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ABSTRACT

Aberrant glycosylation is widely recognized as a hallmark of different types of cancer, including Glioblastoma multiforme (GBM).
Deregulation of specific glycans’ expression within the extracellular matrix (ECM) contributes indeed to the generation of the
tumoral niche, playing a crucial role in disease progression, recurrence, and drug response. An in silico prioritization filter based
on available GBM transcriptomic data allowed to identify ECM glycosignature that correlates with poor prognosis, thus guiding
the rational design of a GBM 3D in vitro model. Following these instructions, a bioink composed of gelatin functionalized with
a-NeuNAc-(2—3)-3-D-Gal- and chondroitin sulfate was synthesized, and the ECM glycosignature effect on cancer cells drug
response was investigated. Multiplex immunofluorescence analysis, combined with high-resolution nano-computed tomography
(nanoCT), demonstrated that specific matrix glycosignatures trigger an alternative Galectin-3 /Mucin-1 (MUC1)/Mucin-4 (MUC4)
axis coupled with structural ECM remodeling to evade pharmacological cytotoxicity. The findings from this study offer valuable
insights into the complex interplay between the ECM glycan cues and the drug response in GBM, paving the way to develop more
predictive in vitro models for preclinical drug screening and to design glycan-targeted therapeutic strategies.

1 | Introduction erogeneity, and resistance to conventional therapies [1, 2]. The

complex tumor microenvironment (TME) plays a crucial role
Glioblastoma multiforme (GBM), the most aggressive primary  in GBM progression, drug response and recurrence. Indeed, the
brain tumor, remains a formidable clinical challenge due to its cross-talk between the tumor and the surrounding tissue helps
highly infiltrative nature, intratumoral and intertumoral het- cells to survive and escape treatments [3]. Immunotherapies,
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which have been successfully developed for other tumors, have
shown limited efficacy in GBM [4]. To date, the standard
treatment for newly diagnosed GBM is surgical resection fol-
lowed by radiotherapy with concurrent and adjuvant chemother-
apy with temozolomide (the STUPP protocol) [5]. However,
the average overall survival remains around 12-18 months

[6].

Aberrant glycosylation plays an important role in promoting
tumor growth and immune suppression; however, the human
glycome in GBM is still largely unexplored [7]. It has been
suggested that the deregulation of glycosylation-related gene
expression contributes to GBM heterogeneity and has signif-
icant predictive value for patient survival [8]. It is now well
established that sialic acids and glycosaminoglycans (GAGs)
contribute to tumor growth and invasion by modulating cell
signaling and promoting extracellular matrix (ECM) remod-
eling [9-13]. Indeed, a-2,3- linked sialic acid (NeuNAc) on
galactose (Gal) or N-acetylgalactosamine (GalNAc) residues
plays an important role in immune evasion. These sialylated
motifs act as ligands for inhibitory receptors (i.e., Siglecs)
on immune cells, thereby suppressing immune activation
[14-16].

Therefore, the development of new tissue models mimicking not
only the protein composition and the stiffness of GBM TME, but
also its glycosignature, is essential for the development of more
effective therapies.

Conventional two-dimensional (2D) models inadequately cap-
ture the complexity of the native TME, limiting their transla-
tional relevance for animal-free drug testing based on human
pathological tissue models [17-19]. To overcome these lim-
itations, three-dimensional (3D) bioprinting has emerged as
a powerful tool for engineering in vitro tumor models that
more accurately mimic the structural and functional complex-
ity of GBM [20-22]. Recent advancements in 3D bioprinting
have focused on the development of multicomponent con-
structs to better recapitulate the heterogeneous nature of the
TME and on precisely controlling the physical-mechanical
properties to influence cell behavior and signaling pathways
[23-25]. Furthermore, significant efforts have been directed
toward incorporating specific biomolecules to enhance the
biomimicry of these in vitro models [26, 27]. Among them,
the use of glycans, which are heavily involved in cell fate
modulation and tumor behavior, remains largely unexplored
[19, 28, 29].

There is a need for efficient approaches to define the correct
glycosignature to develop tailored GBM tissue models containing
patient-derived cells and to inform personalized drug treat-
ments. In this work, we engineered a 3D bioprinted hydrogel
incorporating patient-derived GBM cells and rationally selected
a glycosignature to faithfully mimic the tumor microenviron-
ment, enabling the assessment of how matrix composition
influences cell fate and drug resistance. By combining multi-
plex immunofluorescence analysis and high-resolution nano-
computed tomography (nanoCT), we identify glycan-mediated
ECM remodeling as a key modulator of the TME and the drug
response.

2 | Results and Discussion

2.1 | Development of 3D Bioprinted Hydrogel
Constructs

To evaluate in depth how specific glycosignatures within the
GBM TME affect drug response, we developed an in vitro 3D
bioprinted GBM model. We incorporated two glycans upreg-
ulated in GBM as reported in the literature and databank:
chondroitin sulfate (CS) and a-NeuNAc-(2—3)--D-Gal- motifs
(3’SialGal). These glycans are known to regulate key cellular
processes, including matrix adhesion, growth factor signaling,
tumor invasion, and therapeutic penetration [9, 30, 12, 31].

We developed four 3D bioprinted hydrogels constructs composed
of hyaluronic acid (HA) and gelatin (GEL): a first without glycans
(HA-GEL), a second functionalized with a-NeuNAc-(2—3)-3-D-
Gal- (HA-GEL-3’SialGal), a third containing CS (HA-GEL-CS),
and a fourth containing both a-NeuNAc-(2—3)-3-D-Gal- and CS
(HA-GEL-3’SialGal-CS) (see Figure 1). To ensure cell viability
during and after the printing process, while allowing precise
control over the hydrogel network architecture, the polymeric
components, HA, GEL, and CS, were functionalized with a
linker containing an azido group to perform the cross-linking via
strain-promoted azide-alkyne cycloaddition (SPAAC) with 4arm-
PEG-DBCO. SPAAC is a catalyst-free, bioorthogonal reaction that
proceeds rapidly under physiological conditions without generat-
ing cytotoxic by-products [32, 33], making it highly suitable for 3D
bioprinting applications.

The a-NeuNAc-(2—3)-3-D-Gal- unit was attached to gelatin by
reductive amination with NaBH;CN of the “reducing end” of a-
NeuNAc-(2—3)-3-D-Gal-(1—-4)-D-Glc with the lysine residues of
gelatin. In this way the D-glucose unit of a-NeuNAc-(2—3)-8-D-
Gal-(1-4)-D-Glc acts as a linker to join a-NeuNAc-(2—3)-3-D-
Gal- to gelatin (see Figure 1).

HA was condensed with an N;-PEG-NH, linker via DMTMM,
generating HAN; as previously reported [15]. Gelatin was con-
densed with N;-PEG,-COOH via EDC/NHS, generating GELN;
[15]. CS was condensed with an N;-PEG-NH, linker, adapting the
procedure reported by Hu et al. [16], and the conjugated polymer
CSN; was characterized by '"H NMR and FTIR analysis in com-
parison with the unfunctionalized one (CS) (Figure S1). CS has a
4-sulfate to 6-sulfate ratio 4S/6S = 2.55[13]. The 'H NMR spectrum
(Figure S1A) of azide-functionalized chondroitin sulfate (CSN;)
shows characteristic signals corresponding to both the modified
polysaccharide backbone and the attached azide-terminated PEG
chain. A distinctive signal at 3.4 ppm corresponds to —~CH,Nj,
and an increased signal intensity around 3.6 ppm is observed,
consistent with the presence of the 14 methylene protons of the
PEG spacer (six —-CH,-O- units and one —~CH,-N- group). The
degree of functionalization, determined by integration of the peak
at 2.04 ppm due to the -CH; of the acetamide of CS and the
increase in the peaks at 3.6 ppm, resulted 22% (w/w). The *C
NMR is reported as supplementary information (Figure S2). The
FT-IR spectrum of CSN; (Figure S1B) confirms the successful
functionalization by the characteristic azide absorption band at
~2100 cm™! which is indicative of the presence of N; groups
(Supporting Information).
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FIGURE 1 |

The cross-linking of azide-functionalized biopolymers was
achieved using a four-arm polyethylene glycol functionalized
with dibenzocyclooctyne (DBCO) groups (4arm-PEG-DBCO).
Compared to linear PEG analogues, the multi-arm architecture of
4-arm-PEG-DBCO provides multiple reactive sites per molecule,
promoting rapid formation of a highly interconnected hydrogel
network [34]. The four distinct hydrogel formulations HA-GEL,
HA-GEL-3’SialGal, HA-GEL-CS, and HA-GEL-3’SialGal-CS
were obtained by combining the proper components and
performing the cross-linking reaction with 4arm-PEG-DBCO.

The four hydrogels display minimal variations in their structural
and mechanical properties as demonstrated by SEM imaging
(Figure 2A), swelling behavior (Figure 2B) and rheological
amplitude sweep analysis. (Figure 2C,D). SEM analysis revealed
that HA-GEL possesses a compact matrix with sparsely dis-
tributed, irregular pores, which correlates with its relatively
lower swelling capacity. In contrast, the incorporation of a-
NeuNAc-(2—3)-8-D-Gal- in HA-GEL-3’SialGal results in a more
fragmented and sponge-like network. This structural change can
be attributed to the presence of hydrophilic sialic acid residues,
which enhance water absorption. HA-GEL-CS displays a more
organized and interconnected porous structure, which facilitates
moderate swelling. Notably, the combination of both CS and
a-NeuNAc-(2—3)-8-D-Gal- in HA-GEL-3’SialGal-CS leads to a
higher number of pores and more uniform in size compared to
the other hydrogels, resulting in a more ordered porous network
structure and ultimately contributing to the highest swelling
capacity observed. The negatively charged sulfate groups in CS
promote electrostatic repulsion and water uptake at physiolog-
ical pH, enhancing swelling in both CS-containing hydrogels.

Ilustration of the hydrogel structures: HA-GEL, HA-GEL-3’SialGal, HA-GEL-CS, and HA-GEL-3’SialGal-CS.

Additionally, the presence of sialic acid residues in HA-GEL-
3’SialGal-CS further increases hydration and porosity, likely
due to cooperative interactions between sulfate and sialic acid
moieties that enhance the hydrogel’s capacity to retain water.

Rheological amplitude sweep analysis confirmed typical gel-like
behavior for all samples, with storage modulus (G’) exceeding loss
modulus (G”) in the linear viscoelastic region (LVR). HA-GEL-
3’SialGal showed the highest G’ (G’ = 320 + 30 Pa), reflecting
moderate improvements in stiffness and mechanical stability,
followed by HA-GEL (G’ = 270 + 30). Conversely, CS-containing
formulations (HA-GEL-CS and HA-GEL-3’SialGal-CS) exhibited
slightly lower G’ values (respectively, G’ = 220 + 10 and G’ = 240
+ 20) and delayed crossover points, reflecting a more flexible and
compliant network, where polymer chains can undergo greater
deformation before structural breakdown (Figure 2D). Overall,
while the four formulations exhibit comparable viscoelastic
features, porosityand swelling capacity, HA-GEL-3’SialGal-CS
stands out as the most effective at mimicking the native matrix
architecture and stiffness of the GBM microenvironment [35, 36].

The preliminary biological evaluation of 3D bioprinted models
was conducted using the commercial U87 GBM cell line. Cell
viability and spatial organization inside the 3D bioprinted models
were evaluated after 14 days of cell culture. To ensure homoge-
neous distribution of tumor cells while maintaining a construct
geometry suitable for handling, imaging, and sectioning, a
droplet-based 3D printed process was exploited (Figure 2E,F and
Figure S3). Notably, this specific configuration allows uniform
cell seeding and facilitates subsequent sectioning for histological
and molecular analysis [37, 38].
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FIGURE 2 | Physico-mechanical and biological characterization of hydrogels. (A) SEM images respectively of HA-GEL, HA-GEL-3'SialGal, HA-
GEL-CS, and HA-GEL-3’SialGal-CS; scale bar 100 uM. (B) Swelling test, (C, D) Amplitude sweep analysis, (E) weight of 10 printed drops for each
formulation, showing high reproducibility and no statistically significant differences among formulations. Data (n = 10) are presented as box plots
(median, 25th-75th percentiles; whiskers indicate minimum and maximum values). (F) Representative images of the flow test and a 3D-printed drop,
(G) Alamar blue assay, (H) BF images of U87 cultured in 3D bioprinted hydrogels. Scale bar 50 um. (I) LIVE/DEAD fluorescence images of U87 cultured
in 3D bioprinted hydrogels for 14 days. Green fluorescent signal indicates alive cells. Scale bar 50 uM. Data (n = 3) are presented as mean + SD. ns =
non-significant, *p > 0.05.
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Bright-field imaging (Figure 2H) shows that some modest dif-
ferences started to appear between the conditions over time. In
HA-GEL-CS and HA-GEL-3’SialGal-CS, cells progressively elon-
gated and aggregated into multicellular networks, suggesting an
active process of morphogenesis. In contrast, HA-GEL hydrogels
supported limited aggregation, with cells predominantly forming
spheroidal clusters. Overall, the inclusion of CS, particularly in
HA-GEL-3’SialGal-CS, promotes cell spreading, aggregation, and
the formation of more complex, tumor-like structures within the
hydrogel matrix, consistent with previous findings reported in the
literature [36, 39-41].

LIVE/DEAD assays (Figure 2I) confirm a high proportion of
viable cells across all conditions, indicating that the bioprinting
process preserved cell integrity and was compatible with long-
term culture. Notably, differences in cell distribution and mor-
phology were observed among the formulations. The presence
of CS and sialylated glycosignatures promotes enhanced cell-cell
interactions, proliferation, and supports the formation of tumor-
like niches, potentially influencing GBM cell behavior and drug
responsiveness [41-43]. Alamar Blue assay (Figure 2G) confirmed
good viability in all formulations. In the first 7 days, formulations
without CS resulted in more metabolically active cells than those
containing CS, probably due to the onset of differentiation in
the CS-containing hydrogels, as observed in the LIVE/DEAD
fluorescence images after 14 days.

Since the material was not cytotoxic, we proceeded with a pre-
liminary investigation of biomarker expression via immunoflu-
orescence (IF) analysis. To enhance the biological relevance
of the 3D bioprinted GBM model, the initial study, conducted
using U87 cells, was expanded to include patient-derived G166
GBM stem cells. While U87 cell lines are widely used as a
baseline for resistance due to their robust in vitro handling and
reproducibility, they fail to recapitulate the genetic heterogeneity
and the resistance to therapeutic pathways that are characteristic
of human GBM. G166 preserves the primary molecular signature
of GBM, with a phenotype that includes clinically relevant
features, like the retention of glioma stemness, the differentiation
potential, and a high invasive nature associated with ECM
remodeling. Both cell lines were encapsulated in the HA-
GEL-3’SialGal-CS hydrogel formulation, which had previously
demonstrated a strong ability to support tumor-like features.
Preliminary IF results revealed that U87 cells were inadequate
to recapitulate key GBM biomarkers, G166 (Figure S4). Images
validated this rationale showing that U87 cells predominantly
formed more uniform spheroids with lower expression of key
pathophysiological markers. On the contrary, G166 within the
glycosylated matrix successfully recapitulated specifically: upreg-
ulation of core stemness (CD44, Nestin), proliferation (Ki67),
and key regulatory factors involved in drug resistance (ALKBHS5,
ALKBH2). Consequently, the subsequent investigations were
carried out using the G166.

2.2 | InSilico Prioritization of GBM-Relevant
Glycosignature-Associated Markers

To support the rational selection of glycosignature-associated
components and phenotypic markers, we performed an
exploratory in silico analysis of selected genes related to

HA and CS metabolism, sialylation, ECM remodeling, stemness,
proliferation, hypoxia, invasion, and drug-resistance-associated
processes (Table S1). Gene expression distributions were assessed
in publicly available GBM datasets, PanCancerAtlas and Clinical
Proteomic Tumor Analysis Consortium (CPTAC). This analysis
was used as a prioritization layer to guide the selection of
biologically relevant glyco-ECM axes and marker panels for
downstream experimental validation in 3D bioprinted GBM
models. A multivariate Cox proportional hazards regression
model was generated, including patient age and gender as
clinical covariates. Initially, a comprehensive screening was
performed on an extended panel of microenvironment- and
glycosylation-related genes (Table S2). However, evaluating
this large panel introduced high multicollinearity among co-
expressed pathway components. This redundant statistical
signaling affected the model, causing most variables in Table S2
to show flat hazard ratios and non-significant p-values.

To overcome this statistical limitation and extract meaningful
biological insights, the multivariate analysis was restricted to
a refined, biology-driven panel of 71 prioritized genes (Tables
S1 and S3). Within this targeted model, distinct and highly
significant survival associations clearly emerged. Specifically, the
in silico screening highlighted a significant dysregulation within
the sialylation patterns of the ST3GAL family (encoding the -2,3-
sialyltransferases) and the CS sulphation pathway, highlighted by
the high statistical significance of the 4-sulfotransferase CHSTII.
Furthermore, alterations were observed in other carbohydrate-
binding markers such as LGALSI and LGALS3, as well as
oncogenic mucins like MUCI and MUC4. The screening also
highlighted the fucosyltransferase FUT4, which is responsi-
ble for the synthesis of the stage-specific embryonic antigen-1
(SSEA-1 or Sialyl-SSEA-1). The modelling also confirmed a
highly significant survival association for critical phenotypic
drivers, including MKI67 encoding for the proliferation marker
Ki-67, the neural progenitor marker NES (Nestin), the tran-
scription factor FOXMI, and the demethylases ALKBH2 and
ALKBHS.

Collectively, these in silico findings are not employed as prognos-
tic quantification, but to support the design of a glycoengineered
matrix providing a rationale for the inclusion of a-NeuNAc-
(2—-3)--D-Gal-and chondroitin sulfate (CS) within the HA-GEL
bioink architecture.

Based on these in silico results, which highlighted specific dys-
regulations within the metabolic and structural axes of the TME,
we selected a comprehensive immunofluorescence (IF) panel,
prioritizing the direct phenotypic transducers of transcriptional
alterations as candidate biomarkers for in vitro drug screening.
Within this framework, alterations in HA metabolism and matrix
pathways guided the selection of CD44 and Fibronectin to
track matrix interactions, while dysregulations in sialylation
and sulfation dictated the inclusion of Galectin-3, MUCI, and
MUC4 to monitor anti-apoptotic drug-escape mechanisms. To
track the adaptive response and resistance networks, we targeted
CHI3L1, FOXM1, Survivin, and the hypoxic driver HIF-1a, further
evaluating tumor hierarchy and growth through the stemness
and proliferation markers CD133, CD15, Ki-67, and p53. Finally,
the panel was completed with the epigenetic regulators ALKBH5
and ALKBH2 as indicators of phenotypic plasticity in response
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In silico prioritization of GBM-relevant glycosignature-associated markers

Public GBM datasets Selected Gene Panel

TCGA/PanCancerAtlas: HA and CS metabolism
clinical and . Sialylation
transcriptomic profiling ECM/stemness/drug-
CPTAC: protein resistance

expression

Exploratory Analyses

Gene Expression Distribution,
Cox Proportional Hazards
regression with age/gender

(PanCancerAtlas)

Prioritization layer Experimental integration
71 prioritized genes: Formulation of
Glyco-ECM axes HA-GEL-3'SialGal-CS
Creation of an 3D bioink

optimized IF marker G166 drug response and

panel for GBM model IF analysis

FIGURE 3 | In silico prioritization workflow used to support the selection of GBM-relevant glyco-ECM axes and immunophenotypic markers.
Public GBM transcriptomic and clinical datasets were used to evaluate expression distributions (violin plot) (Figures S5 and S6) of a curated

glycosignature- and GBM-associated gene panel and to explore survival associations using Cox proportional hazards models with clinical covariates.

The analysis guided the selection of glyco-ECM cues and marker panels for downstream experimental validation in 3D bioprinted GBM models.

to MV1035 treatment. This approach allows us to observe how
patient-derived resistance networks are modulated by our specific
glycosignatures, effectively validating the 3D bioprinted model as
a robust platform for pharmacological testing (Figure 3).

2.3 | Multiplex Immunofluorescence Identifies
ECM Glycosignature Effects on Drug Response

Drug testing to evaluate treatment efficacy and resistance mech-
anisms was performed on the four 3D bioprinted constructs (HA-
GEL, HA-GEL-3'SialGal, HA-GEL-CS, and HA-GEL-3’SialGal-
CS) seeded with G166 using (a) temozolomide (TMZ), (b)
MV1035, an inhibitor of ALKBH2 and ALKBHS, reported to
overcome TMZ resistance in GBM stem cell lines [44], (c) a
combination of both agents (TMZ_MV1035), and (d) a DMSO
control included at the highest concentration applied across
treatments. The results demonstrated that, depending on the
ECM-mimic composition, distinct drug-specific resistance path-
ways were activated in G166. In detail, treatments were initiated
7 days post-printing to allow high cell density and organization
in spheroids. This specific timeline has been selected to ensure
the full adaptation of encapsulated cells to the structural and
biochemical cues of the hydrogels.

Representative brightfield images (Figure S7) revealed initial
variations in cell morphology and aggregate distribution across
different hydrogel formulations and treatment conditions. In
particular, G166 clusters embedded in the fully glycosylated HA-
GEL-3’SialGal-CS and treated with MV1035 and the combination
TMZ_MV1035 appeared smaller with respect to the non-treated
control.

A multiplex IF analysis was performed to evaluate and demon-
strate that the glycosignatures induce distinct phenotypes in G166
during different and combined therapeutic treatments (Figure 4).
The multiplex IF data confirmed that the glycosignature derived
by the selected proteins and enzymes in the ECM is involved in
the activation of specific resistance phenomena. In untreated con-
ditions (Figure 4A), G166 maintains a predominantly quiescent
state across all the glycosignatures tested, with low expression of
the proliferation marker Ki-67 and stemness factors like CD133,
Nestin, and ALKBHS5. These data suggest that G166 could adapt
to the glycosylated matrix, recreating a protective and non-

proliferative stem cell niche that is typical of the native GBM
microenvironment.

In vivo, the interaction between HA receptors like CD44 and
sulfated GAGs is known to anchor G166 in a specialized extra-
cellular niche, maintaining the cells in a state that shields
them from spontaneous differentiation [45-48]. After treatment,
the CS component emerges as the primary driver of cell plas-
ticity and alternative resistance. Notably, with TMZ treatment
(Figure 4C), in HA-GEL-CS and HA-GEL-3’SialGal matrices,
the expression of CHI3L1 was upregulated compared to HA-
GEL in the non-treated condition. This is consistent with the
activation of an adaptive pathway linked to GBM chemotherapy
resistance, further suggesting a poor clinical prognosis analogous
to that observed with the ST3GAL1/4 axis [49-51]. In contrast,
CHI3LI induction was not significantly observed in HA-GEL-
3’SialGal-CS matrices, instead displaying increased Galectin-3,
MUCI, and, to a lesser extent, MUC4 expression, indicating
the engagement of alternative glycan-dependent survival mech-
anisms. Indeed, high Galectin-3 expression has been reported
to protect GBM cells from temozolomide-induced cytotoxicity
[52, 53]. This is supported by the possible interaction between
Galectin-3 with heavily glycosylated mucins such as MUC1 and
MUC4, also upregulated in HA-GEL-3’SialGal-CS, supporting a
glycan-dependent adaptive response to chemotherapy [54-56].

Upon MV1035 administration (Figure 4E), in the CS-rich hydrogel
matrix (HA-GEL-CS and HA-GEL-3’SialGal-CS), a reduction in
the stemness marker CD133 occurs, with a concomitant upregu-
lation of ALKBHS, suggesting a shift toward a highly plastic and
proliferative state.

Combined TMZ and MV1035 treatment (Figure 4G) induced a
robust and matrix-dependent stress response across all hydrogel
formulations, prominently characterized by a marked upregula-
tion of HIF1a compared to HA-GEL untreated controls. Although
HIF1a was upregulated in all conditions, downstream responses
were clearly dependent on matrix composition. In CS-containing
hydrogels, FOXM1 expression was increased, with a stronger
effect observed particularly in HA-GEL-CS. In contrast, FOXM1
was downregulated in HA-GEL-3’SialGal hydrogels, suggesting
that sialylation alone is not sufficient to adaptive responses asso-
ciated with FOXM1 under combined treatment. This suggests that
chondroitin sulfation patterns may play a synergistic role with
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FIGURE 4 | Differential biomarker expression and multiplex immunofluorescence analysis of matrix-specific treatment responses. Bubble plots

of differential expression of selected biomarkers across HA-GEL, HA-GEL-3’SialGal, and HA-GEL-3’SialGal-CS matrices under (A) DMSO baseline
conditions and after treatment with (C) TMZ, (E) MV1035, or (G) TMZ_MV1035. Bubble size represents the magnitude of the effect (absolute difference
or absolute double-delta values), while color intensity indicates the direction and extent of expression change relative to the HA-GEL reference condition,
with red and blue denoting positive and negative changes, respectively. Statistical significance is indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001),
reflecting comparisons performed against the representative qualitative multiplex immunofluorescence images corresponding to each experimental
condition showing expression and spatial distribution of DAPI (nuclei), CHI3L1, FOXMI, Galectin-3, MUCI1, and MUC4, along with merged images.
4B) DMSO, 4D) TMZ, 4F) MV1035 and 4H) TMZ_MV1035. Scale bars are 100 pm. Statistical interpretation integrates both the magnitude of differential
expression and significance thresholds, enabling identification of biologically relevant treatment-associated changes within specific ECM contexts.
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sialylated glycans in the regulation of downstream oncogenic
transcription factors like FOXM1 during pharmacological stress.
The most complex response and adaptive strategy was observed in
the fully glycosylated HA-GEL-3’SialGal-CS matrix, mimicking
the highest-risk clinical configuration. In this 3D GBM model,
the synergy between a-NeuNAc-(2—3)-3-D-Gal and CS enabled
a cell survival shift that bypassed the standard CHI3L1 signals,
replaced by a Galectin-3/MUC1/MUC4 axis. This transition is
particularly important, considering that CHI3L1 is traditionally
upregulated as a generic marker of tissue duress and mesenchy-
mal differentiation in GBM [57]. In contrast, relevant matrix
glycosignatures operate through a more integrated mechanism
involving Galectin-3 and mucins [58, 56, 46]. This switch suggests
a glycosignature-mediated anti-apoptotic signaling, effectively
shielding tumor cells from the cytotoxicity of combined treat-
ments through an escape mechanism that is not present in
the basal HA-GEL controls [54-56, 59]. In summary, these data
highlight the distinct functional roles of matrix glycosignature,
which result in differential survival strategies. While NeuNAc-
(2—-3)-D-Gal mediates the resistance to TMZ predominantly via
the traditional stress-response pathway, CS selectively drives an
escape related to plasticity under MV1035 therapeutic treatment.
Crucially, the combination of the fully glycosylated HA-GEL-
3’SialGal-CS matrix generates a synergistic and anti-apoptotic
TME, suggesting the induction of alternative signaling networks
that G166 can employ for drug-toxicity escape (i.e., Galectin-
3/MUC1/MUC4 axis or ALKBHS5 upregulation).

These experimental outputs are in line with the upstream in
silico prioritization analysis (Section 2.2).

2.4 | High-Resolution nanoCT Identifies Matrix-
and Treatment-Dependent Variations

To correlate the observed biomolecular adaptations with the
physical evolution of the TME in the HA-GEL-3’SialGal-CS
model in comparison to HA-GEL, we performed x-ray nano-
computed tomography (nanoCT) analysis applying the nano-
holotomography technique, which, to the best of our knowledge
as never been used before to investigate 3D bioprinted cellular
constructs [60-62]. This non-destructive technique allows to
obtain complete volumetric imaging of the 3D bioprinted con-
structs with submicron precision, overcoming the sampling bias
of conventional, histological, or imaging methods. We applied
this method for the first time to analyze complex bioprinted
systems, enhancing contrast and allowing detailed visualization
of matrix distribution within the construct volume. Grayscale
intensity values, corresponding to material density, indicate that
the ECM is denser in the treated sample in comparison to the
untreated (DMSO) sample, both in HA-GEL (Figure 5C) and HA-
GEL-3’SialGal-CS (Figure 5D) [6, 63]. Indeed, pharmacological
treatment with TMZ, MV1035, or a combination of both induced
alterations of the 3D architecture. These samples exhibited an
overall increase in ECM deposition and a localized remodeling
of the ECM. These variations are directly correlated to the
phenotypic plasticity (Nestin, ALKBH5) observed in multiplex
analysis, suggesting cellular adaptation to the surrounding scaf-
fold. Furthermore, while the DMSO control exhibited large, dense
cell aggregates, in the samples treated with the drugs, cell clusters
appeared smaller and more dispersed (Figure 5E). In conclusion,

while drug treatment increases matrix deposition and reduces
cluster size in both models, distinct morphological differences
are exhibited. These experimental findings support the concept
that the glycosignature influences the 3D spatial organization of
the TME and ECM deposition, indicating that aggressive GBM
phenotypes involve both physical features and glycosignature of
the TME.

3 | Conclusions

In this work, we demonstrated that the ECM glycosignature
acts as a key driver of chemoresistance and cellular plastic-
ity in GBM. By integrating clinical computational screening
of public GBM datasets, advanced 3D bioprinting, multiplex
immunofluorescence, and synchrotron-based imaging, we func-
tionally highlighted the specific contribution of each glycan
component to drug-tumor interactions. This approach provided
a prioritization rationale for integrating a-NeuNAc-(2—3)-5-D-
Gal- and chondroitin sulfate (CS) cues within a hybrid HA-GEL
bioink architecture, allowing us to develop four 3D models
functionalized with and without these specific glycosignatures.

Notably, multiplex IF analysis revealed that treatment with TMZ,
MV1035, and their combination induces fundamentally different
adaptive responses dictated by the matrix composition. While
a-NeuNAc-(2—3)-3-D-Gal- primarily drives resistance to TMZ
by sustaining canonical stress response pathways mediated by
CHI3LI1, CS drives phenotypic plasticity, triggering alternative
drug escape pathways under MV1035 through the upregula-
tion of reprogramming markers such as ALKBH5 and FOXM1.
Notably, the synergistic interplay between a-NeuNAc-(2—3)-3-
D-Gal- and CS within our fully glycosylated model (HA-GEL-
3’SialGal-CS) under combined pharmacological treatment shapes
a unique adaptive response. Indeed, cells bypass traditional
CHI3LI1 stress signaling and instead activate an alternative
Galectin-3/MUC1/MUC4 anti-apoptotic axis that shields them
from cytotoxicity. This adaptive resistance is probably corre-
lated with cell-ECM remodeling, as synchrotron-based analysis
revealed an enhanced matrix deposition as a structural defense
against pharmacological stress.

Such differential dynamics occur within a complex, multi-scale
matrix organization mimicking the native GBM. Finally, our
findings suggest that incorporating specific glycosignatures into
preclinical in vitro models is a critical factor for more accurately
recapitulating patient-specific resistance mechanisms. In this
context, the glycan-matrix interface emerges as a key element
of vulnerability that warrants further exploration. Our results
suggest that disrupting these specific glycan-matrix interactions
prevents the adaptation of the TME, providing a robust founda-
tion for novel therapeutic strategies to overcome drug resistance
in GBM.

4 | Experimental Section

4.1 | Materials

Hyaluronic Acid, N;-PEG;-NH,, 4-(4,6-dimethoxy-1,3,5-triazin-
2-yl)-4-methylmorpholinium  chloride =~ (DMTMM), MES,
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chondroitin sulfate (MW 30000; purity >90%) were purchased
from Biosynth; Phosphate Buffered Saline (PBS), N;-PEG,-
COOH, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) were purchased from Tokyo Chemical Industry Co.;
N-hydroxysuccinimide (NHS), sodium cyanoborohydride
(NaBH;CN), Type A porcine skin-derived gelatin, 4arm-PEG-
DBCO (Mn 20000), Fetal bovine serum, Penicillin-Streptomycin,
Dulbecco’s Modified Eagle Medium (DMEM), L-Glutamine,
Sodium pyruvate, Live/Dead Cell Viability Assay kit obtained
from EMD Millipore Corp, Bovine serum albumin (BSA),
Paraformaldehyde, Triton X, were purchased from Merck.
Phalloidin Alexa Fluor 647, 4,6-diamidino-2-phenylindole
(DAPI) were obtained from Thermo Fisher Scientific; 3’-sialyl-
lactose was kindly provided by Ch Hansen A/S (Hersholm,
Denmark); the U87 cell line from LGC Standards S.r.L. All
reagents were purchased from Merck unless otherwise specified.

4.2 | Azide Functionalized Hyaluronic Acid
(HAN;3)

Azide functionalized HA was prepared as reported in [64]. Briefly,
HA (100 mg, 0.26 mmol) was dissolved in MES buffer pH 5.5
(20 mL) in a 100 mL flask for three hours. DMTMM (146 mg,
0.53 mmol) was added to the HA solution. After 40 min, N;-PEG-
NH, (115 mg, 0.53 mmol) was added, and the solution was stirred
overnight, dialyzed with a 14 kDa cellulose membrane against
NacCl 0.1 M for 2 days and then against Milli-Q water for 2 days.
The obtained HAN; was lyophilized and stored at —20°C before
use.

4.3 | Azide Functionalized Chondroitin Sulfate
(CSN3)

Chondroitin sulfate (100 mg, 0.21 mmol) was dissolved in MES
buffer pH 5.5 (20 mL) in a 100 mL flask for three hours. DMTMM
(115 mg, 0.42 mmol) was added to the CS solution. After 40 min,
N;-PEG-NH, (91 mg, 0.42 mmol) was added, and the solution
was stirred overnight, dialyzed with a 1 kDa cellulose membrane
against NaCl 0.1 M for 2 days and then against Milli-Q water for
2 days. The obtained CSN; was lyophilized and stored at —20°C
before use.

4.4 | Azide Functionalized Gelatin (GELN3)

Azide functionalized gelatin was prepared as reported in [64].
Briefly, N;-PEG,-COOH (50 mg, 0.17 mmol) was dissolved in PBS
5.5 (3 mL) in a bottom round flask at rt. Then, EDC (66 mg,
0.34 mmol) and NHS (40 mg, 0.34 mmol) were added under
gentle stirring. Meanwhile, gelatin type A (250 mg, 0.5 equivalents
of lysines with respect to N;-PEG,-COOH) was dissolved in
PBS 5.5 (10 mL) in a falcon at 37°C. After 30 min, the gelatin
solution was added dropwise into the N;-PEG,-COOH solution.
The reaction was stirred overnight at 37°C. The solution was
dialyzed with a 14 kDa cellulose membrane against NaCl 0.1 M
for 1 day and then against Milli-Q water for 2 days. The obtained
azidated gelatin (GELN;) was lyophilized and stored at —20°C
before use.

4.5 | Azide and a-NeuNAc-(2—3)--D-Gal-
Functionalized Gelatin (GELN;-3'SialGal)

Gelatin functionalized with both azide and a-NeuNAc-(2—3)-$-
D-Gal- was prepared as reported in [64]. Briefly, N;-PEG,-COOH
(50 mg, 0.17 mmol) was dissolved in PBS 5.5 (3 mL) in a bottom
round flask at rt. Then, EDC (66 mg, 0.34 mmol) and NHS (40 mg,
0.34 mmol) were added under gentle stirring. Meanwhile, gelatin
type A (250 mg, 0.5 equivalents of lysines with respect to N;-PEG,-
COOH) was dissolved in PBS 5.5 (10 mL) in a falcon at 37°C. After
30 min, the gelatin solution was added dropwise into the PEG
solution. The reaction was stirred overnight at 37°C. The day after,
5.6 g (8.5 mmol, 100 equivalents per lysine residue of gelatin) of a-
NeuNAc-(2—3)-8-D-Gal-(1-4)-D-Glc were added to the gelatin
solution. After 30 min, NaBH;CN (293 mg, 4.2 mmol) was added,
and the solution was stirred at 37°C overnight. The solution was
dialyzed with a 14 kDa cellulose membrane against NaCl 0.1 M
for 1 day and then against Milli-Q water for 2 days. The obtained
azidated gelatin (GELNj;-3’SialGal) was lyophilized and stored at
—20°C before use.

4.6 | Biomaterials Characterizations

FTIR. FT-IR analysis was performed using a Nicolet iS20, Thermo
Scientific, after freeze drying, 30 scans were acquired for each
sample.

NMR.'H NMR analysis was performed using a Varian Mercury
400 M Hz, dissolving the sample in D,0O with 0.05 % (wt.%) TMSP
at a concentration of 7 mg/mL.3C NMR analysis was performed
using a Varian Mercury 400 M Hz, dissolving the sample in D20
with 0.05 % (wt.%) TMSP at a concentration of 50 mg/mL.

4.7 | Inks Formulation

In this section, the term ink refers to the hydrogel formulation
prepared without the incorporation of cells.

GELN; (26 mg) was dissolved in filtered PBS 7.4 (0.4 mL) at 37°C,
1200 rpm, for 30 min. HAN3 (4 mg) was dissolved in filtered PBS
7.4 (0.5 mL) at 37°C, 1200 rpm, for 2 h and then mixed with the
gelatin solution. 4arm-PEG-DBCO (8 mg) dissolved in filtered
PBS 7.4 (0.1 mL) was added, and the solution was vortex for 1 min
at 1200 rpm until complete gelation occurred. In this way, the ink
defined as HA-GEL was obtained.

GELN;-3’SialGal (26 mg) was dissolved in filtered PBS 7.4
(0.4mL)at37°C,1200 rpm, for 30 min. HAN; (4 mg) was dissolved
in filtered PBS 7.4 (0.5 mL) at 37°C, 1200 rpm, for 2 h and then
mixed with the gelatin solution. Then 4arm-PEG-DBCO (8 mg)
dissolved in sterile PBS 7.4 (0.1 mL) was added, and the solution
was vortex for 1 min at 1200 rpm until complete gelation occurred.
In this way, the ink defined as HA-GEL-3’SialGal was obtained.

GELN; (23 mg) was dissolved in filtered PBS 7.4 (0.2 mL) at 37°C,
1200 rpm, for 30 min. HAN; (4 mg) was dissolved in filtered PBS
7.4 (0.5mL) at 37°C, 1200 rpm, for 2 h. CSN; (3 mg) was dissolved
in filtered PBS 7.4 (0.2 mL) at 37°C, 1200 rpm for 2 h. The solution
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of GELN; and CSN; was added to the HANj; solution. Then
4arm-PEG-DBCO (8 mg) dissolved in filtered PBS 7.4 (0.1 mL)
was added, and the solution was vortex for 1 min at 1200 rpm
until complete gelation occurred. In this way, the ink defined as
HA-GEL-CS was obtained.

GELN;-3’SialGal (23 mg) was dissolved in filtered PBS 7.4
(0.2mL)at37°C,1200 rpm, for 30 min. HAN; (4 mg) was dissolved
in filtered PBS 7.4 (0.5 mL) at 37°C, 1200 rpm, for 2 h. CSN; (3 mg)
was dissolved in filtered PBS 7.4 (0.2 mL) at 37°C, 1200 rpm
for 2 h. The solution of GELN; and CSN3 was added to the
HAN; solution. Then 4arm-PEG-DBCO (8 mg) dissolved in sterile
PBS 7.4 (0.1 mL) was added, and the solution was vortex for 1 min
at 1200 rpm until complete gelation occurred. In this way, the ink
defined as HA-GEL-3’SialGal-CS was obtained.

4.8 | 3D Printing

Extrudability and 3D printing accuracy of predicted hydrogel
formulations were tested with a BIOX 3D printer (CELLINK).
All formulations were printed in a 24-well plate with a pneu-
matic preheated at 37°C. A 3 mL syringe was equipped with a
22 G conical nozzle (CELLINK). The printing speed was set to
10 mm/s. Pictures of the 3D constructs were taken with a digital
camera right after printing. A drop test was performed for each
formulation in order to determine the optimal printing pressure
(i.e., the pressure at which the ink started to flow constantly
throughout the nozzle).

4.9 | Swelling Test

1 mL of hydrogel for each formulation (HA-GEL, HA-GEL-
3’SialGal, HA-GEL-CS, HA-GEL-3’SialGal-CS) was formulated
into 3 plastic vials (diameter 10 mm), 0.3 mL each, before
gelation occur. The hydrogel was then rinsed with 1 mL of
PBS at physiological pH (7.4) containing 0.02% w/V NaNj; as
a preservative. The vials were weighed to determine their tare
mass and then weighed again with the hydrogel to assess the
initial hydrogel amount in each tube. The percentage of absorbed
water was calculated experimentally by subtracting the hydrogel
mass at a specific time point from the initial hydrogel mass and
normalizing by dividing by the initial hydrogel mass [64]:

Absorbed water mass (t) = (hydrogel mass (t)
—initial mass) /initial mass
Hydrogels were weighed at regular intervals, removing and

replacing the volume of PBS. Samples were tested both at
physiological pH (7.4) and weakly acidic pH (5.5).

4.10 | SEM

SEM analyses were performed using a ZEISS Gemini 500 SEM,
with an acceleration voltage of 3 kV and an In-Lens detector.
The hydrogels were frozen at —80°C for 24 h and lyophilized.
Samples were placed on a metal support using a carbon disc and

subsequently coated with gold using an Edwards Sputter Coater
S150B.

4.11 | Cell Culture

Human glioma U87-MG cells were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 mg/ml streptomycin at 37°C
under a humidified atmosphere with 5% CO2. Cells were grown
to 90% confluence, trypsinized, plated in 75 cm? culture dishes at
a density of 1 x 10° cells, and incubated at 37°C in a humidified
atmosphere containing 5% CO2. The media was changed every
two-three days.

A glioma stem cell line was used for the analysis: G166. It
was provided by Professor A. Smith of the Wellcome Trust
Medical Research Council Stem Cell Institute, University of
Cambridge, Cambridge (UK). The cells are cultured under selec-
tive conditions that maintain their stem-like properties, using
an optimized medium composed of DMEM F-12 (Euroclone
S.p.A.) and Neurobasal (Life Technologies Italia, Milan, Italy)
1:1, B-27 Supplement without vitamin A (Life Technologies Italia,
Milan, Italy), 2 mM L-glutamine (Euroclone S.p.A., Milan, Italy),
20 ng/mL recombinant human EGF and 10 ng/mL recombinant
human bFGF (Milteny Biotec, Bergish Gladbach, Germany), 20
UI/mL penicillin and 20 pg/mL streptomycin (Euroclone S.p.A.,
Milan, Italy) [5]. The laminin (Merck Life Sciences S.r.l.) coating
allows the cells to grow adherent to the support in a monolayer.
Cells are cultured at 37°C and 5% CO2 humidified incubator.
This cell line has been authenticated using Short Tandem Repeat
profiling (Supplementary Table S5).

4.12 | Bioinks Formulation

In this section, the term bioink refers to the hydrogel formulation
prepared with the incorporation of cells into the previously
described inks.

HA-GEL bionik. GELN; (26 mg) was dissolved in filtered 0.3 mL
PBS 7.4 at 37°C and HAN; (4 mg) in 0.5 mL PBS 7.4. Solutions
were sterilized under UV light for 30 min. 4arm-PEG-DBCO
powder (8 mg) was sterilized under UV light for 30 min before
dissolution in 0.1 mL sterile PBS 7.4. HA and GELN, solutions
were mixed for bioprinting, adding 2 x 10° U87 or G166 cells
suspended in 0.1 mL PBS. Finally, 4arm-PEG-DBCO was added,
and the mixtures were loaded in the bioprinter syringe. The
bioink was bioprinted after 2 min at 40 kPa with a 22G conical
bioprinter nozzle with Cellink INKREDIBLE 3D bioprinter in
a 24-well plate and each well was rinsed with 0.7 mL of
medium.

HA-GEL-3’SialGal bioink. GELN;-3’SialGal (26 mg) was dis-
solved in filtered 0.3 mL PBS 7.4 at 37°C and HAN; (4 mg) in
0.5 mL PBS 7.4. Solutions were sterilized under UV light for
30 min. 4arm-PEG-DBCO powder (8 mg) was sterilized under
UV light for 30 min before dissolution in 0.1 mL sterile PBS 7.4.
HA and GELN;-3’SialGal solutions were mixed for bioprinting,
adding 2 x 10° U87 or G166 cells suspended in 0.1 mL PBS. Finally,
4arm-PEG-DBCO was added, and the mixtures were loaded in
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the bioprinter syringe. The bioink was bioprinted after 2 min
at 40 kPa with a 22G conical bioprinter nozzle with Cellink
INKREDIBLE 3D bioprinter in a 24-well plate and each well was
rinsed with 0.7 mL of medium.

HA-GEL-CS bionik. GELN; (23 mg) was dissolved in filtered
0.2 mL PBS 7.4 at 37°C, HAN; (4 mg) in 0.5 mL PBS 7.4, and
CSN; (3mg)in 0.2 mL PBS 7.4. Solutions were sterilized under UV
light for 30 min. 4arm-PEG-DBCO powder (8 mg) was sterilized
under UV light for 30 min before dissolution in 0.1 mL sterile PBS
7.4. HA, GELNj;, and CSN; solutions were mixed for bioprinting,
adding 2 x 10° U87 or G166 cells suspended in 0.1 mL PBS. Finally,
4arm-PEG-DBCO was added, and the mixtures were loaded in
the bioprinter syringe. The bioink was bioprinted after 2 min
at 40 kPa with a 22G conical bioprinter nozzle with Cellink
INKREDIBLE 3D bioprinter in a 24-well plate and each well was
rinsed with 0.7 mL of medium.

HA-GEL-3’SialGal-CS bionik. GELN;-3’SialGal (23 mg) was
dissolved in filtered 0.2 mL PBS 7.4 at 37°C, HAN; (4 mg) in
0.5 mL PBS 7.4, and CSN; (3 mg) in 0.2 mL PBS 7.4. Solutions
were sterilized under UV light for 30 min. 4arm-PEG-DBCO
powder (8 mg) was sterilized under UV light for 30 min before
dissolution in 0.1 mL sterile PBS 7.4. HA, GELN,-3’SialGal, and
CSN; solutions were mixed for bioprinting, adding 2 x 10° U87
or G166 cells suspended in 0.1 mL PBS. Finally, 4arm-PEG-
DBCO was added, and the mixtures were loaded in the bioprinter
syringe. The bioink was bioprinted after 2 min at 40 kPa with
a 22G conical bioprinter nozzle with Cellink INKREDIBLE 3D
bioprinter in a 24-well plate and each well was rinsed with 0.7 mL
of medium.

4.13 | LIVE/DEAD and Alamar Blue Assay

The viability of 3D cell-laden hydrogels was investigated with a
live/dead Cell viability Assay kit. U87 were bioprinted inside the
hydrogels in a 24-well plate. At 14 days, U87 were stained with
green-fluorescent calcein-AM to indicate intracellular esterase
activity for 1 h (37°C, 5% CO2). Fluorescence images were
collected with CellObserved Microscopy.

The viability of 3D cell-laden hydrogels was also investigated
with the Alamar Blue assay (Invitrogen). U87 cell-laden hydrogels
were bioprinted on a 24-well plate. On 1, 3, 7, and 14 days, samples
were incubated with 10% Alamar Blue reagent in medium. After
2 h, 0,1 mL condition medium was collected, and the absorbance
was measured at 570 and 600 nm wavelengths. Percentage
viability was finally calculated using Equation:

0,xA)—-(0;, XA
Red, 1% _ (0, xA4) = (0, xXA) 5% 100
(Ry X N;) = (R, X Ny)

Eq. Formula for cell viability, where O1 and O2 are the molar
extinction coefficients of oxidized Alamar Blue reagent at 570
(80586) and 600 nm (117216) respectively, A570 and A600 are
absorbances of test wells at 570 and 600 nm respectively, R1 and
R2 are the molar extinction coefficients of reduced Alamar Blue
reagent at 570 (155677) and 600 nm (14652) and N1 and N2 are
absorbances of negative control wells (media plus Alamar Blue
without cells) at 570 and 600 nm respectively [65].

4.14 | Drug Testing

After 7 days of culture, G166 cells embedded in the four 3D
bioprinted formulations (HA-GEL, HA-GEL-3’SialGal, HA-GEL-
CS, HA-GEL-3’SialGal-CS) were treated for 3 days. For each
formulation, treatments consisted of: (i) 200 uM temozolomide
(TMZ); (ii) 25 uM MV1035; (iii) a combination of 200 uMm TMZ
and 25 uM MV1035; or (iv) 90 mm DMSO (vehicle control). Post-
treatment, samples were fixed in 4% PFA for 1 h, stained with
pink alcohol for tracking, and embedded in paraffin blocks for
histological analysis.

415 | Computational Analysis of
Glycosignature-Associated Genes

A curated panel of glycosignature- and GBM-associated genes
was analysed using publicly available transcriptomic and clinical
datasets from TCGA/PanCancerAtlas and CPTAC, according to
dataset availability. The gene panel includes markers related
to hyaluronic acid metabolism, chondroitin sulfate synthesis
and remodeling, sialylation pathways, ECM organization, glioma
stemness, proliferation, hypoxia, invasion, and therapy resis-
tance.

Gene expression distributions were visualized for available genes
in each dataset. Survival associations were explored using Cox
proportional hazards models implemented in R. The available
multivariate models included age and gender as clinical covari-
ates. Complete gene lists, expression plot indices, and exported
statistical outputs are provided in the Supporting Information.

4.16 | Multiplex Immunofluorescence

4 uM sections of a paraffin-embedded sample were analyzed.
Multiplex staining was carried out according to the MILAN
protocol [66], as previously reported [67]. The method consists
of repeated cycles of indirect immunofluorescent staining using
unconjugated primary antibodies and fluorophore-conjugated
secondary antibodies (Table S3), followed by image acquisition
and antibody stripping with a detergent and reducing agent.
Slides were counterstained with DAPI for nuclear visualization
and incubated with secondary antibodies conjugated to three
fluorophores, Alexa Fluor 488, Cy3, and Alexa Fluor 647, to detect
all target antigens.

Image acquisition and processing were performed using the
THUNDER Imager Tissue microscope and LAS X software (Leica
Microsystems, Wetzlar, Germany). The full tissue was initially
scanned with the HC PL APO 10x/0.45 DRY objective to obtain an
overview image. This overview was subsequently used to identify
individual cores, enabling sequential high-resolution imaging of
selected cores with the HC PL APO 20%/0.80 DRY objective.

Spatial proteomics images were analyzed using the HALO plat-
form (Indica Labs, version 3.6.4134.137). Multiplex fluorescence
analysis was performed with the Highplex FL module (Indica
Labs), allowing the simultaneous quantification of markers.
Marker-specific intensity thresholds were defined to classify cells
as either positive or negative for each marker.
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Statistical analyses and graphical representations were performed
using Python software (version 3.14). Fluorescence intensity data
were normalized and compared across treatment conditions and
ECM compositions. Differential marker expression was assessed
by calculating median differences and double-delta variations rel-
ative to the HA-GEL reference condition. Statistical significance
was expressed as —loglO(p) values, with significance thresholds
defined as p < 0.05, p < 0.01, and p < 0.001.

Bubble plots and bar plots were generated to visualize marker
expression profiles across experimental conditions, including
DMSO, TMZ, MV1035, and TMZ-MV1035 treatments. Z-score
normalization was additionally applied for phenotype-oriented
analyses, allowing the identification of relative increases or
decreases in proliferation and stemness/resistance-associated
markers among the different matrices and treatment groups.

4.17 | X-ray Nano-Holotomography (XNH-CT)

X-ray nano-holotomography (XNH-CT) measurements were car-
ried out at the Nano-imaging beamline ID16A of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). This
beamline is designed for nanometric spatial resolution 3D holo-
graphic (and thus quantitative) 3D x-ray imaging. The beamline
is 185m long, and, via a pair of multilayer-coated Kirkpatrick-
Baez mirrors [68], provides nano-focused (spot size ~25 x 30
nm?) monochromatic beams at either ~17 or ~33 keV, with
flux in the order of 10" photons/s unfiltered, 10! photons/s
after filtering. In addition to standard sample fixation, cryogenic
sample preservation is also available. The beam has a cone
geometry, and the XNH-CT setup consists of a vacuum chamber
within which a high-precision translation and rotation sample
stage is installed for alignment and tomographic acquisitions. For
XNH-CT, the sample is positioned at usually 4 sample-to-detector
(defocusing) distances (calculated depending on the needed pixel
size) and, at each of them, a set of projection images is collected
over 180 degrees in either ‘step-by-step’ or ‘continuous’ modes.
Radiographs are recorded by an indirect-conversion Andor Balor
camera. The details of this setup are well-described in [63].

In this study, data were acquired in vacuum with 33.3 keV x-
rays (electron ring current of 200 mA) in ‘step-by-step’ mode to
guarantee best quality images. This allows using a randomized
sample displacement between projections, enabling suppression
of artefacts due to structured inhomogeneities within the x-ray
beam. All samples were examined by acquiring first a low-
resolution, single-distance overview CT scan with a voxel size
of 180° nm? that was used to locate the regions of interest to be
imaged by XNH-CT with a voxel size of 100° or 50° nm3. XNH-
CT dataset consists of 2000 projections, each acquired with an
exposure time of 200 ms. These high spatial resolutions were
used to characterize the ECM in both distal and core regions by
targeting areas in which the density of ECM is indicative of both
composition and organization of the matrix and the interface with
cell aggregates. At this resolution, information on the interaction
between cells and neoproduced ECM and ECM mimics (100 nm
— 1 uMm) can be accessed. The scope is to study ECM and cell
organization in response to the drug treatments. Samples used
for these measurements were stained with pink alcohol and
embedded in paraffin. Rods were punched out with a biopsy

punch of 750 pM in diameter and then glued on metal pins and
holders to be mounted on the sample stage.

XNH-CT data were processed using the workflow implemented
at ID16a, which brings raw projections from 4 different CT sets
to one 3D phase-contrast volume. Radiographs are normalized
with respect to the incoming x-ray beam, and then the differ-
ent sample-to-detector-distance datasets acquired in cone-beam
geometry are brought to the same image magnification and
aligned. The reconstruction pipeline consists of phase retrieval
and tomographic reconstruction, utilizing ESRF-developed soft-
ware implemented in both Octave and Python environments.
Overview CT data were reconstructed after application of the
single-distance Paganin’s phase-retrieval algorithm (Paganin-
length parameter: 100) [69]. The multi-distance acquisition
enables accurate phase retrieval by using an adapted contrast
transfer function to recover initial phase maps of the object [70]
that are then refined through an iterative non-linear conjugate
gradient optimization process, typically converging after ten
iterations [71].

Tomographic reconstruction of the retrieved phase maps is
performed using Nabu, an open-source Python-based framework
developed at the ESRF (https://gitlab.esrf.fr/tomotools/nabu).
Nabu supports both filtered back-projection (FBP) and iterative
reconstruction techniques, alongside advanced post-processing
tools such as ring artifact correction based on the combined
wavelet-Fourier method introduced by [72]. In this study, all
reconstructions used the FBP algorithm for consistency across
datasets. GPU acceleration was employed to efficiently handle
the large-scale datasets typical of nano-holotomography. The
reconstructed volumes were automatically converted into the
standardized NeXus (NX) file format to support reproducibil-
ity, long-term data preservation, and seamless integration with
downstream analysis workflows.

To further enhance image quality, post-processing was applied
to reduce noise, which is commonly present in phase-contrast
reconstructions. A bilateral filter was used to denoise the images
while preserving edges and fine structural details. Unlike con-
ventional linear filters, the bilateral filter considers both spatial
proximity and intensity similarity, enabling effective noise sup-
pression without blurring critical features [73]. We implemented
this filtering step using the cv2.bilateralFilter function from
the OpenCV Python package, carefully selecting the parameters
to balance noise reduction and edge preservation (e.g., d =
8, sigmaColor = 75, sigmaSpace = 75). This step significantly
improved the interpretability of soft tissue boundaries and
microstructural features in the samples, thereby ensuring the
reliability of subsequent quantitative analyses. All parameters
used in the different steps of the data processing pipeline are
stored as ‘Scientific Metadata’ in the LMU SciCat catalogue.
These metadata parameters can be accessed upon request to the
LMU authors, ensuring transparency and reproducibility of the
workflow [74].

To quantify the grayscale intensity (Figure 5C,D) as a proxy for
matrix density surrounding the cell clusters, a custom interactive
image analysis script was developed in Python. For each sample
volume, three distinct tomographic slices were selected. Within
each slice, three cell clusters were identified, and an interactive
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https://gitlab.esrf.fr/tomotools/nabu

region of interest (ROI) was defined around each cluster using a
circular mask with a fixed radius of 20 pixels (corresponding to
a diameter of 4 um) to analyze the immediate pericellular matrix
deposition.

The software calculated the mean pixel intensity within each
individual circular ROI directly from the raw image data to avoid
interpolation of artifacts. A total of 9 ROIs per sample (3 slices x 3
clusters) were analyzed. The intensity values were then averaged
for each sample, and the results were expressed as mean =+
standard deviation.

The structural dimension of the cell clusters (Figure 5E) was
quantified using ImageJ software. Spatial calibration was per-
formed according to the image metadata (10 pixel/um). The
diameter of the cell clusters was manually measured across three
representative slices per sample, selecting three distinct clusters
per slice. The dimensional data were compiled to compute the
final mean and standard deviation for each experimental group.

4.18 | Statistical Analysis

Data were always presented as mean + standard deviation,
unless otherwise specified. Values were averaged from at least
three repeated measurements (n = 3). To determine statistical
difference between two groups or more groups was done with
one-way ANOVA using Tukey’s multiple-comparison test. Statis-
tical significance of the data was calculated at 95% (p < 0.05)
confidence intervals. Non-significant (ns), p > 0.05, * p < 0.05,

** p <0.01, *** p < 0.001, *** p < 0.0001.
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