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Abstract: Glioblastoma (GBM, isocitrate dehydrogenase wild-type) is the most common
primary malignant brain tumor in adults and is associated with a severely low survival rate.
Treatments offer mere palliation and are ineffective, due, in part, to a lack of understanding
of the intricate mechanisms underlying the disease, including the contribution of the tumor
microenvironment (TME). Current GBM models continue to face challenges as they lack
the critical components and properties required. To address this limitation, we developed
innovative and practical three-dimensional (3D) GBM models with structural and mechanical
biomimicry and tunability. These models allowed for more accurate emulation of the extra-
cellular matrix (ECM) and vasculature characteristics of the native GBM TME. Additionally,
3D bioprinting was utilized to integrate these complexities, employing a hydrogel composite
to mimic the native environment that is known to contribute to tumor cell growth. First,
we examined the changes in physical properties that resulted from adjoining hydrogels at
diverse concentrations using Fourier-Transform Infrared Spectroscopy (FTIR), compression
testing, scanning electron microscopy (SEM), rheological analysis, and degradation analysis.
Subsequently, we refined and optimized the embedded bioprinting processes. The result-
ing 3D GBM models were structurally reliable and reproducible, featuring integrated inner
channels and possessing tunable properties to emulate the characteristics of the GBM ECM.
Biocompatibility testing was performed via live/dead and AlamarBlue analyses using GBM
cells (both commercial cell lines and patient-derived cell lines) encapsulated in the constructs,
along with immunohistochemistry staining to understand how ECM properties altered the
functions of GBM cells. The observed behavior of GBM cells indicated greater functionality in
softer matrices, while the incorporation of hyaluronic acid (HA) into the gelatin methacryloyl
(gelMA) matrix enhanced its biomimicry of the native GBM TME. The findings underscore
the critical role of TME components, particularly ECM properties, in influencing GBM sur-
vival, proliferation, and molecular expression, laying the groundwork for further mechanistic
studies. Additionally, the outcomes validate the potential of leveraging 3D bioprinting for
GBM modeling, providing a fully controllable environment to explore specific pathways and
therapeutic targets that are challenging to study in conventional model systems.
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1. Introduction
Glioblastoma (GBM, isocitrate dehydrogenase wild-type) is the most common primary

malignant brain tumor in adults [1,2]. Despite advancements in comprehensive treatments,
including maximal safe surgical resection, chemotherapy, and radiotherapy, the five-year
survival rate remains alarmingly low [3,4]. This persistent challenge is primarily attributed
to the inherent complexity of GBM physiology, which hampers our understanding of its
underlying mechanisms and delays the development of effective therapies. It has been
documented that GBM comprises not only cancer cells but also a diverse array of other
biological components, including stromal cells, the extracellular matrix (ECM), vascular
structures, and a variety of complex molecules, collectively forming a unique tumor mi-
croenvironment (TME) [5–7]. Among these components, the interactions between GBM
cells and their TME are widely recognized as critical determinants of tumor behavior [8–10].
These interactions determine many cancer hallmarks, such as enhanced cell proliferation,
resistance to cell death, and therapeutic resistance, highlighting the intricate and recip-
rocal relationship between GBM cells and their surrounding microenvironment [11–16].
Specifically, mechanical properties of the ECM have been demonstrated to critically affect
GBM cell phenotypes, as GBM development is accompanied by changes in ECM stiffness
and composition due to the increased deposition of ECM materials such as collagen and
hyaluronic acid (HA) [5,7,17–21]. The elevated mechanical stiffness of the ECM and alter-
ations in ECM components may be closely related to glioma grade, affecting the survival
and proliferation of GBM cells [22–24]. Thus, generating platforms with the ability to
recapitulate the inherent connections between ECM modifications and GBM cell functions
could offer significant insights for GBM mechanism exploration.

A variety of GBM models have been developed with the aim of replicating the multi-
faceted characteristics of human GBM or, at the very least, capturing certain key features
critical to its pathological characteristics [7,25,26]. When efforts are directed toward eluci-
dating the role of the ECM, it is essential that the employed models accurately replicate the
key features of the ECM to ensure relevant insights. The most widely used GBM models,
including monolayer cell cultures and animal models, face challenges of dimensionality
constraints and species differences, with limited ability to recreate a GBM environment
that involves a fully tunable ECM [27–30]. In response, 3D GBM alternatives, including
GBM cell spheroid/organoid models, microfluidic chip models [31], and 3D bioprinted
models have been developed [32,33]. GBM cell spheroids/organoids, formed by a self-
assembly process of cells, offer improved cellular heterogeneity using single or multiple
cell types [34]; however, this approach normally lacks the control and representation of
the tumor ECM [33,35]. Microfluidic chips can emulate GBM components through the
provision of vascular-like structures and dynamic flow [36,37]. They have demonstrated
success in replicating cancer and stromal cells in vitro, but they commonly use substances
that create inflexible cell–substrate interfaces on small scales, preventing the reproduc-
tion of necessary mechanical and compositional complexity [38–42]. Advancements in
3D bioprinting, particularly its ability to precisely integrate multiple cell types within
ECM-derived hydrogels, position it as a powerful platform for constructing in vitro GBM
models. This technology allows for the accurate deposition of cells and biomaterials into
predefined, biomimetic architectures, effectively overcoming the limitations of monolayer
cultures, including limited heterogeneity and restricted dimensionality [32,43–56]. Among
the various bioprinting techniques, extrusion-based bioprinting stands out for its ability to
create complex geometries by accommodating a wide range of hydrogels, such as colla-
gen, HA, and gelatin. This method employs a delicate fabrication process, preserving the
viability and functionality of cells encapsulated within ECM-derived biomaterials [57,58].
Such cellular encapsulation effectively replicates the dynamic interactions between cells
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and the ECM observed in natural tissues. However, conventional hydrogel-based bio-
printed disease models often face significant challenges, including low structural fidelity
and mechanical instability, which can lead to structural failure [59,60]. These limitations
are primarily due to the restricted printability of hydrogels. It is critical to overcome
these limitations for the successful fabrication of complex models, such as GBM models
incorporating vascular structures. By developing these complex structures, models will
more accurately represent vascular components that are vital to GBM tumor growth and
resistance against chemotherapy.

The development of embedded bioprinting presents a promising solution to the
challenges associated with low structural fidelity and instability in conventional bioprint-
ing [58,61,62]. This technique utilizes a viscoelastic supporting bath with a defined yield
stress to stabilize extruded filaments during the bioprinting process. The external support
provided by the bath ensures the structural integrity of the printed constructs, enabling
the use of soft and mechanically weak hydrogels without the risk of collapse. However,
embedded bioprinting necessitates careful optimization, as the flow behavior of hydrogel
inks can vary significantly, requiring precise calibration of the bioprinting parameters.
We previously refined the use of a Carbopol-based bath for embedded bioprinting and
successfully developed strategies to print gelMA, a widely utilized hydrogel derived from
the partial hydrolysis of collagen [57,58]. In the context of GBM, collagen provides a struc-
turally supporting invasive network for GBM cells, while HA is a primary ECM constituent
in healthy brain tissues and is excessively expressed in GBM. HA interacts with cell surface
receptors, activating intracellular signaling pathways that drive GBM cell migration and
invasion [63,64]. Thus, developing gelMA-HA bioinks with precisely controlled HA con-
tent is particularly appealing for the construction of GBM models. These models not only
enable the study of mechanical behavior (dominated by gelMA) but also provide insights
into the effects of ECM components (dominated by HA) on GBM progression. Therefore, it
is crucial to optimize the embedded bioprinting process for gelMA-HA bioinks.

The goal of this study was to develop an embedded bioprinting process for creating
gelMA-HA-based, vessel channel-integrated GBM models. These models were designed
with tunable mechanical properties and biological components, enabling the investigation
of how variations in these properties influence GBM cell behavior. Initially, we conducted
a comprehensive assessment of the formulation of gelMA-HA inks, focusing on their
chemical and mechanical properties. We then optimized the bioprinting parameters, in-
cluding temperature, pressure, and speed, based on the rheological characteristics of the
inks. This method facilitated the development of a robust bioprinting process capable of
fabricating hollow channel-integrated 3D GBM models with high structural fidelity and
reproducibility. Subsequently, we examined the effects of ECM mechanical properties and
HA concentration on GBM cell viability, proliferation, and protein expression. Specifically,
we focused on the expression of androgen receptor (AR) and heat shock protein 27 (HSP27)
through immunostaining, as the AR–HSP27 axis has emerged as a novel therapeutic tar-
get for GBM, supported by evidence of sex-based differences in GBM progression. The
findings of this study will have a broad and immediate impact on the field as they es-
tablish a biomanufacturing method for fabricating cell-encapsulated, hydrogel-based 3D
GBM models with high structural accuracy. These models feature customizable properties,
providing a reliable in vitro platform to investigate the critical TME factors influencing
GBM cell function. By incorporating additional factors known to affect GBM progression,
this model offers a much-needed alternative to existing models, serving as a platform for
further GBM research.
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2. Materials and Methods
2.1. Materials

GelMA synthesis materials were procured from Sigma (St. Louis, MO, USA), including
gelatin from porcine skin (G2500) and methacrylic anhydride (276685). HA (53747), Irgacure
(410896), and culture media (Dulbecco’s Modified Eagle’s Medium and Fetal Bovine Serum)
were purchased from Sigma as well. Carbopol ETD 2020 polymer was sourced from
Lubrizol (Wickliffe, OH, USA). Live/Dead, including calcein-AM and ethidium homodimer,
and AlamarBlue assay kits were obtained from Biotium (Fremont, CA, USA). Antibodies,
including primary HSP27 and D6F11 (for androgen receptor, AR) antibodies and Alexa
Fluor 488 (Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody) and 555
(Goat anti-Mouse IgG (H + L) Cross-Adsorbed Secondary Antibody), were purchased
from ThemoFisher (Waltham, MA, USA). The GBM cell line (U87) was provided by our
collaborator, Dr. Bin Su, from the Department of Chemistry at Cleveland State University
(Cleveland, OH, USA). The DI318 human GBM cell line and culture medium were provided
by Dr. Justin Lathia from the Cleveland Clinic (Cleveland, OH, USA).

2.2. GelMA Synthesis and GelMA-HA Preparation

GelMA was synthesized in-house following our developed protocol [65]. Briefly,
10 g of gelatin was added to a flask heated to 50 ◦C with 100 mL of 1X PBS (Corning,
Corning, NY, USA) and agitated for 30 min. Methacrylic anhydride was then introduced
dropwise while continuously stirring. After 3 h, the solution was centrifuged, and the
supernatant was returned to the flask with an additional 150 mL of preheated PBS (50 ◦C)
and agitated for another 15 min to terminate the reaction. The solution was dialyzed in
distilled water for 7 days with twice-daily water changes and then sterile-filtered (0.22 µm,
Corning), frozen overnight, and lyophilized (Labconco, Kansas City, MO, USA) for 5 days.
The dried material was resuspended in 0.5% w/v Irgacure in PBS, producing final gelMA
concentrations of 4% and 10% w/v. For gelMA-HA composites, HA was mixed with
Irgacure prior to freeze-dried gelMA addition and dissolved at 37 ◦C for at least 3 h to
reach final HA concentrations of 0.1%, 0.2%, 0.5%, and 1% w/v. HA that was sterilized
under UV light for 1 h was used for cell-incorporated applications.

2.3. Carbopol Solution Preparation

Carbopol powder was gradually incorporated into deionized water to reach a concen-
tration of 0.5% w/v and then stirred at 1000 rpm at room temperature (23 ◦C) overnight to
ensure thorough dispersion. The suspension was aliquoted into 50 mL centrifuge tubes
and diluted with deionized water to obtain a final Carbopol medium concentration of 0.4%
w/v. The pH was later adjusted by adding 4 M NaOH in measured amounts to achieve a
balanced medium. The pH-adjusted Carbopol medium was centrifuged at 3500 rpm for
10 min to remove air bubbles and then stored at 4 ◦C for subsequent use. For cell print-
ing, Carbopol powder was first sterilized via 40 min of UV exposure and then dissolved
following the same procedure under sterile conditions to ensure an aseptic environment.

2.4. Hydrogel Composite Characterization Using Fourier-Transform Infrared Spectroscopy (FTIR)

To analyze the structural characteristics of hydrogel composites, pure gelMA and
gelMA-HA samples were prepared by pipetting bioink droplets with varying HA con-
centrations onto culture dishes. The droplets were cured and examined using FTIR with
the Perkin-Elmer FTIR microscope accessory, Spectrum Two. Spectral data were collected
over a range of 3950 to 550 cm−1 at a resolution of 2 cm−1, providing insights into the
molecular composition and interaction between gelMA and HA components within the
hydrogel matrix.
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2.5. Mechanical Evaluation

The mechanical stiffness of hydrogel samples was measured by uniaxial compression
on a CellScale tester installed with a 10 N load cell. Cylindrical hydrogels (4 mm height,
10 mm diameter) from casting were prepared and compressed at 0.025 mm/s to 50% of
the initial height. Young’s moduli were derived from the stress–strain curves at the linear
region, with three replicates per group for statistical analysis.

2.6. Scanning Electron Microscopy (SEM)

SEM was employed to characterize cured porous structures of gelMA and gelMA-HA
hydrogels. For this, samples were molded, cured (10 mW/cm2 UV light with an exposure
time of 30 s on each side of the avascular model), frozen, and lyophilized before imaging
with an Inspect F50 Field Emission SEM. Pore size, distribution, and porosity were analyzed
using ImageJ software (version 1.54m) from four randomly selected images per sample.

2.7. Degradation Analysis

Degradation studies were performed on acellular hydrogel samples composed of 10%
GelMA, as well as on 10% GelMA samples supplemented with varying concentrations of
HA, ranging from 0.1% to 1%. The samples were incubated in PBS at 37 ◦C for 7 days,
with the media refreshed daily. The initial weight of each sample was recorded on day 0,
followed by daily measurements using a digital scale with a resolution of 0.1 mg. Each
material group was prepared in triplicate to ensure reproducibility.

2.8. Rheological Temperature Sweep

To determine the optimal viscoelastic range for hydrogel bioinks, we conducted an
analysis on uncured 10% w/v gelMA using an Anton Paar Physical MCR 301 rotational
rheometer. A parallel plate geometry with a 25 mm diameter was utilized, maintaining a
gap of less than 1 mm to prevent wall slip. Temperature control was achieved with a Peltier
device hood (H-PTD200, Anton Paar, Graz, Austria), effectively minimizing sample evapo-
ration throughout testing. A temperature sweep from 4 ◦C to 40 ◦C was performed at a rate
of 2 ◦C/min to observe the temperature-dependent behavior of storage and loss moduli in
gelMA. The crossover point between the storage and loss moduli was identified, represent-
ing the phase-changing temperature of gelMA. This parameter is critical for defining the
viscoelastic constraints needed for reliable and consistent bioprinting applications.

2.9. The 3D Bioprinting Setup and Parameter Control Process for Two-Layer
Design Manufacturing

A two-layer lattice model was utilized for bioprinting parameter optimization. For
this model, cylindrical filaments were designed with a 200 µm diameter, matching the
specifications of the bioprinting nozzle (27 Gauge, 0.5′′ needle length, Cellink, San Diego,
CA, USA). The spacing between adjacent filaments was set to 1.8 mm, with the first
and second layers oriented at a 90◦ angle to each other. To initiate printing, gelMA and
gelMA-HA hydrogel inks were loaded into syringes for the BioX printer (Cellink). The
bioinks were printed under controlled pressure and temperature conditions, maintaining a
constant bioprinting speed of 5 mm/s to ensure a stable flow rate and a filament diameter
consistent with the nozzle specifications. Trial-and-error experiments were conducted for
printing parameter optimization, aiming to produce uniform filaments and maintain the
high structural fidelity of the two-layer model.

2.10. Printing Fidelity Characterization

To evaluate the fidelity of the bioprinting process, optical microscopy images were
captured and analyzed using ImageJ. Three metrics were quantified, including filament
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diameter ratio, layer angle ratio, and interstrand area ratio [66]. Filament diameter ratio
was calculated as the actual printed filament diameter divided by the intended filament
diameter, indicating radial deformation. Ratios close to 1 suggested high fidelity, while
values deviating significantly from 1 indicated strand distortion. The layer angle ratio
measured the alignment between two consecutive printed layers. Ratios near 1 denoted
minimal misalignment or distortion, ensuring high fidelity in layer placement. Interstrand
area ratio was defined as the area of quadrilateral openings formed by four filaments
from adjacent layers; this parameter reflected both strand uniformity and angle precision.
Ratios close to 1 indicated high printing fidelity, while significant deviations suggested
compromised strand and angle accuracy. Three randomly selected bright-field microscopy
images were obtained from each construct for manual measurement and analysis.

2.11. Embedded Bioprinting of Inner Channel-Integrated 3D GBM Model

A 3D GBM model featuring an inner ring-shaped channel was designed and bioprinted
under optimized conditions within a Carbopol bath to ensure maximum structural fidelity.
The design followed the idea of providing a controlled spatial zone of GBM cells that
mimicked the heterogeneity in humans while ensuring sufficient cell–vascular interactions
in vitro. Following printing, the structures were cross-linked using UV light (10 mW/cm2

for 30 s on each side of the printed model) in a Uvitron Intelli-Ray 200 UV box (UVITRON,
West Springfield, MA, USA). After crosslinking, the bioprinted models were carefully
retrieved from the Carbopol bath and washed in PBS three times on a rocker covered in foil
at room temperature (23 ◦C) to remove any residual Carbopol. To facilitate imaging, the
structures were stained with food dye, and dimensional features of the bioprinted model
were measured for structural quantification, assessing the precision and integrity of the
inner channel design.

2.12. Viability of Cells Encapsulated in Hydrogels Using Live/Dead Assay

The viability of U87 and patient-derived DI318 cells encapsulated within gelMA and
HA hydrogels was assessed on days 1, 4, and 7. To differentiate living from dead cells,
fluorescent dyes, including calcein-AM (1 µg/mL) for live cells and ethidium homodimer
(0.5 µg/mL) for dead cells, were added to the cell culture medium. Following 40 min of
incubation, the samples were washed with fresh culture medium and observed using an
Olympus fluorescence microscope. At each timepoint, three random images were captured
and analyzed with ImageJ software. Cell viability was determined by calculating the ratio
of live cells to the total cell count.

2.13. Cell Proliferation Analysis

Cell proliferation, including both U87 and DI318, was evaluated using the AlamarBlue
assay. The AlamarBlue reagent was mixed with fresh cell culture medium at a 1:9 volumetric
ratio and added to wells containing cell-encapsulated hydrogels in culture plates. The
samples were then incubated for 5 h to allow for dye reduction. After incubation, 100 µL
of the medium was collected from each well and transferred to a 96-well plate; then,
the absorbance was measured at 550 nm and 600 nm using a microplate reader (BioTek
Instruments, Winooski, VT, USA). Measurements were taken on days 1, 4, and 7 to track
cell proliferation over time, with four replicates prepared for each time point to ensure
statistical reliability.

2.14. Immunohistochemistry (IHC) Staining

IHC staining was performed following a protocol established in our laboratory. Briefly,
after rinsing with PBS, cell-laden hydrogel samples were fixed in 10% formalin for 30 min,
followed by permeabilization with 0.5% v/v Triton X-100 (Sigma) for 30 min. Samples were
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then blocked with 3% w/v bovine serum albumin (BSA, Sigma) for 1 h at room temperature
(23 ◦C). Primary antibodies against HSP27 and D6F11 (1:200 dilution each) were applied
and incubated overnight at 4 ◦C. Following PBS washes, secondary antibodies conjugated
with Alexa Fluor 488 and 555 (1:200 dilution each) were added and incubated overnight
at 4 ◦C in the dark. After final PBS rinses, ProLong™ Gold Antifade Reagent with DAPI
(Invitrogen, Waltham, MA, USA) was applied for nuclear staining. Imaging was performed
using a Nikon Eclipse Ti confocal microscope (Nikon, Melville, NY, USA).

2.15. Statistical Analysis

Experimental data were calculated and presented as mean values ± standard devia-
tions (SDs). For each experiment, three to five sample replicates were analyzed (as specified
in each section). Statistical significance was assessed using one-way or two-way analysis
of variance (ANOVA), with multiple comparisons conducted in GraphPad Prism (version
10.4.1). A significance level of p < 0.05 was considered statistically different.

3. Results
Hydrogels have been widely used for modeling human cancers such as GBM tumors

in vitro as they enable the construction of soft 3D environments that partially replicate
the ECM found within the TME [67]. In vitro modeling allows for absolute control of the
model environment, composition, and testing, which is beneficial in shortening analysis
times and obtaining the clearest results. In particular, 2D cultures have the advantage of
being uncomplicated and inexpensive, making them ideal candidates for basic, preliminary
testing. However, this misses the heterogeneity of natural GBM and does not allow for
an analysis of interactions between tumor cells and their environment, an important
component to include when studying the mechanisms of GBM. In the human GBM, collagen
and HA are the two ECM components, offering structural integrity, mechanical support, and
a platform for cell signaling and function [68]. Incorporating collagen and HA into GBM
models is therefore a rational approach to capturing the essential features. We developed
gelMA-HA composites to emulate the composition and mechanical characteristics of native
GBM tissue. GelMA is derived from gelatin, which itself is obtained through the partial
hydrolysis of collagen [69]. By introducing methacryloyl groups, gelMA gains the capacity
to be polymerized under UV or visible light, contingent on the chosen photoinitiators,
while preserving the biological properties of gelatin. This modification enables gelMA to
act as a versatile ECM substitute that shares amino acid composition, biocompatibility, and
biodegradability with collagen, while being able to form stable 3D structures with tunable
mechanical strength [70]. We refined a protocol to synthesize gelMA with a controlled
degree of functionalization at approximately 60% [58]. This level maintains the natural
cell-binding sites of gelMA, preserving the overall biocompatibility of the hydrogel post-
crosslinking [71]. In creating the gelMA-HA composite, we physically blended gelMA and
HA at precisely controlled concentrations. Upon gelMA crosslinking, the unmodified HA
molecules became encapsulated within the formed gelMA polymer network. FTIR data
confirmed this integration by revealing that changes in bond structures occurred with the
addition of HA (Figure 1). For all groups, the amide I peak was observed at 1634 cm−1,
amide II was seen at 1558 cm−1, and amide III was seen at 1247 cm−1, all of which represent
the typical groups expressed in gelMA [72,73]. Also, the peak at 1458 cm−1 indicated
C-H bending vibrations in the methyl group in gelMA. The unique peaks identified at
1067 cm−1 for gelMA-HA groups (at different concentrations) indicated the stretching
of C-O-C, which corresponded to glycosidic linkages in HA [74]. Also, changes in peak
intensities were evident, suggesting that some interactions were present between gelMA
and HA molecules. However, these interactions were minimal, which can be attributed
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to the use of lower HA concentrations. The results confirm the successful incorporation
of HA into the gelMA-HA hydrogel following gelMA crosslinking. The inconsistencies
in the spectra were likely the result of weak hydrogen bonds between gelMA and HA
as HA imparted only a slight increase in the rigidity of the gelMA matrix [68]. A review
of the literature reveals that numerous researchers have investigated the incorporation
of gelMA with HA, consistently finding that a gelMA-HA mixture is often extremely
heterogeneous [75]. The methacrylation of HA (HAMA) has been shown to chemically
modify the material, increasing strength and corrosion resistance when compared to pure
HA [75]. Since HAMA was not utilized, the gels in this study may have exhibited reduced
strength compared to what could be achieved, limiting the material’s relevance. This
underscores the presence of irregularities and mechanical complications in the hydrogel,
highlighting the need for further synthesis optimization to fabricate a more uniform mixture
in future experiments.

 

Figure 1. FTIR spectra for 10% gelMA (dark blue), 10% gelMA + 0.1% HA (orange), 10% gelMA +
0.2% HA (green), 10% gelMA + 0.5% HA (light blue), and 10% gelMA + 1% HA (purple), with critical
peaks labeled.

We then conducted mechanical tests to quantify the changes in the mechanical stiffness
of the hydrogels when HA concentrations were altered. Mechanical stiffness was quantified
using the elastic modulus. For pure gelMA, given a constant exposure time of 30 s and
UV intensity of 10 mW/cm2, the elastic modulus reached 66.27 ± 5.33 kPa (Figure 2A).
Interestingly, the addition of HA first increased the elasticity of the hydrogel substrate and
then decreased it when the concentration of HA was above 0.2% w/v. This observation
can be explained by the interactions between HA and gelMA [76]. HA is a well-known
hydrophilic, viscous hydrogel polymer that is compatible with cellular interactions. The in-
creased viscosity of gelMA-HA solutions at higher concentrations can impede the diffusion
of photoinitiators and radicals during UV exposure, thereby slowing down and reducing
the efficiency of the crosslinking process, particularly in thicker samples. Additionally,
the incorporation of HA can influence the gelation kinetics by creating a more hydrated
and less densely crosslinked network. Conversely, when lower concentrations of HA
(0.1–0.2%) are used, the overall bulk stiffness of the gelMA-HA network increases due to
the reinforcement provided by HA through the formation of secondary bonds [77]. These
results clearly demonstrate the role of HA in adjusting the overall mechanical properties
of gelMA-HA hydrogel, providing an additional practical way to regulate the mechanical
strength of gelMA-based hydrogel.
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Figure 2. Characterization of gelMA-HA hydrogel substrate properties. (A) Elastic moduli of hydrogel
substrates with varying HA concentrations. *, **, *** indicates p < 0.05 to p < 0.001. (B) Porosity
measurements of hydrogels derived from SEM image analysis. (C) SEM images illustrating the
microstructures of gelMA-HA hydrogels at different HA concentrations. (D) Quantification of
micropore size distributions across the hydrogel samples.

To further elucidate the mechanisms of mechanical alterations resulting from the addition
of HA, SEM images were obtained, revealing the microstructures of gelMA-HA hydrogel
substrates (Figure 2B–D). The overall porosity of the tested hydrogel samples ranged from
30% to 60%, with no clear trend observed when the HA concentration was varied from 0.1%
to 1% compared to the pure GelMA sample. However, low HA concentrations (0.1–0.2%)
led to a slight increase in average porosity, whereas higher concentrations (0.5–1%) resulted
in a significant reduction in porosity (Figure 2B,C) [78]. The pore size distribution analysis
indicated that the addition of HA increased pore size compared to pure gelMA samples, with
higher HA concentrations (>0.5%) promoting the formation of significantly larger pores. This
could explain the substantial reduction in bulk mechanical stiffness observed at high HA
concentrations compared to pure gelMA or samples with lower HA content (Figure 2A,D).
Taken together, the changes in pore size at the micro-level due to the addition of HA may
elucidate the mechanisms underlying the changes in the mechanical properties of gelMA-
based hydrogels. Since there was no clear trend in porosity variation, which is considered
to be another major factor influencing the overall mechanical properties of hydrogels, we
believe that the mechanical changes were likely due to the reinforcement of the sponge-like
gelMA-HA matrix when a low concentration of HA was added.

Hydrogels gradually degrade and soften over time. In GBM, invading tumor cells
actively remodel the surrounding brain parenchyma by degrading the ECM [79], a pro-
cess that directly influences cellular behavior and gene expression [80]. We evaluated the
degradation behavior of gelMA-based hydrogels containing varying concentrations of HA
(Figure 3). For 10% gelMA samples, degradation began immediately after gel formation,
with approximately 10% mass loss observed after one week. The addition of HA altered
the degradation profile. Specifically, HA-containing hydrogels exhibited an initial swelling
phase within the first 24 h, followed by gradual degradation. When a high HA concentra-
tion (1% w/v) was incorporated, swelling increased significantly by up to 30% on day 1,
indicating that HA substantially enhanced the water-absorbing capacity of the formed ma-
trix. This behavior was attributed to the inherent hydrophilicity of uncrosslinked HA [81].
At higher concentrations, the unbound HA disrupted the gel network, increasing the mesh
size and permitting greater water uptake and swelling. Overall, gelMA-HA hydrogels
demonstrated a gradual degradation pattern over the first week, while the presence of HA
markedly enhanced initial swelling behavior.
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Figure 3. GelMA-HA hydrogel degradation analysis. Data for day 1 were normalized.

In recent advancements, 3D bioprinting has emerged as a transformative tool in
human disease modeling. It reshapes biomanufacturing by enabling the highly controlled
fabrication of intricate, high-resolution constructs composed of ECM-like biomaterials and
relevant cellular types, such as GBM cells [82]. However, maintaining high printing fidelity,
particularly with soft biomaterials like hydrogels, poses a considerable challenge [83].
Common issues, including material spreading, fusion, and structural collapse, frequently
compromise the structural integrity of printed constructs. This can ultimately diminish
their effectiveness, misguide cellular regrowth, and potentially lead to complete failures
in modeling human diseases. A proven approach to enhance the printability of hydrogel-
based bioinks involves analyzing their flow behavior, specifically targeting viscoelastic
properties. For optimal structural stability, bioinks with a storage modulus (G′) exceeding
the loss modulus (G′ ′) are generally preferred, as a higher G′ offers mechanical elasticity that
better supports layer-by-layer stacking of the material [60,84]. Given the thermo-sensitivity
of gelMA-based hydrogel, we conducted a temperature sweep to define an appropriate
temperature range for gelMA bioprinting. As illustrated in Figure 4A, both G′ and G′ ′

values declined as the temperature rose from 4 ◦C to 40 ◦C, with the two curves intersecting
at 31 ◦C. This crossover confirmed the thermosensitive properties of the gelMA formulation,
establishing 31 ◦C as the threshold where gelMA bioink transitioned from a predominantly
elastic to a viscous state. Consequently, this temperature has been designated as the upper
limit for our 3D bioprinting procedures, ensuring optimal construct stability.

Controlling the viscoelastic properties of hydrogel-based bioinks through temperature
adjustments is a key advancement, yet challenges persist in achieving high structural accuracy
when building 3D constructs such as human disease models. The material deformation,
which is induced by gravity and the inherent spreading tendency of viscous bioinks, requires
a refined approach. To address these challenges, the rigorous optimization of bioprinting
parameters, including pressure and speed, is essential, alongside strategies to curb spreading
post-deposition and support structural integrity. To achieve precise control over filament
dimensions matching the inner geometry of printing nozzles, a mathematical model has been
developed to harmonize bioprinting pressure and speed [85]. Besides bioprinting process
modeling and optimization, recent advancements in embedded bioprinting have provided a
new solution to deformation issues [86]. By embedding the bioink filaments within a shear-
thinning hydrogel bath with a specific yield stress, this bath lifts the deposited filaments in
place, stabilizes the constructs in material stacking, and, therefore, significantly enhances the
overall structural accuracy. We prepared a 0.4% w/v Carbopol solution as the supporting bath,
as identified in our previous research, for embedded bioprinting [58]. Through comprehensive
experimentation, we optimized bioprinting conditions, including the bioprinting pressure,
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speed, and temperature, for fabricating gelMA-HA composite structures. This was specifically
tested using a two-layer grid model to assess key metrics like filament diameter, grid area,
and interlayer angles (Figure 4B). First, a consistent bioprinting speed of 5 mm/s was chosen
to sustain both printing efficiency and smooth filament flow. Starting at a lower temperature
range (16–23 ◦C), we encountered challenges with flow control, where higher pressures (>150
kPa) led to excessive bioink flow, while lower pressures (<30 kPa) interrupted flow continuity
for all gelMA inks (Figure 4C). More importantly, maintaining a constant bioink flow rate in
such low-temperature ranges required frequent adjustments to bioprinting pressure due to
the thermosensitive properties of gelMA, complicating the process and, therefore, the printing
fidelity (Figure 4D). By increasing the temperature incrementally from 24 ◦C to 30 ◦C, we
observed enhanced bioink mobility, balanced with sufficient elasticity for stability within
the support bath. Interestingly, the inclusion of HA required either a higher temperature or
bioprinting pressure to achieve steady extrusion flow due to the inherent properties of HA that
increased the overall bioink viscosity. To maintain low bioprinting pressure (below 100 kPa),
minimizing the potential mechanical stress-induced cell damage when cells are encapsulated
in the future [87,88], we prioritized temperature increases as a practical solution. This approach
proved to be effective in achieving the consistent extrusion of gelMA-HA bioinks (Figure 4E).
Following extensive experimental trials, we successfully identified optimal temperatures and
pressures for various gelMA-HA formulations. This enabled the fabrication of constructs
with features, including filament diameter, interlayer angles, and grid dimensions, closely
matching the intended design within a 5% tolerance (Figure 4F–H).

With the bioprinting processes rigorously optimized, we embarked on creating so-
phisticated 3D GBM models incorporating hollow channels using gelMA-HA bioinks
(Figure 5A,B). A paramount challenge in developing vitro cancer models is the complete
reproduction of the complex physiological landscape characteristic of tumors in vivo. This
complexity arises from the convergence of multiple cellular and molecular components:
not only tumor cells, but a myriad of stromal cells, signaling molecules, growth factors,
and the ECM. Together, these elements form a dynamic, integrated TME, which fosters
tumor growth, drives metastasis, and enhances resilience against apoptosis, even when
subjected to aggressive therapies. Among the myriad of interactions within this intricate
environment, the relationship between the tumor vasculature, GBM cells, and the ECM
has emerged as profoundly influential, shaping essential GBM cell behaviors through
demonstrated mechanisms such as angiogenesis and mechanotransduction [89,90]. Thus,
constructing a 3D model that integrates ECM and vascular-like components is essential
to reflect the physiological components of GBM. Our envisioned GBM model was crafted
with these complexities, embodying a ring-shaped structure embedded with branched
inner channels (Supplementary Video S1), which allowed the culture medium perfusion to
mimic the dynamic conditions in GBM. In this design, the GBM cells encapsulated in the
hydrogels could be deposited and positioned at the center. This spatial configuration was
more than a structural feat, as it attempted to echo the intricate interactions of GBM cells
within the TME, thus potentially offering a realistic platform for investigating the nuances
of tumor progression, metastasis, and therapeutic resistance in dynamic perfusion. In this
conceptual approval study, we successfully established 3D GBM constructs by leveraging
the optimized bioprinting processes and the designed model, utilizing gelMA-HA com-
posites (Figure 5C–F). These constructs exhibited high structural fidelity, with geometrical
features that closely aligned with the original digital design. The overall and inner channel
dimensions accurately reflected the intended geometries, with an acceptable margin of
deviation. Notably, the ring-shaped inner channels maintained a fully open lumen, allow-
ing seamless flow of dyed buffer through the structure. This fidelity in dimension and
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functionality underscores the robustness of our approach, enabling the precise modeling
that is essential for capturing the dynamics of the TME in the future.

 

Figure 4. Optimization of the bioprinting process using a two-layer lattice model. (A) Rheolog-
ical analysis through temperature sweep to determine the phase transition point of gelMA ink.
(B) Schematic representation of the designed two-layer lattice model, including detailed geometric fea-
tures. (C) Experimental trials evaluating suboptimal bioprinting parameters based on quantification
of the printed model. (D) Bioprinted suboptimal models constructed using gelMA and gelMA-HA at
varying concentrations. (E) Bioprinted models following process optimization. (F–H) Quantitative
analysis of filament diameter, area, and angle, illustrating the effectiveness of the optimized bioprint-
ing process. Scale bar: 500 µm.

Figure 5. Design and bioprinting of an inner channel-incorporated 3D GBM model. (A,B), Schematic
design of the GBM model with dimensional specifications. (C) Overview of the embedded bio-
printing process utilized for model fabrication. (D–F), Bioprinted GBM model demonstrating high
structural fidelity.
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A fundamental requirement for 3D GBM modeling in vitro is ensuring robust cell
viability, as high survival rates mirror in vivo conditions and therefore enable subsequent
mechanistic studies. Cell viability within these models depends on a myriad of physi-
cal and chemical factors, particularly the mechanical properties and composition of the
ECM. Research has consistently shown that GBM progression markedly increases the
bulk stiffness of the TME (ranging from 0.1 to 47 kPa), contrasting sharply with the more
compliant environment of normal brain tissue (0.1 to 2 kPa) [27,91,92]. This stiffening
is largely attributed to the elevated expression of ECM components, including collagen
and HA, secreted by GBM cells and stromal cells [93]. However, the specific influence
of mechanical and compositional shifts on GBM cell viability and function within a 3D
bioprinted ECM mimetic environment requires further exploration. Here, we conducted
live/dead assays on GBM cells for both U87 and DI318 encapsulated within hydrogels
featuring controlled stiffness and varying HA concentrations. The results showed that all
tested bioinks sustained high cell viability, while the DI318 line showed more sensitivity to
the hydrogel matrix with a higher ratio of dead cells compared to U87 and a tendency to
form clusters, mimicking natural GBM morphologies (Figures 6 and 7). This reflects the
high turnover behavior characteristic of human GBM cells and highlights the potential
limitations of using conventional cell lines in GBM research. The results also validate the
biocompatibility of the gelMA-HA constructs. The 0.5% HA group was omitted in the
DI318 culture, as prior results from U87 cells suggested that HA concentrations above 0.5%
may negatively affect GBM cell behavior. Therefore, only the 1% HA group was included to
represent a high HA concentration condition. These results are intriguing when considered
alongside our mechanical stiffness data (Figure 2A) as they demonstrate that a bioprinted
hydrogel model with stiffness exceeding the natural range of the GBM TME still supports
high cell viability. These findings establish a solid foundation for employing these materials
in 3D bioprinting to develop advanced GBM models for further mechanistic exploration.

Figure 6. The viability of U87 encapsulated in hydrogel substrates. (A–F) Live/dead images (red
color indicates dead cells, green color indicates live cells) obtained from different hydrogel substrates
from 4% gelMA (A), 10% gelMA (B), and gelMA with HA from 0.1 to 1% (C–F) from day 1 to day 7.
(G) Quantified cell viability. Scale bar: 200 µm.

Figure 7. The viability of DI318 encapsulated in hydrogel substrates. (A–E) Live/dead images
obtained from different hydrogel substrates from 4% gelMA (A), 10% gelMA (B), and gelMA with
HA from 0.1 and 0.2 to 1% (C–E) from day 1 to day 7. (F) Quantified cell viability. Scale bar: 200 µm.

The relentless, uncontrolled growth of cells is a defining characteristic of tumors,
making it important to consider the factors that influence and potentially regulate cell pro-
liferation in GBM studies [12,94]. As evidence mounts, the TME has emerged as a crucial
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driver of GBM cell proliferation in vivo. Yet, the combined roles of mechanical stiffness and
ECM components in modulating this proliferation are still not fully elucidated, requiring a
more detailed investigation. To evaluate this further, we separately encapsulated U87 and
DI318 within hydrogel-based models, seeking to replicate the inherent interactions between
cells and the ECM observed in vivo. Through AlamarBlue assays, we explored how varia-
tions in ECM mechanical stiffness and the presence of HA influence the metabolic behavior
of GBM cells within a 3D environment, reflecting their proliferating profiles. Our findings
reveal that for U87, across all hydrogel groups—including pure gelMA at concentrations
of 10% and 4% w/v and gelMA-HA composites with HA concentrations from 0.1% to 1%
w/v—cells actively proliferate (Figure 8A,B). Notably, cells encapsulated in the 4% gelMA
hydrogel (4.36 ± 1.15 kPa for 4% gelMA) exhibited significantly elevated AlamarBlue reduc-
tion values by day 1 compared to 10% gelMA and other groups, highlighting a pronounced
initial proliferation in the softer ECM (Figure 8A). This observation aligns with previous
studies, suggesting that in softer ECM environments, GBM cells experience fewer physical
constraints, as these matrices possess less densely crosslinked polymer networks, which
facilitate nutrient and oxygen infiltration [21]. In contrast, stiffer environments impose
greater physical limitations, potentially curbing cell proliferation. Changes in ECM stiffness
have also been linked to mechanotransduction pathways, which play an instrumental
role in regulating cell behavior, including the proliferation of cancer cells, within a 3D
matrix [95]. Upon normalizing the data using day 1 measurements as a reference, the
proliferation fold-changes on days 4 and 7 for the 4% gelMA group showed a marked
decline relative to the 10% gelMA and other groups (Figure 7B). This pattern suggests a
growth trajectory within softer substrates, where rapid cell division occurs initially and
then gradually decelerates as cells fill available space. Interestingly, when HA was added
to the hydrogel matrix at varying concentrations, cell proliferation increased significantly,
with the peak observed for 0.1% HA. In GBM tumors, excessive HA expression has been
shown to promote proliferation, migration, and resistance to apoptosis, primarily through
interactions with cell surface receptors like CD44 and RHAMM [96]. The presence of HA
in our hydrogel substrate appeared to simulate a more authentic TME for GBM, fostering
conditions conducive to cell replication. However, as HA concentration increased, a denser
HA network likely formed within the hydrogel, which may have reversely affected the
proliferation activity of encapsulated cells. It is noteworthy that the addition of a small
amount of HA, which substantially enhanced the mechanical stiffness of the hydrogel
substrate (Figure 2A), still led to a significant increase in cell proliferation compared to the
pure 10% gelMA group. This finding highlights the predominant role of HA in promoting
GBM cell proliferation compared to ECM mechanical stiffness. When DI318 cells were
encapsulated, a significant reduction in proliferation was observed, as indicated by a much
lower AlamarBlue reduction compared to U87 cells (Figure 8C,D). This is likely because
U87 cells represent a more differentiated tumor phenotype characterized by high metabolic
activity and rapid growth. In contrast, DI318 is a patient-derived, stem-like GBM cell line
that typically proliferates more slowly and requires appropriate niche signals to support
growth [97]. Nonetheless, DI318 cells exhibited similar proliferation trends as U87 over
the course of one week. Notably, DI318 cells showed enhanced proliferation at low HA
concentrations (0.1–0.2%), whereas proliferation declined when HA was high (1%). These
results suggest that low HA concentrations support the proliferation of GBM cells. In the
4% gelMA samples, unlike U87 cells, DI318 cells exhibited a continuous increase in prolif-
eration over one week. This trend is consistent with the U87 response to soft substrates,
which are known to promote GBM cell proliferation and migration. However, due to the
intrinsically slower proliferation rate, sufficient space remained available within the gel,
leading to a sustained increase in AlamarBlue reduction for DI318. Given the significant



Micromachines 2025, 16, 654 15 of 22

differences between U87 and DI318 in terms of their viability and proliferation, and the
more physiologically relevant characteristics of the DI318 cell line, we performed IHC
exclusively on DI318 cells in the subsequent experiment.

Figure 8. The proliferation of GBM cells evaluated using AlamarBlue assays. (A,C) Absolute
AlamarBlue reductions in different gelMA and gelMA-HA groups for U87 (A) and DI318 (C). # is
p < 0.05 and #### is p < 0.0001, indicating that the reduction for the 4% gelMA group was significantly
higher than that of all other groups on day 7 for U87 and the reduction for the 4% gelMA and
gelMA + 0.2% HA was higher than that for other groups on day 7 for DI318. *** is p < 0.001 and
**** is p < 0.0001, indicating that the reduction for the 4% gelMA group was significantly higher than
that for all other groups on day 4 for U87 and the reduction for the 4% gelMA and gelMA + 0.1%
HA was higher than that for other groups on day 4 for DI318. (B,D) Fold-change in AlamarBlue
reductions for all gelMA-HA groups for both U87 (B) and DI318 (D). *, **, ***, **** indicates p < 0.05
to p < 0.0001.

Despite decades of clinical efforts on GBM patients, current treatments offer mere pal-
liation to patients with this devastating disease. Therefore, new targets for GBM treatment
are imperative. It has been accepted that GBM involves a sex bias, impacting men more
frequently [98]. Evidence has demonstrated that AR, the client protein of the HSP27, is
frequently overexpressed in GBM and contributes to tumor progression [99–101]. How-
ever, how the mechanical properties and composition of the ECM impact AR and HSP27
expression in GBM cells has never been evaluated. Therefore, in this study, we aimed to
investigate the relationship between ECM properties and GBM functional expression by
evaluating AR and HSP27 levels using IHC. The results presented in Figure 9 align well
with our proliferation findings, showing that GBM cells expressed significantly higher
levels of AR and HSP27 in softer matrices (e.g., 4% gelMA), regardless of HA incorporation.
Notably, larger cell clusters were frequently observed in the 4% gelMA group, with elevated
AR and HSP27 expression localized near the periphery of clusters and diminished expres-
sion in their centers. In contrast, increasing the gelMA concentration to 10% led to a marked
reduction in both AR and HSP27 expression (Figure 9M and N), along with less frequent
cluster formation, indicating that stiffer matrices suppress GBM activity. Interestingly, the
addition of 0.2% HA to the 10% gelMA matrix increased HSP27 expression compared to
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10% gelMA alone. Given that HSP27 has been implicated in promoting apoptotic resistance
in GBM under stress, this suggests a possible link between HA incorporation and enhanced
resistance mechanisms, warranting further investigation into pathways through which HA
may modulate GBM cell survival. Overall, our immunostaining data support the conclu-
sion that matrix stiffness plays a dominant role in regulating GBM cell function, particularly
AR and HSP27 expression, with softer environments promoting more biomimetic tumor
phenotypes. Although our data indicate a role for HA in modulating GBM progression, we
did not include matrices with constant low stiffness and varying HA concentrations. Thus,
the specific contribution of HA, particularly under low mechanical constraint, remains to
be fully elucidated. Please also note that we excluded the 0.1% and 1% HA groups from
immunostaining analyses; based on our live/dead and proliferation data, we determined
that the 0.2% HA group was the most representative, while the 1% HA condition appeared
unfavorable for human GBM cells.

Figure 9. Immunostaining of DI318 cells encapsulated in hydrogel models. Cells in (A–D) 4% gelMA,
(E–H), 10% gelMA, and (I–L), 10% gelMA + 0.2% HA. (M,N) Average fluorescent intensity of AR
(M) and HSP27 (N) from different samples. ** is p < 0.005 and **** is p < 0.0001. Scale bar: 50 µm.

Based on these findings, gelMA-based hydrogels demonstrate strong potential as a
platform for 3D GBM modeling. These hydrogels not only support the sustained survival
and proliferation of GBM cells in vitro for at least seven days but also allow for seamless
integration with ECM components, such as HA, enabling mechanistic investigations into
how ECM properties influence GBM behavior. The ability to precisely control these compo-
nent ratios enables a nuanced exploration of the physical and chemical cues in the TME
that influence GBM progression. Further enhanced by embedded bioprinting techniques,
the development of GBM models offers high reproducibility and refined geometric features.
This allows not only for the incorporation of ECM materials but also the strategic placement
of other critical components, such as dynamic flow and stromal cell types, into predesigned
locations to mimic the architecture of natural tumors. The conceptual validation of this
approach thus lays robust groundwork for in-depth mechanistic studies at the cellular
and molecular levels, potentially propelling advancements in understanding GBM biol-
ogy and accelerating therapeutic development. It should be noted that, while this study
successfully established inner vascular channels within the model with high structural
fidelity, we did not conduct dynamic culture experiments to assess functional parameters
such as vascularization, permeability, or molecular diffusion using multiple cell types. The
primary objective of this work was to demonstrate that the bioprinting process can be opti-
mized to fabricate complex architectural features and validate their potential application in
GBM modeling. Building on the achievements of this study, future work will incorporate
multicellular cultures—including endothelial cells, astrocytes, and pericytes—under dy-
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namic culture conditions to enable a more comprehensive analysis of GBM progression
and evaluate potential chemotherapeutic strategies targeting the AR-HSP27 axis.

4. Conclusions
This research presents an advanced yet practical 3D bioprinting approach for creating

in vitro GBM models with tunable physical and chemical properties and high structural
fidelity. These models, constructed from naturally derived hydrogels, serve as versatile
platforms to investigate key contributors to the GBM TME, such as the influence of ECM
properties on GBM cell functions. Our findings demonstrate that the microporous struc-
tures of the hydrogel substrate can be precisely modulated by adjusting the concentrations
of gelMA and HA. Higher HA concentrations can increase pore size, although no clear
trend in overall porosity was observed. These microstructural changes are directly linked
to the bulk mechanical behavior and swelling of the hydrogels, with larger pore sizes
resulting in decreased mechanical strength but enhanced swelling ratio. Rheological anal-
ysis identified a range in which the G’ remained higher than the G”, a criterion widely
accepted for good printability. Based on this analysis, bioprinting parameters, including
temperature and printing pressure, were systematically optimized via trial and error. Using
these parameters, complex 3D GBM models incorporating intricate internal channels were
successfully bioprinted with high structural accuracy. Biocompatibility testing confirmed
the cytocompatibility of the hydrogels. However, proliferation results varied with the
tuning of gelMA and HA combinations. Low-stiffness hydrogels promoted increased
cell proliferation for both U87 and human DI318 cell lines, while the addition of HA at
relatively low concentrations enhanced the proliferation rate. GBM cells exhibited higher
expression of AR and HSP27 in softer matrices, whereas the addition of low HA concen-
tration enhanced HSP27 expression under stiffer matrix conditions. Building upon this
established model, future studies can investigate the influence of ECM properties and flow
dynamics on GBM progression, incorporating multiple cell types such as endothelial cells
and astrocytes. These advancements may enable the development of more physiologi-
cally relevant tumor models, highlighting the potential of this platform for applications in
personalized medicine.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/mi16060654/s1: Video S1: channeltesting7.23.24.mov.

Author Contributions: K.A.R.S., K.M.S. and G.R. conducted all the experiments and data analysis
and wrote the manuscript. B.S. provided cells and guidance on cell-relevant analysis. J.D.L. provided
support on cell analysis and manuscript writing. L.N. conceived the idea, guided the experiments,
and served as the corresponding author. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was primarily funded by the Ning lab via the Startup and Faculty Research
and Development (FRD) grants through Cleveland State University (CSU) for Ning. The SEM
experiment was supported by the NSF MRI grant (No. 1126126) for CSU.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank our Physics Laboratory Electronics Technician, Miroslav Bogdanovski,
for providing SEM imaging training, and Breanne Welsh and Surendrasingh Sonaye for their assis-
tance with compressive evaluations.

Conflicts of Interest: J.D.L. is listed on patents involving cancer therapeutics held by the Cleveland
Clinic, but they are not directly relevant to the topic of this manuscript.

https://www.mdpi.com/article/10.3390/mi16060654/s1
https://www.mdpi.com/article/10.3390/mi16060654/s1


Micromachines 2025, 16, 654 18 of 22

Abbreviations
The following abbreviations are used in this manuscript:

MDPI Multidisciplinary Digital Publishing Institute
DOAJ Directory of open access journals
GBM Glioblastoma
TME Tumor microenvironment
ECM Extracellular matrix
HA Hyaluronic acid
GelMA Gelatin methacryloyl

References
1. Wirsching, H.-G.; Weller, M. Malignant Brain Tumors: State-of-the-Art Treatment. In Glioblastoma; Springer: Berlin/Heidelberg,

Germany, 2017; pp. 265–288.
2. Ostrom, Q.T.; Cote, D.J.; Ascha, M.; Kruchko, C.; Barnholtz-Sloan, J.S. Adult glioma incidence and survival by race or ethnicity in

the United States from 2000 to 2014. JAMA Oncol. 2018, 4, 1254–1262. [CrossRef] [PubMed]
3. Ostrom, Q.T.; Patil, N.; Cioffi, G.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS statistical report: Primary brain and other

central nervous system tumors diagnosed in the United States in 2013–2017. Neuro Oncol. 2020, 22, iv1–iv96. [CrossRef]
4. Stupp, R.; Mason, W.P.; Van Den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.;

Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352,
987–996. [CrossRef] [PubMed]

5. Kaphle, P.; Li, Y.; Yao, L. The mechanical and pharmacological regulation of glioblastoma cell migration in 3D matrices. J. Cell.
Physiol. 2019, 234, 3948–3960. [CrossRef]

6. Ulrich, T.A.; de Juan Pardo, E.M.; Kumar, S. The mechanical rigidity of the extracellular matrix regulates the structure, motility,
and proliferation of glioma cells. Cancer Res. 2009, 69, 4167–4174. [CrossRef]

7. Tang, M.; Tiwari, S.K.; Agrawal, K.; Tan, M.; Dang, J.; Tam, T.; Tian, J.; Wan, X.; Schimelman, J.; You, S.; et al. Rapid 3D bioprinting
of glioblastoma model mimicking native biophysical heterogeneity. Small 2021, 17, 2006050. [CrossRef]

8. Bruns, J.; Egan, T.; Mercier, P.; Zustiak, S.P. Glioblastoma spheroid growth and chemotherapeutic responses in single and
dual-stiffness hydrogels. Acta Biomater. 2023, 163, 400–414. [CrossRef]

9. Bikfalvi, A.; da Costa, C.A.; Avril, T.; Barnier, J.-V.; Bauchet, L.; Brisson, L.; Cartron, P.F.; Castel, H.; Chevet, E.; Chneiweiss, H.;
et al. Challenges in glioblastoma research: Focus on the tumor microenvironment. Trends Cancer 2023, 9, 9–27. [CrossRef]
[PubMed]

10. Lathia, J.D.; Mack, S.C.; Mulkearns-Hubert, E.E.; Valentim, C.L.; Rich, J.N. Cancer stem cells in glioblastoma. Genes Dev. 2015, 29,
1203–1217. [CrossRef]

11. Pontes, B.; Mendes, F.A. Mechanical Properties of Glioblastoma: Perspectives for YAP/TAZ Signaling Pathway and Beyond.
Diseases 2023, 11, 86. [CrossRef]

12. Alexander, B.M.; Cloughesy, T.F. Adult glioblastoma. J. Clin. Oncol. 2017, 35, 2402–2409. [CrossRef]
13. Davis, M.E. Glioblastoma: Overview of disease and treatment. Clin. J. Oncol. Nurs. 2016, 20, S2. [CrossRef] [PubMed]
14. Shergalis, A.; Bankhead, A.; Luesakul, U.; Muangsin, N.; Neamati, N. Current challenges and opportunities in treating glioblas-

toma. Pharmacol. Rev. 2018, 70, 412–445. [CrossRef]
15. Wu, W.; Klockow, J.L.; Zhang, M.; Lafortune, F.; Chang, E.; Jin, L.; Wu, Y.; Daldrup-Link, H.E. Glioblastoma multiforme (GBM):

An overview of current therapies and mechanisms of resistance. Pharmacol. Res. 2021, 171, 105780. [CrossRef]
16. Stupp, R.; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.M.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K.; et al.

Effect of tumor-treating fields plus maintenance temozolomide vs maintenance temozolomide alone on survival in patients with
glioblastoma: A randomized clinical trial. Jama 2017, 318, 2306–2316. [CrossRef] [PubMed]

17. Wang, C.; Tong, X.; Yang, F. Bioengineered 3D brain tumor model to elucidate the effects of matrix stiffness on glioblastoma cell
behavior using PEG-based hydrogels. Mol. Pharm. 2014, 11, 2115–2125. [CrossRef]

18. Chauvet, D.; Imbault, M.; Capelle, L.; Demene, C.; Mossad, M.; Karachi, C.; Boch, A.-L.; Gennisson, J.-L.; Tanter, M. In vivo
measurement of brain tumor elasticity using intraoperative shear wave elastography. Ultraschall Der Med.-Eur. J. Ultrasound 2016,
37, 584–590. [CrossRef] [PubMed]

19. Grundy, T.J.; De Leon, E.; Griffin, K.R.; Stringer, B.W.; Day, B.W.; Fabry, B.; Cooper-White, J.; O’Neill, G.M. Differential response of
patient-derived primary glioblastoma cells to environmental stiffness. Sci. Rep. 2016, 6, 23353. [CrossRef]

20. Zhu, D.; Trinh, P.; Li, J.; Grant, G.A.; Yang, F. Gradient hydrogels for screening stiffness effects on patient-derived glioblastoma
xenograft cellfates in 3D. J. Biomed. Mater. Res. Part A 2021, 109, 1027–1035. [CrossRef]

https://doi.org/10.1001/jamaoncol.2018.1789
https://www.ncbi.nlm.nih.gov/pubmed/29931168
https://doi.org/10.1093/neuonc/noaa200
https://doi.org/10.1056/NEJMoa043330
https://www.ncbi.nlm.nih.gov/pubmed/15758009
https://doi.org/10.1002/jcp.27209
https://doi.org/10.1158/0008-5472.CAN-08-4859
https://doi.org/10.1002/smll.202006050
https://doi.org/10.1016/j.actbio.2022.05.048
https://doi.org/10.1016/j.trecan.2022.09.005
https://www.ncbi.nlm.nih.gov/pubmed/36400694
https://doi.org/10.1101/gad.261982.115
https://doi.org/10.3390/diseases11020086
https://doi.org/10.1200/JCO.2017.73.0119
https://doi.org/10.1188/16.CJON.S1.2-8
https://www.ncbi.nlm.nih.gov/pubmed/27668386
https://doi.org/10.1124/pr.117.014944
https://doi.org/10.1016/j.phrs.2021.105780
https://doi.org/10.1001/jama.2017.18718
https://www.ncbi.nlm.nih.gov/pubmed/29260225
https://doi.org/10.1021/mp5000828
https://doi.org/10.1055/s-0034-1399152
https://www.ncbi.nlm.nih.gov/pubmed/25876221
https://doi.org/10.1038/srep23353
https://doi.org/10.1002/jbm.a.37093


Micromachines 2025, 16, 654 19 of 22

21. Sohrabi, A.; Lefebvre, A.E.; Harrison, M.J.; Condro, M.C.; Sanazzaro, T.M.; Safarians, G.; Solomon, I.; Bastola, S.; Kordbacheh, S.;
Toh, N.; et al. Microenvironmental stiffness induces metabolic reprogramming in glioblastoma. Cell Rep. 2023, 42, 113175.
[CrossRef]

22. Najafi, M.; Farhood, B.; Mortezaee, K. Extracellular matrix (ECM) stiffness and degradation as cancer drivers. J. Cell. Biochem.
2019, 120, 2782–2790. [CrossRef]

23. Barnes, J.M.; Kaushik, S.; Bainer, R.O.; Sa, J.K.; Woods, E.C.; Kai, F.; Przybyla, L.; Lee, M.; Lee, H.W.; Tung, J.C.; et al. A
tension-mediated glycocalyx–integrin feedback loop promotes mesenchymal-like glioblastoma. Nat. Cell Biol. 2018, 20, 1203–1214.
[CrossRef] [PubMed]

24. Pogoda, K.; Chin, L.; Georges, P.C.; Byfield, F.J.; Bucki, R.; Kim, R.; Weaver, M.; Wells, R.G.; Marcinkiewicz, C.; Janmey, P.A.
Compression stiffening of brain and its effect on mechanosensing by glioma cells. New J. Phys. 2014, 16, 075002. [CrossRef]

25. Silvani, G.; Basirun, C.; Wu, H.; Mehner, C.; Poole, K.; Bradbury, P.; Chou, J. A 3D-bioprinted vascularized glioblastoma-on-a-chip
for studying the impact of simulated microgravity as a novel pre-clinical approach in brain tumor therapy. Adv. Ther. 2021,
4, 2100106. [CrossRef]

26. Neufeld, L.; Yeini, E.; Reisman, N.; Shtilerman, Y.; Ben-Shushan, D.; Pozzi, S.; Madi, A.; Tiram, G.; Eldar-Boock, A.; Ferber, S.; et al.
Microengineered perfusable 3D-bioprinted glioblastoma model for in vivo mimicry of tumor microenvironment. Sci. Adv. 2021,
7, eabi9119. [CrossRef]

27. Tang, M.; Rich, J.N.; Chen, S. Biomaterials and 3D bioprinting strategies to model glioblastoma and the blood–brain barrier. Adv.
Mater. 2021, 33, 2004776. [CrossRef] [PubMed]

28. Duval, K.; Grover, H.; Han, L.-H.; Mou, Y.; Pegoraro, A.F.; Fredberg, J.; Chen, Z. Modeling physiological events in 2D vs. 3D cell
culture. Physiology 2017, 32, 266–277. [CrossRef]

29. Fontoura, J.C.; Viezzer, C.; Dos Santos, F.G.; Ligabue, R.A.; Weinlich, R.; Puga, R.D.; Antonow, D.; Severino, P.; Bonorino, C.
Comparison of 2D and 3D cell culture models for cell growth, gene expression and drug resistance. Mater. Sci. Eng. C 2020,
107, 110264. [CrossRef]

30. Hidalgo, M.; Amant, F.; Biankin, A.V.; Budinská, E.; Byrne, A.T.; Caldas, C.; Clarke, R.B.; de Jong, S.; Jonkers, J.; Mælandsmo, G.M.;
et al. Patient-derived xenograft models: An emerging platform for translational cancer research. Cancer Discov. 2014, 4, 998–1013.
[CrossRef]

31. Ayuso, J.M.; Monge, R.; Martínez-González, A.; Virumbrales-Muñoz, M.; Llamazares, G.A.; Berganzo, J.; Hernández-Laín, A.;
Santolaria, J.; Doblaré, M.; Hubert, C.; et al. Glioblastoma on a microfluidic chip: Generating pseudopalisades and enhancing
aggressiveness through blood vessel obstruction events. Neuro Oncol. 2017, 19, 503–513. [CrossRef]

32. Sánchez-Salazar, M.G.; Álvarez, M.M.; Trujillo-de Santiago, G. Advances in 3D bioprinting for the biofabrication of tumor models.
Bioprinting 2021, 21, e00120. [CrossRef]

33. Han, S.; Kim, S.; Chen, Z.; Shin, H.K.; Lee, S.-Y.; Moon, H.E.; Paek, S.H.; Park, S. 3D bioprinted vascularized tumour for drug
testing. Int. J. Mol. Sci. 2020, 21, 2993. [CrossRef] [PubMed]

34. Hubert, C.G.; Rivera, M.; Spangler, L.C.; Wu, Q.; Mack, S.C.; Prager, B.C.; Couce, M.; McLendon, R.E.; Sloan, A.E.; Rich, J.N. A
three-dimensional organoid culture system derived from human glioblastomas recapitulates the hypoxic gradients and cancer
stem cell heterogeneity of tumors found in vivo. Cancer Res. 2016, 76, 2465–2477. [CrossRef] [PubMed]

35. Orcheston-Findlay, L.; Bax, S.; Utama, R.; Engel, M.; Govender, D.; O’Neill, G. Advanced Spheroid, Tumouroid and 3D Bioprinted
In-Vitro Models of Adult and Paediatric Glioblastoma. Int. J. Mol. Sci. 2021, 22, 2962. [CrossRef]

36. Weigl, B.H.; Bardell, R.L.; Cabrera, C.R. Lab-on-a-chip for drug development. Adv. Drug Deliv. Rev. 2003, 55, 349–377. [CrossRef]
37. Maity, S.; Bhuyan, T.; Jewell, C.; Kawakita, S.; Sharma, S.; Nguyen, H.T.; Hassani Najafabadi, A.; Ermis, M.; Falcone, N.; Chen, J.;

et al. Recent Developments in Glioblastoma-On-A-Chip for Advanced Drug Screening Applications. Small 2025, 21, 2405511.
[CrossRef]

38. Park, T.-E.; Mustafaoglu, N.; Herland, A.; Hasselkus, R.; Mannix, R.; FitzGerald, E.A.; Prantil-Baun, R.; Watters, A.; Henry, O.;
Benz, M.; et al. Hypoxia-enhanced Blood-Brain Barrier Chip recapitulates human barrier function and shuttling of drugs and
antibodies. Nat. Commun. 2019, 10, 2621. [CrossRef]

39. Straehla, J.P.; Hajal, C.; Safford, H.C.; Offeddu, G.S.; Boehnke, N.; Dacoba, T.G.; Wyckoff, J.; Kamm, R.D.; Hammond, P.T. A
predictive microfluidic model of human glioblastoma to assess trafficking of blood–brain barrier-penetrant nanoparticles. Proc.
Natl. Acad. Sci. USA 2022, 119, e2118697119. [CrossRef]

40. Salimi-Moosavi, H.; Szarka, R.; Andersson, P.; Smith, R.; Harrison, D.J. Biology lab-on-a chip for drug screening. In Proceedings
of the Micro Total Analysis Systems’ 98, Banff, AB, Canada, 13–16 October 1998; pp. 69–72.

41. Dittrich, P.S.; Manz, A. Lab-on-a-chip: Microfluidics in drug discovery. Nat. Rev. Drug Discov. 2006, 5, 210–218. [CrossRef]
42. Phan, D.T.; Wang, X.; Craver, B.M.; Sobrino, A.; Zhao, D.; Chen, J.C.; Lee, L.Y.; George, S.C.; Lee, A.P.; Hughes, C.C. A vascularized

and perfused organ-on-a-chip platform for large-scale drug screening applications. Lab Chip 2017, 17, 511–520. [CrossRef]
43. Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773–785. [CrossRef]

https://doi.org/10.1016/j.celrep.2023.113175
https://doi.org/10.1002/jcb.27681
https://doi.org/10.1038/s41556-018-0183-3
https://www.ncbi.nlm.nih.gov/pubmed/30202050
https://doi.org/10.1088/1367-2630/16/7/075002
https://doi.org/10.1002/adtp.202100106
https://doi.org/10.1126/sciadv.abi9119
https://doi.org/10.1002/adma.202004776
https://www.ncbi.nlm.nih.gov/pubmed/33326131
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1016/j.msec.2019.110264
https://doi.org/10.1158/2159-8290.CD-14-0001
https://doi.org/10.1093/neuonc/now230
https://doi.org/10.1016/j.bprint.2020.e00120
https://doi.org/10.3390/ijms21082993
https://www.ncbi.nlm.nih.gov/pubmed/32340319
https://doi.org/10.1158/0008-5472.CAN-15-2402
https://www.ncbi.nlm.nih.gov/pubmed/26896279
https://doi.org/10.3390/ijms22062962
https://doi.org/10.1016/S0169-409X(02)00223-5
https://doi.org/10.1002/smll.202405511
https://doi.org/10.1038/s41467-019-10588-0
https://doi.org/10.1073/pnas.2118697119
https://doi.org/10.1038/nrd1985
https://doi.org/10.1039/C6LC01422D
https://doi.org/10.1038/nbt.2958


Micromachines 2025, 16, 654 20 of 22

44. Hull, S.M.; Brunel, L.G.; Heilshorn, S.C. 3D bioprinting of cell-laden hydrogels for improved biological functionality. Adv. Mater.
2022, 34, 2103691. [CrossRef]

45. Derakhshanfar, S.; Mbeleck, R.; Xu, K.; Zhang, X.; Zhong, W.; Xing, M. 3D bioprinting for biomedical devices and tissue
engineering: A review of recent trends and advances. Bioact. Mater. 2018, 3, 144–156. [CrossRef] [PubMed]

46. Ning, L.; Chen, X. A brief review of extrusion-based tissue scaffold bio-printing. Biotechnol. J. 2017, 12, 1600671. [CrossRef]
47. Jang, J.; Park, J.Y.; Gao, G.; Cho, D.-W. Biomaterials-based 3D cell printing for next-generation therapeutics and diagnostics.

Biomaterials 2018, 156, 88–106. [CrossRef] [PubMed]
48. Jacob, F.; Salinas, R.D.; Zhang, D.Y.; Nguyen, P.T.; Schnoll, J.G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop, S.; et al.

A patient-derived glioblastoma organoid model and biobank recapitulates inter-and intra-tumoral heterogeneity. Cell 2020, 180,
188–204.e122. [CrossRef] [PubMed]

49. Yi, H.-G.; Jeong, Y.H.; Kim, Y.; Choi, Y.-J.; Moon, H.E.; Park, S.H.; Kang, K.S.; Bae, M.; Jang, J.; Youn, H.; et al. A bioprinted
human-glioblastoma-on-a-chip for the identification of patient-specific responses to chemoradiotherapy. Nat. Biomed. Eng. 2019,
3, 509–519. [CrossRef]

50. Ozturk, M.S.; Lee, V.K.; Zou, H.; Friedel, R.H.; Intes, X.; Dai, G. High-resolution tomographic analysis of in vitro 3D glioblastoma
tumor model under long-term drug treatment. Sci. Adv. 2020, 6, eaay7513. [CrossRef]

51. Lee, C.; Abelseth, E.; De La Vega, L.; Willerth, S. Bioprinting a novel glioblastoma tumor model using a fibrin-based bioink for
drug screening. Mater. Today Chem. 2019, 12, 78–84. [CrossRef]

52. Heinrich, M.A.; Bansal, R.; Lammers, T.; Zhang, Y.S.; Michel Schiffelers, R.; Prakash, J. 3D-Bioprinted Mini-Brain: A Glioblastoma
Model to Study Cellular Interactions and Therapeutics. Adv. Mater. 2019, 31, 1806590. [CrossRef]

53. Parra-Cantu, C.; Li, W.; Quiñones-Hinojosa, A.; Zhang, Y.S. 3D bioprinting of glioblastoma models. J. 3D Print. Med. 2020, 4,
113–125. [CrossRef]

54. Tang, M.; Xie, Q.; Gimple, R.C.; Zhong, Z.; Tam, T.; Tian, J.; Kidwell, R.L.; Wu, Q.; Prager, B.C.; Qiu, Z.; et al. Three-dimensional
bioprinted glioblastoma microenvironments model cellular dependencies and immune interactions. Cell Res. 2020, 30, 833–853.
[CrossRef] [PubMed]

55. Ning, L.; Zanella, S.; Tomov, M.L.; Amoli, M.S.; Jin, L.; Hwang, B.; Saadeh, M.; Chen, H.; Neelakantan, S.; Dasi, L.P.; et al. Targeted
Rapamycin Delivery via Magnetic Nanoparticles to Address Stenosis in a 3D Bioprinted in Vitro Model of Pulmonary Veins. Adv.
Sci. 2024, 11, 2400476. [CrossRef] [PubMed]

56. Gomez-Roman, N.; Chalmers, A.J. Patient-specific 3D-printed glioblastomas. Nat. Biomed. Eng. 2019, 3, 498–499. [CrossRef]
[PubMed]

57. Ning, L.; Shim, J.; Tomov, M.L.; Liu, R.; Mehta, R.; Mingee, A.; Hwang, B.; Jin, L.; Mantalaris, A.; Xu, C.; et al. A 3D Bioprinted
in vitro Model of Neuroblastoma Recapitulates Dynamic Tumor-Endothelial Cell Interactions Contributing to Solid Tumor
Aggressive Behavior. Adv. Sci. 2022, 9, 2200244. [CrossRef]

58. Ning, L.; Mehta, R.; Cao, C.; Theus, A.; Tomov, M.; Zhu, N.; Weeks, E.R.; Bauser-Heaton, H.; Serpooshan, V. Embedded 3D
Bioprinting of Gelatin Methacryloyl-Based Constructs with Highly Tunable Structural Fidelity. ACS Appl. Mater. Interfaces 2020,
12, 44563–44577. [CrossRef]

59. Zehtab Minooei, H.; Kaffashi, B. Viscoelastic properties of thermosensitive gelatin/tragacanth hydrogel as novel ink suitable for
additive manufacturing: Effect of various additives on system’s viscoelastic characteristics and printability. J. Appl. Polym. Sci.
2023, 140, e54328. [CrossRef]

60. Soltan, N.; Ning, L.; Mohabatpour, F.; Papagerakis, P.; Chen, X. Printability and cell viability in bioprinting alginate dialdehyde-
gelatin scaffolds. ACS Biomater. Sci. Eng. 2019, 5, 2976–2987. [CrossRef]

61. Wei, X.; Wu, Y.; Chen, K.; Wang, L.; Xu, M. Embedded bioprinted multicellular spheroids modeling pancreatic cancer bioarchitec-
ture towards advanced drug therapy. J. Mater. Chem. B 2024, 12, 1788–1797. [CrossRef]

62. Li, Y.; Cheng, S.; Shi, H.; Yuan, R.; Gao, C.; Wang, Y.; Zhang, Z.; Deng, Z.; Huang, J. 3D embedded bioprinting of large-scale
intestine with complex structural organization and blood capillaries. Biofabrication 2024, 16, 045001. [CrossRef]

63. Chen, J.W.E.; Pedron, S.; Harley, B.A. The combined influence of hydrogel stiffness and matrix-bound hyaluronic acid content on
glioblastoma invasion. Macromol. Biosci. 2017, 17, 1700018. [CrossRef]

64. Cui, Y.; Lee, P.; Reardon, J.J.; Wang, A.; Lynch, S.; Otero, J.J.; Sizemore, G.; Winter, J.O. Evaluating glioblastoma tumour sphere
growth and migration in interaction with astrocytes using 3D collagen-hyaluronic acid hydrogels. J. Mater. Chem. B 2023, 11,
5442–5459. [CrossRef] [PubMed]

65. Tomov, M.L.; Cetnar, A.; Do, K.; Bauser-Heaton, H.; Serpooshan, V. Patient-Specific 3-Dimensional–Bioprinted Model for In
Vitro Analysis and Treatment Planning of Pulmonary Artery Atresia in Tetralogy of Fallot and Major Aortopulmonary Collateral
Arteries. J. Am. Heart Assoc. 2019, 8, e014490. [CrossRef]

66. Gil, C.J.; Evans, C.J.; Li, L.; Allphin, A.J.; Tomov, M.L.; Jin, L.; Vargas, M.; Hwang, B.; Wang, J.; Putaturo, V.; et al. Leveraging
3D Bioprinting and Photon-Counting Computed Tomography to Enable Noninvasive Quantitative Tracking of Multifunctional
Tissue Engineered Constructs. Adv. Healthc. Mater. 2023, 12, 2302271. [CrossRef]

https://doi.org/10.1002/adma.202103691
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://www.ncbi.nlm.nih.gov/pubmed/29744452
https://doi.org/10.1002/biot.201600671
https://doi.org/10.1016/j.biomaterials.2017.11.030
https://www.ncbi.nlm.nih.gov/pubmed/29190501
https://doi.org/10.1016/j.cell.2019.11.036
https://www.ncbi.nlm.nih.gov/pubmed/31883794
https://doi.org/10.1038/s41551-019-0363-x
https://doi.org/10.1126/sciadv.aay7513
https://doi.org/10.1016/j.mtchem.2018.12.005
https://doi.org/10.1002/adma.201806590
https://doi.org/10.2217/3dp-2019-0027
https://doi.org/10.1038/s41422-020-0338-1
https://www.ncbi.nlm.nih.gov/pubmed/32499560
https://doi.org/10.1002/advs.202400476
https://www.ncbi.nlm.nih.gov/pubmed/38696618
https://doi.org/10.1038/s41551-019-0379-2
https://www.ncbi.nlm.nih.gov/pubmed/31148599
https://doi.org/10.1002/advs.202200244
https://doi.org/10.1021/acsami.0c15078
https://doi.org/10.1002/app.54328
https://doi.org/10.1021/acsbiomaterials.9b00167
https://doi.org/10.1039/D3TB02913A
https://doi.org/10.1088/1758-5090/ad5b1b
https://doi.org/10.1002/mabi.201700018
https://doi.org/10.1039/D3TB00066D
https://www.ncbi.nlm.nih.gov/pubmed/37159233
https://doi.org/10.1161/JAHA.119.014490
https://doi.org/10.1002/adhm.202302271


Micromachines 2025, 16, 654 21 of 22

67. Xu, X.; Sabanayagam, C.R.; Harrington, D.A.; Farach-Carson, M.C.; Jia, X. A hydrogel-based tumor model for the evaluation of
nanoparticle-based cancer therapeutics. Biomaterials 2014, 35, 3319–3330. [CrossRef] [PubMed]

68. Mohiuddin, E.; Wakimoto, H. Extracellular matrix in glioblastoma: Opportunities for emerging therapeutic approaches. Am. J.
Cancer Res. 2021, 11, 3742. [PubMed]

69. Liu, D.; Nikoo, M.; Boran, G.; Zhou, P.; Regenstein, J.M. Collagen and gelatin. Annu. Rev. Food Sci. Technol. 2015, 6, 527–557.
[CrossRef]

70. Shirahama, H.; Lee, B.H.; Tan, L.P.; Cho, N.-J. Precise tuning of facile one-pot gelatin methacryloyl (GelMA) synthesis. Sci. Rep.
2016, 6, 31036. [CrossRef]

71. Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, properties, and
biomedical applications of gelatin methacryloyl (GelMA) hydrogels. Biomaterials 2015, 73, 254–271. [CrossRef]

72. Murphy, C.A.; Serafin, A.; Collins, M.N. Development of 3D printable gelatin methacryloyl/chondroitin sulfate/hyaluronic acid
hydrogels as implantable scaffolds. Polymers 2024, 16, 1958. [CrossRef]

73. Tian, H.; Chen, Y.; Ding, C.; Li, G. Interaction study in homogeneous collagen/chondroitin sulfate blends by two-dimensional
infrared spectroscopy. Carbohydr. Polym. 2012, 89, 542–550. [CrossRef]

74. Reddy, K.J.; Karunakaran, K. Purification and characterization of hyaluronic acid produced by Streptococcus zooepidemicus
strain 3523-7. J. Biosci. Biotechnol. 2013, 2, 173–179.

75. Ursini, O.; Grieco, M.; Sappino, C.; Capodilupo, A.L.; Giannitelli, S.M.; Mauri, E.; Bucciarelli, A.; Coricciati, C.; de Turris, V.;
Gigli, G.; et al. Modulation of Methacrylated Hyaluronic Acid Hydrogels Enables Their Use as 3D Cultured Model. Gels 2023, 9,
801. [CrossRef]

76. Guo, A.; Zhang, S.; Yang, R.; Sui, C. Enhancing the mechanical strength of 3D printed GelMA for soft tissue engineering
applications. Mater. Today Bio 2023, 24, 100939. [CrossRef] [PubMed]

77. Liu, C.; Yu, Q.; Yuan, Z.; Guo, Q.; Liao, X.; Han, F.; Feng, T.; Liu, G.; Zhao, R.; Zhu, Z.; et al. Engineering the viscoelasticity of
gelatin methacryloyl (GelMA) hydrogels via small “dynamic bridges” to regulate BMSC behaviors for osteochondral regeneration.
Bioact. Mater. 2023, 25, 445–459. [CrossRef]

78. Velasco-Rodriguez, B.; Diaz-Vidal, T.; Rosales-Rivera, L.C.; García-González, C.A.; Alvarez-Lorenzo, C.; Al-Modlej, A.;
Domínguez-Arca, V.; Prieto, G.; Barbosa, S.; Soltero Martínez, J.F.A.; et al. Hybrid methacrylated gelatin and hyaluronic
acid hydrogel scaffolds. Preparation and systematic characterization for prospective tissue engineering applications. Int. J. Mol.
Sci. 2021, 22, 6758. [CrossRef]

79. Wang, C.; Zhao, Q.; Zheng, X.; Li, S.; Chen, J.; Zhao, H.; Chen, F.; Cui, L.; Li, W. Decellularized brain extracellular matrix slice
glioblastoma culture model recapitulates the interaction between cells and the extracellular matrix without a nutrient-oxygen
gradient interference. Acta Biomater. 2023, 158, 132–150. [CrossRef] [PubMed]

80. Phon, B.W.S.; Kamarudin, M.N.; Bhuvanendran, S.; Radhakrishnan, A.K. Transitioning pre-clinical glioblastoma models to
clinical settings with biomarkers identified in 3D cell-based models: A systematic scoping review. Biomed. Pharmacother. 2022,
145, 112396. [CrossRef]

81. Burke, S.E.; Barrett, C.J. Swelling behavior of hyaluronic acid/polyallylamine hydrochloride multilayer films. Biomacromolecules
2005, 6, 1419–1428. [CrossRef]

82. Leong, S.W.; Tan, S.C.; Norhayati, M.N.; Monif, M.; Lee, S.-Y. Effectiveness of Bioinks and the Clinical Value of 3D Bioprinted
Glioblastoma Models: A Systematic Review. Cancers 2022, 14, 2149. [CrossRef]

83. Schwab, A.; Levato, R.; D’Este, M.; Piluso, S.; Eglin, D.; Malda, J. Printability and Shape Fidelity of Bioinks in 3D Bioprinting.
Chem. Rev. 2020, 120, 11028–11055. [CrossRef] [PubMed]

84. Gao, T.; Gillispie, G.J.; Copus, J.S.; Seol, Y.-J.; Atala, A.; Yoo, J.J.; Lee, S.J. Optimization of gelatin–alginate composite bioink
printability using rheological parameters: A systematic approach. Biofabrication 2018, 10, 034106. [CrossRef] [PubMed]

85. Chen, X.; Li, M.; Ke, H. Modeling of the flow rate in the dispensing-based process for fabricating tissue scaffolds. J. Manuf. Sci.
Eng. 2008, 130, 021003. [CrossRef]

86. Zeng, X.; Meng, Z.; He, J.; Mao, M.; Li, X.; Chen, P.; Fan, J.; Li, D. Embedded bioprinting for designer 3D tissue constructs with
complex structural organization. Acta Biomater. 2022, 140, 1–22. [CrossRef] [PubMed]

87. Ning, L.; Betancourt, N.; Schreyer, D.J.; Chen, X. Characterization of cell damage and proliferative ability during and after
bioprinting. ACS Biomater. Sci. Eng. 2018, 4, 3906–3918. [CrossRef]

88. Ning, L.; Yang, B.; Mohabatpour, F.; Betancourt, N.; Sarker, M.; Papagerakis, P.; Chen, X. Process-induced cell damage: Pneumatic
versus screw-driven bioprinting. Biofabrication 2020, 12, 025011. [CrossRef]

89. Ahir, B.K.; Engelhard, H.H.; Lakka, S.S. Tumor development and angiogenesis in adult brain tumor: Glioblastoma. Mol. Neurobiol.
2020, 57, 2461–2478. [CrossRef]

90. Saraswathibhatla, A.; Indana, D.; Chaudhuri, O. Cell–extracellular matrix mechanotransduction in 3D. Nat. Rev. Mol. Cell Biol.
2023, 24, 495–516. [CrossRef]

https://doi.org/10.1016/j.biomaterials.2013.12.080
https://www.ncbi.nlm.nih.gov/pubmed/24447463
https://www.ncbi.nlm.nih.gov/pubmed/34522446
https://doi.org/10.1146/annurev-food-031414-111800
https://doi.org/10.1038/srep31036
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.3390/polym16141958
https://doi.org/10.1016/j.carbpol.2012.03.042
https://doi.org/10.3390/gels9100801
https://doi.org/10.1016/j.mtbio.2023.100939
https://www.ncbi.nlm.nih.gov/pubmed/38249436
https://doi.org/10.1016/j.bioactmat.2022.07.031
https://doi.org/10.3390/ijms22136758
https://doi.org/10.1016/j.actbio.2022.12.044
https://www.ncbi.nlm.nih.gov/pubmed/36565784
https://doi.org/10.1016/j.biopha.2021.112396
https://doi.org/10.1021/bm0492834
https://doi.org/10.3390/cancers14092149
https://doi.org/10.1021/acs.chemrev.0c00084
https://www.ncbi.nlm.nih.gov/pubmed/32856892
https://doi.org/10.1088/1758-5090/aacdc7
https://www.ncbi.nlm.nih.gov/pubmed/29923501
https://doi.org/10.1115/1.2789725
https://doi.org/10.1016/j.actbio.2021.11.048
https://www.ncbi.nlm.nih.gov/pubmed/34875360
https://doi.org/10.1021/acsbiomaterials.8b00714
https://doi.org/10.1088/1758-5090/ab5f53
https://doi.org/10.1007/s12035-020-01892-8
https://doi.org/10.1038/s41580-023-00583-1


Micromachines 2025, 16, 654 22 of 22

91. Khoonkari, M.; Liang, D.; Kamperman, M.; Kruyt, F.A.; van Rijn, P. Physics of brain cancer: Multiscale alterations of glioblastoma
cells under extracellular matrix stiffening. Pharmaceutics 2022, 14, 1031. [CrossRef]

92. Conway, J.R.; Isomursu, A.; Follain, G.; Härmä, V.; Jou-Ollé, E.; Pasquier, N.; Välimäki, E.P.; Rantala, J.K.; Ivaska, J. Defined
extracellular matrix compositions support stiffness-insensitive cell spreading and adhesion signaling. Proc. Natl. Acad. Sci. USA
2023, 120, e2304288120. [CrossRef]

93. Chen, J.-W.E.; Pedron, S.; Shyu, P.; Hu, Y.; Sarkaria, J.N.; Harley, B.A. Influence of hyaluronic acid transitions in tumor
microenvironment on glioblastoma malignancy and invasive behavior. Front. Mater. 2018, 5, 39. [CrossRef]

94. Xie, Q.; Mittal, S.; Berens, M.E. Targeting adaptive glioblastoma: An overview of proliferation and invasion. Neuro Oncol. 2014, 16,
1575–1584. [CrossRef] [PubMed]

95. Palamà, I.E.; D’Amone, S.; Ratano, P.; Donatelli, A.; Liscio, A.; Antonacci, G.; Testini, M.; Di Angelantonio, S.; Ragozzino, D.;
Cortese, B. Mechanical durotactic environment enhances specific glioblastoma cell responses. Cancers 2019, 11, 643. [CrossRef]
[PubMed]

96. Mooney, K.L.; Choy, W.; Sidhu, S.; Pelargos, P.; Bui, T.T.; Voth, B.; Barnette, N.; Yang, I. The role of CD44 in glioblastoma
multiforme. J. Clin. Neurosci. 2016, 34, 1–5. [CrossRef]

97. Mitchell, K.; Sprowls, S.A.; Arora, S.; Shakya, S.; Silver, D.J.; Goins, C.M.; Wallace, L.; Roversi, G.; Schafer, R.E.; Kay, K.; et al.
WDR5 represents a therapeutically exploitable target for cancer stem cells in glioblastoma. Genes Dev. 2023, 37, 86–102. [CrossRef]

98. Gittleman, H.; Ostrom, Q.T.; Stetson, L.; Waite, K.; Hodges, T.R.; Wright, C.H.; Wright, J.; Rubin, J.B.; Berens, M.E.; Lathia, J.;
et al. Sex is an important prognostic factor for glioblastoma but not for nonglioblastoma. Neuro-Oncol. Pract. 2019, 6, 451–462.
[CrossRef] [PubMed]

99. Zalcman, N.; Canello, T.; Ovadia, H.; Charbit, H.; Zelikovitch, B.; Mordechai, A.; Fellig, Y.; Rabani, S.; Shahar, T.; Lossos, A.; et al.
Androgen receptor: A potential therapeutic target for glioblastoma. Oncotarget 2018, 9, 19980–19993. [CrossRef]

100. Tuncbag, N.; Milani, P.; Pokorny, J.L.; Johnson, H.; Sio, T.T.; Dalin, S.; Iyekegbe, D.O.; White, F.M.; Sarkaria, J.N.; Fraenkel, E.
Network modeling identifies patient-specific pathways in glioblastoma. Sci. Rep. 2016, 6, 28668. [CrossRef]

101. Sidaway, P. Glioblastoma subtypes revisited. Nat. Rev. Clin. Oncol. 2017, 14, 587. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pharmaceutics14051031
https://doi.org/10.1073/pnas.2304288120
https://doi.org/10.3389/fmats.2018.00039
https://doi.org/10.1093/neuonc/nou147
https://www.ncbi.nlm.nih.gov/pubmed/25082799
https://doi.org/10.3390/cancers11050643
https://www.ncbi.nlm.nih.gov/pubmed/31075964
https://doi.org/10.1016/j.jocn.2016.05.012
https://doi.org/10.1101/gad.349803.122
https://doi.org/10.1093/nop/npz019
https://www.ncbi.nlm.nih.gov/pubmed/31832215
https://doi.org/10.18632/oncotarget.25007
https://doi.org/10.1038/srep28668
https://doi.org/10.1038/nrclinonc.2017.122

	Introduction 
	Materials and Methods 
	Materials 
	GelMA Synthesis and GelMA-HA Preparation 
	Carbopol Solution Preparation 
	Hydrogel Composite Characterization Using Fourier-Transform Infrared Spectroscopy (FTIR) 
	Mechanical Evaluation 
	Scanning Electron Microscopy (SEM) 
	Degradation Analysis 
	Rheological Temperature Sweep 
	The 3D Bioprinting Setup and Parameter Control Process for Two-Layer Design Manufacturing 
	Printing Fidelity Characterization 
	Embedded Bioprinting of Inner Channel-Integrated 3D GBM Model 
	Viability of Cells Encapsulated in Hydrogels Using Live/Dead Assay 
	Cell Proliferation Analysis 
	Immunohistochemistry (IHC) Staining 
	Statistical Analysis 

	Results 
	Conclusions 
	References

