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C A N C E R

Matrix stress relaxation drives glioblastoma cell 
response in viscoelastic biomaterials
Sadegh Ghorbani1,2, Michelle S. Huang3, Daiyao Zhang3, Yueming Liu1, Christopher Long1,  
Riley Zwetsloot1, Esther A.T. Mozipo4, Rameshwar R. Rao5,6, Annika Enejder1, Sarah C. Heilshorn1*

The extracellular matrix (ECM) of glioblastoma (GBM) is known to modulate cell behavior, yet the specific contri-
butions of matrix biochemical and biomechanical signaling remain poorly understood. To address this, we engi-
neer a tunable hyaluronan-elastin-like protein (HELP) hydrogel to independently control ligand presentation and 
matrix viscoelasticity. Two peptides mimicking fibronectin (FBN) and tenascin-C (TNC) are incorporated into HELP 
along with hyaluronan, all of which are highly up-regulated in GBM. Using dynamic covalent chemistry, we de-
velop hydrogels with matched stiffness but distinct stress relaxation profiles. Slow stress-relaxing matrices pro-
mote cell clustering and elevated expression of P-selectin, a GBM invasion marker. These matrices also result in 
increased nascent ECM production, increased lipid droplet storage, and altered cytokine secretion. Our results 
highlight the benefit of protein-engineered, viscoelastic biomaterials for modeling the tumor microenvironment 
and reveal matrix viscoelasticity as a critical regulator of GBM cell state, offering a tool for identifying previously 
unrecognized therapeutic targets.

INTRODUCTION
Glioblastoma (GBM) is recognized as the most aggressive and prev-
alent brain cancer in adults (1, 2). The tumor microenvironment 
plays a critical role in GBM cell survival and invasion, and in par-
ticular, the biochemical and biomechanical properties of the extra-
cellular matrix (ECM) have been suggested to contribute to the 
treatment-resistant nature of GBM (3). Although several studies 
have implicated matrix stiffness in altering GBM invasiveness (4, 5), 
most of these three-dimensional (3D) in vitro GBM models have fo-
cused on purely elastic materials, which do not recapitulate the time-
dependent mechanical behavior of native brain tissue. In vivo, both 
healthy brain and GBM tissues exhibit pronounced viscoelasticity, 
undergoing time-dependent deformation and stress relaxation upon 
applied strain (6, 7). Moreover, GBM tissues display altered visco-
elastic behavior compared to adjacent nontumor tissue, with faster 
stress relaxation dynamics observed in tumor regions (8).

More broadly, viscoelasticity is becoming increasingly recognized 
as a critical property of the cellular microenvironment that strongly 
affects cellular phenotype (7, 9). In vivo, the microenvironment rep-
resents a complex system of biomechanical and biochemical cues, 
where the matrix stress relaxation rate, stiffness, and biochemical li-
gands are all changing simultaneously (10, 11). Thus, there is a criti-
cal need for engineered tissue models that enable a reductionist 
approach to deconvolute these multiple, cellular inputs (12). Recent 
in vitro studies have begun to address this gap by designing engi-
neered viscoelastic microenvironments, demonstrating that matrix 
viscoelasticity, independent of stiffness, serves as a critical biophysi-
cal cue regulating key features of GBM progression, including cell 

proliferation, gene expression, migration, and response to chemo-
therapy (13–15). For instance, stress-relaxing hydrogels have been 
reported to enhance GBM invasive morphology and chemoresis-
tance (15). These findings emphasize the importance of incorpo-
rating viscoelastic properties into engineered models of the GBM 
microenvironment to more accurately identify mechanobiological 
contributions to tumor behavior.

In vivo, changes in GBM matrix viscoelasticity coincide with bio-
chemical changes in matrix composition. Analyses of patient-derived 
GBM specimens have revealed elevated levels of ECM proteins, in-
cluding fibronectin (FBN) and tenascin-C (TNC), as well as glycos-
aminoglycans like hyaluronic acid (HA), compared with healthy 
brain (16–18). In particular, TNC expression is enriched in the tu-
mor core compared to the invasive margins, and such spatial differ-
ences correlate with variation in ECM mechanics (19, 20). These 
findings emphasize the need for in vitro GBM models that can mim-
ic both the biochemical complexity and the biomechanical diversity 
of the tumor microenvironment.

To address this, we engineered a 3D viscoelastic hydrogel system 
based on HA and engineered proteins incorporating bioactive pep-
tide sequences derived from FBN and TNC. Engineering viscoelastic 
biomaterials with tunable stress relaxation properties can be achieved 
through several material design approaches, including interpenetrat-
ing polymer networks or hydrogels with reversible cross-links such 
as weak physical associations or dynamic covalent chemistry bonds 
(14, 17–19). Here, we use dynamic covalent chemistry as a reversible 
cross-linking mechanism, with hydrogel stability further enhanced 
through the incorporation of self-associating elastin-like sequences 
(21). Our hydrogel design allows for independent tuning of matrix 
viscoelasticity, specifically, stress relaxation kinetics, while maintain-
ing constant peptide presentation and stiffness, enabling us to inves-
tigate the distinct contributions of both viscoelasticity and ECM 
protein ligand presence on GBM cell behavior.

We demonstrate that GBM cell lines remain viable and prolifera-
tive within these hydrogels. By tuning the stress relaxation kinetics of 
the hydrogels while maintaining consistent peptide presentation and 
matrix stiffness, we observed distinct shifts in GBM cell behavior and 
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phenotype. Notably, slower stress-relaxing matrices promoted cell 
clustering and increased expression of P-selectin, a cell adhesion mol-
ecule implicated in GBM invasion and immune modulation (22, 23). 
In contrast, faster stress-relaxing matrices enhanced cell spreading 
and down-regulated P-selectin expression. Moreover, higher nascent 
ECM production and lipid droplet (LD) accumulation were found 
under the slow-relaxing condition, further supporting a shift in cell 
state driven by matrix viscosity. These results indicate that the dissipa-
tive properties of the matrix act as a potent regulator of GBM cell 
morphology, phenotype, and ECM remodeling. Ultimately, our find-
ings highlight the utility of protein-engineered, viscoelastic biomate-
rials as platforms to investigate how dynamic mechanical cues in a 
defined tumor microenvironment with relevant biochemical cues in-
fluence GBM cell state.

RESULTS
Matrix stress relaxation plays a key role in modulating GBM 
cell morphology and P-selectin expression
To investigate how matrix viscoelasticity modulates GBM cell pheno-
type and behavior, we formulated a family of recombinant protein-
based hydrogels that enable independent tuning of stress relaxation 
without altering matrix stiffness or ligand presentation. This previ-
ously reported hydrogel strategy, composed of HA and elastin-like 
proteins (ELPs), form a dynamic 3D platform termed HELP, providing 
programmable mechanical and biochemical environments for cell en-
capsulation across different applications (21, 24, 25). To customize the 
biochemical cues for relevance to the GBM microenvironment, we ge-
netically engineered the recombinant ELP backbone to contain pep-
tide motifs derived from FBN (RGD) and TNC (PLAEIDGIELTY). 
The TNC-derived peptide PLAEIDGIELTY was selected as a defined 
integrin-binding motif known to target the α9β1 integrin (26, 27). This 
peptide originates from the FBN type III domain of TNC, enabling 
modular incorporation into the ELP backbone while preserving inde-
pendent control over matrix mechanics and ligand presentation. The 
α9β1 integrin has been implicated in GBM migratory behavior (21, 28, 
29). Both proteins are known to be highly expressed in GBM tissues, 
particularly in perivascular and tumor core regions (30–33), where 
they regulate cell adhesion and invasion.

The HA and ELP polymers were each used at 1 wt % and cross-
linked via dynamic hydrazone bonds formed between hydrazine-
modified ELP and HA functionalized with aldehyde (ALD) groups 
of varying reactivity (Fig. 1A). Specifically, we used benzaldehyde 
(BZA) to achieve slower bond exchange kinetics and an aliphatic 
ALD to achieve faster bond exchange kinetics. By modulating the 
ratio of BZA:ALD-functionalized HA (either 100:0 or 50:50), we de-
veloped hydrogels with similar shear storage moduli but distinct 
stress relaxation profiles, referred to here as Dyn Slow and Dyn Fast, 
respectively. Mechanical testing confirmed that, although both Dyn 
Slow and Dyn Fast HELP gels exhibited similar stiffness (∼800 Pa, 
within the physiological range of brain tumors) (34, 35) (Fig. 1B), 
they differed markedly in their ability to dissipate applied stress over 
time. The stress relaxation half-times (τ1/2) spanned from ∼104 s for 
Dyn Fast to ∼105 s for Dyn Slow gels (Fig. 1C). Although these rates 
are notably slower than that reported for native brain tissue (36), 
this material platform enables systematic exploration of how stress-
relaxing microenvironments affect GBM cell behavior without con-
founding changes in stiffness or biopolymer composition. Both 
hydrogel formulations supported robust cell viability (>90%) upon 

encapsulation of the U-87 GBM cell line (fig. S1B), confirming the 
cytocompatibility of the system and establishing a reliable platform 
for downstream phenotypic analyses. Thus, the final HELP formula-
tions mimic key compositional features of the diseased GBM niche, 
allowing for exploration of the impact of viscoelasticity while hold-
ing stiffness constant.

GBM cells were initially encapsulated within HELP hydrogels 
containing cell-adhesive ligands from both FBN and TNC proteins 
(termed FBN-TNC). Over 7 days, GBM cells exhibited markedly en-
hanced spreading and protrusive morphology in Dyn Fast compared 
to Dyn Slow matrices (Fig. 1D). To assess whether this viscoelasticity-
dependent morphological response was limited to individually en-
capsulated cells or also manifested at the multicellular level, we 
preformed GBM spheroids and embedded them within HELP hydro-
gels. Immediately postencapsulation (day 0), spheroids retained their 
compact structure across both hydrogel types. However, by day 7, 
spheroids cultured in Dyn Fast hydrogels exhibited pronounced pe-
ripheral spreading and a loss of compactness, whereas those in Dyn 
Slow hydrogels preserved their initial spherical morphology while 
continuing to grow in size (Fig. 1E).

We next examined expression levels of P-selectin, a cell adhesion 
molecule traditionally associated with vascular endothelium and 
platelets. Although the role of P-selectin in GBM is still emerging, 
elevated P-selectin expression has been linked to aggressive behav-
ior in several solid tumors, and therapies targeting P-selectin have 
shown substantial potential in preclinical GBM models, leading to 
their use in a current phase 1/2 clinical trial (NCT05909618) (11, 
22). Immunofluorescence analysis revealed consistently elevated P-
selectin expression in GBM cells within Dyn Slow relative to Dyn Fast 
conditions (Fig. 1, F and G, and figs. S2 and S3). These observations 
were supported by quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) analysis, which showed significantly high-
er SELP (the gene encoding P-selectin) transcript levels in cells cul-
tured in Dyn Slow hydrogels (Fig. 1F). These results highlight that 
matrix viscoelasticity modulates both cell morphology and expres-
sion of invasion-associated markers.

Next, we investigated whether specific ECM biochemical signal-
ing cues were required in our tumor-mimetic hydrogels. In particu-
lar, we leveraged the modularity of the HELP hydrogel platform 
to explore whether different cell-adhesive peptides would influence 
GBM morphology in dynamic matrices, comparing three HELP hy-
drogel formulations: FBN, FBN-TNC, and TNC (Fig. 2A). These 
formulations were engineered to have comparable stiffness (∼800 Pa) 
and two different levels of stress relaxation kinetics, categorized 
as Dyn Slow or Dyn Fast (Fig. 2B). Characterization across different 
ligand conditions also demonstrated that peptide identity does not 
significantly alter bulk stiffness (Fig. 2B), confirming that stress re-
laxation is independently tuned in this system.

Immunofluorescence staining of P-selectin revealed that encapsu-
lated GBM cells could sense and respond to matrix viscoelasticity 
regardless of changes in ligand identity (Fig. 2C). Across all hydrogel 
conditions, U-87 cells cultured in Dyn Slow hydrogels exhibited con-
sistently higher P-selectin levels across all peptide configurations. 
Quantitative analysis confirmed this trend, with P-selectin intensity 
per cell significantly elevated in Dyn Slow matrices (Fig. 2D), where-
as no significant differences were observed between the FBN, FBN-
TNC, or TNC conditions within a given dynamic group. Similar 
results were obtained when U-87 cells were encapsulated in HELP 
hydrogels formulated with only the non-cell-adhesive, scrambled 
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RDG protein (fig. S4, left). Thus, cells exhibited comparable P-selectin 
expression levels in Dyn Slow hydrogels with or without cell-adhesive 
peptides, suggesting that initial integrin-mediated adhesion is not 
required for P-selectin induction under these conditions.

Next, to assess whether P-selectin up-regulation in Dyn Slow hy-
drogels is dependent on receptor engagement with HA, we replaced 
HA in the HELP matrix with a bioinert polyethylene glycol (PEG) to 
form ELP-PEG hydrogels of matched stiffness and viscoelasticity 
(37, 38). Within this PEG-based Dyn Slow system, we compared hy-
drogels functionalized with either the cell-adhesive FBN-derived 
RGD peptide or a nonadhesive scrambled RDG control. Notably, P-
selectin expression remained unchanged across all conditions, sug-
gesting that neither early HA-mediated signaling nor early integrin 

engagement was required for P-selectin induction under slow stress-
relaxing conditions (fig. S4, right).

Matrix stress relaxation affects ECM remodeling and integrin 
expression in GBM cells
Given that matrix stress relaxation emerged as the dominant regula-
tor of GBM cell behavior relative to ligand type, we focused our sub-
sequent investigations on the role of viscoelasticity within HELP 
hydrogels presenting both FBN and TNC ligands. A previous work 
has demonstrated that changes in matrix stress relaxation rate can 
alter the ability of cells to remodel their surrounding environment 
by secreting new matrix proteins (39). Thus, although encapsulated 
cells are initially only exposed to cell-adhesive ligands presented by 

Fig. 1. Viscoelastic HELP hydrogels with ECM-mimetic motifs modulate GBM cell behavior. (A) Schematic of the HELP hydrogel integrating HA, ELPs, and dynamic 
cross-linkers to create tunable viscoelastic properties. Cell-adhesive peptides derived from FBN (RGD) and TNC (PLAEIDGIELTY) were incorporated in the backbone of ELPs. 
(B) Average shear storage moduli (G′) of HELP hydrogels (n = 3) with slow (Dyn Slow) and fast (Dyn Fast) stress-relaxing dynamics. (C) Representative stress relaxation 
curves. (D and E) Bright-field images of U-87 cells that were initially encapsulated in HELP hydrogels as individual cells (D) or preformed spheroids (E). (F) Representative 
images of encapsulated U-87 cells immunostained for P-selectin (green) and counterstained for nuclei (DAPI; blue) at day 7 postencapsulation. Quantification of normal-
ized P-selectin fluorescence per cell (n = 6 randomized fields of view; N = 3 replicate hydrogels; data are means ± SD, *P < 0.05). a.u., arbitrary units. Expression level of 
normalized SELP (gene encoding P-selectin) mRNA relative to day 0 controls and normalized to the housekeeping gene after 7 days in Dyn Slow or Dyn Fast hydrogels 
(N = 8 replicate hydrogels; data are means ± SD, **P < 0.01). Statistical analyses were two-tailed unpaired t tests. (G) Representative images of encapsulated U-118 cells 
stained for P-selectin (green) and nuclei (DAPI; blue) at day 7.
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Fig. 2. Matrix stress relaxation affects P-selectin expression regardless of integrin ligands presented by the engineered hydrogel. (A) Schematic of three hydrogel 
formulations with varied integrin-binding peptide presentations: FBN, FBN-TNC, and TNC. (B) Rheological characterization of each formulation for Dyn Slow and Dyn Fast 
conditions. Time sweeps (left) show the increase in stiffness during cross-linking, whereas frequency sweeps of fully cross-linked gels (right) show consistent stiffness 
across peptide configurations (G′ ∼ 800 Pa). Storage moduli (G′) are filled symbols, and loss moduli (G″) are open symbols. (C) Images of U-87 cells stained for P-selectin 
(green) and nuclei (DAPI; blue) at day 7 within Dyn Slow and Dyn Fast hydrogels with varied integrin-binding peptides. (D) Quantification of normalized P-selectin inten-
sity per cell (n = 3 per group) for U-87 cells at day 7. Statistical analyses are one-way (B) or two-way (D) ANOVA with Tukey’s multiple comparisons test.
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the engineered hydrogel, over time they can produce their own adhe-
sive matrix. To investigate how matrix viscoelasticity regulates ECM 
remodeling and integrin-mediated signaling in our GBM model, U-
87 cells were encapsulated within 3D HELP hydrogels and compared 
with cells cultured on conventional 2D tissue-culture polystyrene 
(TCP). ECM remodeling was analyzed through a combination of im-
munostaining and transcriptional profiling of matrix components 

and integrin receptors. Immunofluorescence imaging revealed pro-
nounced differences in FBN deposition across conditions (Fig. 3A). 
Cells cultured on 2D TCP formed flattened monolayers that grew 
horizontally to cover a large surface area, whereas cells cultured with-
in 3D HELP hydrogels formed multicellular aggregates that were 
more compact. This is consistent with other published observations 
of GBM cell lines when grown within 3D hydrogels and could be due 

Fig. 3. Slow matrix stress relaxation enhances ECM remodeling and integrin-associated gene expression in GBM cells. (A) Representative images of FBN (magenta), 
F-actin (phalloidin; green), and nuclei (DAPI; blue) in U-87 cells cultured on 2D TCP or encapsulated in HELP hydrogels with either slow (Dyn Slow) or fast (Dyn Fast) stress 
relaxation rates for 7 days. (B) Representative images of ColVI (green), F-actin (phalloidin; red), and nuclei (DAPI; blue) in U-87 cells. (C) Quantitative real-time PCR analysis 
of ECM-related genes including FBN (FN1), ColVI (COL6A1), collagen I (COL1A1), laminin subunits (LAMA1, LAMA2, and LAMA4), and TNC for U-87 cells at day 7. (D) Gene 
expression of integrin subunits (ITGB1, ITGA7, and ITGA3) and CD44, a hyaluronan receptor, for U-87 cells at day 7. (E) Expression of matrix remodeling genes (MMP9, 
MMP13, and MMP14) and hyaluronidase (HYAL1) for U-87 cells at day 7. Expression levels were normalized to day 0 controls and housekeeping genes. Data represent 
means ± SD from n ≥ 4 biological replicates. Statistical analyses are two-tailed unpaired t tests, *P < 0.05.
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to the spatial confinement provided by the 3D hydrogel and/or al-
terations in mass transport of cytokines and nutrients (40, 41). On 
2D TCP, the cells deposited nascent FBN and collagen VI (ColVI) 
mainly around the planar cell cluster margins. In contrast, cells em-
bedded in Dyn Slow hydrogels secreted dense, pericellular FBN and 
ColVI, mainly in the core of 3D spheroid-like structures. In com-
parison, cells in Dyn Fast hydrogels exhibited dispersed morpholo-
gies and minimal ECM deposition (Fig. 3, A and B).

To evaluate whether these protein-level differences were reflected 
at the transcriptional level, we performed qRT-PCR analysis of key 
ECM genes after 7 days of encapsulation (Fig. 3C). GBM cells in Dyn 
Slow hydrogels exhibited significantly higher mRNA expression of 
FBN (FN1), ColVI alpha 1 (COL6A1), and collagen type I alpha 1 
(COL1A1), indicating active matrix remodeling. These ECM proteins 
are commonly up-regulated in invasive GBM phenotypes and associ-
ated with chemoresistance in the in vivo tumor microenvironment 
(42, 43). Expression of TNC, a known component of the GBM mi-
croenvironment up-regulated in perinecrotic and invasive regions, 
showed an upward trend in Dyn Slow hydrogels but did not reach 
statistical significance. Gene expression of laminin isoforms (LAMA1, 
LAMA2, and LAMA4) also exhibited modest increases under Dyn 
Slow conditions, consistent with the ECM deposition patterns ob-
served in immunostaining (figs. S5 and S6). These results confirm 
that the stress relaxation properties initially presented by the engi-
neered hydrogel support the activation of ECM-producing transcrip-
tional programs in GBM cells.

We next investigated whether viscoelasticity altered expression of 
integrin receptors. U-87 cells in Dyn Slow hydrogels up-regulated 
expression of integrin subunit β1 (ITGB1) and integrin subunit α3 
(ITGA3) (Fig. 3D), both of which facilitate cell-ECM adhesion and 
mechanotransduction in GBM progression (44, 45). These integrins 
are known to enhance invasive behavior and therapy resistance when 
activated in mechanically stiff environments. Integrin subunit α7 
(ITGA7), a laminin-binding integrin, showed no significant change, 
suggesting selective engagement based on mechanical context. CD44 
expression, a major receptor for HA (46), remained unaltered be-
tween Dyn Slow and Dyn Fast conditions (Fig. 3D). Together with 
our earlier findings that removal of HA from the hydrogel formula-
tion did not affect P-selectin expression (fig. S4), these data imply 
that HA-CD44 interactions are not a primary pathway mediating 
mechanotransduction of dissipative forces in our system.

Last, we assessed matrix remodeling enzyme expression in our 
GBM model (Fig. 3E). GBM cells in Dyn Fast hydrogels exhibited sig-
nificantly elevated mRNA levels of matrix metalloproteinases (MMP9, 
MMP13, and MMP14) and hyaluronidase (HYAL1), enzymes in-
volved in ECM degradation and remodeling. These results suggest 
that, whereas Dyn Slow environments promote ECM deposition, Dyn 
Fast matrices may signal cells to initiate ECM degradation.

These findings demonstrate that matrix stress relaxation influ-
ences the phenotypic behavior of GBM cells by modulating their 
ability to remodel the ECM and express integrin receptors for ECM 
engagement. The differential regulation of matrix deposition versus 
matrix degradation suggests that matrix viscoelasticity may modu-
late the balance between ECM assembly and turnover in GBM. These 
observations led us to hypothesize that slower-relaxing environments 
may preserve cytoskeletal tension and support the buildup of matrix-
bound forces that favor ECM deposition, whereas faster-relaxing 
matrices dissipate cellular tension more rapidly, reducing mechano-
transductive signaling and promoting ECM degradation.

Matrix stress relaxation regulates YAP1/β-catenin activation 
and cytoskeletal tension to control P-selectin expression
To evaluate whether matrix stress relaxation rate results in altered 
levels of cellular tension, we next investigated the potential mech-
anisms involved in mechanosignaling pathways. We focused on 
Yes-associated protein 1 (YAP1) and β-catenin, two central transcrip-
tional coactivators that integrate mechanical cues with gene expres-
sion via cytoskeletal tension and cell-ECM adhesion dynamics (47). 
We first analyzed YAP1 expression as a canonical readout of mechan-
ical signal transduction. In 2D culture on TCP, YAP1 expression was 
minimal (Fig. 4A). In contrast, cells cultured in Dyn Slow hydrogels 
displayed markedly higher YAP1 expression compared to those in 
Dyn Fast matrices, as evidenced by immunofluorescence and Western 
blotting. This response was consistent across U-87 and U-118 GBM 
cell lines (fig. S7), supporting the conclusion that YAP1 activation is a 
potential viscoelasticity-dependent phenomenon for GBM. In paral-
lel, we analyzed the Wnt/β-catenin axis (48) and observed a similar 
pattern. Immunofluorescence imaging showed elevated levels of active 
(nonphosphorylated) β-catenin in Dyn Slow matrices relative to Dyn 
Fast (49) (Fig. 4B). At the transcriptional level, qRT-PCR analysis re-
vealed significant up-regulation of CTNNB1 and down-regulation of 
its canonical downstream target AXIN2 under slow-relaxing condi-
tions, implicating that matrix dissipative properties play a potential 
role in the activation of β-catenin–driven transcription.

Given the observed mechanosensitive activation of YAP1 and β-
catenin, we next tested whether upstream regulation of cytoskeletal 
contractility through the RhoA-ROCK-myosin II axis was neces-
sary for P-selectin up-regulation. To answer this, we treated encap-
sulated GBM cells with either a ROCK inhibitor (Y-27632) or a 
non-muscle myosin II inhibitor (blebbistatin) from days 7 to 10 
postencapsulation. Both treatments markedly reduced P-selectin 
expression in Dyn Slow hydrogels, mimicking the phenotype of low 
P-selectin expression observed in Dyn Fast matrices (Fig. 4, C and 
D). These findings confirm that actomyosin-mediated cytoskeletal 
tension may be necessary for sustained P-selectin up-regulation in 
viscoelastic matrices.

Matrix stress relaxation regulates lipid metabolic states and 
protein expression profiles in GBM cells
Having identified that matrix stress relaxation modulates GBM 
mechanotransduction, ECM remodeling, and integrin expression, 
we next asked whether these mechanical cues influence other hall-
marks of GBM. Among these, lipid metabolic reprogramming is in-
creasingly recognized as a key driver of GBM proliferation, survival, 
invasion, and therapy resistance (50, 51). GBM cells accumulate LDs 
not only as energy stores but also to shield cells from oxidative and 
metabolic stress within the tumor microenvironment, thereby en-
hancing survival and stemlike phenotypes (52–54). To examine how 
viscoelastic remodeling shapes GBM metabolic state, U-87 cells were 
cultured on 2D TCP or encapsulated in 3D HELP hydrogels (Dyn 
Slow versus Dyn Fast). At day 7, neutral lipid content was first visual-
ized in bulk using Boron-dipyrromethene (BODIPY) dyes (Fig. 5A) 
and then further assessed by coherent anti-Stokes Raman scattering 
(CARS) microscopy (Fig. 5B). CARS microscopy, which detects CH2 
vibrational signatures, enables quantitative, label-free imaging of LDs 
in living cells and tissues (55, 56). Our findings demonstrate that 
U-87 cells in Dyn Slow hydrogels exhibited a significantly higher 
LD count per cell compared to cells in Dyn Fast matrices (Fig. 5, A 
and B). One possible explanation is that Dyn Slow matrices sustain 

D
ow

nloaded from
 https://w

w
w

.science.org at Stanford U
niversity on A

ugust 25, 2026



Ghorbani et al., Sci. Adv. 12, eaef7087 (2026)     21 August 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 15

cytoskeletal tension and YAP/β-catenin signaling, which may en-
hance de novo lipogenesis and nucleation of new LDs, resulting in a 
larger number of droplets. This hypothesis is consistent with evidence 
that actomyosin-AMPK (57) and Hippo-YAP signaling can promote 
LD biogenesis (58).

Moreover, mechanical forces are also known to regulate secretory 
programs that shape tumor-stroma communication (59). Thus, we 
next examined whether matrix viscoelasticity alters the cytokine and 
protein expression landscape in GBM cells. Day 7 cell lysate analysis 
(Fig. 5C and fig. S8) revealed distinct expression profiles of secreted 
proteins among the different experimental groups. Dyn Slow cultures 
showed elevated macrophage inhibitory factor (MIF) and ECM me-
talloproteinase inducer (EMMPRIN, also known as CD147), mol-
ecules implicated in GBM tumorigenesis, immune modulation, and 
MMP induction, respectively (60–63). In contrast, GBM cells in Dyn 
Fast hydrogels preferentially up-regulated transferrin receptor (TfR), 
chitinase-3-like protein 1 (CHI3L1, also known as YKL-40), and 
osteopontin, proteins associated with GBM invasion or stemness 

(64–68). Moreover, interleukin-8 (IL-8) levels were higher under the 
Dyn Fast condition, consistent with its role in promoting GBM inva-
sion and cell migration (69–71), along with increased SERPINE1 ex-
pression, suggested to drive GBM dispersal (72).

DISCUSSION
Our data establish that GBM cell lines are responsive to matrix stress 
relaxation kinetics (at similar matrix stiffness), which correlates with 
altered expression of adhesion molecules (P-selectin), ECM remodel-
ing, mechanotransduction (YAP/β-catenin), lipid storage, and cyto-
kine/protein expression. This finding is consistent with foundational 
mechanobiology studies showing that matrix stress relaxation, inde-
pendent of bulk stiffness, can govern cell spreading, contractility, and 
fate decisions for multiple cell types (9, 73). Although the matrix 
stress relaxation rates studied here are slower than that reported for 
whole brain tissue and GBM tumors (6, 73), this range of dissipative 
kinetics is known to alter the phenotype of other cells in the nervous 

Fig. 4. Matrix stress relaxation regulates YAP/β-catenin activation and cytoskeletal tension to control P-selectin expression in GBM cells. (A) Left: Immunofluores-
cence of YAP1 (magenta) in U-87 cells cultured on 2D TCP or encapsulated in HELP hydrogels with slow (Dyn Slow) or fast (Dyn Fast) stress relaxation rates. Phalloidin (red) 
and DAPI (blue) stain F-actin and nuclei, respectively. Right: Western blot analysis of total YAP1 expression at day 7 normalized to β-actin. (B) Left: Immunofluorescence 
images of active (nonphospho) β-catenin (green) along with phalloidin (green) and DAPI (blue) staining. Right: Quantitative RT-PCR analysis of CTNNB1 (encoding β-
catenin) and its downstream transcriptional target AXIN2 normalized to day 0 and the housekeeping gene. (C and D) Immunofluorescence of U-87 cells for P-selectin 
(green) expression along with phalloidin (red) and DAPI (blue) following treatment with either ROCK inhibitor Y-27632 (C) or actomyosin contractility inhibitor blebbistatin 
(D) at day 10. Data represent means ± SD, from n = 3 biological replicates; *P < 0.05, by unpaired two-tailed t tests.
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system (21, 24, 74, 75). A number of strategies have been reported to 
alter the viscous dissipation kinetics of biomaterial hydrogels (76–78), 
and future studies could further expand the range of viscoelastic me-
chanical properties.

In our system, slower-relaxing (Dyn Slow) HELP hydrogels fa-
vored tension-dependent phenotypes across multiple readouts, 
whereas faster-relaxing (Dyn Fast) gels attenuated those responses. 
Most notably, GBM cells responded to this mechanosignaling through 
regulation of P-selectin expression. We observed higher SELP expres-
sion in Dyn Slow versus Dyn Fast across GBM cell lines and in several 
different matrix formulations, with pharmacologic reduction upon 
inhibition of cytoskeletal tension. P-selectin is best known for its role 
in capturing leukocytes within the bloodstream, where hemodynamic 
forces initiate downstream P-selectin activity (79). In cancer, P-selectin 
is up-regulated on tumor endothelium, where it mediates cancer cell 
metastasis through the blood stream (80). P-selectin–targeted nano-
medicines are suggested to enhance vascular docking and to enable 
active blood-brain-barrier transcytosis in brain tumors, thereby im-
proving intratumoral delivery (80, 81). More recently, P-selectin was 
discovered to be significantly up-regulated on GBM cells in vivo com-
pared to healthy brain tissue, enabling dual targeting (22). In preclini-
cal models, P-selectin dual targeting of GBM resulted in significant 
improvements in animal survival (22). Future work will be required to 
extend our studies to patient-derived cells for evaluation of the time-
course and mechanistic pathways responsible for mechanosignaling-
mediated P-selectin expression. As a first step toward mechanistic 
understanding, our findings suggest the involvement of YAP and β-
catenin signaling. This is consistent with evidence suggesting that 
YAP/TAZ are effectors of matrix-dependent tension and mediate 
cross-talk with Wnt/β-catenin (82, 83).

GBM cell response to matrix stress relaxation rate did not require 
the initial presentation of a particular integrin-binding motif nor 
the presence of HA in our model. In contrast, cells enacted different 
matrix remodeling programs in response to the initial matrix me-
chanics. Dyn Slow promoted deposition and transcriptional up-
regulation of FBN (FN1) and collagens (e.g., COL6A1), whereas 
Dyn Fast induced matrix degradation mechanisms through up-
regulation of matrix-degrading enzymes (MMP9, MMP13, MMP14, 
and HYAL1). Clinical and experimental findings demonstrate GBM 
frequently shows enriched FBN, TNC, and collagen isoforms that 
support adhesive migration and immune modulation (84, 85). Col-
VI, in particular, can be produced by GBM cells to prime invasion, 
correlating with poorer outcomes (86). Consistent with our integrin 
data, other studies show that α3 and β1 integrin subunits contribute 
to glioma invasion, therapy resistance, and vascular interactions 
(87–90). Although other evidence suggests that the HA-CD44 axis 
can influence GBM invasion (91, 92), in our model, CD44 transcript 
levels were unchanged. Given these phenotypic shifts in matrix re-
modeling, future in vitro models would benefit from real-time anal-
yses of changes in matrix viscoelasticity (93, 94).

We also observed correlations between matrix stress relaxation 
rate and GBM lipid metabolism. Using BODIPY for bulk LD detec-
tion and label-free CARS microscopy for single-cell quantification, 
we found that Dyn Slow was characterized by more LDs per cell, 
whereas Dyn Fast showed fewer LDs of similar size. Actomyosin and 
Hippo-YAP signaling are potential regulators of lipid metabolism in 
several systems (95–97). In GBM specifically, lipid metabolism and 
LD accumulation support malignancy and therapeutic vulnerabilities 
(50, 51). In our platform, the increased abundance of LDs under Dyn 
Slow conditions may represent a stress-protective response within a 

Fig. 5. Matrix stress relaxation modulates LD accumulation and protein expression in GBM cells. (A) BODIPY staining of LD in U-87 cells cultured on 2D TCP or en-
capsulated in Dyn Slow or Dyn Fast HELP hydrogels. (B) Left: Merged CARS and immunofluorescence images of LD along with phalloidin (red) and DAPI (blue) staining. 
Right: Quantification of LD count per cell and individual LD area for U-87 cells at 7 days postencapsulation. Statistical analyses are two-way ANOVA with Tukey’s multiple 
comparisons test. (C) Cytokine/protein antibody array analysis of U-87 cell lysates collected at day 7 from 2D, Dyn Slow, and Dyn Fast cultures. Representative array mem-
branes (top) and semiquantitative bar graphs (bottom) depict relative protein abundance. ND, not detected.
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mechanically confining niche. These data support future efforts at 
metabolomic analyses in GBM in vitro models.

Last, our immunoassays on cell lysates revealed viscoelasticity-
dependent expression programs. In Dyn Fast hydrogels, GBM cells 
had elevated expression levels of TfR, CHI3L1, osteopontin, IL-8, and 
SERPINE1, suggestive of proinvasive chemokine signaling and migra-
tory GBM dispersal. This notion is consistent with the up-regulation 
of matrix-degrading enzymes and the elongated morphological struc-
tures observed in Dyn Fast hydrogels. On the other hand, in Dyn Slow, 
elevated MIF and EMMPRIN were notable. MIF promotes endothe-
lial adhesive function and P-selectin–dependent leukocyte rolling 
in vivo, and EMMPRIN is reported to trigger platelet degranulation 
and increased expression of P-selectin (98, 99). These findings corre-
late with higher expression of P-selectin in Dyn Slow, suggesting that 
up-regulation of several P-selectin–related genes may be coordinated 
to regulate cell-adhesive interactions involved in GBM progression.

Notably, our current in vitro model includes only GBM cells 
and an engineered matrix. In addition, this study uses immortal-
ized GBM cell lines (U-87 and U-118), which, although well char-
acterized and reproducible, do not fully capture the interpatient 
heterogeneity of GBM. These two cell lines were selected in part 
due to their distinct phenotypic characteristics, including differ-
ences in morphology, invasiveness, and molecular profiles (100), 
enabling an initial assessment of whether viscoelasticity-dependent 
responses are replicated across different GBM models. Although 
consistent trends were observed across both lines, future studies 
using patient-derived GBM cells will be essential to determine how 
matrix viscoelasticity influences tumor behavior across clinically 
relevant subtypes.

Although the HELP platform incorporates key components of 
the brain ECM, including HA and ECM-derived ligands, it remains 
a simplified system that does not fully capture the cellular and bio-
chemical complexity of the tumor microenvironment. This level of 
control is essential for isolating the cause-and-effect relationships 
between matrix properties and GBM cells. However, this strategy 
does not capture the multitude of other interactions occurring in the 
tumor microenvironment with the diverse other cell types that are 
present in vivo. As P-selectin is specifically hypothesized to mediate 
GBM cell interactions with the endothelium and microglia (23), fu-
ture studies could expand the model complexity by incorporating 
additional cell types.

In summary, our data indicate that the matrix stress relaxation 
rate, at matched stiffness and independent of initial cell-adhesive li-
gand presentation, is a key parameter that regulates GBM morphol-
ogy, ECM remodeling, mechanotransduction, lipid metabolism, and 
cell-intrinsic protein programs (Fig. 6). Slow-relaxing hydrogels, 
which retain cellular traction over time, are associated with enhanced 
ECM deposition, accumulation of LDs, and elevated expression of 
P-selectin and potential mediators such as MIF and EMMPRIN that 
may reinforce adhesive-inflammatory signaling. In contrast, fast-
relaxing matrices favor ECM-degradative signatures, fewer LDs, and 
enrichment of proteins associated with invasion (TFRC, CHI3L1, 
osteopontin, IL-8, and SERPINE1). These findings underscore ma-
trix stress relaxation as a considerable regulator of GBM cell state and 
establish HELP hydrogels as a platform for probing biomechanical 
and biochemical influences on tumor biology. This tunable in vitro 
system enables reductionist modeling of the GBM microenviron-
ment and supports the discovery of mechanosensitive pathways with 
therapeutic potential.

MATERIALS AND METHODS
ELP expression, purification, and characterization
ELPs bearing cell-adhesive ligands derived from FBN (RGD), TNC 
(PLAEIDGIELTY), or nonadhesive scrambled ligand (RDG) motifs 
were recombinantly expressed and purified according to our estab-
lished protocols (101). Briefly, Escherichia coli [either BL21(DE3) 
pLysS for the RGD and RDG variants or BL21 Star (DE3) pLysS for 
the PLAEIDGIELTY variant (Invitrogen)] were transformed with 
a pET15b plasmid encoding the desired ELP sequence. Individual 
transformed colonies were selected and initially cultured overnight 
in sterile Terrific Broth (Thermo Fisher Scientific), supplemented 
with 0.4% glycerol and ampicillin (100 μg/ml), at 37°C.

For the RGD and RDG variants, the following day, 20 ml of the 
overnight culture was transferred into 1 liter of the same growth me-
dium in baffled flasks. Cultures were maintained at 37°C with con-
tinuous shaking until reaching an optical density (λ = 600 nm) of 0.6, 
after which the temperature was reduced to 32°C. Upon reaching 
an optical density (λ = 600 nm) of 0.8, protein expression was in-
duced by the addition of 1 mM isopropyl-β-d-thiogalactopyranoside 
(IPTG; Thermo Fisher Scientific), and cells were incubated for an ad-
ditional 7 hours. For the PLAEIDGIELTY variant, protein expression 
occurred at 25°C for 24 hours.

Cells were harvested by centrifugation, resuspended in TEN buffer 
[10 mM Tris, 1 mM EDTA, and 100 mM NaCl (pH 8.0)], and stored 
at −80°C. Cell lysis was achieved through three freeze-thaw cycles, 
followed by treatment with 10 μM deoxyribonuclease I (Sigma-
Aldrich) and 1 mM phenylmethylsulfonyl fluoride (PMSF; Thermo 
Fisher Scientific) to degrade nucleic acids and inhibit protease activi-
ty, respectively.

Purification of ELPs was performed via three sequential rounds 
of thermal cycling. In each cycle, the pH of the sample was first ad-
justed to 9.0, followed by a cold centrifugation step (15,000g, 4°C, 
1 hour) to remove insoluble debris. The clarified supernatant was 
then supplemented with salt (1 M sodium chloride for the RGD and 

Fig. 6. Schematic of the matrix viscoelasticity modulation of GBM phenotypes. 
In engineered hydrogels with slower stress relaxation rates (left), a spheroidal mor-
phology is maintained and is accompanied by elevated P-selectin expression, en-
hanced matrix deposition, and LD accumulation. Conversely, in hydrogels with 
faster stress relaxation (right), enhanced cell spreading is observed together with 
reduced expression of P-selectin, expression of matrix-degrading enzymes, and lim-
ited LD storage, suggesting a migratory phenotype.
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RDG variants or 1 M ammonium sulfate for the PLAEIDGIELTY 
variant) and incubated at 37°C for 3 hours to trigger ELP aggrega-
tion. A subsequent hot spin (15,000g, 37°C, 1 hour) was used to col-
lect the aggregated ELP, which was redissolved in ultrapure water 
and allowed to dissolve overnight at 4°C. After three cycles of this 
purification process, a final cold spin was conducted to remove re-
sidual insoluble material. The supernatant was then dialyzed against 
ultrapure water for 72 hours using 10-kDa molecular weight cutoff 
(MWCO) dialysis tubing and lyophilized for storage at −20°C.

Synthesis of hydrazine-modified ELP
Hydrazine functionalization of ELPs was carried out as previously 
described (102). Lyophilized ELP was first dissolved at 7.3% (w/v) 
in anhydrous dimethyl sulfoxide (DMSO; Sigma-Aldrich) at room 
temperature (RT). After complete dissolution, an equal volume of 
anhydrous N,N′-dimethylformamide (DMF; Sigma-Aldrich) was add-
ed to the solution. Separately, tri-Boc-hydrazinoacetic acid (2.1 equiv 
per primary amine on the ELP; Sigma-Aldrich) and hexafluoro-
phosphate azabenzotriazole tetramethyl uronium (HATU; 2 equiv 
per ELP amine; Sigma-Aldrich) were dissolved in the same volume of 
anhydrous DMF. Following dissolution, 4-methylmorpholine (5 equiv 
per ELP amine; Sigma-Aldrich) was added, and the mixture was 
allowed to react for 10 min at RT. The activated hydrazine solution 
was then added dropwise to the ELP-containing solution, and the 
reaction proceeded overnight at RT with constant stirring. The fol-
lowing day, the reaction mixture was precipitated using ice-cold di-
ethyl ether (Thermo Fisher Scientific), and the resulting product 
was collected by centrifugation and dried under nitrogen to obtain 
butoxycarbonyl (Boc)–protected hydrazine-modified ELP. To de-
protect the Boc groups, the dried material was resuspended in a 1:1 
mixture of dichloromethane (DCM; Sigma-Aldrich) and trifluoro-
acetic acid (TFA; Sigma-Aldrich), containing 5% (v/v) triisopropyl-
silane (Sigma-Aldrich) as a scavenger. The solution was stirred at RT 
for 4 hours in a vented container. The final hydrazine-functionalized 
ELP was obtained by precipitation in cold ether, pelleting by cen-
trifugation, and drying under nitrogen. The pellet was redissolved in 
ultrapure water, dialyzed using 10-kDa MWCO tubing for 3 days, 
and subsequently sterile filtered, lyophilized, and stored at −20°C.

Synthesis of BZA- and ALD-functionalized HA
BZA- and ALD-modified HA derivatives were synthesized in a two-
step process involving initial carbodiimide coupling followed by 
copper-catalyzed azide-alkyne (CuAA) click chemistry as previ-
ously described (74). In the first step, 100-kDa sodium hyaluronate 
(LifeCore) was functionalized with propargylamine to introduce ter-
minal alkyne groups. HA was dissolved at 1% (w/v) in MES buffer 
[0.2 M MES hydrate (Sigma-Aldrich) and 0.15 M NaCl (pH 4.5)] and 
stirred at RT. Propargylamine (0.8 equiv per HA dimer unit; Sigma-
Aldrich) was added, and the solution pH was immediately adjusted 
to 6.0. N-Hydroxysuccinimide (NHS; 0.8 equiv per HA dimer unit; 
Thermo Fisher Scientific) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC; 0.8 equiv per HA dimer unit; 
Thermo Fisher Scientific) were then sequentially added to activate 
the HA carboxyl groups. The reaction proceeded overnight under 
constant agitation. The resulting HA-alkyne was purified by dialysis 
(10-kDa MWCO) against ultrapure water for 3 days, sterile filtered, 
lyophilized, and stored at −20°C.

In the second step, the conjugation of BZA and ALD function-
al groups occurred through a subsequent CuAA click chemistry 

reaction. Briefly, lyophilized HA-alkyne was dissolved at 1% (w/v) in 
10× isotonic phosphate-buffered saline [PBS; 81 mM Na2HPO4, 19 mM 
NaH2PO4, and 60 mM NaCl (pH 7.4)] containing β-cyclodextrin 
(1 mg/ml; Sigma-Aldrich) at RT. After degassing under nitrogen for 
30 min, degassed solutions of sodium ascorbate (4.52 mM; Sigma-
Aldrich) and copper(II) sulfate pentahydrate (0.24 mM; Sigma-
Aldrich) were sequentially added to catalyze the reaction. For BZA 
functionalization, an azidobenzaldehyde derivative (2 equiv per al-
kyne group; synthesized as previously described (37)] was dissolved 
in anhydrous DMSO and added to the reaction vessel. For ALD 
functionalization, Ald-CH2-PEG3-azide (2 equiv per alkyne group; 
BroadPharm) was directly introduced. After an additional 10-min 
degassing, the reaction proceeded for 24 hours at RT in the dark un-
der constant stirring. To terminate the reaction and chelate residual 
copper ions, an equal volume of 50 mM EDTA (pH 7.0) was added 
and incubated for 1 hour. The final product was then dialyzed against 
ultrapure water (10-kDa MWCO) for 3 days, sterile filtered, lyophi-
lized, and stored at −20°C until use.

Formation of dynamic HELP hydrogels
Lyophilized ELP and HA were each reconstituted in 10× isotonic 
PBS to a final concentration of 2% (w/v) and allowed to dissolve 
overnight at 4°C. Once fully solubilized, solutions were stored on ice 
until use. Later, 5 μl of HA solution was first pipetted into custom-
fabricated silicone molds [4 mm (diameter) by 0.8 mm (height)] 
that had been plasma bonded to 12-mm circular #2 glass coverslips 
(Electron Microscopy Sciences) and chilled on ice. An equal volume 
(5 μl) of ELP solution was then added directly to the mold and man-
ually mixed in circular motions using the same pipette tip to initiate 
in situ cross-linking. Polymerization proceeded by incubating the 
gels for 15 min at RT, followed by 10 min at 37°C.

Measuring hydrogel rheological properties
Shear rheology was conducted using a stress-controlled AR-G2 rhe-
ometer (TA Instruments) equipped with a 20-mm diameter cone-
on-plate geometry (1° cone angle). HELP hydrogel samples (48 μl) 
were prepared directly on the rheometer stage. To prevent dehydra-
tion during measurement, a layer of heavy mineral oil was applied 
around the sample periphery.

Hydrogels were allowed to complete cross-linking in situ on the 
rheometer stage under a controlled oscillatory strain (1%) and angu-
lar frequency (1 rad/s) for 15 min at 23°C, followed by an additional 
15-min incubation at 37°C. To assess the final elastic properties of the 
hydrogels, a frequency sweep was performed from 0.1 to 100 rad/s 
under 1% oscillatory strain at 37°C. The storage moduli (G′) reported 
correspond to measurements at 1 rad/s. To evaluate viscoelastic 
behavior, stress relaxation tests were performed by applying a con-
stant 10% shear strain, and the resulting stress decay was recorded 
over 24 hours at 37°C. The characteristic relaxation time (τ1/2) is de-
fined as the time required for the stress to decay to 50% of its initial 
value. All rheological data were acquired using the TRIOS software 
(TA Instruments).

GBM cell culture
U-87 MG and U-118 MG human GBM cell lines were obtained from 
the American Type Culture Collection (ATCC). Cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; Life Tech-
nologies) supplemented with 10% fetal bovine serum (FBS; Gibco), 
penicillin (100 U/ml), and streptomycin (100 μg/ml). Cultures were 
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kept in a humidified incubator at 37°C with 5% CO2. For hydrogel 
encapsulation, cells were detached using trypsin, collected by cen-
trifugation, and resuspended in fresh media for counting. The final 
pellet was then mixed into a 2% (w/v) ELP precursor solution at 
twice the target cell concentration (e.g., 1 × 104 cells/μl to yield a final 
density of 5 × 103 cells/μl following gelation). HELP hydrogels were 
formed as described above, and each silicon mold containing 10-μl 
gels was placed into an individual well of a 24-well plate. A total of 
1 ml of culture medium was added to each well and exchanged with 
fresh media every other day.

For spheroid experiments, U-87 aggregates were formed using 
the AggreWell 800 platform (STEMCELL Technologies) following 
the manufacturer’s guidelines. Preformed spheroids were collected, 
counted, and gently transferred into the HELP hydrogels before 
cross-linking to achieve uniform encapsulation within matrices.

Viability assays
To evaluate cell viability within the HELP hydrogels, GBM-encapsulated 
hydrogels were incubated in PBS containing 2 μM calcein-AM 
and 4 μM ethidium homodimer-1 (Invitrogen) for 10 min at 37°C.  
Following staining, hydrogels were gently washed with PBS to re-
move unbound dyes and immediately imaged using a laser scanning 
confocal microscope (Leica SPE, Las-X software). Z-stack images 
were acquired to capture 3D viability profiles, and live/dead quanti-
fication was performed from maximum intensity projections.

Immunocytochemistry
GBM-laden HELP hydrogels were fixed in 4% paraformaldehyde 
(PFA) in PBS at RT for 20 min, followed by three PBS washes. Fixed 
samples were stored at 4°C until staining. For permeabilization, con-
structs were incubated in 0.25% (v/v) Triton X-100 in PBS (PBS-T) 
for 1 hour at RT under gentle rocking. Nonspecific binding was 
blocked by incubating samples for 2 hours at RT in a blocking buffer 
consisting of 5% (w/v) bovine serum albumin (BSA; Roche), 5% (v/v) 
goat serum (Gibco, 16210064), and 0.5% (v/v) Triton X-100 (Sigma-
Aldrich, T8787) in PBS.

Primary antibodies were applied to the samples and incubated 
overnight at 4°C with gentle rocking at the following dilutions: 
rabbit anti-P-selectin (1:300, Invitrogen, 3H20L10), rabbit anti- 
COL6A1 (1:400, Proteintech,17023-1-AP), rabbit anti-laminin (1:300, 
Invitrogen, PA1-16730), rabbit anti-YAP1 (1:400, Invitrogen, PA1-
46189), rabbit anti-nonphospho (active) β-catenin (1:300, Cell 
Signaling Technology, 8814), and mouse anti-fibronectin (1:400, 
Proteintech,1G10F9). After primary incubation, samples were washed 
three times with PBS-T for 10 min each at RT. Secondary antibodies 
were prepared in an antibody dilution buffer and included: goat anti-
rabbit Alexa Fluor 488 (1:500, Invitrogen, A-11008) and goat anti-
mouse Alexa Fluor 594 (1:500, Invitrogen, A-11032). Samples were 
incubated with the secondary antibody solution overnight at 4°C 
with gentle rocking. 4′,6-Diamidino-2-phenylindole (DAPI; 1 μg/ml, 
Cell Signaling Technology, 4083s) and phalloidin (Sigma-Aldrich) 
were included in the secondary antibody solution to stain nuclei and 
F-actin, respectively. Samples were incubated overnight at 4°C with 
gentle rocking. Following incubation, hydrogels were washed three 
times with PBS-T for 20 min each and then mounted onto no. 1 cov-
erslips using the ProLong Gold Antifade Mountant (Thermo Fisher 
Scientific). After 24 hours of curing at RT, samples were imaged us-
ing a Leica SPE confocal microscope. All images were acquired at 

z-depths ≥ 50 μm from the coverslips to avoid possible confounds 
imparted by the mechanical properties of the glass.

Quantitative reverse transcription polymerase 
chain reaction
For qRT-PCR, total RNA was extracted from encapsulated GBM cells 
following enzymatic hydrogel degradation. HELP hydrogels were 
transferred to microcentrifuge tubes and incubated with an equal 
volume of PBS containing hyaluronidase (2000 U/ml) and elastase 
(250 U/ml) for 30 min at 37°C to enzymatically digest the hydrogel 
matrix. Following digestion, cell suspensions were lysed in TRIzol 
reagent (Invitrogen) and stored at −80°C until RNA extraction.

Before RNA isolation, samples were thawed on ice and homoge-
nized using a probe sonicator (Heilscher UP50H) at 50% amplitude 
(25 W), 30-kHz frequency, with a 0.5-s on/off cycle. mRNA was pu-
rified using an mRNA isolation kit (Zymo Research) according to 
the manufacturer’s protocol. Following two washes with 70% etha-
nol, RNA pellets were air dried and resuspended in nuclease-free 
water. cDNA synthesis was performed using 100 ng of purified RNA 
with the high-capacity cDNA reverse transcription kit (Applied Bio-
systems). Synthesized cDNA was diluted 1:10 in nuclease-free water. 
For each qRT-PCR reaction, 6.6 μl of diluted cDNA was mixed with 
0.9 μl of a 5 μM forward and reverse primer pair solution and 7.5 μl 
of Fast SYBR Green Master Mix (Applied Biosystems), in a total vol-
ume of 15 μl. Reactions were performed using a StepOnePlus Real-
Time PCR System (Applied Biosystems), and data were analyzed 
using the ΔCT method, with expression levels normalized to the 
housekeeping genes GAPDH or ACTB. Primer sequences are listed 
in table S1.

Western blotting
For Western blotting, encapsulated GBM cells were first released from 
HELP hydrogels using enzymatic degradation as described above. 
Following digestion, cells were pelleted by centrifugation, and the su-
pernatant containing hydrogel remnants was discarded. The cell pel-
lets were resuspended in radioimmunoprecipitation assay (RIPA) 
lysis buffer (Thermo Fisher Scientific) supplemented with 1 mM 
PMSF and a protease inhibitor cocktail (Roche). The samples were 
incubated on ice for 20 min and stored at −80°C until use.

Before electrophoresis, lysates were thawed on ice, mixed with 
5× gel loading buffer (300 mM Tris at pH 6.8, 50% glycerol, 10 wt % 
SDS, and 0.05 wt % bromophenol blue) supplemented with 500 mM 
dithiothreitol (DTT), and boiled at 95°C for 10 min. Protein samples 
were resolved on 12% precast SDS–polyacrylamide gel electrophore-
sis gels (Bio-Rad) and transferred to polyvinylidene difluoride mem-
branes (Invitrogen) by wet transfer at 100 V for 70 min. Membranes 
were cut to enable staining of different molecular weight proteins 
from the same gel and blocked in 5% nonfat dry milk for 1 hour at RT.

Blots were incubated overnight at 4°C in the following primary 
antibodies diluted in 5% milk in tris-buffered saline (TBS-T) [20× 
stock: 3 M NaCl and 750 mM tris-HCl (pH 7.2)] supplemented with 
0.25% (v/v) Tween 20: rabbit anti-YAP1 (1:400, Invitrogen, PA1-
46189) and rabbit anti-nonphospho (active) β-catenin (1:300, Cell 
Signaling Technology, 8814). The following day, membranes were 
washed three times with TBS-T (5 min each) and incubated with 
horseradish peroxidase-conjugated secondary antibodies (Jackson 
ImmunoResearch) diluted in TBS-T for 1 hour at RT. After four ad-
ditional 10-min washes in TBS-T, membranes were developed using 
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SuperSignal West Pico or Femto chemiluminescent substrates (Thermo 
Fisher Scientific) and imaged on a ChemiDoc MP gel imaging sys-
tem (Bio-Rad). Band intensities were quantified using the Image 
Lab software (Bio-Rad), and representative blots from three inde-
pendent biological replicates are reported.

Inhibitor treatments
To perturb ROCK signaling and cytoskeletal tension by inhibiting 
the activity of myosin II, U-87 GBM cells encapsulated in HELP 
hydrogels were treated with Y-27632 (100 μM; Tocris Bioscience, 
1254) and blebbistatin (100 μM; Tocris Bioscience, 1852), respective-
ly. DMSO served as the vehicle control. Treatments were adminis-
tered from day 7 to day 10 post-encapsulation, at which point analyses 
were performed.

Secretome antibody array
To analyze the secreted protein profile of GBM cells, we used the Hu-
man XL Cytokine Array Kit (R&D Systems) in accordance with the 
manufacturer’s protocol. Cell lysates were collected from U-87 GBM 
cells cultured for 7 days either on conventional 2D TCP or within our 
3D HELP hydrogels. Lysates were diluted and incubated overnight 
with nitrocellulose membranes precoated with antibodies target-
ing 105 cytokines and tumor-related signaling proteins. Following 
incubation, membranes were thoroughly washed and treated with a 
mixture of biotinylated detection antibodies, followed by streptavidin-
conjugated horseradish peroxidase. Signal detection was performed 
using a chemiluminescent substrate, and images were acquired using 
a ChemiDoc MP gel imaging system (Bio-Rad). Spot intensities cor-
responding to protein abundance were quantified using the ImageJ 
software, and only proteins exhibiting differential expression between 
conditions were reported. Protein array analysis was performed using 
one membrane per condition. Each target protein is represented by 
duplicate spots on the membrane, which were averaged to obtain a 
single intensity value per protein. Because of the semiquantitative na-
ture of this assay and the use of a single biological sample per condi-
tion, results are presented as relative signal intensities.

BODIPY staining of LDs
To assess intracellular lipid accumulation, samples were stained with 
BODIPY 493/503 (Thermo Fisher Scientific, D3922), a neutral lipid-
selective fluorescent dye. A 5 mM BODIPY stock solution was pre-
pared in DMSO and diluted 1:2500 in PBS immediately before use. 
Samples were first rinsed three times with PBS-T for 5 min each, 
followed by incubation with the BODIPY working solution at 37°C 
for 30 min at RT. Excess stain was removed via three additional PBS-
T washes, after which samples were fixed in 4% PFA for 15 min 
at RT. Fixed samples were again washed in PBS-T (3 × 10 min), 
counterstained with DAPI [1:2000 dilution of stock (5 mg/ml)] and 
TRITC-phalloidin [1:400 dilution of stock (100 μg/ml)] in PBS-T 
overnight at 4°C. After a final wash step (3 × 10 min PBS-T), sam-
ples were first mounted onto coverslips using the ProLong Gold An-
tifade Mountant (Thermo Fisher Scientific) and then imaged using 
a confocal laser scanning microscope (Leica SPE).

CARS microscopy of LDs
To visualize intracellular LDs within 3D constructs, CARS micros-
copy was used, targeting vibrational signatures of CH-stretching 
modes. Imaging was conducted on an inverted Nikon Ti2-E micro-
scope equipped with a C2 confocal scanning head and a Nikon CFI 

Plan Apo IR 100× oil immersion objective (numerical aperture = 
1.49). A dual-beam input module (Optique Peter) enabled rapid 
switching between linear fluorescence and nonlinear CARS imaging 
modalities. CARS excitation was achieved through coherent inter-
action of two synchronized pulsed laser beams: from a 1031-nm 
picosecond fiber laser and a tunable optical parametric oscillator 
(OPO; APE picoEmerald S) operating at 690 to 960 nm. The OPO 
was tuned to 797 nm to excite symmetric CH2 stretching vibrations at 
2850 cm−1. The excitation powers at the sample plane were 200 mW 
(OPO) and 150 mW (Stokes beam). Forward-detected CARS signals 
were collected using a photomultiplier tube (PMT; Hamamatsu 
R6357) in conjunction with optical filters (Semrock: FF01-750/SP 
short-pass and FF01-643/20 band-pass filters). To enhance signal 
specificity, the 1031-nm Stokes beam was amplitude modulated at 
20 MHz and demodulated with a lock-in amplifier (Zurich Instru-
ments HF2LI) locked to the modulation frequency, suppressing non-
resonant background contributions. Z-stacks were acquired with a 
step size of 5 μm, capturing >10 optical sections per sample. The 
pixel dwell time was ∼10.8 μs.

Raw image data were processed in ImageJ/Fiji. CARS intensity 
maps at 2850 cm−1 were subjected to Gaussian blur (σ = 1.2) and 
background subtraction (rolling ball radius: 30 pixels). LDs were 
segmented via Otsu thresholding with manual refinement, followed 
by object separation using the Disconnect Particles plug-in. LD ar-
eas were quantified using the analyze particles feature. LD areas 
were quantified using the analyze particles feature and normalized 
to the number of DAPI + nuclei. At least nine nonoverlapping im-
age stacks were taken of n = 3 independent replicates for each hy-
drogel formulation.

Image analysis: Protein expression
Quantitative analysis of biomarker expression in GBM cells was 
performed using CellProfiler (version 4.2.8). For analyses such as 
Fig. 2D, nuclei were first segmented using DAPI staining to define 
individual cell objects. Fluorescence intensity corresponding to the 
target protein (e.g., P-selectin) was then measured within each cell 
using the “MeasureObjectIntensity” module. Per-cell expression 
levels were calculated by normalizing total fluorescence intensity to 
the number of DAPI+ nuclei within each field of view.

All analyses were performed on maximum intensity projections 
of confocal z-stacks to account for 3D signal distribution. Multiple 
randomized fields of view (at least six images per hydrogel) and at 
least three independent technical replicates were analyzed to ensure 
statistical robustness.

Statistical analysis
All data presented in this study were obtained from at least three 
distinct technical replicates prepared on different experimental days 
(i.e., different cell passages encapsulated within different hydrogel 
preparation for each replicate). Experimental results were consistent 
across various biological replicates and material preparations. Data 
shown in figures represent independent replicates from biologically 
distinct experiments. For all imaging-based assays, representative 
images are derived from experiments repeated at least three times 
to ensure reproducibility. Statistical analyses were performed using 
GraphPad Prism (version 10). Specific statistical tests used for each 
dataset are detailed in the respective figure captions. Unless other-
wise stated, comparisons between groups were made using unpaired 
two-tailed t tests or one-way analysis of variance (ANOVA) with 
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Tukey’s post hoc tests for multiple comparisons. Significance was de-
fined as follows: not significant (n.s.; P > 0.05), *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001. Data are presented as means ± SD 
unless otherwise indicated.

Supplementary Materials
This PDF file includes:
Table S1
Figs. S1 to S8
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