition collectively increase tissue stiffness (61, 62). In healthy
brain tissue, the Young’s modulus is around 1 kPa (63, 64), whereas in high grade
GBMs, it increases dramatically, reaching up to 11.4 + 4.9 kPa (65). Importantly, ECM
stiffness in GBM is spatially heterogeneous that tumor periphery is mechanically
stiffer than the necrotic core, creating a stiffness gradient that guides invasive behavior
(66). The increased stiffness is not just a consequence of tumor growth, but an active
contributor to malignancy. It serves as a barrier to drug diffusion, elevates interstitial

pressure, and activates survival programs that mitigate the effects of chemotherapy
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and radiotherapy. It activates mechanosensitive pathways such as YAP/TAZ, FAK,
and Rho/ROCK, which directly contributes to therapy resistance. In particular,
YAP/TAZ signaling has been linked to resistance to temozolomide through the
upregulation of anti apoptotic and DNA repair genes (38, 67, 68). Moreover, this stiff
ECM limits immune cell infiltration and promotes M2-like polarization, promoting the

immunosuppressive character of the TME (51, 69).

In conclusion, the ECM in GBM is not a passive structural scaffold but an actively
altered and mechanobiologically important component of the TME. Its alteration into
a fibrotic, stiff, and immunosuppressive network supports cancer growth and reduces
the effectiveness of treatments. Incorporating ECM focused approaches into both
experimental models and clinical strategies will be essential for overcoming

therapeutic resistance and improving translational outcomes in GBM (43, 51).

The cellular composition of the GBM microenvironment is defined by pronounced
heterogeneity and a highly dynamic interaction between tumor cells and their
surrounding stroma. Rather than representing a homogenous tumor mass, GBM
presents a dynamic microenvironment composed of diverse tumor cell subpopulations

and a variety of nonmalignant cells (Figure 3).
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Figure 3 Schematic overview of GBM cellular microenvironment. The
immunosuppressive and protumorigenic interactions between glioma cells and stromal
components including tumor associated microglia and macrophages (TAMs), reactive
astrocytes, cancer associated fibroblasts (CAFs), myeloid derived suppressor cells
(MDSCs), tolerogenic dendritic cells (DCs), and CD8" T cells. (Adapted from
Biorender).

Glioblastoma stem cells (GSCs), as a key cellular component of the TME, possess
self renewal capacity, multilineage differentiation potential, and high resistance to
standard treatments (70). GSCs preferentially localize in perivascular and hypoxic
niches, where they are maintained by endocrine cues such as VEGF, nitric oxide, and
Notch ligands. The phenotypic plasticity of GBM allows them to dediferentiate into
GSC-like states even after differentiation. Their plasticity is promoted by hypoxia
inducible factors (HIFs) and cytokine signaling from adjacent stromal cells (32, 71,
72). Transcriptionally, these cells can shift between neural progenitor-like, astrocyte-
like, mesenchymal-like, and oligodendrocyte precursor-like states in response to

external stimuli, contributing to therapeutic resilience (73).
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GBM exists within a profoundly immunosuppressive microenvironment, both due
to the inherent immunological properties of the CNS and also due to tumor-specific
mechanisms. The landscape of the immune cells within the TME is primarily
composed of tumor-associated microglia and macrophages (TAMs), myeloid-derived
suppressor cells (MDSCs), and regulatory T cells (Tregs) (74). However, GBM fails
to generate an effective anti-tumor immunity; instead, it creates immune-excluded
niches with attributes of malfunctioning T cells, the reprogramming of myeloid cells,

and immunoregulatory interaction with stromal components (38, 75).

Microglia, the primary immune cells in the CNS, are central to GBM progression
(76). The tumor-associated microglia and macrophages (TAMs), derived from both
resident microglia and recruited monocytes, account for around 50% of the tumor mass
and greatly promote its immunosuppressive environment. These cells exhibit
phenotypic plasticity, allowing them to polarize into two main states: the M1 state,
marked by its anti-tumorigenic potential and the expression of pro-inflammatory
cytokines, such as, interleukin-12 (IL-12), interleukin-6 (IL-6), and tumor necrosis
factor-alpha (TNF-a); and the M2 state, which is pro-tumorigenic and secretes
immunosuppressive factors, such as, interleukin-10 (IL-10), transforming growth
factor-beta (TGF-B), and matrix metalloproteinases (MMPs) (77, 78). This plasticity
is also regulated through hypoxic environments and metabolic remodeling, through
the shift to aerobic glycolysis. These adaptations support the survival of microglia and
the secretion of cytokines under hypoxic conditions, hence driving tumor progression
(76, 78). Besides, microglia are central to the maintenance of the GSC niche,

fundamental to tumor initiation, progression, and drug resistance (79).

CDS8" T cell exhaustion is a key feature of the suppressed immune response in
GBM and is caused by the increased expression of inhibitory receptors. This
immunosuppressive state is further promoted by the TME with cytokines, and the
presence of Tregs and MDSCs, which inhibit dendritic cell activation and disrupt the
function of effector CD8" T cells (38, 80-85).
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Endothelial cells are critical for the aggressive progression of GBM, contributing
to the development of an abnormal and highly disorganized vascular network (Figure
4). These cells are stimulated by tumor secreted proangiogenic factors such as VEGF
and FGF2, which promote angiogenesis to sustain oxygen and nutrient supply to the
tumor (86). However, the resulting vasculature is structurally and functionally

disorganized, leading to hypoxic zones that support GSC niches (87).
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Figure 4 Schematic overview of glioblastoma blood-brain barrier (BBB). BBB is
shown with compact endothelial cells connected by tight junctions and a dense
basement membrane. In contrast, the GBM-associated BBB (right) is disrupted,
featuring leaky endothelial cells, widened tight junctions, and loss of contact with
astrocytic endfeet. (Adapted from Biorender).

Astrocytes also play an important role in glioblastoma progression. They are
reprogrammed into reactive astrocytes to produce IL-1p3, CXCL1, and VEGF, leading
to blood brain barrier (BBB) compromise and matrix remodeling via MMP secretion
(88-90). These astrocytes further promote tumor survival by transmitting anti apoptotic

factors and drug resistance signals through gap junctions and extracellular vesicles
(32).

Hypoxia is a defining characteristic of the GBM TME and plays a central role in
intratumoral heterogeneity and therapeutic resistance (91, 92). Spatial gradients in
oxygen availability within the tumor lead to the formation of distinct regions, including
necrotic cores and hypercellular compartments (Figure 5) (42, 93). The necrotic core
1s marked by severely hypoxic zones caused by impaired blood flow, leading to

extensive cell death and the release of proinflammatory mediators that support tumor
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growth and invasiveness (94, 95). Hypoxic areas within the necrotic core harbor
therapy resistant cancer stem cells and other highly aggressive subpopulations, further
driving tumor progression (96, 97). GBM cells tend to accumulate around the
periphery of necrotic regions, forming pseudopalisading structures indicative of
cellular migration in response to hypoxic and nutrient-deprived conditions.
Hypercellular areas, while relatively less hypoxic, still maintain a low-oxygen
environment that promotes malignant phenotypes and contributes to therapeutic

resistance (40, 95, 97, 98).
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Figure 5 Histopatology of GBM. (A) Schematic representation of pseudopalisade
formation in GBM (42). (B) Representative hematoxylin and eosin staining of GBM
pathology (93). Adapted with permission.
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The hypoxic microenvironment is closely linked to the activation of hypoxia
inducible factors (HIFs), particularly HIF-1a, initiates transcriptional changes that
facilitate tumor cell adaptation and survival under oxygen deprived conditions (99,
100). Among these changes, HIF-1a regulates the transcriptional activation of genes
associated with angiogenesis, including vascular endothelial growth factor (VEGF), a
key driver of neovascularization (95, 97). HIF-1a also regulates the expression of
several microRNAs, which plays a significant role in promoting proliferation,

migration, and resistance to apoptosis (101-103).
2.3 Current GBM Models and Limitations

Despite years of research and technological advances, the prognosis for GBM has
not improved significantly. Glioblastoma remains incurable and is recognized as the
most devastating tumor in the central nervous system (104, 105). In order to bring a
new drug to market, the current pipeline takes about 15 years and costs $2.6 billion
(106). Preclinical evaluation of drug candidates generally involves initial efficacy
testing in 2D cell culture platforms, then in animal models prior to clinical translation.
Current GBM model systems are incapable of mimicking some of the complex aspects
of the disease (107). Spatial organization of in vivo tissues cannot be replicated by 2D
cell cultures, and when cells are cultivated on a plastic petri dish, they contact a stiff
surface (approximately 10° kPa for a petri dish versus 2-10° kPa for general soft
tissues), which affects the cell behavior especially gene expression and drug sensitivity
(108, 109). Furthermore, they fail to mimic the complex TME, including dynamic
interactions between cells and their surrounding matrix, temporally and spatially
regulated signaling pathways, oxygen gradients, and physical constraints. As a result,
cells rapidly lose intrinsic traits and functions (110, 111). The implantation of patient-
derived glioblastoma stem cell-like cultures into mice and organotypic brain slices are
two fundamental preclinical models that have been used to assess the efficacy of new
treatments for glioblastoma (112, 113). Organotypic cultures provide abundant ECM
signals but offer limited control over experimental variables, making functional
research challenging (114). Although patient-derived xenograft models accurately

reproduce the characteristics of the native tumors, their clinical utility for point-of-care
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testing is limited by the long time required to establish (40-50 days), low success rates,
high costs, and ethical concerns (115). Moreover, investigating the behavior of human
cancer cells in animal models often necessitates the use of immunocompromised
animals, thereby excluding the contribution of immune components to tumor
progression. These limitations in current platforms for studying GBM biology
highlight the need for alternative in vitro platforms that enable the analysis of tumor-
microenvironment interactions under physiologically relevant and experimentally

controllable conditions (114).

Since glioblastoma microenvironment has a significant influence on tumor
progression, advanced GBM microenvironment models provide a valid option as
experimental GBM models with the advantage of overcome the limitations associated
with conventional models (41). Several 3D glioblastoma models have been developed
during previous decade. Early 3D in vitro models, mainly spheroid cultures embedded
in  hydrogels, provided important results about the mechanical and
microenvironmental regulation of GBM, but they were limited in their ability to mimic
the full extent of cellular heterogeneity and native tissue organization (116, 117). In
order to overcome these limitations, the field has increasingly moved toward organoid-
based platforms, which utilize self-organizing, patient-derived cells in 3D cultures to
mimic the cellular heterogeneity and structural complexity of GBM within a more
physiologically relevant and integrated tissue context (118-120). Although organoid-
based GBM models closely mimic tumor biology, their limited control over structure,
mechanics, and consistency makes them less suitable for reproducible and high-
throughput testing. In contrast, 3D bioprinting technologies have emerged as powerful
tools to reconstruct the glioblastoma microenvironment with precision, enabling the
spatial design of tumor and stromal compartments, incorporation of stiffness gradients,
and diverse cell types, including immune and vascular elements (71, 121-123). The
organ-on-chip technology is also increasingly applied in vitro to simulate the complex
features of the GBM microenvironment. Such platforms can be employed to model
tissue rigidity, vascular interfaces, and immune interactions within compartmentalized
3D models under controlled conditions (11, 124-126). In addition, these models have

been successfully integrated with microfluidic systems, offering the ability to precisely
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control fluid flow, chemical gradients, and shear stress. These platforms are highly
effective at modeling the dynamic features of the TME, including interactions with
blood vessels, drug transport, and the physical forces that govern tumor growth and
therapeutic outcomes (127-133). Despite substantial progress enabled by advanced in
vitro models, they remain limited in terms of scalability, reproducibility, and viability

over extended periods.

There is an increasing demand for new tumor models that can accurately replicate
native tumor biology and elucidate the mechanisms driving malignancy progression.
Advanced models can significantly reduce the overall cost of drug discovery through
two main mechanisms. First, by reducing the reliance on animal models for preclinical
assays, the associated costs can be lowered. Second, their enhanced predictive capacity
for drug efficacy and toxicity can decrease the risk of clinical trial failure and
subsequent drug withdrawal, thereby preventing financial losses for pharmaceutical
companies. In this context, 3D bioengineered tumor models serve as a critical
intermediary between conventional preclinical assays and human clinical trials,

offering increased translational value for drug response assessment.

This study aimed to develop a physiologically relevant GBM TME model by using
dECM based hydrogels and a hypoxia chip to mimic the native TME in terms of
biochemical, mechanical, and hypoxic conditions. Decellularization of bovine brain
tissue was carried out using two different protocols, and the resulting dECMs were
characterized by DNA content, protein, and glycosaminoglycan retention. The dECMs
were solubilized and combined with hyaluronic acid methacrylate (HAMA) to
fabricate photocrosslinkable composite hydrogels (HAMA/dECM), which were
optimized for printability, mechanical strength, and degradation profiles. U87
glioblastoma and HMC3 microglia cells were loaded into the hydrogel solution, and
the obtained bioink was bioprinted in a circular structure (glioblastoma cells at the
center and microglia cells at the periphery). The printed structure was placed into a
PDMS chip, which was covered with a gas diffusion barrier to induce central hypoxia.
Cell behavior in the chip was studied using Live/Dead and Alamar Blue assays, and

their cytoskeleton organization, proliferation (Ki67), and differentiation (GFAP) were
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assessed by immunofluorescence staining. Central hypoxia was confirmed by Image-
iT Green staining, necrotic and hypercellular pseudopalisading regions were identified
with ethidium homodimer-1 and Ki67 staining. Functional studies were carried out,
including invasion assays, a fluorescein-based drug diffusion model, and cytotoxicity
assays using temozolomide (TMZ) to calculate ICso values. Real-time PCR was used
to study the expression profiles of hypoxia- and tumor-related genes, and quantitative
proteomic analysis was performed to investigate cellular adaptation to hypoxia.
Overall, this platform mimics the certain pathological characteristics of GBM,
including pseudopalisading necrosis, ECM interactions, and therapeutic response,

offering promise as a reliable in vitro GBM model for research and drug screening.
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3 MATERIALS AND METHODS

3.1 Materials

2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (#410896),
Hyaluronic acid sodium salt from Streptococcus equi (#53747), Pepsin from porcine
gastric mucosa (#P7012-250MG), Triton X-100 (#T8787) were obtained from Sigma
Aldrich (USA). Methacrylic anhydride (#276685), N,N-dimethylformamide
(#103053) was obtained from Merck Millipore (Germany). Opti-MEM Reduced
Serum Medium (#31985062), Normal Goat Serum (#PCNS5000), Fibronectin
(#33016015), phosphate buffered saline (PBS) without Ca+2 and Mg+2 (#14190-094),
penicillin/streptomycin (#15140-122), DMEM without phenol red (#11054020) were
purchased from Gibco (USA). AlexaFluor 488-phalloidin (#A12379), Pierce™ BCA
Protein Assay Kit (#A55864), TRIzol reagent (#15596026), RevertAid First Strand
cDNA Synthesis Kit (#K1622) were obtained from ThermoScientific (USA). Fetal
bovine serum (FBS) (#04-007-1A) and bovine serum albumin (BSA) (#040071A)
were purchased from Biological Industries (Israel). PBS with Ca+2, Mg+2 (#PBS-2A)
was obtained from Capricorn (Germany). Fluorescein-sodium (0.4 kDa, #J61549) was
purchased from Alfa Aesar (Germany). DNase (DENARASE, 5 MU, GMP) was
obtained from c-LEcta (Germany). DNeasy Blood & Tissue Kit was purchased from
Qiagen (Germany). Tissue-Tek OCT (#4583) was obtained from Sakura Finetek
(Japan). Image IT green hypoxia reagent (#114834), AlamarBlue Cell Viability
Reagent (#DAL1025), LIVE/DEAD™ Viability/Cytotoxicity Kit (#L3224),
Lipofectamine 2000 Transfection Reagent (#11668019), Chicken anti-human GFAP
IgY (#PA1-10004), Goat anti-Chicken IgY (H+L) Secondary Antibody, Alexa
Fluor™ 488 (#A-11039), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 555 (#A-21428) were purchased from Invitrogen (USA).
Rabbit anti-human anti-Ki67 IgG primary antibody (#ab15580) were purchased from
Abcam (UK). pcDNA3-EGFP plasmid (#13031) was obtained from Addgene (USA).
Direct-zol RNA miniprep (#R2051) was purchased from Zymo Research (USA).
SYLGARD™ 184 Silicone Elastomer Kit (#4019862) was obtained from Dow
Chemical Company (USA). PowerUp™ SYBR™ Green Master Mix (#A25741) was
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purchased from Applied Biosystems (USA). G418 solution (#4727878001) was
obtained from Roche (Switzerland). Ultra low attachment microplates (#10023683)
were purchased from Corning (USA). Primers (Table 1) were obtained from Sentromer

DNA Teknolojileri (Tiirkiye).

Table 1 Primer list

Gene Forward and Reverse Sequence

Glial  Fibrillary  Acidic | Forward: 5'-CTGGAGAGGAAGATTGAGTCGC-3'
Protein (GFAP) Reverse: 5'-ACGTCAAGCTCCACATGGACCT-3’
Hypoxia-Inducible Factor 1- | Forward: 5-TATGAGCCAGAAGAACTTTTAGGC-3'
Alpha (HIF1A) Reverse: 5'-CACCTCTTTTGGCAAGCATCCTG-3'
SRY-Box Transcription | Forward: 5'-GCTACAGCATGATGCAGGACCA-3
Factor 2 (SOX2) Reverse: 5-TCTGCGAGCTGGTCATGGAGTT-3
Chitinase-3-Like Protein 1 | Forward: 5'-CCACAGTCCATAGAATCCTCGG-3
(CHI3L1) Reverse: 5-TGCCTGTCCTTCAGGTACTGCA-3
Matrix Metallopeptidase 2 | Forward: 5'-AGCGAGTGGATGCCGCCTTTAA -3
(MMP2) Reverse: 5'-CATTCCAGGCATCTGCGATGAG -3
Matrix Metallopeptidase 9 | Forward: 5'-GCCACTACTGTGCCTTTGAGTC-3
(MMP9) Reverse: 5'-CCCTCAGAGAATCGCCAGTACT-3
Nestin (NES) Forward: 5-TCAAGATGTCCCTCAGCCTGGA-3

Reverse: 5'-AAGCTGAGGGAAGTCTTGGAGC-3
Transforming Growth Factor | Forward: 5'-TACCTGAACCCGTGTTGCTCTC -3

Beta (TGF-f) Reverse: 5'-GTTGCTGAGGTATCGCCAGGAA-3
Epidermal Growth Factor | Forward: 5'-AACACCCTGGTCTGGAAGTACG -3
Receptor (EGFR) Reverse: 5'-TCGTTGGACAGCCTTCAAGACC -3
Cluster of Differentiation 44 | Forward: 5'-CCAGAAGGAACAGTGGTTTGGC-3
(CD44) Reverse: 5'-ACTGTCCTCTGGGCTTGGTGTT-3
Ki67 Antigen (Ki67) Forward: 5-GAAAGAGTGGCAACCTGCCTTC-3

Reverse: 5'-GCACCAAGTTTTACTACATCTGCC-3
Glyceraldehyde-3-Phosphate | Forward: 5'-GTCTCCTCTGACTTCAACAGCG-3
Dehydrogenase (GAPDH) Reverse: 5'-ACCACCCTGTTGCTGTAGCCAA-3
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3.2 Methods
3.2.1 Preparation of composite hydrogels
3.2.1.1 Production of dECM

Fresh bovine brain tissues were sourced from a local slaughterhouse and washed
with phosphate buffered saline (PBS, 10 mM, pH 7.4) containing 1%
penicillin/streptomycin (100,000 U/mL penicillin and 100,000 pg/mL streptomycin)
at 4°C for 2 h, then dissected into small pieces (0.5 x 0.5 x 0.5 cm?).

Decellularization protocol 1 (dECM1): Freeze/thaw cycles, Triton X-100, and

DNase treatment

The minced bovine brain tissues were placed into plastic bottles, and 1X PBS
(containing 1% pen/strep) was added. They were frozen at -80 °C overnight, thawed
at room temperature (RT), and sieved (using 200 mesh). The tissues were washed with
fresh 1X PBS for 10 min at RT and sieved again. The freeze/thaw cycle was performed
3 times. The material was immersed in autoclaved dH>O containing 1% pen/strep,
stirred on a magnetic stirrer (60 rpm, 24 h), and then introduced to Triton X-100
solution (1%, v/v, in 10 mM Tris HCI, 1 mM EDTA, pH 7.4), and stirred (60 rpm, 48
h) with daily solution change. The tissues were washed with dH2O for 5 h with 5
solution changes and then immersed into DNase solution (40 U/mL in 10 mM Tris-
HCl, 10 mM MgCL, 0.5 mM CaClz, pH 7.5), and stirred (37 °C, 24 h). The
decellularized brain tissues were transferred into falcon tubes and washed with dH>0

for 10 times.
Decellularization protocol 2 (dAECM2): SDS and DNase treatment

The minced bovine brain tissues were placed into beakers with sodium
dodecylsulfate solution (SDS, 0.1%, w/v, in 1X PBS) containing 1% pen/strep, and
stirred on a magnetic stirrer (60 rpm, 5 days). The solutions were sieved and fresh SDS
were added daily. The tissues were washed with dH>O for 5 h with 5 solution changes,

then immersed in DNase solution (40 U/mL in 10 mM Tris-HCI, 10 mM MgCl,, 0.5
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mM CaCl,, pH 7.5), and stirred (24 h, 37 °C). The decellularized brain tissues were

transferred into falcon tubes and washed with dH»0 for 10 times.
3.2.1.2 Characterization of the dECMs

Decellularization efficiency of the dECMs (dECM1 and dECM2) was determined
by staining with 4’,6-diamidino-2-phenylindole (DAPI) and Hematoxylin Eosin
(H&E) to assess the removal of the cellular components. Additionally, DNA was
isolated from the dECMs, and efficiency was determined quantitatively in terms of

dsDNA removal.
3.2.1.2.1 Determination of dsDNA removal in decellularized samples

In order to determine the effectiveness of decellularization protocols in removing
dsDNA, genomic DNA was extracted from tissue samples using the DNeasy Blood &
Tissue Kit (Qiagen) according to the manufacturer’s protocol. Firstly, tissue samples
(25 mg) were homogenized by grinding the sample in liquid nitrogen and incubated
overnight at 56°C in a solution containing 20 pL of Proteinase K and 180 pL of ATL
buffer to achieve complete tissue lysis. 200 pL Buffer AL and 200 pl ethanol (96-
100%) were added to the lysate, vortexed for 15 s, and the mixture was transferred to
the DNeasy Mini spin column. DNA binding was achieved via centrifugation at 800
rpm for 1 min, followed by sequential washes with 500 uL of AW1 and AW?2 buffers.
A final high speed centrifugation at 14,000 rpm for 3 min was performed to dry the
membrane. DNA was eluted by applying 200 pL of AE buffer directly to the
membrane, incubating at RT for 1 min, and centrifuging at 8000 rpm for 1 min. DNA
concentrations were quantified spectrophotometrically at 280 nm using a Nanodrop

One instrument (Thermo Scientific).
3.2.1.2.2 Microscopic analysis of cell removal

Small pieces of native and dECM samples were rinsed 3 times with PBS (5 min
each), followed by incubation in sucrose solution (30%, w/v in dH>O) at 4°C for 24 h
to prevent ice crystal formation. Tissues were fixed by immersion in 10% neutral

buffered formalin at 4°C for 24 h, then washed 3 times with PBS (5 min each). The

23



fixed samples were embedded in Optimal Cutting Temperature (OCT) compounds in
molds of appropriate size and rapidly frozen by exposure to liquid nitrogen vapor. The
OCT embedded and frozen tissues were subsequently cryosectioned (5 wm) using a
cryomicrotome (Leica Cryomicrotome CM1520) and mounted onto positively charged

glass microscope slides.

In order to determine the effectiveness of the decellularization process in terms of
removing cellular components, these sections were subjected to H&E and DAPI
staining. DAPI, a fluorescent dye that preferentially binds to adenine thymine (AT)
rich regions of DNA, was used (134). The slides were rinsed 3 times with PBS (5 min
each), and incubated with DAPI solution (0.5 pg/mL) at RT for 15 min. Following
staining, slides were washed 3 times with PBS (5 min each) and subsequently with
dH>O. The samples were covered with a mounting medium (Entellan) and dried
overnight at RT. Image acquisition was carried out using a fluorescence microscope
(Zeiss Axio Imager M2). Image analysis and quantification of stained nuclei were
conducted using ImageJ software. The number of nuclei in the dECM samples was
compared to native brain tissue. The decellularization efficiency was calculated by

determining the percent reduction in nuclear presence, expressed as:

Native-dECM

Efficiency (%) = Native

x 100

H&E staining was performed to examine cellular and extracellular components,
including nuclei, cytoplasm, and matrix structures. Hematoxylin, a cationic dye,
preferentially interacts with nucleic acids, resulting in a blue to purple staining of
nuclear structures. In contrast, eosin is a non specific acidic dye that stains cytoplasmic
and extracellular proteins pink (135). The slides were fixed with 10% neutral buffered
formalin at 4°C for 15 min, followed by sequential washing with PBS twice, tap water
for 1 min and stained with Mayer’s Hematoxylin for 1 min. Residual hematoxylin was
removed by rinsing the stained slides under running tap water and dH>O for 1 min. For
counterstaining, slides were immersed in Eosin Y solution for 30 s. Subsequently, the

samples underwent sequential dehydration in 95% and 100% EtOH (2 times, 1 min
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each). For tissue clearing, samples were treated twice with xylene (1 min). Finally, the
slides were mounted using Entellan medium and left to air dry overnight at RT. Image
acquisition was carried out using a brightfield light microscope (Zeiss Axio Imager

M2).
3.2.1.2.3 Fourier transform infrared spectroscopy analysis of dECMs

The presence of protein and lipids in dECMs was determined using a Fourier
transform infrared (FTIR) spectroscopy (Shimadzu, IR Tracer 100). Spectral
measurements were performed in the 400-4000 cm™ range to detect characteristic
functional groups. Amide bands at specific spectral regions, including amide I (1630
cm™'), amide IT (1530 cm™), amide III (1230 cm™), and amide A (3300 cm™) were
checked (136). Lipid presences were checked through CH: and CHs stretching
vibrations between 2800-3000 cm™, along with ester carbonyl (C=0) stretching at
1740 cm™ (137).

3.2.1.3 Preparation of soluble dECM

dECMs obtained using both protocols were frozen at -80°C, lyophilized, and then
grounded into fine powders through cryomilling (20 Hz, 2 min, 2 cycles). In order to
prepare soluble dECMs, the powdered dECM (10 mg/mL) was enzymatically digested
in pepsin solution (1 mg/mL in 0.1 M HCI) (Figure 6). The digestion process was
carried out on magnetic stirrer at 300 rpm for 48 h at RT. The digested mixture was
centrifuged at 13,000 rpm for 10 min at 4°C, and the supernatants containing soluble
dECMs were collected. The supernatants were neutralized to physiological pH (7.4)
using cold NaOH, then frozen at -80°C overnight and subsequently lyophilized for
long term storage (134, 138).
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Decellularization Protocol 1 (dECM 1): Decellularization Protocol 2 (dECM 2):

Freeze Thaw cycle x 3 SDS (0.1%, 5 days)
Triton X-100 (1%, 48 h) DNase (24 h)
DNase (24 h)

Cryomilled Lyophilized 4 Lyophilized Cryomilled

24h - 24 h
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Pepsin digestion Pepsin digestion
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Figure 6 Steps of the decellularization process of brain tissue by different protocols.
Protocol 1 (dECM1). Protocol 2 (dECM?2).

3.2.1.3.1 Glycosaminoglycan quantification

Quantification  of sulfated glycosaminoglycans (GAGs) following
decellularization was carried out using 1,9-dimethylmethylene blue (DMMB) assay.
The digested dECMs were reconstituted in PBS to a final concentration of 1 mg/mL.
The sample solution (100 pL) was mixed with equal volume of 40 pM DMMB reagent.
The absorbance was measured immediately at 530 nm using a spectrophotometer
(PerkinElmer, 8500FL). A standard curve was generated using chondroitin sulfate
concentrations (0-10 pg/mL), and absorbance values obtained from the samples were

interpolated using this curve to calculate the corresponding sGAG concentrations.
3.2.1.3.2 Protein quantification

Total protein concentration in the digested dECM samples was determined using
the Pierce™ BCA Protein Assay Kit (Thermo Scientific) in accordance with the
manufacturer's instructions. The digested dECMs were reconstituted in PBS (1

mg/mL), and 25 pL aliquots of each sample were transferred to a 96 well microplate.
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Subsequently, 200 pL of freshly prepared BCA working reagent (Reagent A and B in
a 50:1 ratio) was added. The plate was gently agitated and incubated at 37°C for 30
min to allow for the chromogenic reaction between bicinchoninic acid (BCA) and
protein-bound Cu* ions, forming a purple complex proportional to protein
concentration. Then, Absorbance readings were acquired at 562 nm using a
spectrophotometer (PerkinElmer, 8500FL). A calibration curve was generated from
serial dilutions of BSA with known concentrations (0-2000 pg/mL). Absorbance
values obtained from the samples were interpolated onto this curve to calculate the
corresponding protein concentrations. SDS-PAGE analysis was performed to assess
the protein profiles of the dECM samples. Protein lysates were loaded onto
polyacrylamide gels and subjected to electrophoresis at 150 V for 1 h. Following
separation, the gels were stained with Coomassie Brilliant Blue to visualize protein

bands, which were subsequently imaged using a Bio-Rad gel documentation system.
3.2.1.3.3 Gelation kinetics of dECMs with turbidimetry

In order to determine the gelation kinetics of dECMs, a turbidity based assay was
performed (139). Soluble dECM solutions (100 pnL, 10 mg/mL) were transferred into
a 96 well plate, and absorbance at 405 nm was monitored at 3 min intervals over a 90
min period at 37°C using a microplate reader. The resulting absorbance values were
normalized between 0% (initial timepoint) and 100% (maximum absorbance) using

the following formula:

Ai— Ao

An =
N Amax_AO

where An represents the normalized absorbance at a given time point, A; is the
absorbance at that time. Ag and Amax correspond to the initial and peak absorbance

values, respectively.
3.2.1.3.4 Single frequency testing of dECM hydrogels

Rheological characterization of the dECM hydrogels was carried out using single

frequency measurements on a rotational rheometer to determine their mechanical
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behavior (Malvern Kinexus). dECM solutions (10 mg/mL) were loaded onto the
rheometer plate and adjusted to 37°C to initiate gelation. Oscillatory measurements
were conducted at a constant frequency (1 Hz) and strain (1%) to track gelation
kinetics and characterize viscoelastic properties. The elastic (G') and viscous (G")
modulus were monitored at regular intervals until the hydrogels reached equilibrium.
The gelation point was defined as the time at which G’ surpassed G”, indicating a shift

from a predominantly viscous to an elastic behavior.
3.2.1.3.5 Viability of glioblastoma cells in dECM hydrogels

Hydrogel solutions of dECMs were prepared in phenol red free DMEM high
glucose medium (1%, w/v). U87 cells were detached from culture flasks and
centrifuged (5 min, 1500 rpm). The cell pellets (2x10° cell/mL) were suspended with
hydrogel solutions, then hydrogel formation was thermally induced at 37 °C for 1 h.
The cell loaded hydrogels were transferred into the wells of 48 well plate and complete
medium (DMEM High glucose containing 10% fetal bovine serum and 1% pen/strep)
was added. The cells loaded in the hydrogels were incubated in a CO: incubator (5%
COg, 37 °C). Cell viability on days 1 and 7 was assessed using a Live/Dead Viability
assay. Samples were stained with 2 uM calcein AM and 4 uM ethidium homodimer-1
in phenol red free DMEM for 30 min at 37 °C, followed by PBS washing. The stained

cells were examined with CSLM for stains of green (live) and red (dead).
3.2.1.4 Synthesis and characterization of hyaluronic acid methacrylate

Hyaluronic acid (1 g) was dissolved in dH>O (100 mL) at RT (1%, w/v), 66 mL
dimethylformamide (DMF) was added (2:3, DMF: HxO, v:v), and the mixture was
incubated at 4 °C for 1 h. Subsequently, 5 mL of methacrylic anhydride (3%, v/v) was
added dropwise, while maintaining the pH between 8 and 9 for at least 5 hours. The
reaction mixture was then stirred overnight at 4 °C (12). The resulting solution was
filtered, transferred into a dialysis membrane (MWCO 10,000 Da) and dialyzed
against dH>O at 4 °C for 72 h. After dialysis, the solution was lyophilized to obtain
foam. The degree of methacrylation (DoM) of HAMA was determined using proton
nuclear magnetic resonance ("H-NMR) spectroscopy (400 MHz Bruker DPX 400).
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The DoM, defined as the number of methacrylate groups per disaccharide unit, was
calculated by the ratio of the integral areas of the methacrylate protons (6.1, 5.6, and
1.85 ppm) to that of the methyl protons (1.9 ppm) originating from the HA backbone
(140).

3.2.1.5 Preparation of composite hydrogels

In order to mimic the ECM of the glioblastoma microenvironment, a hydrogel was
prepared by combining dECM with HAMA to enhance the mechanical properties of
the hydrogel (141). Irgacure 2959, a photoinitiator, was dissolved in DMEM (3
mg/mL, 10 mL) at 37°C, followed by cooling to 4 °C. HAMA (0.1 g) was added to
this solution and mixed overnight at 4°C. Subsequently, powder dECM (final
concentrations of 10, 20, and 30 mg/mL) was added to the HAMA solution (10
mg/mL), and the mixture was stirred at 4 °C for 48 h to obtain a uniform, homogeneous
solution. The resulting mixture was UV crosslinked (365 nm, 2 min, 0.160 j/cm?). In
the naming system for formulations, 'H' stands for HAMA and 'D' stands for dECM.
The numbers preceding each letter indicate the final concentration of each component
in the hydrogel, expressed as percent weight per volume (w/v). For example, '1H3D'

indicates a formulation containing 1% (w/v) HAMA and 3% (w/v) dECM.
3.2.1.6 Characterization of composite hydrogels
3.2.1.6.1 FTIR of the hydrogels

The contents of the HAMA/dECM hydrogel were confirmed using FTIR
spectroscopy (Shimadzu, IR Tracer 100). Samples were scanned in the 400-4000 cm™!
range. The presence of HAMA within the composite hydrogel was confirmed by the
characteristic absorption band corresponding to methacrylate ester (C=0) stretching
vibrations (1665 cm™) (142). Additionally, the presence of dECM was verified by the
detection of characteristic amide associated absorption bands, including bands at 1600-
1800 cm™ (amide I), 1470-1570 cm™ (amide II), 1250-1350 cm™* (amide III), and
3300-3500 cm™ (amide A), which are indicative of peptide bonds (136).
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3.2.1.6.2 Determination of equilibrium water content

Swelling behavior of the HAMA/dECM hydrogels was assessed by determining
equilibrium water content. Initially, the hydrogels were freeze dried and their dry
weights recorded. Subsequently, samples were incubated in PBS at 37 °C until they
reached swelling equilibrium. After incubation, the swollen hydrogels were blotted to
remove excess surface liquid and weighed again. The equilibrium water content

(EWC) and degree of swelling (DS) were calculated using the following equations:

Ewe @)= Y Wa 190 ()
Wy

DSy — —NMw-Wa 90 ()
Wy

where Wy, represents the weight of the swollen hydrogel and Wy corresponds to

its dry weight.
3.2.1.6.3 Scanning electron microscopy of the hydrogels

The microstructure of the dried hydrogels was characterized using scanning
electron microscopy (SEM). Samples were first lyophilized by freeze drying under
vacuum at -80 °C. After, the hydrogels were sputter coated with a thin layer of gold
(20 A for 120s) under vacuum conditions to enhance conductivity. Imaging was
performed using a SEM (Zeiss EVO 10). Quantitative analysis of pore size was

conducted using ImageJ software.
3.2.1.6.4 In situ degradation of the hydrogels

In order to examine the degradation behavior, the hydrogel samples were initially
washed with dH>0 and freeze dried to obtain their initial dry weights. They were then
incubated in PBS at 37 °C for a period of 14 days. At predetermined time points (days
1,2, 3,7, and 14), the samples were washed with dH>O, lyophilized, and reweighed.

The extent of weight loss was calculated gravimetrically using the following equation:
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x100

Remaining weight (%) = \\2;0

t

where Wy is the initial dry weight, W¢ is the dry weight at time t
3.2.1.6.5 Compression testing of the hydrogels

The mechanical properties of the hydrogels were characterized under
compression. Cylindrical hydrogel samples (10 mm diameter, 5 mm height) were
incubated in PBS for 24 h at 37 °C to reach swelling equilibrium. Compression testing
was conducted using a mechanical testing equipment (Shimadzu AGS-X, Japan) with
a crosshead speed of 0.5 mm/min. Stress-strain curves were generated, and the

compressive modulus was calculated from the linear region of the initial slope.
3.2.1.6.6 Strain sweep testing of the hydrogels

A strain sweep test was conducted to evaluate the viscoelastic behavior of the
hydrogels at a fixed oscillatory frequency of 1.0 Hz (143). The test began at low strain
values and gradually increased to identify the point where material structure started to
break down, indicated by a deviation from linear viscoelastic behavior. Measurements
were recorded across a strain range of 0.01 to 100%, and both elastic (G') and viscous
(G") modulus were analyzed as functions of strain using a rotational rheometer

(Kinetux, Malvern, UK) equipped with a parallel plate geometry.

3.2.1.6.7 Printability analysis using viscosity and thixotropy of hydrogel

solutions

Irgacure 2959, a photoinitiator, was dissolved in DMEM (3 mg/mL, 10 mL) at
37°C, followed by cooling to 4 °C. HAMA (0.1 g) was added to this solution and
mixed overnight at 4°C. Subsequently, powder dECM (final concentrations of 10, 20,
and 30 mg/mL) was then added to the HAMA solution (10 mg/mL), and the mixture
was stirred at 4 °C for 48 h to obtain a uniform, homogeneous solution. Flow behavior
and thixotropic characteristics of the hydrogel solutions were determined at 10°C using

a rotational rheometer (Kinetux, Malvern, United Kingdom) equipped with a cone
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plate geometry. In order to study shear thinning behavior, a flow curve was obtained
by applying shear rates in a logarithmic sequence ranging from 0.1 to 100 s™' and
determining viscosity as a function of shear rate. For thixotropic analysis, a three step
shear protocol was used. Initially, a low shear rate of 1 s™ was applied for 30 s to
measure the viscosity at rest. This was followed by a high shear rate of 100 s for 30
s to simulate extrusion conditions, and finally the shear rate was reduced back to 1 s7!

for 60 s to study viscosity recovery.

In order to evaluate the practical printability of the hydrogel solutions, a printing
test was performed. The hydrogel solutions were transferred into a syringe with a 25
gauge nozzle and loaded into the cartridge of a printer (EnvisionTec 3D Bioplotter).
The inks were printed with different internal patterns (honeycomb and grid) with four
layers to determine the printability of the hydrogel solutions. The printing parameters
are presented in Table 2. Following printing process, the constructs were crosslinked

under UV light (365 nm).

Table 2 Printing parameters for the HAMA/dECM model

Nozzle Layer Print
Pressure | Temperature | Crosslinking

diameter height speed
25 gauge 0.25mm | 6-10 mm/s | 0.2-0.4 bar 10°C UV (365 nm)

3.2.2  Invitro studies
3.2.2.1 U87 glioblastoma and HMC3 microglia cell culture

The U87 and HMC3 cell lines were used as glioblastoma and microglia cell
sources, respectively. The cells were cultured in T75 flasks with high glucose
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and penicillin/streptomycin (100 units/mL and 100 pg/mL, respectively).
Cultures were maintained in a humidified incubator (37°C, 5% CO.), with the medium
replaced every 2 days. Upon reaching approximately 80% confluency, cells were
washed with PBS (10 mM, pH 7.4), treated with trypsin-EDTA at 37°C for 5 min to

enable cell detachment, and centrifuged (5 min, 1500 rpm). The resulting pellets were
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resuspended in culture medium or hydrogel solution for subsequent experiments. For
2D co-culture experiments, U87 and HMC3 cells were seeded at a 7:3 ratio, reflecting

the approximate microglial proportion within glioblastoma tumors.

3.2.2.2 Cytoskeleton and nuclei staining of U87 and HMC3 cells to assess cell

matrix interaction

Phalloidin and DAPI stainings were used to study the cytoskeleton and nuclei of
glioblastoma and microglia cells in the hydrogels (1H, 3D, and 1H3D) to assess cell-
matrix interaction. Cells were detached via trypsinization, centrifuged, and the
resulting pellet was resuspended in the hydrogel solutions (5x10° cells/mL). Following
7 days of incubation, the cells were fixed with paraformaldehyde (4%, w/v) for 15 min
at RT. Permeabilization was achieved by treating the samples with Triton X-100 (1%,
v/v, in PBS) for 5 min. Samples were then incubated with BSA (1%, w/v, in PBS) at
37°C for 30 min to block nonspecific binding sites. Actin cytoskeletons were
visualized by staining with Alexa Fluor 488-conjugated phalloidin (1:200, v/v) for 1
h, followed by DAPI staining for 10 min to label cell nuclei. After thorough washing
with PBS, samples were imaged using a confocal laser scanning microscope (CLSM;

Zeiss LSM 900).
3.2.2.3 Transfection of U87 cells with EGFP gene for live cell imaging

In order to facilitate live cell imaging of glioblastoma cells in the co-culture
model, U87 cells were transfected to express Enhanced Green Fluorescent Protein
(EGFP) gene using the pcDNA3-EGFP plasmid. Cells were first seeded into 24 well
plates in complete medium. After 18 h, a DNA-lipid complex was formed by
separately diluting 0.5 pg of plasmid DNA and 2 pL of Lipofectamine 2000 in 50 pL
of serum free Opti-MEM, mixing the solutions, and incubating for 20 min.
Subsequently, the complex (100 pL) was added to the cells, and the final volume was
adjusted to 1 mL with Opti-MEM. The cells were then incubated for 48 h to allow for
gene expression. Transfected U87 cells (U87-EGFP) were selected over 21 days with
G418 (neomycin) and monitored for EGFP expression through fluorescence

microscopy and flow cytometry.
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3.2.2.4 Invasion assay under mono and co-culture conditions

For the invasion assay, spheroids composed of U87-EGFP cells alone or in co-
culture with HMC3 microglia were generated. Firstly, the cells were seeded into ultra
low attachment plates (5x10° U87 cells/100 uL in monoculture, 3.5x103 U87 cells/100
pL and 1.5x10° HMC3 cells/100 pL in coculture) and incubated for 72 h to form
compact spheroids. Then, they were transferred into hydrogel droplets prepared on
sterile culture dishes using gentle pipetting to ensure structural integrity. Subsequently,
the hydrogel constructs were crosslinked under UV light (for HAMA and composite
hydrogels) or incubated at 37 °C for 1 h (for dECM hydrogels) to induce gelation,
resulting in complete encapsulation within the hydrogel matrix. Then, spheroid
containing hydrogels were maintained in a humidified incubator for 48 h. Imaging was
carried out at 0, 24, and 48 h using CLSM. The invasion capacity of U87-EGFP cells
was assesed by measuring their migration distance from the spheroid boundary into

the hydrogel, indicating their ability to infiltrate the surrounding matrix.
3.2.2.5 3D bioprinting of glioblastoma and microglia cells

HAMA/dECM solution (1H3D) was prepared as described in Section 3.2.1.5, and
kept on ice. Cells were harvested from tissue culture flasks, and the resulting pellet
was resuspended in the 1H3D solution. This bioink solution was loaded into the
syringe of EnvisionTEC printer, equipped with a 25 gauge nozzle. Two bioink
solutions were prepared by mixing the cell pellet with 1H3D solution: Bioink 1
contained U87 cells (107 cells/mL), Bioink 2 contained HMC3 cells (107 cells/mL).
Then, samples were printed with parameters as shown in Table 3. First, Bioink 1 was
printed as the inner region as 4 layers, then bioink 2 solution was printed as borders

around the printed Bioink 1.
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Table 3 Printing parameters

Cartridge
Printing Cartridge
movement Crosslinking | Shape+Dimensions
pressure temperature

speed
Cylinder (9 mm
UV exposure
8 mm/s 0.4 bar 10°C diameter, 1 mm
(365 nm) _
height)

3.2.2.6 Viability analysis of bioprinted glioblastoma and microglia cells

Viability of U87 and HMC3 cells within the printed constructs was assessed on
days 1, 3, 7, and 14 using both Live/Dead and Alamar Blue assays. The bioinks,
consisting of 1H3D matrix containing U87 and HMC3 cells were printed as described
in Section 3.2.2.5, and subsequently incubated in a humidified incubator (5% CO», 37
°C). For Live/Dead viability assay, cells were incubated with 2 uM calcein AM and
4 uM ethidium homodimer-1 in phenol red free DMEM for 30 min at 37 °C. Following
staining, samples were washed with PBS and imaged using CLSM. Cell viability was
quantified by analyzing live (green) and dead (red) cells using ImageJ software. For
the Alamar Blue assay, the reagent was diluted at a 1:10 ratio in complete medium and
added to the cell loaded hydrogels, followed by incubation for 3 h at 37 °C. Then,
absorbance was measured, and the percent reduction in Alamar Blue was calculated

using the following equation:

AM=570 nm A2=595 nm
(eox)2=117.216 (Ered)1 = 155.677
(Sox)}d =80.586 (8red)k2: 14.652
As= Test sample A\2= Test sample

A= Negative control (blank)
A= Negative control (blank)

Reduced % = (€2 X A= (o1 <An2) 100
ST = (st A) — (e A
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3.2.2.7 Immunofluorescent staining for proliferation marker in mono and co-

cultures

Proliferation properties of U87 and HMC3 cells with mono and co-culture
conditions were determined using immunofluorescence staining with Ki67 antibody.
Following 7 days of incubation in the printed structure, the cells were fixed with
paraformaldehyde (4%, w/v) for 15 min, washed with PBS, and incubated in glycerol
(100 mM in PBS) for 15 min at RT. Permeabilization was achieved by treating the
samples with Triton X-100 (0.1%, v/v, in PBS) for 10 min. Samples were then
incubated with normal goat serum (5%, v/v, in PBST) for 1 h to block nonspecific
binding sites. Samples were washed with 1% goat serum and incubated overnight at
4 °C with primary antibody (Rabbit anti-human anti-Ki67 IgG, 1:1000, v/v, in 1% goat
serum). After incubation, samples were washed 3 times with 1% goat serum (5 min
each), and incubated for 1 h at 37°C with secondary antibody (AlexaFluor 555-
conjugated anti-rabbit IgG secondary antibody, 1:500, v/v, in 1% goat serum) (144).
Nuclear staining was performed using DAPI (0.5 pg/mL in PBS) for 10 min. Then,
samples were washed with PBS and imaged using CLSM.

3.2.3 Production and characterization of the hypoxia chip

The hypoxia chips used in this study were fabricated from polydimethylsiloxane
(PDMS) using a negative mold (Figure 7). The negative molds were produced using
stereolithography (Formlabs, USA) with a light sensitive resin. Afterward, the molds
were cleaned in isopropanol using ultrasonic treatment for 30 min and then cured under

405 nm LED light at 60 °C for 3 h.

PDMS (Sylgard 184) was prepared by combining the elastomer base with the
curing agent in a 10:1 (v/v) ratio. The resulting mixture was cast into negative molds
and allowed to polymerize in a vacuum oven at 70 °C for 4 h (145). After curing, the
PDMS chips were removed from the molds, immersed in 70% ethanol for 30 min for

disinfection, and subsequently sterilized under UV light for 30 min per side.
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Figure 7 Sketch and dimensions of the (A) negative mold, and (B) PDMS chip.

In this system, PDMS chips were bonded to glass slides by applying a thin layer
of uncured PDMS between the chip and the slide, followed by curing at 100 °C for 1
h. The bioprinted, cell loaded hydrogels were placed within the center of the chip. In
order to prevent oxygen diffusion from the air and induce hypoxia, a glass slide of the
same width was positioned over the hydrogels. The medium was administered from

the reservoirs, with flow through the side channels of the chip (Figure 8).
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Figure 8 Schematic representation of the hypoxia chip. (A) Components of the in vitro
hypoxia model, (B) top view, (C) cross-sectional view

3.2.3.1 Fluorescence staining of hypoxic cells

Hypoxic cells were stained using Image-iT Green Hypoxia Reagent (Thermo
Scientific), according to the manufacturer's instructions. After 72 h incubation in the
hypoxia chip, the medium was replaced with a fresh medium containing 5 uM Image-
iT Green Hypoxia Reagent, and the constructs were incubated in a humidified
incubator for 3h. Following incubation, the constructs were washed twice with PBS,
incubated for an additional 16 h, and imaged using CLSM. Image-iT Green Hypoxia

Reagent fluoresces green in hypoxic cells, and its fluorescence intensity increases
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proportionally with the degree of hypoxia. The chip without gas diffusion barrier was

used as a control.

3.2.3.2 Staining of pseudopalisading and necrotic regions using anti-Ki67 and

ethidium homodimer-1

The formation of hypercellular (pseudopalisading) regions in the hypoxia model
was shown using anti-Ki67 antibody staining, while necrotic areas were identified
using ethidium homodimer-1 (EtHd-1) staining (146). Following 7 days of incubation
in the hypoxia chip, the cells were fixed with paraformaldehyde (4%, w/v) for 15 min
and washed with PBS. Permeabilization was achieved by treating the samples with
Triton X-100 (0.1%, v/v, in PBS) for 10 min. The samples were then incubated with
normal goat serum (5%, v/v, in PBST) for 1 h to block nonspecific binding sites. They
were washed with 1% goat serum and incubated overnight at 4 °C with primary
antibody (Rabbit anti-human anti-Ki67 IgG, 1:1000, v/v in 1% goat serum). After
incubation, the samples were washed 3 times with 1% goat serum (5 min each), and
incubated for 1 h at 37°C with secondary antibody (AlexaFluor 555-conjugated anti-
rabbit IgG secondary antibody, 1:500, v/v in 1% goat serum) and AlexaFluor 488-
Phalloidin (1:200, v/v) (144). Then, samples were washed with PBS and imaged using
CLSM.

In order to identify necrotic areas, the samples were stained with 2 uM calcein
AM (living cells, green) and 4 uM ethidium homodimer-1 (necrotic cells, red) in
phenol red free DMEM for 30 min at 37 °C. Following staining, samples were washed
with PBS and imaged using CLSM.

3.2.3.3 Gene expression analysis using real-time polymerase chain reaction

Gene expression analysis related to GBM was performed using real-time PCR
(RT-PCR) (147, 148). Cells were cultured within the hypoxia chip for 7 days prior to
RNA extraction. Total RNA was isolated using the Direct-zol RNA Miniprep Kit
(Zymo Research), following the manufacturer's protocol. As controls, co-cultured cells

grown on 2D monolayers, as well as those loaded in hydrogels under normoxic
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conditions, were used. Initially, samples were homogenized in 1 mL of TRIzol reagent
using a sonicator (90 s total: 10 s on, 10 s off cycles). Subsequently, 200 uL chloroform
was added to each homogenate, followed by 15min incubation on ice and
centrifugation at 16,000 rpm for 15 min at 4 °C to achieve 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 for purification. After
centrifugation (16,000 rpm, 30s), columns were washed with 400 uL RNA Wash
Buffer. DNase I was applied directly to the column membrane and incubated for
15 min at RT. Further washes were performed using Direct-zol RNA PreWash (twice)
and RNA Wash Buffer. RNA was eluted by adding 50 uL of DNase/RNase-free water
directly to the column and centrifuging. The concentration and purity of the isolated

RNA were determined using a Nanodrop spectrophotometer.

cDNA was synthesized from the isolated RNA using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific), following the manufacturer's instructions.
The reverse transcription reaction was prepared in a total volume of 20 puL, containing
1 pg of total RNA, 1x reverse transcriptase buffer, 0.5 mM dNTP mix, 50 ng random
primers, and 200U of reverse transcriptase enzyme. The reaction mixture was
incubated at 42 °C for 60 min, followed by enzyme inactivation at 70 °C for 5 min.
Subsequently, quantitative real time PCR was performed using the PowerUp SYBR
Green Master Mix (Applied Biosystems) for amplification and detection. Each PCR
reaction was carried out in a total volume of 20 pL, comprising 1x SYBR Green
Master Mix, 0.7 uM of each gene specific primer, and 50 ng of cDNA template. The
thermal cycling protocol included an initial uracil-DNA glycosylase (UDG) activation
step at 50 °C for 2 min, followed by Dual-Lock DNA polymerase activation at 95 °C
for 2 min. RT-PCR was performed by 40 amplification cycles, each consisting of
denaturation at 95 °C for 15 s and annealing/extension at 60 °C for 1 min. Following
amplification, melting curve analysis was conducted between 60-95 °C to verify
amplification specificity. GAPDH served as the housekeeping gene for normalization.
Relative gene expression was quantified using the comparative cycle threshold (Ct)

method (2722¢"), whereby Ct values of target genes were normalized to GAPDH.
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3.2.3.4 Proteomic analysis using liquid chromatography-tandem mass

spectrometry

Proteomic profiling was performed using liquid chromatography tandem mass
spectrometry (LC-MS/MS), with experimental procedures outsourced to LABMED,
Acibadem Healthcare Group (Istanbul, Turkey). Lyophilized tissue samples were first
mechanically homogenized using magnetic beads. Protein isolation was achieved
using the Universal Protein Extraction Kit (UPX), which includes 4% SDS, 0.1 M
dithiothreitol (DTT), and 0.1 M Tris buffer at pH 7.6, along with a protease inhibitor
cocktail. Samples underwent thermal denaturation at 95 °C for 5 min, followed by
cooling at RT and incubation at 4 °C for 1 h. After centrifugation (10 min, 15,000 %

g), the supernatants were collected and stored at -80 °C for downstream processing.

For LC-MS/MS compatibility, proteins were processed via the filter-aided sample
preparation (FASP) technique to eliminate interfering substances and improve
enzymatic digestion. Specifically, 50 pg of protein from each sample was applied to
Microcon 30 filters (30 kDa cut-off, Merck Millipore) and washed with 8 M urea in
Tris-HCI (pH 8.5). Proteins were then alkylated in 400 mM iodoacetamide for 20 min
under light protected conditions. Remaining reagents were removed by repeated
centrifugation and rinsing with urea and 50mM ammonium bicarbonate.
Subsequently, digestion was performed overnight at 37 °C using MS-grade trypsin at
a 1:50 enzyme-to-protein ratio. Resulting peptides were eluted via centrifugation,
desalted, and subjected to LC-MS/MS analysis. Peptide samples (400 ng) was injected
into a nano-liquid chromatography system for separation, and mass analysis was
performed using a Xevo G2-XS QTof instrument (Waters). Resulting spectra were
processed and matched to protein entries in the UniProt database using Progenesis
software. Label-free quantification (LFQ) was employed to assess protein abundance,
and proteins showing significant differential expression were further analyzed for
functional annotation and pathway enrichment using the Metascape and STRING

databases (149).
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3.2.3.5 Immunofluorescence staining for differentiation marker under

normoxic and hypoxic conditions

In order to determine the astrocytic differentiation properties of U87 cells in both
mono- and co-culture, and wunder normoxic and hypoxic conditions,
immunofluorescence staining was conducted using GFAP antibody. Following 7 days
of incubation in the PDMS chip (with or without glass diffusion barrier), the cells were
fixed with paraformaldehyde (4%, w/v) for 15 min, washed with PBS, and incubated
in glycerol (100 mM in PBS) for 15 min at RT. Permeabilization was achieved by
treating the samples with Triton X-100 (0.1%, v/v, in PBS) for 10 min. Samples were
then incubated with normal goat serum (5%, v/v, in PBST) for 1 h to block nonspecific
binding sites. Samples were washed with 1% goat serum and incubated overnight at
4 °C with primary antibody (Chicken anti-human GFAP IgY, 1:3000, v/v in 1% goat
serum). After incubation, samples were washed 3 times with 1% goat serum (5 min
each), and incubated for 1 h at 37°C with secondary antibody (AlexaFluor 488 anti-
chicken IgY, 1:500, v/v in 1% goat serum) (144). Nuclear staining was performed
using DAPI (0.5 pg/mL in PBS) for 10 min. Then, samples were washed with PBS
and imaged using CLSM.

3.2.3.6 Invasion assay under normoxic and hypoxic conditions

For invasion assay, spheroids composed of U87-EGFP cells in co-culture with
HMC3 microglia were generated. Firstly, the cells were seeded into ultra low
attachment plates (3.5x10° U87 cells/100 pL and 1.5x10° HMC3 cells/100 pL) and
incubated for 72 h to form compact spheroids. Then, they were transferred into printed
hydrogels and crosslinked using UV light (365 nm, 2 min). Spheroid containing
hydrogels were placed at the center of the PDMS chips, either with or without a glass
diffusion barrier, to establish normoxic and hypoxic conditions, respectively. The
samples were then incubated in a CO> incubator for 5 days and imaged every 24 h
using CLSM. Invasion capacity under normoxic and hypoxic conditions was assessed
by measuring the distance migrated by U87-EGFP cells from the spheroid boundary

into the hydrogel, reflecting their ability to infiltrate the surrounding matrix.
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3.2.3.7 Visualization of nutrients and drug flow

Nutrient and drug transport to the cells within the 3D structure in the chip was
achieved by diffusion. In order to model nutrient and drug diffusion, a fluorescein
molecule (5 uM) was mixed with culture medium and introduced into the chip through
medium channels. The distribution of fluorescein was then monitored using CLSM
(122). The fluorescence intensity correlated with the concentration of diffused
fluorescein to confirm a transport pattern decreasing from the periphery toward the

center, consistent with diffusion based delivery.
3.2.3.8 Testing of the model with temozolomide drug treatment

The GBM model was tested by assessing the response of the cells to
temozolomide (TMZ) treatment and determining the half-maximal inhibitory
concentration (ICso). The cell loaded hydrogels were maintained within the hypoxia
chips for 7 days. Following incubation, the culture medium was replaced with fresh
medium containing TMZ at varying concentrations (0-5000 uM), and incubated in a
COz incubator. Following 72 h of drug exposure, cell viability was assessed using the
Alamar Blue assay, as described in Section 3.2.2.6 (150, 151). The ICso values were
calculated from a dose-response curve generated by plotting cell viability against the
logarithm of TMZ concentration. As a control, cells grown on 2D monolayers, as well

as those loaded in hydrogels under normoxic conditions, were used.
3.2.4 Statistical analysis

Statistical comparisons among groups were performed using two-way analysis of
variance (ANOVA), followed by Bonferroni's post hoc test using GraphPad Prism
software (152). Data were presented as mean + standard deviation (SD), and p-value
< 0.05 was considered statistically significant. For proteomic data, differential protein
expression was assessed using an unpaired, two-tailed Student’s t-test with Benjamini-
Hochberg correction for false discovery rate (FDR < 0.05). Proteins exhibiting a fold
change > 1.2 along with an adjusted p-value below 0.05 were considered significantly

altered.
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4 RESULTS

4.1 Preparation of Composite Hydrogels
4.1.1 Production of dECMs

Two distinct methods were employed for brain tissue decellularization. The first
method combined a physical disruption technique (freeze-thaw cycling) with the
application of a nonionic detergent, Triton X-100, to effectively eliminate cellular
components. The freeze-thaw process facilitates membrane disruption through
intracellular ice crystal formation, thereby promoting cell lysis; however, it does not
completely remove nuclear material (153). Triton X-100 treatment was used to
enhance decellularization. Also, the decellularized tissues were subjected to DNase
treatment to effectively clear DNA content. For comparison, brain tissue was also
decellularized with sodium dodecyl sulfate (SDS) combined with DNase.
Decellularized ECMs (dECM1 and dECM2) were characterized in terms of the
efficiency of decellularization with DAPI and Hematoxylin Eosin stainings to evaluate
the removal of cellular components in dECMs. Additionally, DNA was isolated from
dECMs, and decellularization efficiency was determined quantitatively in terms of the
removal of DNA content. dECMs obtained were to be used as bioinks for 3D printing,
therefore, they were solubilized enzymatically with pepsin and neutralized to pH 7.4.
Both dECMs (10 mg/mL) were viscous at room temperature and able to form

hydrogels after 1h incubation at 37 °C.
4.1.2 Characterization of dECMs
4.1.2.1 Determination of dsDNA in decellularized samples

According to the established criterion, efficient decellularization is defined by a
residual dsDNA content below 50 ng per mg of tissue (154). The residual DNA
contents in dECM1 and dECM2 were 39 + 10 and 72 + 20 ng/mg tissue, respectively
(Figure 9). Both decelularization protocols were effective in removing DNA content;

however, dECM1 achieved better elimination of dsDNA and met the criterion.
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Figure 9 dsDNA content per mg sample.

4.1.2.2 Microscopic analysis for cellular components in dECMs

Cellular components of native brain tissue and dECMs were examined
microscopically after staining the nuclei with DAPIL. The DAPI stained images (Figure
10) confirmed the efficacy of the decellularization protocols as there were no nuclei in
dECM1 or dECM2. H&E staining was employed to visualize cellular nuclei and
extracellular matrix components. Hematoxylin selectively binds to nucleic acids,
staining cell nuclei in purple, while eosin nonspecifically stains cytoplasmic and
extracellular components in varying shades of pink. The images confirmed the efficacy
of the decellularization protocols showing no cell nuclei in the H&E image of the

dECMs while preserving the extracellular matrix.
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HE

Figure 10 DAPI and H&E images of the unprocessed brain tissue and the dECMs.
Scale bar: 100 um.

4.1.2.3 Sulfated glycosaminoglycan quantification

Following decellularization, the dECMs obtained from the two protocols were
analyzed for their sGAG retention using a colorimetric 1,9-dimethylmethylene blue
(DBBM) assay. A calibration curve was prepared using chondroitin sulfate standards
(Appendix 1). The analysis revealed that dECM1 (5.08 + 0.35 pg/mg) retained more
sGAG compared to dECM2 (4.07 £ 0.03 pg/mg) (Figure 11).

ok

sGAG content (ng/mg)

0 T
dECM 1 dECM 2

Figure 11 sGAG contents of dECMs.
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4.1.2.4 Protein profiles before and after decellularization

Total protein contents of dECMs were determined by BCA assay. A standard
curve was prepared using BSA concentrations (Appendix 2). Protein amounts were
found to be 200.5 + 1.1, 252.1 = 2.4 and 186.7 £+ 8.8 pg/mg for native tissue, dECM 1
and dECM2, respectively (Figure 12A). The protein profiles of the dECM samples
were analyzed by SDS-PAGE (Figure 12B). The samples were run at 100 V for 10
min and 120 V for 1 h and then stained with Coomassie Blue for 30 min. Both dECMs
had protein bands at various molecular weight regions (155). Notably, the protein
bands in dECM1 appeared more intense compared to dECM2, suggesting a higher
degree of protein preservation. In terms of protein amount and profile, dECM1 was
better compared to dECM2. This finding is consistent with previous studies reporting
that Triton X-100 based decellularization better preserves extracellular matrix
proteins, whereas SDS treatment often leads to the depletion of essential structural
molecules (156). In order to support these findings, dECM1 subjected to proteomic
analysis using LC-MS/MS. This revealed a wide range of ECM related proteins,
including type VI collagen chains and laminin subunits, key components of both brain
tissue and glioblastoma. Gene ontology enrichment analysis showed that the identified
proteins are primarily involved in extracellular matrix specific functions, such as
matrix organization and collagen interaction (Appendix 3), reinforcing the

biochemical relevance of dECM1 to the native ECM.
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Figure 12 (A) Total protein content, and (B) SDS-PAGE of dECMs. N= native brain,
D1=dECMI; D2= dECM2; Marker = PageRuler Plus, 10-250 kDa.
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4.1.2.5 FTIR of the dECMs

FTIR was employed to examine the dECM samples and native brain tissue. The
samples were scanned in the 400-4000 cm! range. Retention of extracellular matrix
components is a critical parameter for assessing the efficacy of decellularization. FTIR
spectra for dECMs and native tissue showed similar spectral profiles, particularly at
characteristic amide bands indicative of protein content (Figure 13). Amide I band
(1700-1600 cm™) corresponds to C=O stretching vibrations, while Amide II band
(1575-1480 cm™) originates from N-H bending and C-N stretching of peptide bonds.
Amide III band (1350-1220 cm™) includes signals from N-H and C-H bending as well
as C-N stretching. Additionally, Amide A band (3500-3300 cm™) is associated with
N-H stretching vibrations, reflecting the structural features of peptide linkages (136,
157). The identified bands indicated that proteins were retained throughout the
decellularization process with each protocol. Additionally, considering the lipid-rich
nature of the brain tissue, lipid-related bands were examined to assess the
decellularization efficiency in terms of the removal of the lipid components. Unlike
the native brain tissue, the characteristic lipid associated absorption peaks, specifically
the CH> and CH3 stretching vibrations (2800-3000 cm™) and the ester carbonyl (C=0)
stretching at 1740 cm™', were not detected in either dECM samples, indicating the

efficient elimination of lipid content during the decellularization processes.
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Figure 13 FTIR spectra of the native and decellularized brain tissues.
4.1.2.6 Gelation behavior of dECMs with turbidimetry

Gelation behavior of dECMs was examined using turbidimetry analysis.
Temporal changes in normalized absorbance were recorded and plotted (Figure 14),
enabling quantitative assessment of gelation dynamics. Key parameters derived from
the curves included the time to reach 50% of maximum gelation (T/2), the time to
achieve near complete gelation (tss), and the gelation rate (S), which was determined
from the slope at Ti/> under the assumption of linear behavior during the early phase
of gelation (Table 4). In the gelation kinetics plotted as time vs absorbance, the slope
indicates the rate of gelation. The results indicated that dECM1 (slope 0.0770)
underwent gelation almost 2 fold faster than dECM2 (slope 0.0391). The time to 95%
gelation (tos) was 44 min for dECM1 compared to 51 min for dECM2.
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Figure 14 Turbidimetric gelation behavior of dECM hydrogels

Table 4 Gelation behavior parameters of dECM hydrogels

Gelation rate (S) t1/2 (min) t95% (min)
D1 0.0770 13 44
D2 0.0391 22 51

4.1.2.7 Mechanical properties of dECM hydrogels by single frequency testing

Gelation kinetics and mechanical characteristics of dECMs were assessed using
single frequency rheological analysis (Figure 15). The gelation was defined by the
crossover point at which the elastic modulus (G’) exceeded the viscous modulus (G"),
occurring markedly earlier for dECM1 (30 s) than for dECM?2 (600 s). At equilibrium,
dECMI exhibited higher mechanical stiffness, with an elastic modulus of 4.17 = 0.06
Pa and a viscous modulus of 1.95 + 0.04 Pa. In contrast, dECM2 presented a lower
elastic modulus (3.39 + 0.05 Pa), while its viscous modulus (1.97 + 0.04 Pa) remained
comparable. These findings suggest that dECMI1 forms a more rapidly and
mechanically robust network, highlighting its suitability for applications requiring

accelerated gelation and enhanced structural integrity.
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Figure 15 Single frequency sweeps of (A) dECM1 and (B) dECM2 at 37 °C. The red
arrow indicates the cross over point at which gelation is initiated.

4.1.2.8 Viability of glioblastoma cells in dECM hydrogels

Cell viability within the dECM hydrogels was assessed using Live/Dead analysis.
On Day 1, over 90% of glioblastoma cells remained viable in both dECM1 and dECM2
hydrogels (Figure 16). Notably, a greater number of elongated and branched cells
(indicated by red arrows) were observed in dECM1 (Figure 16A) compared to the
dECM2 hydrogel (Figure 16B). Additionally, cell clusters were observed in both
dECM hydrogels.

On Day 7, the percentage of dead cells did not increase in any of the hydrogels,
and cell viability remained above 90% (95.4 and 90.7% for dECM1 and dECM2,

respectively), suggesting that the hydrogels effectively supported cell survival over an
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extended culture period. dECM hydrogels provide a variety of ECM molecules that
support integrin mediated cell adhesion. The elongated and branched cell morphology
observed in the hydrogels demonstrates cell adhesion to the dECM matrix (158). By
Day 7, the cells in the dECM hydrogels exhibited extensive spreading and network
formation. In the dECMI hydrogel (Figure 16C), cellular organization was
predominantly centered around clusters (highlighted with white arrows), with
intercellular interactions and branched extensions. Similar morphology and network
were noted in the dECM2 hydrogel (Figure 16D), although cluster centered

organization appeared more prominent in dECM1.

Figure 16 Live/Dead analysis of U87 cells loaded in (A, C) dECM1, and (B, D)
dECM2 hydrogels. (A, B) 1 day, (C, D) 7 days after cell seeding. (i) Dead cells were
stained with ethidium homodimer-1 (red), (i1) live cells were stained with calcein AM
(green), and (ii1) merged images. Scale bar: 50 pum. Red arrow: elongated cells. White
arrow: cell clusters.
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4.1.3 Characterization of hyaluronic acid methacrylate

The degree of methacrylation (DoM) was assessed through 'H-NMR analysis of
both HA and its methacrylated derivative (HAMA). DoM, defined as the proportion
of methacrylate groups substitutions per disaccharide unit of HA, was calculated based
on the integral ratios of characteristic methacrylate peaks (~6.1, 5.6, and 1.85 ppm) to
the inherent methyl peak of HA (~1.9 ppm) (140). 'H NMR spectroscopy confirmed
the methacrylation reaction of hyaluronic acid, showing the methacrylate peaks at
~6.1, 5.6, and 1.85 ppm (Figure 17), and the degree of methacrylation was determined
to be approximately 54%.

A Hyaluronic acid (HA) (\4/\) Methacrylated Hyaluronic acid (HAMA)

0= Methacrylic anhydnde

HoO— 1’}. . pH 8-9, 4°C , overnight 5

;

HA i -

.........

Figure 17 Synthesis of HAMA. (A) Methacrylation reaction of hyaluronic acid. (B)
"H-NMR spectra of hyaluronic acid and hyaluronic acid methacrylate (two protons of
the methylene carbon on the methacrylate group: 6.1 and 5.6 ppm; ten protons of the
carbohydrate backbone between: 4.2 to 3 ppm; three protons on the methyl groups of
the N-acetylglucosamine subunit: 1.9 ppm; three protons on the methyl groups of
methacrylate: 1.85 ppm).
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FTIR analysis further confirmed the methacrylation of hyaluronic acid (Figure
18). The appearance of a distinct absorption band in the 1720-1740 cm™ range was
attributed to C=0 stretching vibrations, indicating ester bond formation between
hyaluronic acid and methacrylic anhydride. Additionally, a peak observed around
1630-1650 cm™ corresponded to C=C stretching vibrations, confirming the
incorporation of methacrylate groups (142). A band between 3200-3600 cm ™ was also
detected, representing O-H stretching vibrations present in both hyaluronic acid and

the methacrylated derivative.
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Figure 18 FTIR spectra of the HA and HAMA.

4.1.4 Characterization of composite hydrogels

HAMA/AECM solutions were subjected to UV light (365 nm, 1.6 J/cm?) for
different durations (1, 2, 3, and 4 min) to examine crosslinking efficiency. The
hydrogel slabs were imaged using camera (Figure 19). Visual assessment revealed that
I min of UV exposure was insufficient to achieve complete crosslinking of the
hydrogel solution; however, 2 min or more UV exposure time resulted in crosslinked

hydrogel.
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Figure 19 HAMA/dECM composite hydrogel formation by exposure to UV (365 nm,
1.6 joule/cm?). The hydrogel solution was (A) free flowing before UV exposure and
(B) underwent a sol-gel transition and formed a stable hydrogel network following UV
crosslinking. (C) Side view.

4.1.4.1 FTIR of the composite hydrogels

The presence of HAMA and dECM in the structure of the composite hydrogels
(HAMA/dECM) was determined by FTIR (Figure 20). The presence of HAMA was
determined from methacrylate-related ester bands (1730 cm™ and 1665 cm™) which
also showed in the HAMA spectra (Figure 18). The presence of dECM was confirmed
by characteristic protein associated amide bands observed in the FTIR spectra. As a
control, HAMA and dECM hydrogels were used. FTIR spectra demonstrated the
presence of HAMA and dECM in the composite hydrogels. The composite hydrogel
exhibited distinct peaks around 1730 cm™ and 1665 cm™, corresponding to
methacrylate associated functional groups and confirmed the presence of HAMA.
Further, different from HAMA hydrogel, composite hydrogel showed peaks at regions
of amide I (1700-1600 cm™'), amide I1 (1575-1480 cm™), and amide A (3300-3500 cm™

1, confirming the incorporation of dECM within the composite matrix.
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Figure 20 FTIR spectra of HAMA, HAMA/dECM, and dECM hydrogels.
4.1.4.2 Equilibrium water contents of the hydrogels

Hydrogels are 3D hydrophilic polymeric networks capable of swelling in an
aqueous environment without dissolution. All hydrogel formulations reached
equilibrium swelling within 24 h. The equilibrium water content was determined as
95.5+0.3,93.3+0.3,and 90.2 + 0.5% for 1H, 1H3D, and 3D hydrogels, respectively.
The corresponding degrees of swelling (DS) values were calculated to be 2152 + 140,
1394 £ 60, and 1394 + 241%, respectively, indicating their high water retention
capacities (Table 5).

Table 5 Equilibrium water content and degree of swelling of the hydrogels

1H 1H3D 3D
EWC 95.5+0.3% 93.3+£0.3% 90.2 £0.5%
DS 2152 + 140% 1394 + 60% 1394 + 241%

4.1.4.3 Scanning electron microscopy of the hydrogels

The microstructure of the dry hydrogels was examined using SEM. All hydrogel

formulations exhibited a highly porous, sponge-like structures (Figure 21). Among

56



them, the dECM hydrogel (3D) displayed the smallest average pore diameter (98 + 37
pm), which was notably lower than the HAMA containing composites. No significant
differences in average pore size were observed among 1H, 1HID, 1H2D, and 1H3D
hydrogels, with average pore sizes of 171 + 24, 227 £ 42,236 + 33 and 270 + 37 pm,
respectively. The porous and interconnected network structures present in all hydrogel
formulations suggest their suitability for survival and expansion of encapsulated cells.
These structures facilitate efficient diffusion of nutrients and oxygen, enable waste

removal, and provide sufficient space for cellular proliferation and migration.
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Figure 21 Scanning electron micrographs of HAMA, dECM, and HAMA/dECM
hydrogels. Scale: 100 um. The graph shows the average pore size of the hydrogels.
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4.1.4.4 In situ degradation of the hydrogels

The degradation behavior of the hydrogels was assessed via gravimetric analysis
over a 14 day period (Figure 22). Among the groups, the 3D (dECM) hydrogel
exhibited the most pronounced degradation, particularly during first two days,
showing up to 35% weight loss. In contrast, the 1H (HAMA) hydrogel displayed the
highest structural stability, demonstrating the least degradation over time.
HAMA/dECM composite hydrogels exhibited a degradation profile closely
resembling that of HAMA hydrogels, with a slight increase in degradation attributed

to the presence of dECM.
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Figure 22 Degradation profiles of the hydrogels.

4.1.4.5 Compression testing of the hydrogels

Compressive mechanical tests were conducted to determine the stiffness and load
bearing capacity of the hydrogels, using a crosshead speed of 0.5 mm/min. The
compressive modulus was determined from the slope of the stress-strain curve (Figure
23A). The calculated moduli for 3D1, 1H, 1HID, 1H2D, and 1H3D hydrogels were
6.11 +0.94, 991 + 1.06, 8.15 + 0.95, 8.33 + 1.02, and 9.44 + 0.73 kPa, respectively.

These findings demonstrate that the presence of HAMA in the matrix increased the
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stiffness of the hydrogels (Figure 23B). Although no significant differences were
found between 1H1D and 1H2D groups, and increasing the dECM component to 3%
(w/v) in 1H3D resulted in a statistically higher compressive modulus. Regarding
compressive strength, 3D and 1H hydrogels exhibited values of 19.28 + 1.77 kPa and
14.34+0.81 kPa, respectively, with no significant difference. However, their
composite form achieved a considerably higher maximum stress value of
47.42+7.51 kPa. After the compression test, cracking in the 1H group and fluid
leakage in 3D1 was observed. In contrast, the composite hydrogels exhibited no
detectable deformation and maintained its structural integrity even after the test. This
indicated that, in the composite form, the molecular structure demonstrated strong

integration, while the incorporation of dECM enhanced the flexibility of the hydrogel.

A 66
B
60 _ s
= 154
54 & N
é k%
48 = x
=
_a 2 10 1
= =
§ 36 »
Nt o0
7 :
g% S s
LY =
— 3D 20
18 =
—— 1H3D g
12 —— 1H2D @ 0-
—NiD, 1H 1HI1D 1H2D 1H3D 3D
6 — 1H
0

0 04 08 12 1.6 20 24 28 32 3.6 40
Strain (mm)

Figure 23 Compression test of the hydrogels. (A) Stress-strain curve obtained from
compression test. (B) Graph showing compressive moduli of hydrogels.

4.1.4.6 Strain sweep testing of the hydrogels

The viscoelastic behavior of the hydrogels was studied by plotting the elastic
modulus (G') and viscous modulus (G"’) with respect to the applied strain (y*) (Figure
24). All hydrogel formulations exhibited a linear viscoelastic region (LVER), within
which both G’ and G" remained stable as strain increased, indicating the capacity to

resist deformation (Figure 24A). The dominance of G’ over G” confirmed the elastic-

59



dominant nature of the materials. Among the tested formulations, the 1H3D hydrogels
showed superior viscoelastic performance, with the highest elastic modulus
(458.30+13.39 Pa) and viscous modulus (65.17+6.46 Pa) (Figure 24B). In
comparison, hydrogels with lower dECM content or dECM alone exhibited reduced

stiffness, highlighting the reinforcing effect of compositional optimization.
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Figure 24 Rheological analysis of the hydrogels. (A) Strain sweep measurements
showing elastic modulus (G’) and viscous modulus (G"”) plotted against applied strain
(y*) under a constant frequency and controlled oscillatory shear. Blue bidirectional
arrow: Linear viscoelastic region (LVER). Red arrow: Crossover point (G" = G’).
Graphs showing (B) elastic and (C) viscous moduli of hydrogels at LVER.

4.1.4.7 Printability analysis of the hydrogel solutions

Shear thinning and thixotropic properties of the hydrogel solutions were evaluated
for their potential in extrusion based printing applications. Rheological measurements
were performed at 10°C using a rotational rheometer. Shear thinning behavior was
examined by a flow curve, where shear rates were increased on a logarithmic scale
from 0.1 to 100 s™', while monitoring the viscosity. For the thixotropic behavior, a
three step shear protocol was followed: the test started at a low shear rate (1 s™) for 30
s to establish its baseline viscosity, then was immediately followed by a high shear rate
at 100 s for 30 s to simulate extrusion conditions, and finally was back to 1 s™* for 60
s to monitor the recovery in viscosity. The flow profiles (Figure 25A) showed shear

thinning behaviors of all hydrogel formulations, as evidenced by the reduction in
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viscosity with increased shear rate, enabling smooth extrusion from the nozzle. The
composite hydrogel solutions exhibited higher viscosities compared to HAMA or
dECM only formulations. Among these, the viscosity was significantly increased with
increasing dECM content, and the 1H3D formulation exhibited the highest values for
all shear rates tested. Thixotropic recovery was then analyzed (Figure 25B) to assess
the potential of the hydrogel solutions to recover their structure after being subjected
to shear stresses, simulating post printing recovery. When shear rates were returned to
low values, hydrogel solutions showed a rapid viscosity increase indicative of a strong
recovery in structural integrity. However, the 3D formulation without HAMA
recovered more slowly than HAMA containing hydrogels. Composite matrix,
specifically the 1H3D, resulted in better recovery properties due to increased
molecular interaction within the matrix. Yield stress and viscosity values of the 1H3D
hydrogel were also measured at different temperatures (4, 10, 18, and 24°C) (Figure
25C). The increase in yield stress with temperature indicated that higher temperatures
result in greater resistance of the material against deformation. The shear thinning and
thixotropic behavior of the hydrogel solution favored efficient extrusion while
maintaining shape fidelity after deposition. Stable performance in the wide
temperature range used also supports the applicability of 1H3D as a bioink for

extrusion printing, a balance of printability with structural integrity.

The HAMA/dECM solutions with varying dECM concentrations were prepared
and printed with different cartridge movement speeds and printing pressures (Table 6).
The structures were printed with different internal patterns (honeycomb and grid) with
four layers to determine the printability of the hydrogel solutions (Figure 25D).
Although the slabs of all solutions formed a solid gel after UV exposure (365 nm, 2
min), the solutions of 1H1D and 1H2D were not viscous enough for exturion printing.
Even at lower printing pressures, these solutions flowed from the nozzle. In contrast,
the 1H3D solution exhibited continuous extrusion from the nozzle and was
successfully printed across a range of printing pressures, speeds, and temperatures.
The printed structure maintained its integrity after printing. The optimal printing
parameters were determined to be a printing pressure of 0.4 bar, a cartridge movement

speed of 10 mm/s, and a cartridge temperature of 10°C.
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Figure 25 Printability of hydrogel solutions. (A) Steady-shear viscosity of hydrogel
formulations as a function of shear rate (y, s™'). (B) Thixotropic recovery of the
hydrogel formulations under varying shear rates (1 s, 100 s', and 1 s™). (C) Yield
stress and viscosity of the 1H3D hydrogel solution, where the viscosity (1) as a
function of stress (o) at varying temperatures (4, 10, 18, and 24°C). The red arrow
indicates yield stress, representing the minimum force required to initiate flow in
materials that remain static under lower stress. (D) Stereomicrographs of the printed
structures of 1H3D hydrogel solution, with a printing speed of 10 mm/s, printing
pressure of 0.4 bar, 3 layers with (i) grid, (ii) honeycomb structure. Scale bar: 1 mm.

Table 6 Printability of HAMA/dECM solutions

Printing Nozzle
Temperature
pressure movement speed Comment
Sample °0)
(bar) (mm/s)
1H1D X X X Fluid
1H2D X X X Fluid
Enough
v v v ) )
1H3D viscosity-
(0.4 bar) (10 mm/s) 10 °C .
printable
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4.2  In Vitro Studies
4.2.1 Cytoskeleton and nuclei staining of U87 and HMC3 cells in the hydrogels

Cytoskeletal and nuclear structures of U887, HMC3, and U87/HMC3 co-cultured
cells loaded within 1H, 3D, and 1H3D hydrogel slabs were examined after 7 days
using Phalloidin and DAPI staining. Cells displayed limited spreading with actin
filaments concentrated near the nuclei in the 1H hydrogel. The rounded morphology
and absence of spreading demonstrated weak cell-matrix interactions (Figure 26A-C).
In contrast, U87 cells within 3D and 1H3D matrices exhibited extensive actin filament
organization, forming pronounced cytoskeletal networks, suggesting enhanced
motility and structural integrity (Figure 26D, G). On the other hand, HMC3 cells
showed more dispersed and less structured actin arrangements in both hydrogels
(Figure 26E, H). Co-cultures presented a mixed actin pattern characteristic of both U87
and HMC3 cells (Figure 26F, I).
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Figure 26 CLSM images of (A, D, G) U87, (B, E, H) HMC3, and (C, F, I) U87/HMC3
co-culture cells loaded in (A-C) 1H, (E-F) 3D, and (G-I) 1H3D hydrogel slabs on day
7. F-actin filaments (phalloidin; green), nucleus (DAPI: blue). Scale bar: 20 pym

4.2.2 Transfection of U87 cells with EGFP gene for live cell imaging

U87 cells were transfected with pcDNA3-EGFP plasmid which contains a gene
that encodes antibiotic resistance to neomycin. G418 is an analog of neomycin sulfate
and has similar mechanisms as neomycin. Therefore, stable clones of transfected U87
cells were selected by G418 treatment. The concentration of G418 which kills all non-
transfected cells was determined as 550 pg/mL (Appendix 4). After 72 h of
transfection, stably transfected cells were selected by G418 treatment for 3 weeks.
pcDNA3-EGFP plasmid also encodes EGFP as a reporter system. EGFP expression

allows cells to be distinguished using fluorescence microscopy, confocal microscopy,
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and flow cytometer, and it is an important feature in determining the cell specific

response.

EGFP expression in U87 cells was detected by fluorescence microscopy, and flow
cytometer was used for the quantitative determination of stably transfected cells.
Fluorescence microscope images (Figure 27) and flow cytometry histogram (Figure
28) of U87-EGFP cells revealed that the EGFP-labeled cells expressed a high level of
EGFP. Two days after transfection, only a small fraction of cells exhibited EGFP
expression. However, following 14 days of stable selection with 550 pg/mL G418,
nearly all cells showed strong EGFP expression (Figure 27). Flow cytometry analysis
revealed that 94% of U87-EGFP cells (Figure 28B) exhibited fluorescence signals
higher than those of non-transfected U87 cells (Figure 28A), confirming the
transfection and EGFP expression of U87 cells.

Bright Field EGFP Merge

Figure 27 EGFP expression by the U87-EGFP cells were examined under light and
fluorescence microscopes 2 days after transfection (upper), 14 days after antibiotic
selection (below). Scale bar: 100 um.
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Figure 28 EGFP expression in the U87 and U87-EGFP cells were examined by flow
cytometer 14 days after antibiotic selection with G418. Flow cytometry histograms,
displaying fluorescence intensity (log scale) along the x-axis and cell count along the
y-axis. (A) Untransfected control U87 cells, and (B) transfected U87-EGFP cells after
14 days of selection. The threshold was determined at background fluorescence with
FI>10* units.

4.2.3 Invasion of glioblastoma cells under mono and co-culture conditions

In order to examine the invasive behavior of glioblastoma cells, an invasion assay
was performed using EGFP-expressing U87 spheroids. These spheroids were
embedded in hydrogel formulations under both mono and co-culture conditions.
Confocal images were captured at 0, 24, and 48 h, and the the extent of invasion was
quantified by measuring the distance migrated by U87-EGFP cells from the edges of
the spheroids, providing a comparative assessment of their invasive potential (Figure
29). The assay was performed in 1H and 1H3D hydrogels. U87 cells showed no
detectable invasion in the 1H hydrogel (Figure 29A). On the other hand, U87 cells
exhibited markedly increased invasion within the composite hydrogel, indicating that
this matrix provided a promigratory environment. Notably, when U87 cells were co-
cultured with microglia in the composite hydrogel, the invasion distance increased by
approximately 41% compared to monoculture conditions (Figure 29B), highlighting
the potential influence of microglia on glioblastoma invasiveness. Additionally,
quantitative gene expression analysis confirmed this finding at the molecular level
(Figure 29C), showing that co-culturing U87 cells with microglia in the hydrogel led

to elevated expression of genes involved in extracellular matrix remodeling and tumor
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invasion, with MMP2 and MMP9 levels significantly higher than in US87

monocultures.
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Figure 29 Glioblastoma cell invasion within hydrogel matrices. (A) CLSM images
showing the migration of EGFP-labeled glioblastoma cells in the hydrogels at 0, 24,
and 48 h. Scale bar: 1 mm. (B) Quantitative measurement of cell migration distances
from the spheroid edges over a 2 days period. (C) Gene expression analysis of the cells

cultured in 1H3D hydrogels. Data are presented as fold change (2"449) relative to U87
monoculture.
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4.2.4 Viability of the bioprinted glioblastoma and microglia cells

Bioink 1 containing U87 cells (107 cells/mL) and 1H3D, and Bioink 2 containing
HMCS3 cells (107 cells/mL) and 1H3D were printed using the optimized parameters.
Bioink 1 was initially printed as a four layer inner structure, with Bioink 2

subsequently printed around it to form a border (Figure 30).

Bioink 1

: Bioink 2
o “5 i ‘ , s T
e’?f};‘ /%- <.
Microglia cells loaded

in 1H3D hydrogel, printed
as a ring structure

Glioblastoma cells loaded
in 1H3D hydrogel, printed as a
non-porous grid structure

Figure 30 Schematic representation of 3D bioprinted model. Inner structure composed
of Bioink 1 (U87 cells in 1H3D) was printed as 4 layers, then Bioink 2 (HMC3 cells
in 1H3D) solution was printed as the border for the printed Bioink 1.

Viability of the cells in the printed structure was examined using Live/Dead and
Alamar Blue assays. The viability of U87 cells (Figure 31) were determined on days
1, 3,7, and 14 as 93.7, 93.2, 97.4 and 98.2%, respectively, whereas the viability of
HMC3 cells (Figure 32) were determined as 92.5, 94.4, 98.4, and 99.1%, respectively.
The high viability of the cells demonstrated that the hydrogel matrix and printing
process provided a supportive and biocompatible environment conducive to cell
survival, for at least 14 days. Furthermore, the co-culture condition also maintained
over 90% cell viability (Figure 33), indicating a favorable interactions between the two

cell types.
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Figure 31 Live/Dead analysis of U87 cells entrapped in the hydrogel of 1H3D. (A)
Day 1, (B) Day 3, (C) Day 7, and (D) Day 14. (i) The dead cells (stained with ethidium
homodimer-1, red), (ii) the live cells (stained with calcein AM, green) and (iii) merged.
Scale bar: 50 um.

Figure 32 Live/Dead analysis of HMC3 cells entrapped in the hydrogel of 1H3D. (A)
Day 1, (B) Day 3, (C) Day 7, and (D) Day 14. (i) The dead cells (stained with ethidium
homodimer-1, red), (ii) the live cells (stained with calcein AM, green) and (iii) merged.
Scale bar: 50 pm
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Figure 33 Live/Dead analysis of U87/HMC3 co-culture cells entrapped in the hydrogel
of 1H3D. (A) Day 1, (B) Day 3, (C) Day 7, and (D) Day 14. (i) The dead cells (stained
with ethidium homodimer-1, red), (ii) the live cells (stained with calcein AM, green)
and (ii1) merged. Scale bar: 50 pm

Additionally, time dependent increases in metabolic activity were observed across
all groups, reflecting cell proliferation (Figure 34). While U87 and HMC3 cells
exhibited similar growth patterns, the co-culture condition showed a significantly
higher metabolic activity than the single cell cultures, suggesting synergistic
interactions between glioblastoma and microglia cells that enhance cellular

proliferation.
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Figure 34 Cell proliferation within the printed constructs was assessed using the
Alamar Blue assay, which indicated increasing metabolic activity over time.

4.2.5 Immunofluorescence staining for proliferation marker in mono- and co-

cultures

In order to examine the cell proliferation within the 1H3D hydrogel system, U87,
HMC3, and their co-cultures were analyzed via immunofluorescence staining for
proliferation marker Ki67 (Figure 35). The expresion of Ki67 in both U87 and HMC3
cells confirmed the proliferative capacity of the cells in the hydrogel (Figure 35A).
Notably, the co-cultured cells displayed significantly greater Ki67 expression
compared to single-cell cultures (Figure 35B), suggesting that the interaction between

glioblastoma and microglial cells fosters a more proliferative microenvironment.
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Figure 35 Ki67 expression of the cells. (A) CLSM images of immunofluorescence
staining of U87, HMC3, and co-culture cells for the expression of proliferation marker
Ki67. (Green: F-actin, phalloidin, red: Ki67, blue: nucleus, DAPI). Scale bar: 20 pm.
(B) The graph of fluorescence intensities per cell.

4.3 Production and Characterization of the Hypoxia Chip

The PDMS chips were fabricated using negative mold, cleaned, and bonded to
glass slides by applying a thin layer of uncured PDMS around the chip periphery,
followed by incubation at 100°C to achieve complete bonding (Figure 36). The
medium was administered from the reservoirs, and no leakage was observed, with flow

efficiently maintained through the side channels of the chip.

A B

Figure 36 The hypoxia chip. (A) 3D printed structure was placed at the center of the
chip, then covered by a top glass slide. (B) Medium was added via the reservoirs,
allowing it to flow through the channels of the chip.
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4.3.1 Testing of the hypoxia model via fluorescence staining of hypoxic cells

Image-iT Hypoxia Reagent stains hypoxic cells green, with fluorescence intensity
increasing proportionally to the level of hypoxia. In the hypoxia chip, a glass slide was
placed onto the cell loaded hydrogels, serving as an O diffusion barrier that blocked
the gas exchange from the atmosphere. O, diffusion was facilitated only from the
lateral side of the gas permeable PDMS chip. This configuration was designed to create
an oxygen gradient from the periphery toward the core, thereby increasing hypoxia at
the central region. The results indicated that when cell loaded hydrogels were placed
inside the PDMS chip containing a glass barrier, cells located at the core exhibited
strong hypoxic conditions, as evidenced by intense green fluorescence staining (Figure
37F, H). In contrast, cells positioned at the hydrogel periphery displayed significantly
reduced fluorescence intensity, which gradually increased toward the core, clearly
establishing a hypoxic gradient (Figure 37B, G). Additionally, when cell loaded
hydrogels were placed in the chip under similar conditions but without the glass
barrier, the fluorescence intensity of the cells was significantly reduced (Figure 37C-
E), resembling the intensity levels observed in peripheral cells of the hypoxia chip.
These findings indicate that the glass barrier placed on top of the hydrogel effectively
prevented atmospheric O: diffusion, creating a hypoxic environment that increased
from the periphery to the center due to lateral gas diffusion (Figure 37B). The
consistent observation of lower fluorescence intensity in the x-z direction at both the
periphery and in control samples further confirmed that the hypoxic environment was

primarily due to the glass barrier, rather than the thickness of the hydrogel itself.
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Figure 37 The cells in the PDMS chip. (A) Schematic illustration of hypoxia induction.
(B) Mean fluorescence intensity of the cells located at the periphery, intermediate, and
center regions of the PDMS chip under hypoxic and normoxic conditions.
Fluorescence images of the cells in the chip (C) without the top glass slide, serving as
the control (normoxia), and (D) with the top glass slide, serving as an O: diffusion
barrier to induce hypoxia, stained with Image-iT Green Hypoxia Reagent. Green:
hypoxic cells. Orange lines indicate hydrogel borders. Scale bars: (C, D) 1 mm.

4.3.2 SEM of cells in the hydrogel

The SEM images provided a comparison of the morphological features of the
acellular 1H3D hydrogel, and the same hydrogel containing cells (U87/HMC3 co-
culture) cultured in the hypoxia chip for 7 days (Figure 38). The acellular matrix
showed a well organized, porous architecture with smooth internal surfaces and
interconnected pores, which indicates a favorable matrix for potential cell infiltration
and nutrient diffusion. In contrast, the cell loaded hydrogel exhibited distinct
morphological changes, with cells visibly adhering to and spreading across the matrix.
These cells formed dense networks of cellular extensions and deposited ECM-like
structures, bridging across pores and interacting with the surrounding matrix. This
indicates active cell-matrix interactions and suggests that cells were not only surviving

but also remodeling their environment.
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Figure 38 SEM images of the acellular 1H3D matrix (left) and the same matrix after
co-culture of U87/HMC3 cells (right).

4.3.3 Staining of pseudopalisading and necrotic regions using anti-Ki67 and

ethidium homodimer-1

The viability of U87/HMC3 co-culture cells in the hypoxia chip was determined
on day 7 using the Live/Dead assay (Figure 39). The results showed a clear pattern of
necrotic core formation in U87/HMC3 co-cultures (Figure 39A, C). At the center of
the chip, most cells were dead, indicating severe hypoxia and nutrient deprivation
leading to the development of a necrotic environment. This finding closely replicates
the necrotic cores commonly observed in GBM tumors, where oxygen and nutrient
deficiency result in extensive cell death. In contrast, the intermediate and peripheral
regions of the chip predominantly contained live cells (Figure 39B, D, E). These
regions likely experienced less hypoxia and better nutrient availability, supporting cell
survival. This pattern aligns with a characteristic feature of GBM tumors, where

viable, proliferating cells surround the necrotic core.

75



3

; 4 ~ .
. intermediate }
P

& Ll Y SB35
intermediate

-

Figure 39 Live/Dead analysis of U§7/HMC3 co-culture in the hypoxia chip, at (A, C)
the center, (B, D) the intermediate, and (E) the periphery of the chip. (i) The dead cells
(stained with ethidium homodimer-1, red), (ii) the live cells (stained with calcein AM,
green) and (ii1) merged. Scale bar: (A, B) 200 um, (C-E) 50 um.

Additionally, immunofluorescence staining for the proliferation marker Ki67 was
conducted to identify hypercellular pseudopalisading regions. The results showed no
detectable Ki67 expression in cells at the center of the chip (Figure 40A), where
hypoxia and nutrient deprivation created a necrotic core. In contrast, Ki67 expression
was strongly evident in cells located in the intermediate (Figure 40D) and peripheral
(Figure 40G) regions of the chip, indicating active proliferation in these areas. These
results, together with the observed viability pattern, reflect a key histopathological

feature of GBM tumors, pseudopalisading necrosis.
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Figure 40 CLSM image of immunofluorescence staining of the cells for Ki67 in the
hypoxia chip, at (A-C) the center, (D-F) the intermediate, and (G-I) the periphery of
the chip. (Green: F-actin, phalloidin, red: Ki67). Scale bar: 50 um.

4.3.4 Gene expression analysis using real-time polymerase chain reaction

Gene expression analysis was conducted to investigate how the ECM mimicking
hydrogel and hypoxic conditions influence cellular adaptation and enhance the
resemblance of the model to in vivo tumors. After 7 days of culture in the PDMS chips,
RNA was extracted from cells in 3D hydrogel under both normoxic and hypoxic
conditions, and from 2D monolayer cultures. Gene expression levels were normalized
to GAPDH, and fold change analysis was conducted relative to monolayer cultures to

quantify differences in molecular responses. At the end of the RT-PCR assay, melting
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curve analysis was carried out to examine the specificity of the reactions, and they
produced single peaks, indicating the amplification of specific target sequences
without nonspecific products or primer dimer formation (Appendix 5). The results
indicated that Ki67 and EGFR, which are critical regulators of cell growth and
survival, showed significantly higher expression in the PDMS chips under normoxic
conditions compared to monolayer culture, which was further upregulated in hypoxia
(Figure 41B). CHI3L1 showed significantly higher expression in PDMS chip under
normoxic conditions compared to monolayer culture, which was also upregulated in
hypoxia. HIF1A, SOX2, and NES, which regulate stemness and therapy resistance,
showed only minor changes in 3D cultures under normoxic conditions, but their
expression increased significantly under hypoxia (Figure 41C). Additionally, GFAP
expression decreased in both normoxia and hypoxia compared to monolayer culture,
indicating a shift from astrocytic differentiation towards a more mesenchymal-like

state, characteristic of high grade gliomas (159).
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Figure 41 Gene expression analysis of the cells cultured in PDMS chips under
normoxic and hypoxic conditions. (A) Heatmap representation of gene expression
changes. Quantification of (B) growth, proliferation, and tumor development-related
genes: EGFR, CHI3LI1, and Ki67, (C) hypoxia, stemness, and therapy resistance-
related genes: HIF1A, SOX2, NES, and GFAP. Gene expression levels were shown as
fold change (2"24€9) normalized to 2D monolayer cultures.
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4.3.5 Proteomic profiling under normoxic and hypoxic conditions

In order to investigate pathways involved in hypoxia induced adaptations, label-
free quantitative proteomic profiling was conducted to compare normoxic and hypoxic
conditions. Heatmap clustering (Figure 42A) demonstrated clear separation between
normoxic and hypoxic samples, indicating consistent proteomic changes in response
to hypoxia. Volcano plot analysis (Figure 42B) identified a subset of proteins
significantly upregulated under hypoxia. KEGG pathway enrichment (Figure 42D)
revealed activation of glycolysis/gluconeogenesis, carbon metabolism, amino acid
biosynthesis, mineral absorption, HIF-1 signaling, actin cytoskeleton regulation, and
tight junction pathways. Protein-protein interaction (PPI) analysis of significantly
upregulated proteins (Figure 42C) showed a highly connected glycolysis module,
including LDHALG6B, TPI1, PKLR, PGK1, GPI, and ENOI, which are associated with
metabolic reprogramming in glioblastoma, supporting anaerobic glycolysis and
adaptation to hypoxic environment (160-162). These proteomic findings are consistent
with observed phenotypic and transcriptional changes in the model. Enrichment of the
HIF-1 signaling pathway suggests activation of hypoxia responsive transcriptional
programs driving metabolic and structural remodeling (163, 164). Upregulation of
cytoskeletal regulation and tight junction pathways may facilitate enhanced invasion
and altered cell-cell interactions (165), while activation of biosynthetic processes
reflects metabolic flexibility under low oxygen conditions (166). Collectively, the data
indicates that the hypoxia chip platform captures key features of metabolic and

microenvironmental adaptation relevant to glioblastoma biology.

79



1.23e+013 9.70e+014

A B )
9 po7237 F23528 . D i
zZ Q.oUQ.v.n *073608 Q§\WE0 Q15084
E T .'l oe
e i
0 T T T T T 1
4 2 0 2 4 6
Log2 Fold Change
Q
o Y ’
O b,
g L/ AR PG
Normoxia Hypoxia e
O
D KEGG Pathways enrichment
Glycolysis/Gluconeogenesis
Mineral absorption FDR
Carbon metabolism - 1.0e-08
- 1.0e-07
Biosynthesis of amino acids . - 1.0e-06
HIF-1 signaling pathway . . ol

1.0e-03
Tight junction —. 1.0e-02

Regulation of actin cytoskeleton ..

2 3 4 5 6 7
-log(FDR)

Figure 42 Proteomic characterization of the hypoxia chip model. (A) Heatmap
illustrating the relative abundance of proteins that exhibited significant differences
between normoxic and hypoxic conditions. (B) Volcano plot representing proteins
with statistically significant expression changes (red: fold change > 1.5 and p < 0.05).
(C) Protein-protein interaction (PPI) network of significantly upregulated proteins
generated using Metascape; a glycolysis-related cluster is highlighted in red. (D)
KEGG pathway enrichment of upregulated proteins, performed using the STRING
database.
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4.3.6 Immunofluorescence staining of differentiation marker under normoxic

and hypoxic conditions

In order to determine the differentiation status of U87 cells in both mono- and co-
culture, and under normoxic and hypoxic conditions, immunofluorescence staining
was conducted with the glial marker GFAP (Figure 43). In co-culture with microglia,
GFAP expression was significantly reduced compared to monoculture, suggesting that
the presence of microglia inhibits differentiation in glioblastoma cells. This effect was
even stronger under hypoxic conditions, where GFAP levels decreased further. The
combined impact of microglia interaction and hypoxia promotes a less differentiated,

potentially more stem-like, and aggressive tumor phenotype.
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Figure 43 Immunofluorescence staining for GFAP. (A) CLSM images of the cells
under normoxic and hypoxic conditions. Scale bar: 50 um. (B) Graph shows relative
fluorescence intensities.

4.3.7 Invasion of glioblastoma cells under normoxic and hypoxic conditions

Invasive behavior of glioblastoma cells under normoxic and hypoxic conditions

was examined by invasion assay with spheroids of EGFP-U87/HMC3 cells. The
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spheroids were embedded in 1H3D hydrogel solutions fabricated using 3D printing
and subsequently crosslinked under UV light (365 nm). After crosslinking, the
constructs were placed into PDMS chips. Images were obtained on days 0, 1, 2, 3, and
5 using CLSM, the migration distances of glioblastoma cells invading from the
spheroid periphery were quantified to analyze their invasion capacity in both hypoxic
and normoxic conditions (Figure 44). The results revealed distinct differences in
glioblastoma cell behavior under normoxic and hypoxic conditions, with invasion
progressively increasing over time (Figure 44A, B). In the early phases, spheroids in
both conditions were compact, with minimal outward cell movement. However,
spheroids under hypoxia exhibited early signs of cell migration, with cellular
extensions invading the surrounding matrix. Over time, the differences between the
two conditions became more pronounced. Spheroids exposed to hypoxia showed
significantly greater cell migration compared to those under normoxia. These
observations were further supported by molecular analyses, which showed a marked
upregulation of MMP2, CD44, and TGF-B expression under hypoxic conditions
(Figure 44C). These findings suggest that hypoxia promotes GBM invasion by

enhancing cell migration and extracellular matrix degradation (148, 167).
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Figure 44 Glioblastoma invasion in the PDMS chip. (A) CLSM images showing the
invasion of glioblastoma cells over time. Scale bar: 100 um (B) Quantitative analysis
of invasion distances measured over a 5 day period. (C) Relative expression levels of
invasion associated genes, expressed as fold changes (272¢9) compared to 2D
monolayer cultures.

4.3.8 Visualization of nutrients and drug flow

The diffusion of fluorescein molecules (Mw ~0.4 kDa) through the 3D hydrogel
within the PDMS chip was examined over time to simulate the transport behavior of
low molecular weight drugs such as temozolomide (TMZ) (Figure 45). The analysis
through imaging and fluorescence intensity quantification showed a clear time
dependent diffusion pattern. At the initial time point (0 h), no fluorescence signal was
observed within the hydrogel. However, by 1 h, the fluorescein signal became visible
at the periphery of the hydrogel (Figure 45A), indicating that diffusion occurs in an

outward-to-inward direction, with molecules migrating from the edges toward the
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core. By 24 h, the fluorescence signal was uniformly distributed throughout the

hydrogel, suggesting that the diffusion process had reached equilibrium.
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Figure 45 Visualization of nutrient flow. (A) Fluorescence images showing the
progressive diffusion of fluorescein dye throughout the hydrogel matrix. Scale bar: 1
mm. (B) Quantitative analysis of fluorescein diffusion, presented as average
fluorescence intensity over time within the hydrogel construct.

4.3.9 Testing of the model with temozolomide drug treatment

The concentration range of TMZ was determined by applying increasing
concentrations of TMZ and examining the cellular response using the Live/Dead assay.
The results indicated that while most cells remained viable (green, Calcein AM) in the
control group (Figure 46A), whereas TMZ treatment resulted in a dose dependent
reduction in cell viability (Figure 46B—D). At a concentration of 5 mM TMZ, no viable
cells were detected. Due to the low magnification used, dead cells (red, EtHd-1) were

not visible.
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Figure 46 Live/Dead analysis of U87/HMCS3 cells in the PDMS chip with O> diffusion
barrier (hypoxia), following drug treatment with temozolomide (1, 2.5, 5 mM). (A)
without, (B) 1 mM, (C) 2.5 mM, and (D) 5 mM TMZ. The dead cells (stained with
ethidium homodimer-1, red), and the live cells (stained with calcein AM, green). Scale
bar: 1000 pm.

The in vitro model was validated by determining the response of the cells to TMZ
and obtaining the ICso value. Cells were maintained in the hypoxia chips for 7 days,
after which the medium was replaced with fresh medium containing TMZ at varying
concentrations (0-5000 pM). Cellular responses to TMZ were determined using the
Alamar Blue viability assay. Based on the cytotoxic response to TMZ concentrations,
a graph was plotted to calculate the ICso (Figure 47). As controls, ICso calculations
were also performed for cells in 2D monolayer cultures and in the hydrogel under
normoxic conditions. In 2D monolayer cultures, the ICso value for the U§7/HMC3 co-
culture was calculated as 509 = 58 uM. The ICso values were calculated as 1120 + 71
uM for normoxic conditions and 1699 + 134 uM for hypoxic conditions in the chip
(Table 7). The higher 1Cso values observed in hydrogels compared to monolayer
cultures, and in the hypoxia chip compared to normoxia, indicate reduced TMZ

sensitivity in 3D and hypoxic microenvironments.
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Figure 47 Dose-response curve of cells treated with TMZ under different culture
conditions.

Table 7 The 1Cso values for TMZ

Conditions ICso (uM)

monolayer 509
normoxic 1120
hypoxic 1699

86



S DISCUSSION

GBM is the most aggressive primary brain tumor in adults, characterized by rapid
proliferation, infiltrating the surrounding healthy brain tissue, and resistance to
conventional treatment approaches. One of the main contributors to this resistance is
the complex and heterogenecous TME, consisting of a dense extracellular matrix,
diverse cellular populations, and hypoxic regions. In order to gain deeper insight into
the pathophysiology of GBM and to support the development of more effective
therapeutic approaches, there is a growing need for advanced in vitro models. This
study addresses this by providing a biologically relevant platform that mimic certain
features of the GBM microenvironment. The development and integration of a
hydrogel based ECM mimic with a PDMS based hypoxia chip enabled the study of
the biochemical, mechanical, and pathological characteristics of the glioblastoma
TME. The platform is designed as a physiologically relevant tool for understanding

tumor behavior and assessing the therapeutic response of potential drug candidates.

dECM1 was selected over dECM?2 as the preferred brain tissue decellularization
method based on its greater decellularization efficiency, more effective removal of
cellular material, and better preservation of native biochemical content. The residual
DNA content in dECM1 was 39.0 = 10 ng/mg, below the accepted threshold of 50
ng/mg, while dECM2 did not achieved this criterion. Furthermore, dECM1 retained
higher levels of sGAGs and proteins, enhancing the biochemical relevance of the
resultant matrix. In terms of cellular compatibility, dECM1 demonstrated superior
performance, supporting over 90% viability of glioblastoma cells. Cells attached to the
dECM matrix exhibited elongated, branched morphologies and formed organized

clusters and cellular networks, supporting the suitability of the material.

In order to provide biochemical relevance with mechanical strength and mimic
the stiffness of glioblastoma tissue, decellularized brain ECM was combined with
hyaluronic acid methacrylate. The HAMA/dECM composite hydrogel provided a
mechanically stable, yet flexible matrix, matching the biomechanical properties of

high grade gliomas (168, 169). Previous studies have shown that glioblastoma tissues
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are significantly stiffer than healthy brain tissues (170-172). While the compressive
modulus of healthy brain tissues is approximately 1 kPa (63, 64), high grade gliomas
exhibit values around 11.4 = 4.9 kPa (65). This increased stiffness is attributed to both
tumor cells themselves and the surrounding ECM, which together contribute to the
physical remodeling of the glioblastoma microenvironment. Changes in tissue
mechanics have been linked to impaired vascular and lymphatic function, induction of
hypoxia, and promotion of immune evasion, underscoring the significant role of ECM
stiffness during glioblastoma progression. In this study, the 1H3D hydrogel achieved
a compressive modulus of 9.44 + 0.73 kPa, closely matching the glioblastoma
stiffness. Moreover, glioblastoma tumors exhibit viscoelastic properties, a
combination of solid-like and fluid-like behaviors (173). The elastic (G') and viscous
(G") moduli of GBM tissue have been reported within the ranges of 300-1200 and 20-
120 Pa, respectively (174, 175). Notably, the 1H3D hydrogel had an elastic modulus
of 458.30 + 13.39 Pa and a viscous modulus of 65.17 + 6.46 Pa, falling within the
range of glioblastoma tissue and indicating its suitability as a biomimetic platform.
Unlike traditional 2D monolayer cultures, which fail to replicate the 3D architecture,
ECM stiffness, or spatial heterogeneity of the in vivo tumor microenvironment (176),
the composite hydrogel offers a more physiologically relevant in vitro platform. In
contrast to standard synthetic or single component hydrogels, the composite system is
both mechanically tunable and biochemically complex, closely resembling native
GBM stroma. This is especially important since both biochemical and biomechanical
signals influence tumor progression, therapeutic response, and resistance mechanisms
(177, 178). Though several hydrogel based systems, including those based on collagen,
Matrigel, or hyaluronic acid alone, have been utilized in GBM modeling, they often
lack important native ECM proteins, glycosaminoglycans, and degradation products
known to regulate invasion, drug resistance, and stem like cell behavior. In contrast,
the composite model combines HAMA with decellularized brain ECM, providing both
biochemical complexity and tissue specificity. Despite the interspecies origin of
bovine derived dECM, the composite hydrogel maintains key biochemical features and
thus offers greater physiological relevance compared to simplified matrices used in

prior models.
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Brain tissue contains one of the highest water content in the body, approximately
80%, and glioblastoma tissue has been reported to contain even higher water content,
reaching up to 84.5% (179, 180). The highly hydrated microenvironment is mainly
caused by the increased permeability of the blood-brain barrier, contributing to
vasogenic edema, abnormal vascular development, and the upregulation of water
transport channels such as aquaporin-4 (AQP4) (181). The composite hydrogels
demonstrated water contents up to 95.5%, closely mimicking water retention
characteristics of GBM tissue, therefore representing a suitable matrix for tumor
modeling applications. In addition to water content, the degradation profile is also
another important functional property of hydrogels. Hydrogels that degrade more
quickly can release cytokines, growth factors, and other signaling cues more rapidly,
however, they often lack sufficient structural integrity (182, 183). In this study, the
results demonstrated that different formulations exhibited differences in degradation
behavior, as HAMA based hydrogels degraded more slowly than dECM based
hydrogels. This is consistent with earlier findings suggesting that dECM hydrogels
tend to degrade more rapidly because their noncovalent crosslinks limit their structural
stability compared to covalently crosslinked systems (184). Upon decellularization
and enzymatic digestion, dECM form a hydrogel at physiological temperature (37°C)
and neutral pH (7.4), where hydrogen bonding, hydrophobic interactions, and
electrostatic forces maintain its structure. Even though these interactions enable the
gelation process, they are not enough for providing long term structural strength (185).
Conversely, upon polymerization, HAMA forms covalent crosslinks between
methacrylate groups, resulting in a more robust and stable network, where covalent
bonds provide superior stability to the noncovalent interactions present in dECM
hydrogels (186). While dECM improves the biocompatibility and imposes the
biochemical complexity of native ECM, HAMA provides structural stability and

mechanical strength to the composite hydrogel.

The interaction between stroma and GBM was simulated using co-culture with
microglia. Co-cultures of glioblastoma and microglia presented significantly increased
Ki67 expression and cellular invasion compared to monocultures, indicating the tumor

promoting effect of microglia. The effects likely result from a complex synergistic
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interaction between glioblastoma and microglia. Microglia are considered one of the
key modulators of glioblastoma progression, and this role is largely mediated by the
release of various protumorigenic cytokines, growth factors and other signaling
molecules that contribute to proliferation, invasion, and survival of the tumor cells
(187). They also undergo phenotypic reprogramming within the GBM
microenvironment, adopting a protumorigenic phenotype (188). These observations
are consistent with previous studies and emphasize the importance of bidirectional
communication with stromal components in driving tumor progression (189, 190).
Furthermore, application of 3D bioprinting to create compartmentalized co-cultures
enabled controlled organization of glioblastoma and microglia cells, facilitating a more
precise imitation of the immunosuppressive tumor microenvironment. This approach
enables various cell populations to be arranged within specified areas, supporting
targeted analysis of interactions between tumor and stroma. Though organoid models
have gained interest for their ability to mimic tumor heterogeneity and self-
organization (191, 192), they are usually constrained by batch-to-batch inconsistency
and limited control over cell positioning and ECM composition. These limitations
restrict their use in high throughput screens for drugs and mechanistic studies. On the
other hand, the application of the bioprinting technique enabled greater structural
control and reproducibility, offering a more controllable platform for the study of

intercellular communication in the glioblastoma microenvironment.

PDMS based hypoxia chip designed in this study successfully replicated key
characteristics of glioblastoma microenvironment and allowed for the investigation of
hypoxia induced cellular behaviors. A glass diffusion barrier was employed to create
a steady gradient of oxygen across the construct, yielding hypoxic areas. Image-iT
hypoxia staining confirmed these gradients, demonstrating increased fluorescence
intensity toward the center of the chip compared to the periphery, typical of the oxygen
distribution found in GBM tumors. Notably, this platform created physiologically
relevant hypoxia without the need for complex equipment or chemical agents, offering
both practical and biological benefits over existing hypoxia generating systems.
Conventional hypoxia chambers or incubators, while widely employed, subject all

cells to uniform oxygen levels, without capturing the inherent oxygen heterogeneity
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of the GBM tumors (13). Enzymatic systems, including glucose oxidase or catalase
based ones, are able to create localized hypoxia but are limited by toxicity resulting
from the byproduct accumulation (16). In contrast, the system in this study avoids
these limitations by restricting oxygen diffusion passively via a glass slide on top of
the hydrogel. Compared to microfluidic based hypoxia models, which allow accurate
temporal control of oxygen levels and integration of vessel like flows (14, 15), the
presented system is simpler, more accessible, easily scalable, and requires no external
pumps or gas controls. The passive hypoxia chip presented balances physiological
relevance with operationally simple handling, facilitating the integration of bioprinted,
multicellular, multilayered construct within a controlled environment. Earlier studies
that employed diffusion barriers, such as PMMA (17), glass slide (193), and PC (18),
have successfully established hypoxic conditions; however, they present certain
limitations. Oh et al. (2022) developed a passive hypoxia model using a closed system
in which oxygen diffused laterally from channels into a central region (18). While this
design generated oxygen gradients, it structurally confined cells within enclosed
compartments, limiting direct accessibility, sampling, and integration with advanced
biofabrication techniques. In contrast, the model presented in this study employs an
open configuration, where a simple glass slide is placed over the hydrogel to prevent
vertical gas diffusion, enabling the integration with bioprinting, supports cell
patterning, and offers flexibility for advanced experimental designs. Yi et al. (2019)
also employed a glass diffusion barrier to form a hypoxic core with a proliferative
periphery (193). However, one critical limitation of this model is the use of
decellularized ECM lacking biochemical characterization or tunable mechanical
properties. In contrast, in this study, brain derived dECM was combined with
hyaluronic acid methacrylate to achieve biomimetic stiffness and ECM composition,
which are crucial for controlling glioblastoma cell behavior. Additionally, while the
previous model lacked immune components, our platform includes microglia within a
compartmentalized system, enabling the investigation of tumor-immune interactions
under hypoxic conditions. Hypoxia is known to drive microglial polarization toward
an M2-like state, which supports immune evasion and resistance to immunotherapy.

The inclusion of microglia into a hypoxic GBM model permits studies on how hypoxia
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affects immune cell behavior and shapes the development of immunosuppressive

niches that drive T cell dysfunction and resistance to immune checkpoint inhibitors.

GBM exhibits high proliferative capacity and therapeutic resistance. In order to
investigate the potential of the in vitro model to replicate GBM characteristics, key
markers related to proliferation, invasion, stemness, and therapeutic resistance were
studied. The results showed upregulation of Ki67, EGFR, and CHI3L1 genes under
3D normoxic conditions compared to 2D monolayers, with further upregulation under
hypoxic conditions, suggesting enhanced tumor like behaviors. EGFR signaling is
central to glioblastoma progression, especially under hypoxic conditions, promoting
cell survival and therapeutic resistance (147, 194). The upregulation of Ki67 and
EGFR under 3D normoxia and hypoxia also reflects the hyperproliferative nature of
high grade glioblastomas, with EGFR amplification recognized as a driver of
aggressive growth (195). CHI3L1 has been shown to facilitate GBM progression,
invasive behavior, and immune escape mechanisms. It also contributes to extracellular
matrix remodeling, proliferation, and therapeutic resistance (196-198). The observed
gene expression profiles indicate that the model, especially under hypoxic conditions,
more accurately represents key features of high grade gliomas compared to typical 2D
models. Furthermore, HIF1a, SOX2, and NES genes, key regulators of stemness and
therapeutic resistance, were minimally expressed under normoxia but significantly
upregulated under hypoxic conditions, suggesting that hypoxia is the key factor driving
stem like mechanisms (199-201). On the other hand, GFAP expression was suppressed
under both normoxic and hypoxic conditions compared to the monolayer culture,
indicating a transition from astrocytic differentiation to a mesenchymal-like cell state,
characteristic of high grade gliomas (159). Immunofluorescence staining also
confirmed this observation, revealing reduced GFAP levels under hypoxic conditions,
suggesting a less differentiated, more stem-like, and potentially more aggressive
cancer cell phenotype. These results indicate that the hydrogel model more accurately
replicates aspects of high grade glioblastoma than 2D cultures, particularly in terms of
tumor proliferation and invasion. Nevertheless, hypoxia plays a critical role in
inducing plasticity, highlighting the necessity of both ECM mimicking hydrogels and

hypoxic conditions for effective glioblastoma modeling.
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In glioblastoma, the central regions of tumors often become necrotic as a result of
severe hypoxia and restricted nutrient supply, leading to extensive cell death.
Surrounding these necrotic areas are hypercellular pseudopalisading zones, which are
marked by intense cellular proliferation and directed migration. This organization is
facilitated by cellular signaling driven by hypoxia and nutrient gradients, promoting
proliferative behavior and directional migration towards areas with higher oxygen and
nutrient availability. The hypoxia chip used in this study mimicked structural and
spatial heterogeneity of GBM, recreating a necrotic core surrounded by a rim of
densely proliferating cells. Ki67 expression patterns observed in the hypoxia chip
resembled the pseudopalisading zones characteristic of GBM. Together with the
observed viability patterns, the findings showed that the hypoxia chip successfully
reproduced the pathological feature of GBM, pseudopalisading necrosis.

Glioblastoma tumors are characterized by their highly invasive nature, where
tumor cells infiltrate the surrounding healthy brain parenchyma. This aggressive
infiltration limits the effectiveness of surgical resection and contributes to inevitable
recurrence. The invasive behavior of GBM is regulated by both the intrinsic cellular
properties and TME, including ECM and supporting stromal cells such as microglia
(202). The viscoelastic characteristics and biochemical composition of hydrogels are
critical for mimicking the invasive behavior of GBM cells (174). In this study, U87
glioblastoma cells exhibited limited invasion within HAMA only hydrogels. In
contrast, the incorporation of dECM into the composite matrix provided biochemical
cues that enhanced cell-matrix interactions and invasive capacity. These biochemical
signals promoted cytoskeletal remodeling and initiated ECM degradation through
activity of matrix metalloproteinase, thereby promoting the invasion of GBM cells.
Moreover, the invasion distance of U87 glioblastoma cells increased substantially
(41%) under co-culture with microglia within the composite hydrogel system,
compared to monoculture conditions. These findings highlight the critical role of
microglia in facilitating glioblastoma cell invasion, likely through the paracrine release
of invasion related signals or contact dependent mechanisms that trigger glioblastoma
cell migration. Furthermore, under hypoxic conditions, glioblastoma cells showed

profoundly higher invasion compared to normoxia. Matrix metalloproteinases MMP2
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and MMP9 play a central role in extracellular matrix remodeling, facilitating
glioblastoma cell invasion. Their upregulation under hypoxic conditions suggests an
adaptive response that enhances the invasive potential of tumor cells (203). CD44, a
transmembrane glycoprotein, regulates cell adhesion and migration, and its expression
has been correlated with poor patient outcomes in GBM. It has been shown to associate
with MMP?Y, initiating a regulatory pathway that supports the remodeling process of
the extracellular matrix, hence promoting glioblastoma cell invasion (204). The
upregulation of CD44 under both 3D normoxic and hypoxic conditions is consistent
with previous findings that associate elevated CD44 expression with increased
glioblastoma invasiveness (205, 206). On the other hand, TGF-B, a cytokine
facilitating glioblastoma progression, also showed significant upregulation under
hypoxic conditions. TGF-B signaling induces epithelial-to-mesenchymal transition
and reorganization of the cytoskeleton, facilitating the migration process of the tumor
cells (207). The correlation between these molecular changes and the observed
increase in invasion suggests that hypoxia plays a critical role in driving glioblastoma
aggressiveness through the activation of signaling pathways. These findings are
consistent with previous reports indicating that hypoxia induced HIF1la activation
leads to increased expression of CD44, MMPs, and TGF-B, contributing to
mesenchymal-like transition, enhanced invasiveness, and resistance to therapy (208-

210).

The in vitro model system developed was also examined for the efficacy of
temozolomide under both normoxia and hypoxia. Temozolomide is the first line
chemotherapeutic agent used in glioblastoma treatment. However, its efficacy is
highly variable across different in vitro models and culture conditions. In this study,
2D monolayer culture exhibited reduced ICso value for TMZ (509 + 58 uM) compared
to 3D hydrogel cultures under both normoxic (1120 uM) and hypoxic (1699 + 134
uM) conditions. These findings are consistent with existing literature, suggesting that
drug penetration is limited within 3D matrices due to the denser extracellular matrix,
which reduces drug diffusion and access to cells (211). Furthermore, it is known that
hypoxic environments can foster a more chemoresistant glioma cell phenotype,

influenced by alterations in gene expression, induction of cell quiescence, and
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activation of survival pathways, further explaining the higher ICso levels observed in
the hypoxia group (212). Previous studies have reported considerable variability in the
sensitivity of the U87 cell line to TMZ, with ICso values ranging from 34.1 uM to
650.0 uM (213). These discrepancies underscore critical concerns regarding the
reproducibility and clinical translatability of drug response datasets derived from
standard 2D culture systems or immortalized cell lines. A significant limitation of this
study is its reliance on the immortalized U87 glioblastoma and HMC3 microglia cell
lines. Although widely used, these cell lines fail to accurately reflect the cellular
heterogeneity and complexity of patient derived tumors, as they lack the genetic
instability, phenotypic plasticity, and epigenetic diversity that characterize primary

glioblastoma and tumor associated microglia.

Furthermore, while the interactions between tumors and their microenvironments
are critical, they do not fully capture the systemic complexities that influence
glioblastoma progression and therapeutic response. Future studies should focus on
developing platforms that not only replicate the GBM TME but also model its
interactions with key physiological systems, such as the immune and lymphatic
compartments, vascular networks, and hepatic metabolism. Integrating system level
complexity with real time biosensing and computational modeling will provide a more
comprehensive understanding of GBM biology within a physiologically relevant

context.
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6 CONCLUSION

In this study, a bioprinted GBM model was developed to replicate the complex
nature of the tumor microenvironment. By combining decellularized brain
extracellular matrix with hyaluronic acid methacrylate, a bioink was formulated that
closely resembled the mechanical and biochemical characteristics of the native tissue.
The resulting hydrogel supported essential cellular behaviors, including adhesion,
proliferation, invasion, and matrix remodeling, critical features for mimicking the
aggressive and adaptive nature of glioblastoma. Co-culturing glioblastoma cells with
microglia revealed a distinct protumorigenic effect, leading to a significant increase in
both cell proliferation and invasive capacity. Furthermore, introducing a hypoxia
gradient allowed the model to reflect hallmark pathological features of GBM such as
pseudopalisading necrosis, altered gene expression profiles, and reduced sensitivity to
temozolomide under hypoxic conditions. Taken together, the model demonstrated
strong potential for drug screening applications by demonstrating the impact of the
tumor microenvironment on therapeutic outcomes. Overall, this study represents an
important step toward the development of more physiologically relevant in vitro GBM
models, supporting the advancement of personalized treatment approaches and

reducing the reliance on in vivo studies.
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APPENDIX 3
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Appentix 3. Proteomic analysis of dECM1. Bar plot showing the top Gene Ontology
(GO) terms enriched among proteins identified in the dECM1 sample using LC-
MS/MS. Bar height represents statistical significance as —logl0(adjusted p-value),
based on GO enrichment analysis performed with g:Profiler.
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