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A B S T R A C T

The tumor microenvironment imposes complex biochemical and biomechanical constraints on microvasculature, 
contributing to aberrant tumor blood vessels, characterized by abnormal endothelial proliferation, disrupted cell- 
to-cell junctions and increased permeability. While vascular normalization strategies have traditionally focused 
on biochemical modulation, the role of mechanical forces in endothelial dysfunction remains unclear. Here, we 
used a microfluidic platform to dissect the mechanobiological impact of two distinct solid tumor models 
—pancreatic ductal adenocarcinoma (PANC-1) and lung adenocarcinoma (A549)—on three-dimensional 
embedded endothelial vessels. Our findings reveal that PANC-1 spheroids exert significant mechanical forces, 
expanding vessel diameter and disrupting endothelial barrier integrity via cellular contractility. Conversely, 
A549 spheroids contribute to vascular destabilization through biochemical modulation, primarily via extracel
lular matrix degradation and inflammatory secretomes, leading to an altered and heterogeneous endothelial 
permeability. Proteomic analysis of both tumor cell lines highlights distinct pathways involved in endothelial 
remodeling: cytoskeletal alterations and consequent stresses in pancreatic ductal adenocarcinoma, while 
extracellular matrix remodeling and pro-inflammatory microenvironment are found in lung adenocarcinoma. 
These insights underscore the necessity of tumor-specific vascular normalization strategies, combining mecha
nobiological and biochemical approaches to restore endothelial barrier function. Our locally controlled micro
fluidic approach provides a versatile platform for evaluating innovative therapeutic strategies targeting tumor- 
specific vasculature.
Statement of significance: This study highlights the often-overlooked role of tumor-derived mechanical forces in 
vascular dysfunction. Within the tumor microenvironment, different tumor types disrupt the endothelial barrier 
through distinct, tumor-specific mechanisms, leading to varied patterns of vessel instability. Using confocal 
microscopy, we achieved spatially resolved analysis of local endothelial barrier damage, distinguishing focal 
from diffuse permeability changes. A 3D microfluidic platform was developed to replicate tumor endothelium 
interactions, combining live imaging, morphometric and biochemical assays, and proteomic profiling. This 
integrative model offers a versatile tool for evaluating drug responses under controlled mechanochemical con
ditions, supporting the development of personalized vascular-targeted therapies.

1. Introduction

Solid tumor progression involves complex interactions within the 

tumor microenvironment (TME), a niche composed of cellular and non- 
cellular components that shift from an anti- towards a pro-tumoral 
landscape [1–4]. These alterations transform fibroblasts into CAFs, 
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hamper the immune response, promote abnormal angiogenesis [4–7] 
and induce changes in the extracellular matrix (ECM) increasing its 
stiffness and reducing its porosity [8].

Among the TME components, the tumor microvasculature is partic
ularly affected, exhibiting disorganized blood endothelial cell (BEC) 
proliferation, disrupted junctions and lack of pericyte and basal mem
brane coverage [9–11]. This results in increased vascular permeability, 
interstitial fluid pressure (IFP) and tumor hypoxia [12].

Mechanical stresses – arising from ECM stiffening and tumor 
expansion within a confined space [13,14] —are key contributors to 
endothelial dysfunction, hindering its function and facilitating tumor 
dissemination. These mechanical stimuli increase BECs’ sensitivity to 
angiogenic factors, leading to dysfunctional vessels [15,16]. Also, 
increased IFP and the shear stress on the blood vessel wall and across the 
TME hinder BEC’s functionality too [12]. Taking this vascular 
dysfunction into account, it has been described in the literature a strong 
coupling between vascular and interstitial flow, revealing a non-uniform 
IFP distribution. This is a result of the interplay between the blood flow 
in the vessels and the movement of the fluid in the interstitium [17]. 
There is a correlation between necrotic core size of tumors and IFP 
minimum values, with important implications for drug transport. The 
presence of lower pressure at the tumor core drive drug delivery towards 
these hypoxic regions, hindering its efficacy [17]. Normalizing vascular 
networks could enhance treatment efficacy by promoting drug perfusion 
and increasing drug residence time into the affected areas [18,19].

Because of this, vascular normalization has emerged as a key strategy 
to restore the microvasculature’s functionality and increase efficacy of 
main therapies [9]. While anti-VEGF and Ang-2 therapies aim to 
normalize tumor vessels, they often fail to restore full functionality and 
may induce resistance or secondary hypoxia [18,20,21]. Mechanobio
logical strategies targeting ECM mechanics and fluid forces may better 
support vascular normalization and drug delivery [9,21].

Given the limitations of current models in capturing these biome
chanical influences, microfluidic systems have emerged as powerful 
tools to dissect the role of mechanical constraints on vascular function 
with spatial and temporal resolution [22,23]. Vessel-on-a-chip platforms 
integrate 3D structures, ECM and several cellular populations, resulting 
in a better reconstruction of the stromal microenvironment and, 
consequently, in promising models to study the fluid dynamics of the 
vessel-TME interface [24–28]. Several microfluidic approaches have 
demonstrated the role of biomechanical environment in vessel perme
ability, tumor growth and drug transport [12,29–31]. Moreover, some 
studies have used different 3D vessels-on-a-chip platforms to study 
several processes affecting vessel permeability and barrier integrity, 
showing that permeability of BECs’ vessels is increased in presence of 
tumor spheroids [32–34]. However, few research has analyzed local 
permeability associating mechanical loads exerted by tumor spheroids 
over the matrix and endothelial barrier integrity.

Despite the growing recognition of tumor mechanobiology, experi
mental models that allow for precise manipulation of mechanical con
straints remain scarce. In this work, we present a 3D microfluidic model 
that simulates, in a precise and controlled way, the interaction between 
tumor spheroids and an embedded endothelial vessel. Unlike previous 
studies, our model allows to correlate local tumor spheroid-driven al
terations in the surrounding ECM with focal disruptions of the endo
thelial monolayer (EM), through spatially resolved permeability assays 
and the proteomic characterization of tumor secretomes. Here, we 
present (i) the model’s validation using a functional and mechanical 
assay; (ii) the comparison of two solid tumor cell lines with very distinct 
mechanisms to interact with the blood microvasculature —pancreatic 
ductal adenocarcinoma (PANC-1) and lung adenocarcinoma (A549)-; 
and (iii) the analysis of the exerted effects on the 3D EM through the 
physical and biochemical stimuli of solid tumors. This approach pro
vides a unique opportunity to dissect the contribution of mechanical 
stresses to endothelial barrier dysfunction and to explore new mecha
nobiological strategies for vascular normalization. By isolating the 

effects of tumor-derived mechanical and biochemical factors in a 
physiologically relevant setting, this model bridges a critical gap in the 
study of vascular dysfunction within the TME.

2. Materials and methods

2.1. Cell culture

Human Umbilical Vein Endothelial Cells (HUVECs, RRID: 
CVCL_0F27) (C2519A, Lonza) were cultured in completed EGM-2 me
dium enriched with ascorbic acid, human Epidermal Growth Factor 
(hEGF), 2% Fetal Bovine Serum (FBS), Gentamicin Sulfate/Amphoter
icin (GA-1000), heparin, hydrocortisone, R3 Insulin-like Growth Factor 
1 (R3 IGF-1) and Vascular Endothelial Growth Factor (VEGF) (EGM-2 
medium, Lonza, Switzerland). HUVECs were cultured on 0.01mg/mL 
fibronectin-coated dishes (0.01mg/mL) in EBM2 complete medium 
(Lonza) supplemented with EGM-2 SingleQuots (Lonza) for a maximum 
of 8 passages. Pancreatic ductal adenocarcinoma cell line PANC-1 
(RRID: CVCL_0480) and lung adenocarcinoma cell line A549 (RRID: 
CVCL_0023) (CRL-1469 and CCL-185, respectively, ATCC) were 
cultured in DMEM High Glucose (Invitrogen), supplemented with FBS 
10% (Invitrogen), L-Glutamine 2mM (Lonza), and 100U/mL Penicillin, 
Streptomycin, and Amphotericin B (Lonza).

Tumor spheroids were generated from single-cell suspensions of 
PANC-1 or A549 cells under anchorage-independent conditions. This 
method does not allow precise control over the exact number of tumor 
cells per spheroid, as sphere growing process presents some variability. 
In order to reduce variability between experiments, cultures were al
ways initiated with mechanically disaggregated cells from a previous 
suspension cultures and seeded at a density of 3 × 10⁵ cells/mL in 
DMEM/F-12 GlutaMAX™ medium supplemented with 2% B27 (Gibco), 
100 U/mL penicillin, streptomycin, and amphotericin B (Lonza), and 20 
ng/mL FGF-basic (Pan-Biotech, Aidenbach, Germany). Cultures were 
maintained for 72 h, and visually proper spheroid formation was 
confirmed (Fig. S1). Next, spheroids were gently homogenized in sus
pension, and a standardized volume (1mL) was collected for each con
dition. This suspension was centrifuged at low speed (200rpm, 3min, 
4◦C) to obtain a pellet, which was resuspended in fresh DMEM-F12 and 
incorporated into the hydrogel following the procedures described 
below. This procedure ensured comparable spheroid densities between 
replicates, facilitating reproducibility across experiments.

To prevent cell adhesion, flasks were coated with 10% poly(2- 
hydroxyethyl methacrylate) (pHEMA, Sigma-Aldrich) in 96% ethanol, 
following established protocols [35]. pHEMA is a widely used biocom
patible coating that provides a non-adherent surface, thereby facilitating 
spheroid formation [35–37]. As cells cannot attach into the pHEMA 
coated surface, they grow into spheres. Prior to cell seeding, flasks were 
rinsed once with PBS to remove excess coating.

All cell lines were grown in a humidified incubator at 37◦C with 5% 
CO2 and regularly tested for mycoplasma. Cells were confirmed to be 
contamination free via PCR detection which was performed using a real 
time PCR thermocycler (Bio Rad: Applied Biosystems CFX96 Real Time 
System) and visualized with gel imaging system (Bio Rad: ChemiDoc 
XRS+).

2.2. Microfluidic device microfabrication

Microfluidic devices were fabricated by casting poly
dimethylsiloxane (PDMS) onto silicon master molds. PDMS and curing 
agent were mixed at a proportion of 10:1, and, after vacuum degassing, 
the mix underwent polymerization at 80◦C to create an elastomer- 
negative mold. The resulting mold was trimmed, and holes were 
punched to serve as ports for the hydrogel and media (Fig. 1B and 1C) 
[34,38]. Individual PDMS devices were autoclaved for sterilization, 
dried at 80◦C overnight, and then bonded to coverslips using oxygen 
plasma (Harrick plasma, UK). Prior to bonding, PDMS devices and glass 
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coverslips were treated in an air plasma cleaner (30W, 120s, room air 
flow ~1.33mbar). Immediately after exposure, both surfaces were 
brought into contact. Surface functionalization of the PDMS and glass 
was performed to enhance ECM binding. The functionalization was 
based on a polydopamine coating at 2mg/mL, as previously described 
[39]. Then, the microfluidic devices were rinsed and dried at 60◦C in the 
oven for 24h to restore surface hydrophobicity.

2.3. Lumen formation and HUVEC seeding

After fabrication, stainless steel needles (0.16mm diameter × 40mm 
length, Seirin, Japan) were introduced via the needle guides within the 
microfluidic device before injecting the collagen hydrogel. These nee
dles were previously coated with a 5% bovine gelatin solution for 30min 
at 37◦C in order to facilitate detachment from the collagen matrix. 
Subsequently, reconstituted type-I rat tail collagen (Corning, USA) was 
prepared at a concentration of 2.5mg/mL from a stock solution of 
4.33–3.43mg/mL and buffered to a pH of 7.4 with 1М of NaOH in sterile 
H2O, as stated in Pérez-Rodríguez et al. [34]. The hydrogel solution was 
prepared in a mix of completed EGM-2 medium with 10X DPBS with 
phenol red and introduced into the devices through the central chamber 
ports, with the needle inserted. Devices were then moved to a humidi
fied incubator at 37◦C (5% CO2) for at least 30min for hydrogel poly
merization, and then medium ports were filled with completed EGM-2 to 
avoid dehydration. After 2h, needles were gently removed, creating a 
cylindrical lumen in the collagen matrix. Then, devices were sealed 
using Reprorubber (Flexbar, USA) and reservoirs were filled again with 
cell medium. The devices were placed on a laboratory rocker within the 
cell incubator to wash the lumen for 24h.

After lumen formation, a 0.01mg/mL human fibronectin solution 
was added through the medium ports to coat the formed lumen walls for 
45min, increasing endothelial cell adhesion in the subsequent steps. 
Next, HUVECs were seeded into the lumen through the reservoir at a cell 
density of 4 × 106 cells/mL and allowed to form a cylindrical EM. Cell 
adhesion was observed with an inverted microscope, and devices were 

kept within the incubator for a maximum of 72h. As previously 
described, when the lumen reached an adequate cell density adhered to 
its walls, the cellular suspension was replaced with fresh medium, and 
devices were placed on a rocking platform within the incubator to 
generate gravity-driven oscillatory flow, as described in the literature 
[40,41].

2.4. Quantification of tumor-induced lumen remodeling

To assess the hydrogel structural changes due to the tumor spheroid- 
derived mechanical forces, microfluidic devices were manufactured as 
described above. Tumor spheroids were added to the hydrogel matrix 
(Fig. 2C), and EGM-2 medium was replaced with DMEM/F-12 contain
ing spheroids obtained from a standardized suspension, ensuring 
reproducible loading conditions.

Without vessels, three experimental conditions were assessed: PANC- 
1 spheroids, PANC-1 spheroids treated with 50μM Blebbistatin, and 
A549 spheroids. Blebbistatin treatment was initiated 2h post-hydrogel 
polymerization by adding the inhibitor to the culture medium and 
perfusing it through the hydrogel lumen. The inhibitor-containing me
dium was renewed at 36h with the same concentration (50μM) (Fig. S1). 
Devices were maintained in a cell incubator for 72h, after which lumen 
diameters were measured. This approach enabled assessing the contri
bution of actomyosin-driven contractility to the observed remodeling.

To account for the contribution of endothelial forces, additional 
devices were prepared by seeding HUVECs into the preformed lumen 
24h after hydrogel polymerization. These conditions included empty 
hydrogels (HUVECs only) and spheroid-containing hydrogels (either 
PANC-1 or A549 spheroids).

For quantification, images were acquired at the mid-transverse plane 
of each lumen at 72h, where the channel ran vertically through the field 
of view. A single optical section corresponding to the central plane was 
taken per device at 72h post-spheroid seeding using an inverted mi
croscope (Eclipse Ti-E, Nikon). Multiple diameter measurements were 
taken in 2D cross-sectional images from one side of the EM to the other, 

Fig. 1. Microfabricated vessel-on-a-chip platform. A) Schematic about the main mechanical and biochemical cues that compromise microvasculature barrier 
function with healthy tissue (top) and tumors (bottom). TME tumor microenvironment, IFP interstitial fluid pressure, FGF fibroblast growth factor, VEGF vascular 
endothelial growth factor. B) Schematic design of the microfluidic device, indicating the main ports and features. ECM extracellular matrix. C) Picture of device 
bonded to a 24mm × 40mm glass coverslip. The ECM chamber is stained in green.
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assuming cylindrical geometry, using Fiji software, and results were 
averaged across at least three independent devices per condition [42]. 
Although local asymmetries could occasionally be detected, remodeling 
typically spanned a continuous region of the lumen, maintaining an 
overall quasi-cylindrical geometry suitable for diameter-based quanti
fication. Measurements were performed across replicate devices 
analyzed at each endpoint rather than longitudinal tracking of the same 
channel over time. Thus, the reported lumen size differences represent 
condition-dependent effects across parallel devices, not dynamic 
remodeling within a single device.

To minimize operator bias, the full image dataset was independently 
re-analyzed by a second researcher. A Bland–Altman comparison 
confirmed agreement between measurements, supporting the repro
ducibility of the remodeling quantification.

2.5. Preparation of conditioned media

PANC-1 and A549 cells were cultured at a density of 3 × 105 cells/mL 
in T25 flasks in anchorage-independent conditions, as described in 
Section 2.1. Complete DMEM-F12 medium was added to the culture and 
harvested after 72h of incubation. Each batch was concentrated using 
centrifugal filter units (Amicon Ultra-4, 10kDa cutoff, Merck) at 
4000rpm, 4◦C, for ~1.5–2h, until the volume was reduced to ~1/8 of its 
initial value. The concentration step was achieved exclusively by 
centrifugation through the filter membranes, without evaporation. Total 
protein quantification was performed by Bradford assay according to 
seller’s instructions (Quick Start Bradford 1X Dye Reagent, BioRad). 
Concentrated conditioned medium preparations were stored at − 80◦C 
until use.

For experimental assays, CM was diluted in EGM-2 at final concen
trations of 0.1% and 10%, depending on the experiment. As controls, 

vessels or HUVEC monolayers were cultured in EGM-2 alone (baseline 
control medium), or in EGM-2 supplemented with DMEM-F12 (supple
mented control medium). Unless otherwise stated, CM-supplemented 
media and controls were applied for 48h before analysis.

2.6. Immunostainings

EM were washed with PBS and then fixed with 4% paraformaldehyde 
(PFA) at room temperature (RT) for 30min on an orbital shaker. Then, 
they were rinsed with PBS and permeabilized with 0.1% TritonX (Sigma- 
Aldrich) for 20min and blocked with a 5% BSA solution at RT for 2h. 
Afterwards, primary and secondary antibodies were diluted in a 0.1% 
BSA solution and added over-night or for 2h, respectively. Additionally, 
most samples were stained with 4′,6-diamino-2-fenilindol (DAPI) 
(1:1000, ThermoFisher) at RT for 20min. The devices were washed with 
PBS to remove fluorescent background before confocal microscopy. 
Images were acquired with a confocal microscope (Leica, STELLARIS 
LightSheet (DLS)).

2.7. Imaging and permeability assays

Endothelial permeability was quantified by measuring the diffusive 
transport of 70-kDa FITC-Dextran across the vessel wall using confocal 
time-lapse microscopy. EGM-2 medium was supplemented with 70-kDa 
FITC-Dextran (200μg/mL) and introduced into the vessels, maintaining 
equal volumes at both media ports to avoid flow-driven perturbations. 
Images were acquired at 10× magnification every 5 s for 10 min at the 
mid-transverse plane of the vessel. Fluorescence intensity was assumed 
to be proportional to solute concentration, allowing calculation of the 
diffusive permeability coefficient (Pd, see supplementary materials 
(S2)), as described by Polacheck et al. [38].

Fig. 2. 3D endothelial vessel co-cultured with tumor spheroids in the microfluidic device. A) 3D HUVEC vessel embedded in a collagen hydrogel. VE-Cadherin 
staining (green) highlights endothelial junctions and DAPI (blue) labels nuclei. PANC-1 spheroids (DAPI-only) are visible in the peripheral region. Scale bar: 50μm. B) 
Bright-field picture showing hydrogel chamber inside the microfluidic device, with the endothelial vessel and tumor spheroids distributed within the matrix. Scale 
bar: 160μm. C) Schematic representation (not to scale) of the device, indicating the position of the engineered vessel and tumor spheroids within the central chamber.
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In order to spatially resolve variations in solute diffusion and quan
tify localized endothelial permeability, the R50 parameter was 
computed. R50 is defined as the radial distance from the vessel lumen at 
which the normalized fluorescence intensity in the ECM reaches 50% of 
the intravascular signal. To calculate this parameter, ±40µm regions 
around the defined upper and lower vessel boundaries were selected 
(Fig. S2), restricting the analysis to the perivascular zone and mini
mizing contributions from dextran diffusion deeper into the hydrogel. 
Each vessel provided two complementary walls, and thus, both were 
analyzed simultaneously, creating a “top” and “bottom” analysis. For 
each vertical column of pixels within these regions, the radial position 
where the normalized intensity crossed 0.5 was determined for every 
frame, providing a spatiotemporal measure of fluorophore penetration 
from the vessel into the ECM.

Mean pixel intensity in the ECM (IECM) was calculated for each frame 
and along the longitudinal vessel axis, and the corresponding diffusive 
permeability coefficients (Pd) were derived from the temporal changes 
in IECM, normalized by vessel radius and intraluminal intensity (Ivessel), as 
described in Eq. 4 (S2). This approach allows quantitative detection of 
variations in endothelial barrier function across different experimental 
conditions and provides an indirect but spatially informative readout of 
local permeability.

R50 values were visualized as two-dimensional heatmaps, with the 
horizontal axis representing the vessel longitudinal coordinate (z), the 
vertical axis representing time, and the color scale indicating the R50 
value in micrometers (Fig. S2). These heatmaps provide a spatiotem
poral representation of FITC-Dextran penetration along the vessel, 
capturing both localized heterogeneity and dynamic changes in 
permeability over the course of the assay. Representative frames with 
intensity profiles and R50 traces were also extracted to highlight specific 
spatial and temporal patterns.

All image acquisition and analysis steps were performed using a 
custom MATLAB script. Images were imported as 8-bit .tif files and 
normalized to a 0–1 intensity range. Vessel boundaries were manually 
delineated on a reference frame, and the perivascular regions were 
automatically extracted for further analysis. The script computed R50 for 
each column of pixels over time, generated heatmaps, and exported R50 
matrices and Pd values for downstream statistical analysis. This auto
mated pipeline enabled a robust, reproducible quantification of endo
thelial barrier function, integrating both local (radial) and longitudinal 
(along the vessel) information (see Supplementary Fig. 2).

Full image acquisition parameters, equation derivations, and MAT
LAB code details are provided in the supplementary materials (S2).

2.8. Proliferation and metabolic assays

HUVECs were seeded at a density of 1 × 10⁴ cells/mL in 0.01mg/mL 
fibronectin-coated 96-well plates and allowed to adhere for 24h before 
treatment. Cells were then cultured for 5 days in EGM-2 supplemented 
with either control media or tumor-derived conditioned media (CM) 
from PANC-1 or A549 spheroids, as described in Section 2.5.

Metabolic activity was assessed using the resazurin-based ala
marBlue® assay (Thermo Fisher). At 96h, 10% (v/v) alamarBlue reagent 
was added to each well, and plates were incubated for 2h at 37◦C. 
Fluorescence was measured at 560/590nm (excitation/emission) using 
a microplate reader (SynergyLX, Biotek). Results were normalized to the 
baseline medium control (EGM-2 only).

Proliferation was quantified by cell counting. Fluorescence images 
were acquired at 96h using an inverted microscope (Eclipse Ti-E, 
Nikon). Nuclei and cell boundaries were automatically segmented 
using the Cellpose plugin implemented in ImageJ [37,38], and total cell 
numbers per well were extracted. For cell density analysis, images 
covering fields of view of 290×290µm were used, with multiple repre
sentative regions per well. At least three independent biological repli
cates, each with technical replicates, were analyzed to account for 
post-seeding distribution variance.

2.9. Morphological and junctional analysis of HUVEC monolayers

To assess the impact of tumor-derived secretomes on endothelial 
morphology and junctional organization, HUVECs were seeded at a 
density of 4 × 10⁴ cells/mL in 0.01mg/mL fibronectin-coated 96-well 
plates to allow the formation of a confluent monolayer at time 0. After 
24h, cells were exposed to the different media conditions described in 
Section 2.5 for 48h. Afterwards, cells were fixed with 4% para
formaldehyde for 15min at room temperature, permeabilized with 0.1% 
Triton X-100, and stained with anti-VE-Cadherin antibody (1:100, Santa 
Cruz).

For morphological descriptors, fluorescence images were acquired 
using a confocal microscope (Leica, STELLARIS LightSheet (DLS)), and 
quantitative shape descriptors (cell area and circularity) were extracted 
using Cellpose detector plugins in ImageJ [42,43]. For junctional anal
ysis, images were acquired under identical exposure conditions, and 
junctional patterns were qualitatively assessed. Quantification of cell 
area and circularity was performed on at least three independent bio
logical replicates.

2.10. Proteomic analysis

Protein digestion was performed using a standardized protocol (iST 
kit, PreOmics), and peptide concentration was measured by a fluoro
metric assay (Qubit 3.0 fluorimeter, ThermoFisher). Importantly, the 
proteomic analysis was conducted on conditioned media (CM) collected 
from PANC-1 and A549 cells cultured as described in Section 2.5, har
vested 72h post-seeding and concentrated using centrifugal filter units, 
prior to any dilution in EGM-2 or application to endothelial cells, 
ensuring that the analysis reflected only the tumor cell secretome.

Samples were analyzed by LC-MS/MS using a TIMS-TOF system 
coupled to an EvoSep ONE chromatograph, acquiring profiles of loaded 
digested proteins using the 60 samples per day protocol. Peptide iden
tification was carried out with PaSER software (Bruker Scientific LLC, 
2023b), using a human protein database and standard decoy-based false 
discovery filtering (FDR < 1%). Additional validation steps, including 
collisional cross-section scoring, ensured high-confidence identifica
tions. Full acquisition parameters and data processing details are pro
vided in the supplementary materials (S3).

2.11. Statistical analysis

All experiments were performed with at least three replicates per
formed in three independent biological assays unless otherwise stated. 
Generally, data are presented as the mean of independent experiments, 
each corresponding to one biological replicate. To provide additional 
transparency on data variability, pooled single-point values from all 
replicates are displayed in violin plots, which illustrate the full distri
bution underlying the summary statistics. Statistical significance was 
assessed using one-way or two-way ANOVA followed by Tukey’s post- 
hoc test, or unpaired two-tailed Student’s t-test for pairwise compari
sons, as appropriate (GraphPad Prism v.8, GraphPad Software, San 
Diego, CA, USA). Differences were considered statistically significant at 
p ≤ 0.05. All p-values are reported in APA style.

3. Results

3.1. Lumen remodeling assay within the TME-microvasculature model

In this study, a microfluidic set up was developed to simulate TME 
stimuli into microfabricated BEC vessels (Fig. 2A and B). To do so, 
PANC-1 and A549 spheroids were embedded in 2.5mg/mL collagen 
matrices to compare their distinct mechanical behaviors. Their me
chanical effects on the microfabricated lumen were initially evaluated. 
Deformations exerted by the tumor spheroids were assessed by 
measuring changes in the width of the microfabricated lumen after 72h, 

A. Martín-Contreras et al.                                                                                                                                                                                                                     Acta Biomaterialia xxx (xxxx) xxx 

5 



prior to HUVEC seeding.
After 3 days, lumens in microfluidic devices containing PANC-1 

spheroids were significantly larger (mean diameter 175±7μm) than lu
mens in devices with A549 spheroids (159±6μm) (n = 3, Fig. 3A). 
Treatment of PANC-1 spheroids with Blebbistatin (50μM) reduced 
lumen diameters to 159±6μm, comparable to the initial theoretical 
diameter of 160μm (Fig. 3A), confirming that PANC-1-mediated 
remodeling depended on cytoskeletal contractility.

Next, we wondered whether this deformation found in the lumen is 
compensated in the human body by other mechanical stimuli such as the 
physiological cell contraction in the EM of vessels. Hence, perfusable 
blood vessels with HUVEC EM were microfabricated within 3D collagen 
lumens in our microfluidic device. Endothelial cells were seeded 24h 
after hydrogel formation and measurements were taken after 48h, at 
which point the endothelial monolayer exhibited a consistent 
morphology. Vessels in hydrogels without spheroids showed significant 
narrowing (101 ± 23μm) due to HUVEC contractility (Fig. 3B). These 
results indicate that the endothelial cells exert forces within the 
hydrogel’s surface, reducing significantly the microfabricated struc
ture’s width in comparison to its undeformed configuration (Fig. 3B).

After that, we co-cultured spheroids from both tumor cell lines next 
to the HUVEC monolayer, which revealed distinct mechanical in
teractions. BEC vessels within PANC-1 spheroids’ hydrogels exhibited 
the largest variation, with a mean width of 190±34μm in diameter, 
reflecting heterogeneous lumens due to the complex interaction be
tween the deformations exerted by the HUVECs and the tumor cells. In 
contrast, vessels co-cultured with A549 spheroids presented very ho
mogeneous lumens with a mean diameter of 161±8μm. These results 
suggest that while endothelial cells reduce vessel diameter, A549 cell 
spheroids counteract this reduction, stabilizing the structure and 
maintaining lumen dimensions similar to those found in the undeformed 
configuration prior to any cell culture (Fig. 3B).

3.2. Impact of tumor spheroids on EM barrier’s permeability in collagen 
matrices

Once confirmed that both tumor cell populations have an effect on 
the TME, since they exert counteracting forces that modify the vessel 
configuration, we wondered how both populations affect the structural 
integrity of the vessels. Thus, we analyzed the evolution of vessel 

permeability in the different conditions.
The barrier function of the EM was quantitatively characterized via 

the permeability coefficient (Pd) using 70kDa FITC-Dextran. A concen
tration of 200μg/mL was introduced in endothelial vessels within 
2.5mg/mL collagen matrices (Fig. 4A). The fluorescent probe gradient 
was limited by the endothelial membrane, and measurements of fluo
rescence microscopy were taken every 5s for 10min in triplicates for 
each condition (n = 3). The fluorescence images revealed the trend of 
Dextran diffusion across the vessel at each time point (Fig. 4B). By 
quantifying changes in fluorescence intensity, the local diffusion of the 
fluorescence probe was quantitatively determined.

These assays showed significant differences in the diffusion of FITC- 
Dextran molecules through the membrane, modulated by the presence 
or absence of tumor spheroids (Fig. 4B). Without tumor spheroids, 
control vessels showed a low permeability coefficient (Pd= 0.03 

±0.02μm/s), indicating a more compact and efficient barrier function. 
These values correlate with the ones described previously in the litera
ture [38,44]

In contrast, introducing tumor spheroids of PANC-1 and A549 cell 
lines resulted in a significant increase in vessel permeability. The 
quantitative analysis showed a significant increase in the permeability 
coefficient for A549 spheroids, with a value of 0.36±0.02μm/s, which 
resulted in a significant increase against the control condition (p <
0.001, ANOVA). These results indicate that A549 spheroids induced a 
significant destabilization of the endothelial barrier integrity, poten
tially mediated by the secreted factors of the tumor spheroids. The 
permeability coefficient in presence of PANC-1 spheroids showed a 
drastic increase, resulting in a mean value of 1.4±0.2μm/s (Fig. 4C). 
These findings suggest a stronger disruptive interaction between 
pancreatic adenocarcinoma spheroids and the vessel, supporting the 
role of tumor-derived mechanical forces as a major driver of endothelial 
barrier disruption.

In addition, there is a strong spatial correlation between the presence 
of tumor spheroids and the local increase in the permeability of the BEC 
membranes (Fig. 4B). This effect is quantitatively demonstrated through 
the analysis of the R50 parameter, which represents the axial position 
where the normalized FITC-Dextran intensity reaches 50% of its value 
inside the hydrogel. In the R50 heatmaps (Fig. 4D), the horizontal axis 
represents the vessel length, the vertical axis the assay duration, and the 

Fig. 3. Lumen remodeling assays within the TME-microvasculature model. A) Lumen widths on 2.5mg/mL collagen matrices with spheroids of PANC-1 w/o 
Blebbistatin treatment, PANC-1 w/ and A549. B) Vessel widths on 2.5mg/mL collagen with cultured HUVEC inside the lumen: empty matrices (no tumor) or seeded 
with PANC-1 and A549 spheroids. In both cases, widths are represented in violin plots with median, 25% and 75% quartiles. P-value reported in APA style (n = 3).
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color intensity indicates the R50 value (µm). Warmer colors correspond 
to higher R50 values, reflecting deeper solute penetration into the ECM 
and thus increased local permeability, while cooler colors represent 
lower R50 values and more restrictive barrier properties. Regions of the 
EM close to the spheroids presented a higher R50 in comparison to other 
areas, and evidence that at least half of the analyzed fluorescent probe 
had migrated beyond these points (Fig. 4D). This spatial distribution 

highlights the focal nature of the mechanical and chemical influence 
exerted by the tumor spheroids on the endothelial barrier. Notably, this 
phenomenon was particularly prominent in the PANC-1 spheroids, 
which is consistent with the global increase in the permeability coeffi
cient under this condition.

Fig. 4. EM permeability assays. A) Endothelial vessels in empty hydrogels, with PANC-1 and with A549 spheroids in 2.5mg/mL collagen matrices in brightfield. 
Scale bar is set at 160μm. B) Endothelial vessels in empty hydrogels, with PANC-1 and with A549 spheroids at different times (initial, 20s and 80s) of the FITC- 
Dextran assay. Pictures show the gradient of 70kDa FITC-Dextran permeating through the 3D endothelial membrane. Scale bar is set at 160μm. C) Permeability 
coefficient Pd values for all conditions tested, shown in violin plot. Statistical assessment was performed with a One-Way ANOVA and p-values are reported in APA 
style (n = 3). D) R50 Heatmaps of R50 values over time for vessels with PANC-1 (left) and A549 (right) spheroids. R50 quantifies the radial distance at which 
FITC–Dextran intensity decays to 50% of the intraluminal value, providing a spatially resolved measure of barrier leakage. Red horizontal bars indicate the lon
gitudinal position of tumor spheroids relative to the vessel axis; they are shown for reference only and are not part of the R50 calculation.
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3.3. Tumor-derived conditioned media as a disruptor of BEC’s barrier 
permeability: effect of biochemical factors

The previous experiments demonstrated that tumor spheroids 
significantly alter endothelial permeability through both mechanical 
and biochemical interactions. However, it remained unclear to what 
extent soluble factors alone contribute to endothelial barrier dysfunc
tion. To isolate the biochemical influence of the tumor secretome, we 
next investigated how conditioned media (CM) from PANC-1 and A549 
cells affects vessel permeability in the absence of direct tumor-vessel 
interactions. By eliminating mechanical forces due to the tumors from 
the system, this approach allowed us to determine whether tumor- 
derived soluble factors alone are sufficient to compromise EM integrity.

In order to assess how the soluble factors secreted by the PANC-1 and 
A549 cell lines affect the permeability of the vessels in absence of the 
mechanical influence of the tumors, we performed permeability assays 
on microfabricated vessels in empty collagen matrices, which were 
cultured for 48h with CM-supplemented media. For this assay, concen
trated CM from PANC-1 and A549 was diluted at 0.1% in EMG-2. As 

controls, vessels were exposed to the standard medium, EGM-2 and 
0.1% DMEM-F12 supplemented media (Fig. 5A).

As described before, the control vessels showed a permeability co
efficient of 0.03±0.02μm/s, values consistent with a compact and 
functional barrier integrity. However, the exposure to the CM from 
PANC-1 induced an increase in permeability up to 0.13±0.01μm/s. In a 
similar way, A549 derived CM increased the mean Pd of vessels to 0.11 

±0.02μm/s. Both values were significantly higher than the EGM-2 
control measurements by a 3 or even a 4-fold increase, indicating that 
the soluble factors released from both tumor cell lines compromise 
directly the integrity of the endothelial barrier, even in absence of me
chanical interactions among tumor and vessel (Fig. 5B). Nonetheless, 
both values were one order of magnitude lower than in the case where 
the spheroids were physically present in the hydrogel. Additionally, 
both conditions tested significantly higher than the DMEM-F12 controls. 
In contrast to the case in which tumor spheroids were present in the 
hydrogel, where the R50 heatmaps correlated more prominently with 
focal lesions in the endothelial barrier, the heatmaps obtained from this 

Fig. 5. EM permeability assays with conditioned medium (CM). A) FITC-Dextran assay. Up to down, endothelial vessels treated with EGM-2 supplemented with 
DMEM-F12, with EGM-2 supplemented with PANC-1 or with A549 CM at different times (initial, 20s and 80s). Pictures show the gradient of 70 kDa FITC-Dextran 
permeating through the 3D endothelial membrane. Scale bar is set to 160μm. B) R50 representations of BEC vessels treated, PANC-1 (top) and A549 CM (bottom). C) 
Permeability coefficient Pd values for all conditions tested, shown in violin plot. Statistical assessment was performed with a One-Way ANOVA and p-values are 
reported in APA style (n = 3).
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analysis were more diffuse (Fig. 5C). The results show a more homo
geneous distribution of permeability values, giving only hypothetical 
hints on the presence of micro-lesions or more lose cell-to-cell junctions 
areas.

3.4. Tumor-derived conditioned media mimics TME effects on EM 
proliferation and mechanics

Once proven that tumor-derived conditioned media (CM) from 
tumor cells significantly compromises endothelial barrier integrity, we 
next sought to determine whether these soluble factors also modulate 
other endothelial properties, such as proliferation and morphology. 
Given that tumor-secreted factors are known to influence endothelial 
cell behavior beyond permeability regulation, we assessed how CM af
fects HUVEC metabolic activity, growth dynamics, and structural char
acteristics in a 2D monolayer. By isolating the biochemical influence of 
tumor-secreted factors, this approach allowed us to further elucidate the 
role of soluble cues in shaping BEC function within the TME.

To determine this, HUVEC cells were cultured on 0.01mg/mL 
fibronectin coated 96-well plates for 5 days in order to evaluate their 
proliferative response to CM from PANC-1 and A549 tumor cell lines 
cultured in DMEM-F12 (n = 3). CM was concentrated using ultracen
trifugation (8-fold concentration factor) and subsequently diluted into 
the conventional HUVEC medium (EGM-2). HUVEC were seeded at low 
density (104 cell/mL) and after 24h, CM or control conditions were 
applied to each well. For this approach, seven experimental conditions 
were tested: (1) EGM-2 alone (baseline medium control), (2) EGM-2 
supplemented with 0.1% concentrated DMEM-F12, (3) EGM-2 supple
mented with 10% concentrated DMEM-F12 (supplemented medium 
controls), and (4–7) EGM-2 supplemented with 0.1% or 10% CM from 
PANC-1 or A549 cells. The inclusion of DMEM-F12 supplemented con
ditions provided reference benchmarks for nutrient-driven effects, due 
to the presence of h-FGF and B27 known to support HUVEC prolifera
tion, survival, and angiogenic activity [45,46]. This experimental set up 
allowed us to isolate the specific effects of tumor-derived CM.

The redox metabolic assay with alamarBlue® probe revealed that 
both tumor-derived CM and the supplemented medium control at 10% 
increased the metabolic activity of HUVECs, compared to the baseline 
medium control. Notably, A549 CM continued to enhance HUVEC 
metabolism even at 0.1%, highlighting its potency at lower concentra
tions (Fig. 6B). In contrast, at this concentration, neither the supple
mented medium control nor PANC-1 CM showed significant differences 
versus the baseline medium control. When comparing the metabolic 
activity across concentrations, we observed that the supplemented me
dium control exhibited the largest decrease in viability when diluted to 
0.1%, whereas PANC-1 and A549 CM showed lesser reductions. These 
findings suggest that the secretory profiles of PANC-1 and A549 mitigate 
the decrease in viability caused by DMEM-F12 dilution. In summary, 
while DMEM-F12’s effects are strongly concentration-dependent, the 
tumor cell secretome maintains metabolic activity even at lower 
concentrations.

We analyzed cell proliferation by cell counting using Cellpose de
tector plugins in ImageJ [42,43]. The results showed a significant in
crease in HUVEC proliferation upon exposure to CM and supplemented 
medium control media (Fig. 6C). The highest proliferation was observed 
in the DMEM-F12 10% condition with a 4-fold increase of cell prolif
eration compared to the baseline medium control case, while PANC-1 
and A549 CM at 10% induced moderate increases of two- and 
two-and-a-half fold. At 0.1%, no significant differences were found 
compared to the baseline medium control. These results suggest that 
while CM promotes proliferation, its effect is attenuated by dilution, in 
contrast to the metabolic activity measurements.

Expanding on the proliferation and metabolic activity results, the 
impact of tumor-derived CM from PANC-1 and A549 cell lines on 
HUVEC morphology and area was also evaluated (Fig. 6D and E). 
Notably, DMEM-F12, at both concentrations of 0.1% and 10%, 

significantly increased the area of HUVECs compared to the control, 
indicating the impact of the factors present in this medium. Interest
ingly, while CM from PANC-1 and A549 did not significantly differ from 
the control at a 10% concentration, it significantly increased the area at 
a 0.1% concentration, suggesting that at this dilution, the tumor-derived 
factors are too diluted and behave similarly to DMEM-F12 at 0.1%. In 
contrast, at 10%, the factors in PANC-1 and A549 CM induce a signifi
cant decrease in the HUVEC area. The analysis of cell morphology 
revealed that HUVECs exposed to A549 CM exhibited a slightly lower 
circularity –a shape descriptor that indicates how closely an object re
sembles a perfect circle, with higher values indicating more circular 
shapes, which is defined as the area of the cell multiplied by four times pi 
and divided by the square of its perimeter–, both at 10% and 0.1% 
concentrations (Fig. 6E). This suggests that factors secreted by A549 
cells promote a more elongated cell shape, indicating potential cyto
skeletal remodeling or changes in adhesion dynamics induced by the 
tumor secretome. Additionally, as shown in Fig. 6A, VE-Cadherin 
staining patterns appeared visually less continuous in both A549 CM 
conditions and in PANC-1 CM at 10%, suggesting potential alterations in 
cell–cell junction organization. This observation was further supported 
by a quantification of junctional discontinuities (Supplementary Fig. 4). 
By contrast, DMEM-F12 (10% and 0.1%) and PANC-1 CM at 0.1% dis
played VE-Cadherin distributions that qualitatively resembled the con
trol condition, indicating a comparatively preserved endothelial barrier 
morphology.

3.5. Proteomic analysis of tumor-derived conditioned media reveals 
distinct TME interactions

In order to investigate the molecular basis behind the observed ef
fects of the tumor-derived CM on BECs, we performed a proteomic 
analysis of PANC-1 and A549 cells secretomes. Both cell lines were 
grown in anchorage-independent conditions and the discovered proteins 
were analyzed by a pathways’ enrichment analysis in Reactome data
base (version 91, retrieved 14th of march 2025) (Table S1) [47]. This 
method allowed us to identify the key biological processes that may be 
responsible for the observed differences in vessels’ permeability and in 
BEC’s proliferation and phenotype, proposed here as changes in cell 
morphology, organization, and functional behavior.

The results revealed a clear distinction between the remodeling 
strategies employed by A549 and PANC-1 cells, as shown in Fig. 7A. The 
proteomic profile of A549 CM revealed a strong enrichment in pathways 
associated with ECM degradation, immune activation, and complement 
system regulation. In particular, the results showed the ECM organiza
tion (FDR = 1.7⋅10–8) as one of the most enriched pathways (Fig. 7B). 
Within this pathway, several proteolytic enzymes such as MMP7 and 
ADAM10 were identified, which could be related to a strong ECM 
degradation (FDR = 6.11⋅10–5) process and a complex display of several 
cell-to-matrix adhesion molecules, respectively, contributing to a soft
ening of the ECM.

Indeed, L1 family immunoglobulin, integrins, laminins, vitronectin 
and fibronectin were identified, justifying the presence of ADAM10 as 
cleaver of several of these adhesion molecules, facilitating the cellular 
reorganization of tumor cells within the spheroid and their interaction 
with collagen matrices. Additionally, A549 cells showed a significant 
enrichment in the complement cascade (FDR = 7.00⋅10–5), and other 
pathways such as innate immunity (FDR = 1.21⋅10–5) and neutrophil 
degranulation (FDR = 6.29⋅10–3) were also significantly upregulated, 
which suggests that A549 secretome induces endothelial activation and 
inflammatory responses (Fig. 7B).

In contrast, the PANC-1 CM proteome was enriched in pathways 
related to cytoskeletal remodeling, adhesion, and mechanotransduction. 
The most significant pathways included L1CAM interactions (FDR =
1.59⋅10–6) and the activation of IQGAPs by RHO GTPases (FDR =
4.96⋅10–6), both of which regulate cell adhesion, migration, and physical 
interactions with the ECM (Fig. 7B). Unlike A549, which degrades and 
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Fig. 6. Differential effects of tumor conditioned media on HUVEC proliferation, morphology and cell-to-cell adhesion. A) Fluorescence images of HUVEC 
monolayers treated with different CM. VE-Cadherin stained in green and nuclei in blue. Scale bar is set to 100μm. In EGM-2 control condition, an overlay of the 
segmentation with Cellpose plugin is shown. B) Metabolic assay results at day 4 expressed in fold increase of fluorescence to the control (EMG-2). C) EM density 
measured by nuclei counting in image analysis. D) Cells area measured with Cellpose plugin in ImageJ, normalized to EGM-2 control condition. E) Circularity 
parameter obtained from image analysis data. Normalized cell perimeter was segmented as an approximation, and thus, the data only correlates with elongation of 
the shape. Statistical assessment was performed with a One-Way ANOVA and p-values are reported in APA style (n = 3).
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Fig. 7. Proteomic analysis data. A) Venn diagram of proteins found in common between the DMEM-F12 control media and the CM from PANC-1 and A549. B) 
Reactome (v.91) overrepresentation analysis. This method provides a statistical (hypergeometric distribution) test that determines whether certain pathways are 
over-represented (enriched) in the submitted data. Enriched pathways are represented by their predicted FDR.
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modifies the ECM biochemically, PANC-1 CM appears to promote a 
mechanically engaged microenvironment, reinforcing adhesion and 
altering cytoskeletal dynamics.

The upregulation of L1CAM interactions further supports the idea 
that PANC-1 secretome enhances adhesion to the endothelium, poten
tially facilitating extravasation and metastasis. The enrichment in 
neutrophil degranulation (FDR = 3.00⋅10–5) suggests that, similar to 
A549, PANC-1 CM contributes to endothelial activation, though likely 
through different mediators. However, the absence of strong ECM 
degradation pathways in PANC-1 CM suggests that this cell line pri
marily interacts with its environment through force generation and 
adhesion rather than biochemical ECM remodeling.

In summary, the proteomic differences found in the secretomes of 
A549 and PANC-1 CM evidence the different strategies that tumors use 
to modulate their endothelial microenvironment, either through ECM 
degradation and immune activation or through mechanical stimuli 
derived from enhanced tumor cell adhesion and cytoskeletal 
remodeling.

4. Discussion

Tumor microvasculature is highly abnormal, exhibiting significant 
junction defects, poor pericyte coverage and altered morphology and 
functionality, which results in elevated membrane permeability, high 
IFP and tissue hypoxia [9–11] (Fig. 1A). Although conventional thera
pies inhibiting VEGF or Ang-2 aim to normalize these vessels, they often 
fail to restore barrier function and perfusion, partly due to overlooked 
mechanical forces within the TME [13,14,48].

Mechanobiological strategies targeting ECM stiffness, IFP, or shear 
stress may improve vascular function and drug delivery [9,21]. Despite 
the increasing recognition of tumor mechanobiology as a key factor of 
vascular functionality, the experimental models designed for precisely 
assess mechanical constraints within the tumor endothelium remain 
scarce. In the last decade, vessel-on-a-chip models have shown to be 
suitable tools for tissue engineering, as they allow to characterize the 
vascularization of several tissues [38,40]. However, in this work, we 
have focused on the interaction tumor-endothelium present in our 
modelled TME. Our results have demonstrated that mechanical forces 
and tumor-derived secretomes affect BEC vessels in a distinct yet syn
ergistic way, providing a unique opportunity to explore innovative 
vascular normalization strategies through a mechanobiological 
perspective. While PANC-1 spheroids mainly act over their neighboring 
microvasculature through mechanical stimuli, our A549 spheroids pre
sent a more biochemical-driven interaction.

Our results show that EM in the absence of tumor spheroids exerted 
contractile forces, significantly reducing lumen diameter in soft collagen 
matrices. This behavior is consistent with previous reports showing that 
BECs dynamically modulate vessel size through a tension balance with 
the surrounding ECM, especially in compliant environments [49]. The 
observation made in our model aligns with previous findings demon
strating that the balance between BEC’s contractility and matrix me
chanics is a key regulator for capillary structure [50,51]. Indeed, it has 
been shown that BECs dynamically adjust their vessel diameter 
depending on their ability to contract against the surrounding ECM, 
highlighting these cells as key mechanotransductive examples. Howev
er, our findings extend this concept by demonstrating that tumor 
spheroids can disrupt this mechanical equilibrium, leading to abnormal 
vessel morphology and increased permeability.

Our model revealed a stark contrast between the mechanical be
haviors of PANC-1 and A549 spheroids. Both types of spheroids, despite 
forming sizable bodies in the collagen hydrogel, engage with their TME 
through fundamentally different mechanisms, shaping their microen
vironment differently. While both formed sizable structures in the 
hydrogel, only PANC-1 spheroids significantly deformed the matrix, 
increasing vessel diameter by ~10%, whereas A549 spheroids induced 
negligible changes. This aligns with prior reports showing a strong 

myosin II-mediated contractility in pancreatic adenocarcinoma cell 
lines, which we further confirmed by reversing the deformation using 
Blebbistatin [52,53]. Consistently, Second-Hermonic Generation (SHG) 
imaging revealed that PANC-1 spheroids induced visible traction and 
reorganization of collagen fibers near the vessel, whereas A549 spher
oids did not (see supplementary Fig. 3). This further supports that 
vascular disruption in the PANC-1 condition arises mainly from me
chanical forces.

Dynamic time-lapse imaging was not performed in this study, how
ever, capturing the temporal evolution of lumen remodeling following 
blebbistatin application would provide deeper insights into the dy
namics of tumor-endothelial mechanical interactions. This represents an 
interesting direction for future investigations.

Moreover, the co-culture with endothelial cells appeared to amplify 
the mechanoresponse of PANC-1 cells, likely through matrix tension 
induced by the endothelial monolayer (see Section 3.1). This mechanical 
feedback loop underscores the high mechano-sensitivity of PANC-1 
cells, which adapt their contractility in response to microenviron
mental stiffness—likely via integrin-based mechanosensing [53].

Unlike PANC-1 spheroids, A549 spheroids exert minimal forces on 
the surrounding ECM, even in the co-culture with HUVECs. Rather than 
adapting to matrix stiffness, A549 cells actively remodel their sur
roundings through proteolytic activity and ECM protein secretion, as 
supported by their proteomic profile. This suggests that these cells 
reconfigure their microenvironment to adjust it to their own mechanical 
needs, rather than adapting themselves to the matrix properties. This 
remodeling likely softens the matrix and alters the biochemical milieu, 
reducing mechanical cues sensed by BECs and stabilizing lumen di
mensions. This is consistent with their lower contractility and their 
reliance on biochemical interactions rather than physical interactions 
with the ECM [54]. Altogether, these effects may create a more 
permissive environment, fundamentally differing from the mechanical 
disruption observed in the pancreatic adenocarcinoma model.

While PANC-1 spheroids induced hydrogel and vessel deformation, 
these effects are unlikely to result from differential proliferation be
tween tumor cell lines during the 72h assays. Cancer cells proliferate 
more slowly in 3D than in 2D cultures due to diffusion limitations and 
matrix interactions [55,56], and our recent work confirmed reduced 
proliferation and metabolic adaptations of A549 spheroids compared to 
2D monolayers [57]. Notably, PANC-1 cells proliferate particularly 
slowly in collagen hydrogels, requiring several days to form spheroids 
from single cells [58]. Thus, the deformation observed here is better 
explained by tumor contractility, consistent with the reversal of vessel 
narrowing by Blebbistatin (Fig. 3A) and the ECM reorganization seen in 
SHG multiphoton images (Supplementary Fig. 3), rather than differ
ences in proliferation or initial spheroid number. However, ECM 
remodeling, particularly through matrix metalloproteinases (MMPs) 
and other proteolytic enzymes, may also play a significant role in 
modulating lumen geometry. Indeed, our proteomic analysis on PANC-1 
revealed enrichment of proteins related to ECM degradation and adhe
sion remodeling, suggesting that both mechanical and biochemical cues 
act in concert. Therefore, the observed deformations are likely the result 
of a combined effect of tumor contractility and ECM remodeling. Future 
work, including the use of broad-spectrum MMP inhibitors alongside 
contractility inhibitors, will be necessary to completely disentangle the 
relative contribution of these processes.

These differences seen in the lumen remodeling tests underscore how 
tumor type-specific microenvironments shape vascular interactions: 
pancreatic adenocarcinoma, growing in stiff, fibrotic matrices, disrupts 
vessels via mechanotransduction, while lung adenocarcinoma, in softer 
ECMs, drives remodeling through proteolytic and secretory pathways. 
Moreover, there was a sharp increase in vessel permeability observed 
with PANC-1 spheroids —nearly 50-fold over controls— that highlights 
the distinct mechanical mechanism through which this pancreatic 
adenocarcinoma model disrupts endothelial integrity. This effect is 
supported by R50 heatmaps, which revealed focal permeability hotspots 
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near spheroids, consistent with direct matrix deformation and junctional 
destabilization. Such localized barrier disruption aligns with literature 
reporting that mechanical forces promote endothelial gap formation via 
Rho kinase signaling [59]. Conversely, A549 spheroids induced a 
moderate (~10-fold) yet significant increase in permeability, associated 
with a diffuse pattern of endothelial disruption.

Importantly, tumor spheroids were used instead of dispersed cells 
because they are known to alter vessel microenvironment [60,61]. This 
set up enabled the R50 analysis, which captures spatial alterations in 
endothelial permeability. Hence, spheroids provide a biologically rele
vant platform to study mechanotransductive and biochemical effects 
that would be missed in homogeneous cultures. However, we did not 
explicitly quantify spheroid positions along the vessel axis and therefore 
cannot rigorously correlate individual spheroids with local permeability 
changes. The observed distribution of R50 values suggests that spheroid 
proximity may influence endothelial barrier function, but a systematic 
spatial correlation incorporating spheroid segmentation will be neces
sary in future studies to quantify this relationship.

Proteomic analysis of A549 spheroids revealed strong enrichment in 
ECM-degrading enzymes and complement cascade components such as 
C1R, C1S, and notably C5, which promotes vascular leakage via PGE2- 
mediated signaling [59]. These findings reflect global biochemical ef
fects on the endothelium and are consistent with the diffuse and ho
mogeneous permeability patterns observed in R50 maps (Fig. 5C), 
suggesting that A549-induced barrier weakening is predominantly 
driven by biochemical signaling, rather than localized mechanical 
stress. The global endothelial activation and junctional destabilization 
seen in this condition can thus be attributed to a combined proteolytic 
and inflammatory environment established by the A549 secretome. 
Conversely, the proteomic profile of PANC-1 CM showed enrichment in 
adhesion- and cytoskeleton-related pathways, such as L1CAM in
teractions and IQGAP–RHO GTPase signaling, indicative of enhanced 
cell–matrix coupling and actomyosin-driven contractile activity, as 
evidenced by the Blebbistatin rescue. These molecular traits agree with 
the R50 permeability patterns, which point to mechanically driven dis
ruptions near PANC-1 spheroids (Fig. 4D), and with the deformation 
observed in both the endothelial vessel and the surrounding collagen 
matrix. These molecular traits align permeability patterns suggestive of 
mechanical effects near PANC-1 spheroids (Fig. 4D), as well as with the 
observed deformation of the endothelial vessel and surrounding 
collagen matrix. These results suggest that these pancreatic tumor cells 
modulate endothelial permeability primarily through force transmission 
and mechanical disruption, complemented by moderate ECM 
remodeling.

These results underscore that the balance between mechanical 
contractility and ECM remodeling is tumor-type dependent and high
light the importance of integrating both perspectives when studying 
tumor–vessel interactions. The enrichment of proteolytic, adhesive, and 
inflammatory pathways in the respective models supports the proposed 
mechanobiological framework, in which tumor type–specific secreted 
factors determine whether barrier disruption arises from diffuse 
biochemical activation or localized mechanical stresses. Future studies 
incorporating replicated proteomic datasets and targeted inhibition of 
identified pathways (e.g., MMPs, complement components, or Rho- 
GTPase signaling) will be essential to validate and expand these mech
anistic connections.

Taken together, our results highlight tumor-type–specific mecha
nisms in which PANC-1 spheroids primarily disrupt endothelial barrier 
function through mechanical forces complemented by moderate ECM 
remodeling, whereas A549 spheroids act predominantly through diffuse 
biochemical effects. While R50 mapping captures trends in spatial het
erogeneity of permeability, the current study does not provide direct 
correlation between individual spheroid’s location and local endothelial 
defects. Future studies incorporating spheroid segmentation and endo
thelial proteomics will be essential to establish a causal link between 
tumor location, force transmission, and local barrier disruption.

To isolate the biochemical contribution of tumor secretomes, EMs 
were cultured with conditioned media (CM) derived from PANC-1 and 
A549 spheroids. Strickingly, both CMs significantly increased endothe
lial permeability –4-fold and 3.5-fold, respectively—despite the absence 
of direct tumor-vessel interaction, confirming the efficacy of soluble 
factors in compromising barrier integrity of EMs. However, these in
creases in vessel permeability seem negligible when compared to the 
ones obtained in the presence of tumor spheroids. Here, the permeability 
variable R50 heatmaps revealed diffuse and subtle increases in perme
ability along the vessel wall. Unlike the focal disruptions seen in Fig. 4D, 
CM exposure led to a more homogeneous pattern of barrier destabili
zation, supporting a globalized but less intense biochemical effect, as 
seen in Fig. 5C. Nevertheless, the observations of FITC-Dextran diffusion 
are still heterogeneous, even though this trait was substantially less 
pronounced than the observed in the presence of tumor spheroids. This 
heterogeneity can be easily attributed to the intrinsic dynamic reorga
nization of cell-to-cell junctions described at subcellular levels in EM 
[62]. In this context, the R50 analysis becomes a detailed local indicator 
of membrane functionality. Heatmaps generated from this parameter 
allow to identify specific regions with increased permeability, which 
could correspond with weaker areas of the membrane where the inter
cellular junctions have been destabilized by the secreted factors in the 
CM.

It is important to note that these findings were obtained in type I 
collagen hydrogels, selected for their relevance as the main component 
of tumor interstitial ECM. Although the global stiffness from these 
hydrogels preparations was relatively low (G′ ≈ 62Pa [63]), collagen 
networks exhibit strain stiffening under cellular traction, meaning that 
endothelial cells and spheroids experience a locally stiffer environment, 
closer to in vivo conditions [64,65]. Thus, while our conclusions are 
specific to collagen I, the mechanistic differences observed between 
PANC-1 and A549 spheroids are likely robust, though future work using 
matrices with varying stiffness and composition will be needed to 
confirm their generality.

Furthermore, tumor-derived secretomes, in addition to altering 
permeability, also influenced endothelial cell proliferation, metabolic 
activity and morphology. Both PANC-1 and A549 CM significantly 
enhanced metabolic activity in HUVECs, with A549 CM showing sig
nificant effects even at lower concentrations. This response likely re
flects activation of glycolytic and other pro-survival metabolic 
pathways, such as FAO and amino acid metabolism, consistent with the 
metabolic reprograming seen in tumor BECs [66–69]. However, prolif
eration did not increase to the same extent: while DMEM-F12 at 10% 
induced the strongest growth in proliferation, PANC-1 and A549 CMs 
led to more moderate effects, suggesting that CM supports viability 
without fully mimicking the mitogenic potency of non-treated 
DMEM-F12 supplementation. Regarding EM formation, A549 CM 
significantly altered HUVECs morphology, slightly reducing endothelial 
cell circularity and promoting a more elongated shape at both concen
trations tested. These changes indicate cytoskeletal remodeling, 
consistent with previous studies showing that tumor-conditioned media 
induces EC elongation and mesenchymal-like features [70]. Moreover, 
these observations align with Bourreau et al. [71], who reported that 
HUVECs exposed to conditioned media from A549 and other NSCLC 
lines undergo morphological changes, increased stress fiber formation, 
enhanced migration, and partial endothelial-to-mesenchymal transition, 
accompanied by a proteomic signature enriched in ECM remodeling and 
adhesion pathways. Also, CM from breast cancer cell lines has been 
shown to promote EC elongation and cytoskeletal reorganization, 
including the formation of stress fibers, which is associated with changes 
in cell adhesion and contractility. This alteration in morphology is 
associated with cytoskeletal remodeling, enhancing EC migration and 
tube formation, which are key processes in angiogenesis [72]. These 
angiogenic and permeability-related changes likely result from ECM 
proteoglycans and integrin-associated pathways identified in A549 CM 
proteomic profile, which may influence cytoskeletal dynamics and 
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endothelial interactions within the matrix, priming the endothelium for 
further angiogenic responses. In contrast, VE-Cadherin staining 
appeared visually less continuous in both A549 CM conditions and in 
PANC-1 CM at 10%, suggesting potential alterations in cell–cell adhe
sion patterns, a trend also supported by the quantification shown in 
Supplementary Fig. 4. These findings suggest that tumor-secreted fac
tors, particularly from A549 cells, may impair endothelial integrity by 
modulating adhesion molecule expression, consistent with previous 
research showing that lung adenocarcinoma secretomes destabilize 
endothelial junctions in BECs [71,72]. Future studies could further 
explore how the composition of 3D versus 2D tumor secretomes differ
entially impacts endothelial function. While our work directly demon
strates that 3D tumor secretomes modulate endothelial barrier integrity 
and morphology in a vessel-on-a-chip platform, comparative computa
tional analyses of 2D and 3D secretomes would provide additional 
mechanistic insights. Such analyses could help identify specific secreted 
factors responsible for endothelial remodeling and guide the develop
ment of more physiologically relevant models for studying tumor
–vascular interactions.

Taken together, our findings reveal two fundamentally distinct yet 
complementary mechanisms by which PANC-1 and A549 spheroids 
disrupt the endothelial barrier and remodel the tumor microenviron
ment. PANC-1 cells primarily exert mechanical forces, leading to vessel 
destabilization through cytoskeletal remodeling and adhesion molecule 
regulation, whereas A549 spheroids promote local permeability through 
the secretion of soluble inflammatory and proteolytic factors, including 
components of the complement cascade and ECM-degrading enzymes. 
These mechanistic differences have important therapeutic implications, 
suggesting that vascular normalization strategies should be specifically 
tailored for each tumor type. For pancreatic adenocarcinomas, targeting 
mechanotransduction pathways, such as RHO GTPases and L1CAM in 
the PANC-1 model, may help to counteract mechanically induced vessel 
disruption, while for lung adenocarcinomas, approaches aimed at 
inhibiting ECM degradation and complement activation could better 
preserve endothelial integrity. Ultimately, combining mechanobio
logical and biochemical modulation may offer more effective strategies 
for restoring vascular function depending on the specific characteristics 
of each tumor. Overall, our study underscores the necessity of inte
grating mechanical and biochemical perspectives in vascular normali
zation research and provides a framework for developing more effective, 
tumor-specific therapeutic strategies.
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