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Breast cancer is one of the most prevalent malignant tumors in
women, primarily due to their metastasis and recurrence.
Deciphering the molecular mechanisms underlying breast cancer
metastasis and recurrence remains a major challenge. Herein, we
developed a microfluidic chip-based 3D co-culture system that
integrates tumor spheroids, vascular endothelial cells, and
extracellular matrix to model metastasis dynamics. This system
enables real-time monitoring of tumor invasion and angiogenesis
through immunofluorescence staining of zinc finger transcription
factor (ZEB1) and platelet-endothelial cell adhesion molecule
(CD31), coupled with vascular endothelial growth factor (VEGF)
quantification. Then we employed this platform to investigate the
role of exosomal hot shock proteins (HSPs) in breast cancer
metastasis, elucidating that breast cancer-derived exosomes
significantly promoted tumor invasion and angiogenesis in a
dose-dependent manner. At an exosome concentration of 10'?
particles per mL, ZEB1 expression increased by 2.06-fold and
VEGF secretion elevated by 3.92-fold. Conversely, HSP-depleted
exosomes (Exosome"SP 9¢Y) reversed these effects, confirming
that exosomal HSPs serve as critical mediators of tumor invasion
angiogenesis. This provides a
physiologically relevant tool for studying metastatic mechanisms
and screening therapeutic targets, highlighting exosomal HSPs as
a promising intervention point.
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mediated tumor invasion and angiogenesis
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1. Introduction

Breast cancer is a common malignancy in women, and
despite advancements in early diagnosis and treatment,'?
metastasis and recurrence remain the leading causes of
death.>” Tumor invasion and angiogenesis are key processes
in cancer progression, and their mechanism studies are of
great significance for the development of cancer treatment
strategies. The HSP family, as molecular chaperones, play a
central role in protein folding and stress responses.”” Tumor
cells overexpress HSP90 and HSP70 to promote invasion and
activate signaling pathways such as PI3K/AKT and NF-kB.*
Elevated HSP expression in breast cancer is associated with
poor prognosis.” However, studying HSPs is challenging due
to their short halflife and instability.'""" Exosomes, as
extracellular vesicles with diameters ranging from 30 to 150
nm, carry bioactive molecules such as HSPs and miRNAs to
mediate intercellular signaling."* " Notably, exosomes protect
HSPs from degradation, making them ideal for studying
cancer progression.®

The invasive growth and angiogenesis of tumors are key
processes in the progression of malignant tumors,
orchestrated by complex signaling interactions between
tumor cells and their microenvironment. Research models
for studying breast cancer metastasis are mainly in vivo and
in vitro models."””™"° Patient-derived xenografts (PDXs) are a
classic in vivo approach but have limitations like long
experimental cycles, high costs, and potential biological
relevance issues due to murine stromal cell infiltration into
tumors. In vitro models are typically 2D or 3D systems.
Traditional 2D monolayer cell cultures fail to replicate
physiological conditions or the tumor microenvironment
accurately.®® 3D models, cultured in collagen or Matrigel,
better maintain the spherical structure of tumors.*! Patient-
derived organoids (PDOs) and patient-derived explant
cultures (PDECs) have become innovative tools to study
tumor progression.>* However, these 3D models often lack
multicellular interactions and realistic fluid dynamics.
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Advances in microfabrication have led to the development of
tumor-on-a-chip systems with complex microstructures.
These chips provide physiochemically mimetic
microenvironments and intricate tissue architectures with
diverse cell types, allowing real-time visualization of tumor
dynamics. They show great potential in elucidating tumor
metastasis mechanisms and are valuable in research
applications.?>* Sukanya et al. demonstrated the feasibility
of real-time 3D tissue-specific invasion of cancer stem-like
cells (CSCs) from two primary tumors using a microfluidic
device. This chip effectively replicates in vitro biochemical
conditions for differentiating tissue-specific invasion
phenotypes and drug resistance screening.”® Neto et al.
proposed a novel suspended spherical droplet system capable
of generating independent spheres at high throughput for
mimicking in vivo tumor models at a laboratory scale.””
Hence, microfluidic platforms are increasingly used as
in vitro models to study tumor metastasis, offering a powerful
tool to explore breast cancer metastasis mechanisms in
depth.>®" Nevertheless, current studies predominantly
concentrate on static analyses of direct cell-to-cell contact or
soluble factors, with limited systematic observations of
tumor-derived exosomes and the regulatory functions of key
molecules like HSPs in tumor-vascular communication.
Herein, we innovatively constructed a microfluidic-based
3D tumor spheroid-vascular co-culture system, integrating
live-cell imaging and molecular interference techniques to
dissect the dual roles of exosomal HSPs in tumor invasion
and angiogenesis (Fig. 1). The platform precisely controls
spatial structures and cell ratios to reconstruct the tumor-
vascular interface microenvironment. Additionally, we
generated HSP-depleted exosomes (Exosome™ 9 as a
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control group to investigate the functional contributions of
exosomal HSPs in tumor metastasis. Immunofluorescence
staining with zinc finger transcription factor (ZEB1) and
platelet-endothelial cell adhesion molecule (CD31) was used
to visualize tumor invasion and angiogenesis, respectively.
Vascular endothelial growth factor (VEGF) expression was
monitored as a supplementary angiogenesis indicator.
Overall, this study not only provides new insights into the
molecular mechanisms underlying tumor invasion and
metastasis but also demonstrates the advantages of
microfluidic chips for tumor microenvironment research,
paving the way for developing exosomal HSP-targeted anti-
cancer therapies.

2. Materials and methods
2.1 Materials and reagents

Polydimethylsiloxane (PDMS) was purchased from Dow
Corning (USA). Silicon wafers were obtained from Shanghai
Jingxiang Electronic Technology Co. Ltd. (China). The
negative photoresist (SU-8 2050) and developer were acquired
from Microchem (USA). Photomasks were supplied by
Kunshan Kaisheng Electronics Co. Ltd. Dulbecco's modified
Eagle medium (DMEM) and Ham's F-12K culture media,
trypsin, fetal bovine serum (FBS), the Live/Dead Cell Staining
kit (calcein AM/PI assay), cell membrane green fluorescent
dye DiO, Human HSP-90 ELISA Detection kit and cell
membrane red fluorescent dye Dil were all procured from
Nanjing KeyGen Biotech Co. Ltd. (China). Matrix-Gel
(standard type, phenol red-free), cy3-labeled goat anti-mouse
IgG (H + L), actin-tracker red-555 (red fluorescent B-actin
probe), ganetespib, and GW4869 were purchased from
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Fig. 1 Schematic diagram of the 3D tumor spheroid-vascular microfluidic chip. (a) Illustration showing co-culture of MDA-MB-231-derived
exosomes with on-chip tumor spheroids and HUVECs. (b) Magnified view of chip sections: the left panel shows the exosome-treated group; the
right panel shows HSP-inhibited exosome treatment group (Exosome''SP 9! treated). (c) Top view of the 3D tumor spheroid-vascular chip. (d)
Fluorescence images of the chip after immunofluorescence staining (scale bar: 150 um).
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Beyotime Biotechnology (China). FITC-labeled CD31
monoclonal antibody was obtained from Thermo Fisher
Scientific (USA). ZEB1 monoclonal mouse antibody was
sourced from Saining Biotechnology. The VEGF enzyme-
linked immunosorbent assay (ELISA) kit was provided by
Lianke Biotechnology (China). Ultrapure water (18.2 MQ cm
at 25 °C) used in the experiments was produced by a Thermo
Scientific water purification system (USA).

2.2 Cell culture

All cell lines were sourced from the Cell Bank of the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Human breast cancer cells (MDA-MB-231)
and HUVECs were cultured in DMEM supplemented with
10% fetal bovine serum (FBS) and 1% antibiotics (100 U
mL™" streptomycin and penicillin). Human fetal lung
fibroblast-1 (HFL-1) cells were maintained in F12K medium
with 10% FBS and 1% antibiotics. All cells were incubated in
a 5% CO, atmosphere at 37 °C.

2.3 Exosome isolation and characterization

MDA-MB-231 cells were cultured in T175 flasks until ~80%
confluent, and the medium was replaced with serum-free
DMEM and incubated for 48 h. Then, the medium was
harvested and subjected to differential ultracentrifugation:
first at 10 000g for 60 minutes at 4 °C to remove cells, cellular
debris, and large vesicles, followed by ultracentrifugation at
100000g for 70 min at 4 °C to pellet exosomes. Purified
exosomes were resuspended in PBS, aliquoted, and stored at
—-80 °C. Characterization was performed via transmission
electron microscopy (TEM) and nanoparticle tracking analysis
(NTA) using established protocols.*

For Exosome™" 9! preparation, MDA-MB-231 cells were
cultured in T175 flasks until reaching 90% confluence, at
which point the medium was replaced with the complete
medium containing 10% FBS and varying concentrations of
ganetespib (HSPs inhibitor). After 24 h of treatment, culture
supernatants were collected to isolate exosomes. The
expression of exosomal HSPs was assessed via western blot
(WB).

2.4 Western blot

Cells or exosomes were lysed in RIPA lysis buffer on ice.
Then, samples were centrifuged at 12000 x g for 15 min at 4
°C. The supernatant was collected as the total protein extract.
Protein concentration was determined using the BCA Protein
Assay kit. 20 ug of protein samples were separated on 10%
SDS-PAGE gels. Proteins were then transferred onto pre-
activated PVDF membranes at 300 mA for 30 min.
Membranes were blocked with 5% skim milk at room
temperature (RT) for 30 min. Following blocking, membranes
were incubated overnight at 4 °C with primary antibodies
against GAPDH (1:1000) and HSPs (1:1000). Membranes
were then treated with the secondary antibody (1:3000) for
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30 min at RT. Chemiluminescent detection was performed,
and images were saved as TIFF files.

2.5 Exosome endocytosis assay

Exosomes (10° particles per mL) were labeled with 1 uM
DiO dye for 15 min in the dark. The mixture was
centrifuged at 100000g for 70 min, and the pellet was
washed three times with PBS to remove unbound dye. Cells
were seeded in confocal dishes, allowed to adhere, and
incubated with DiO-labeled exosomes (10° particles per mL)
in the complete medium for 24 h. After washing with PBS,
cells were imaged using to confocal microscopy to visualize
exosome uptake.

2.6 Chip fabrication and feasibility verification

The structure and dimensions of the 3D tumor spheroid-
vessel co-culture microfluidic chip are shown in Fig. 1. The
microfluidic chip comprised 20 independent tumor spheroid-
vessel co-culture units, with each unit divided into three
functional zones: (a) a semicircular region for tumor
spheroid culture, (b) a fan-shaped region for HUVEC growth,
and (c) a medium channel. 8 microchannels with a diameter
of 20 pm were arranged laterally between the tumor spheroid
and HUVEC zone, while 12 10 pm-diameter
microchannels were set between the HUVEC culture zone
and the medium channel (Fig. S1). The height of the channel
was 100 pm. The chip was fabricated by standard soft
lithography techniques as previous described.**> Prior to
integration, a glass slide substrate and PDMS layer were air
plasma-treated for 60 s in a PDC-MG plasma -cleaner
(Chengdu Mingheng Technology Co. Ltd.). Then the PDMS
was promptly aligned onto the glass slide and manually
pressed for 10 s to ensure adhesion, followed by thermally
cured on a hot plate at 120 °C for 10 min. Subsequently, the
chip was dried at 60 °C, and UV-sterilized for 20 min to
ensure sterility prior to cell culture.

Leakage testing was conducted by sequentially injecting
Matrigel-mixed ink with different colors into the tumor
spheroid channel and HUVEC channel, followed by
immediate microscopic observation and image acquisition to
assess channel integrity. To evaluate the biomolecular
diffusion capacity across the microchannels, a 1:1 mixture of
culture medium and Matrigel was sequentially loaded into
both the tumor spheroid channel and HUVEC channel. After
gelation, fresh medium containing green fluorescence-
labeled secondary antibody (1:200 dilution) was introduced
into the medium channel. Fluorescence diffusion was
recorded at multiple time points using fluorescence
microscopy, with intensity quantified using Image]J software.
To assess region-specific cell sedimentation capacity, the cell
suspension was injected into the tumor spheroid channel
and vertically incubated. Cell settling into microwells was
observed and recorded at 5-minute intervals until complete
sedimentation was achieved.

zone
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2.7 Cell loading and co-culture on the microfluidic chip

The procedure for cell loading into the specified chip region
is illustrated in Fig. S2. Firstly, MDA-MB-231 and HFL-1
suspensions were mixed at a 12:1 ratio to obtain the M/H
dual-cell suspension.”® The M/H suspension was then
combined with Matrigel matrix on ice at a 1:1 ratio and
gently pipetted to form the M/H cell loading solution.
Subsequently, 7 uL of the solution was slowly injected into
the sterilized and pre-chilled tumor spheroid channel (Fig.
S2-I). After that, the chip was vertically positioned on ice for
15 min to allow cell sedimentation into the circular
microwells via gravity (Fig. S2-II). Finally, the chip was
transferred to the incubator (37 °C, 5% CO,) and maintained
vertically for an additional 20 min to facilitate Matrigel
gelation (Fig. S2-III). Secondly, HUVECs were mixed with
Matrigel matrix as described above to prepare the HUVEC
loading solution. The pre-incubated chip containing the M/H
cell solution was retrieved, and 10 pL of the HUVEC solution
was slowly injected into the HUVEC channel (Fig. S2-IV). And
the chip was returned to the incubator horizontally for 20
min to allow Matrigel gelation (Fig. S2-V). Once cell loading
was complete, six matched sterile pipette tips were plugged
into the inlets and outlets of the channels as media
reservoirs (Fig. $2-VI).>* the reservoirs at one side channel
were filled with the DMEM, while the reservoirs at the other
side channel were empty (Fig. S3). The assembled
microfluidic chip was placed in a humid box and cultured in
a 37 °C and 5% CO, cell incubator. The culture medium was
refreshed every day. For exosome co-culture experiments, the
culture medium is replaced with the exosome-contained
medium, and then the exosome-contained medium is loaded
using a pipette tip like above. The supernatants were
collected every day for the tests of protein production and
secretion.

To elucidate on-chip tumor spheroid growth dynamics,
MDA-MB-231 and HFL-1 cells were labeled with 5 uM DiO
(green) and Dil (red) fluorescent dyes, respectively, prior to
preparing the M/H dual-cell suspension. The tumor spheroid
formation was monitored at different culture time points
using fluorescence microscopy.

To assess on-chip cell viability, the culture medium was
supplemented with 5 pg mL™" calcein-AM and propidium
iodide (PI). After 30 minutes of incubation in the dark, the
staining solution was replaced with PBS. Cell viability was
evaluated by confocal microscopy, with viable cells exhibiting
green fluorescence (calcein-AM labeling) and dead cells
showing red fluorescence (PI staining).

To investigate tumor invasiveness, all cells on the chip
were fixed with 4% paraformaldehyde (PFA) for 15 min at RT,
permeabilized with 0.25% Triton X-100 for 15 min, and
blocked with 5% BSA for 1 h. Subsequently, ZEB1 mouse
monoclonal antibody (1:100 dilution) in PBS containing 5%
BSA and 0.1% Triton X-100 was applied and incubated
overnight at 4 °C. Next, the cells were incubated with Cy3-
conjugated IgG secondary antibody (1:100 dilution) for 30

Lab Chip
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min at RT in the dark. After washing with PBS, cells in tumor
spheroid channel imaged using fluorescence
microscopy, fluorescent colors were inverted to black and
white, and the intensities of ZEB1 were measured using the
Image] software.

To evaluate the formation of HUVEC microvascular
networks, cells in the HUVEC region were stained with FITC-
conjugated CD31 antibody (1:100 dilution) and Actin-Tracker
Red-555 (1:100 dilution). Besides, VEGF expression levels
were analyzed by collecting the conditioned medium from
the chip outlet. The samples were subjected to centrifugation
at 2000 rpm for 5 min to remove cellular debris and other
particulates. The supernatant was harvested and aliquoted
for storage at —80 °C until analysis. VEGF concentrations in
the collected medium were quantified using a human VEGF
ELISA kit in strict adherence to the manufacturer's protocol.
All experiments were performed with at least three

were

independent  biological replicates to ensure data
reproducibility.

3. Results and discussion

3.1 Design and feasibility validation of chip architecture

To investigate the effects of exosomes and Exosome" d¢!
on tumor invasion and angiogenesis, an intelligent

microfluidic chip was designed for simultaneous on-chip
coculture of 3D tumor spheroids and microvascular
networks. Firstly, to ensure that the microfluidic chip
architecture effectively supports the co-culture of tumor
spheroids and vascular endothelial cells, as well as efficient
biomolecular diffusion, the width of channels that
physically connect the tumor spheroid and endothelial
compartments were optimized. Given the typical -cell
diameter (10-25 pm), three microchannel widths (10, 20,
and 25 um) were selected. The results demonstrated that
larger width facilitated faster molecular diffusion rates,
which is beneficial for intercellular signaling. However,
when the microchannel width reached 25 pm, cells
migrated through the gaps into the opposing channel,
resulting in incomplete spheroid structures or positional
shifts (Fig. S4). By balancing the constraints of cell
confinement with the efficiency of molecular diffusion, 20
pm was subsequently adopted in all following experiments.

As illustrated in Fig. 2a, when M/H cells were perfused
into the channels and allowed to settle during 10-minute
static incubation on ice, they specifically accumulated at the
base of semicircular microchambers with no detectable cell
infiltration into the underlying fan-shaped zones. This
confirmed the microchannel architecture's ability to restrict
cellular movement, thereby maintaining isolated cultivation
of individual tumor spheroids. Control experiments with
Matrigel-mixed ink with different colors showed no initial
cross-channel contamination, though complete chip
saturation occurred within 10 minutes (Fig. 2b). Fluorescence
tracking experiments revealed progressive biomolecular

transport: when fluorescence labeled antibodies were

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Chip feasibility validation. (a) Cell sedimentation process. (b) Leakage
detection. (c) Molecular diffusion (inset: fluorescence image of tumor
spheroids and vascular endothelial cells channels). (d) Characterization of
M/H dual-cell tumor spheroids on-chip, scale bar: 100 pm. (e)
Characterization of microvascular networks on-chip. Scale bar: 150 um.

introduced into the medium channel, the initially confined
green fluorescence gradually permeated adjacent channels.
Quantitative analysis showed that after 25 minutes of
diffusion, the fluorescence intensity reached 91% of the
source level in HUVEC channels and 85% in tumor spheroid
channels, demonstrating efficient inward diffusion of
biomolecules from the medium channel (Fig. 2c).

Given that the spatial position of tumor spheroids
within  microwells significantly affects angiogenesis
phenotypes, this study innovatively developed a
collaborative positioning strategy. By integrating circular
microwell design, gravity-assisted cell sedimentation, and
matrix gel encapsulation technology, we achieved precise
control and standardization of the spatial position of tumor
spheroids. Specifically, 1) the cell suspension is loaded in a
vertical chip orientation, utilizing gravity to rapidly
sediment cells to the bottom of the microwells, ensuring
consistent initial positioning; 2) the geometric constraint
effect of circular microwells guides sedimented cells to
efficiently aggregate into spheroids within the confined
space, reducing morphological variations; 3) the matrix gel
is pre-mixed in the microwell channels and induced to
gelate at 37 ©°C, thereby firmly anchoring the tumor
spheroids at the predetermined bottom positions of the
microwells  during conventional horizontal culture,
preventing spheroid displacement. Fig. S5 shows that this
strategy successfully achieved tumor spheroids at the lower-
middle part of the microwells, significantly enhancing the
standardization of spheroid positions across different
microwells. Thus, this microfluidic chip integrated physical
cell confinement with controlled molecular exchange, fully
meeting the requirements for sophisticated on-chip cell/
tumor spheroid coculture applications.

This journal is © The Royal Society of Chemistry 2026
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3.2 Construction of biomimetic tumor spheroid-vessel co-
culture model

In 3D in vitro culture systems, co-culturing tumor cells with
fibroblasts generates tumor spheroids that more accurately
mimic the in vivo tumor microenvironment compared to
homotypic tumor cell spheroids. Fibroblasts play a pivotal
role as both structural scaffolds and signaling hubs. They
secrete extracellular matrix components that enhance
spheroid mechanical integrity and facilitate cell aggregation.
Simultaneously, they function as signaling hubs, secreting
mitogenic factors to drive proliferation and exerting physical
forces to guide invasion.***® Therefore, breast cancer cells
(MDA-MB-231) and fibroblasts (HFL-1 cells) were mixed to
form tumor spheres. Besides, several critical factors
influenced the model construction. Primary optimization
focused on cell seeding densities in both cellular channels.
In the tumor spheroid zone, the size of the tumor spheroids
gradually increased with the increasing of cell density. When
the M/F cell density increased to 1 x 10° cells per pL, the
tumor spheroid filled almost the entire microchamber with a
small amount of cells overflowing. However, a cell density of
5 x 10* cells per uL yielded a single tumor spheroid of 200
um in diameter with minimal background contamination in
the microchamber (Fig. S6a and b). Therefore, 5 x 10* cells
per pL of M/F cell density was selected for the construction
of tumor spheroids. Fluorescence imaging as shown in
Fig. 2d revealed the simultaneous presence of both red and
green fluorescence signals, confirming the successful
formation of dual-cell tumor spheroids within the
microchambers. On the other hand, in the HUVEC culture
region, insufficient cell density led to excessive intercellular
distances, thereby impeding the formation of functional
junctions and subsequent vascular network assembly
(Fig. Séc). Conversely, excessive density resulted in HUVEC
overcrowding, which significantly inhibited cellular
extension. Therefore, 5 x 10? cells per uL was selected as the
optimal seeding density that achieved both complete channel
coverage and promoted the formation of the characteristic
vascular network morphology (Fig. S6c). Quantitative analysis
using Image] software demonstrated that microvascular
networks formed at this optimized density exhibited the
highest branch point density (Fig. S6d).

Further characterization was performed using B-actin to
evaluate cytoskeletal organization and CD31 (PECAM-1), an
established endothelial marker, to assess angiogenic
potential.*® Immunofluorescence analysis revealed that
HUVECs formed extensively interconnected networks with
elongated cytoskeletal structures (B-actin staining), while
CD31 labelling confirmed the development of microvascular
networks with the characteristic slender morphology
(Fig. 2e). The complete colocalization of B-actin and CD31
signals provided conclusive evidence for the successful
establishment of on-chip microvascular networks.

The uniformity of tumor spheroids size in microwells is
critical to ensure inter-experimental comparability. Fig. S7
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shows that cells within the microwells adhered and grew
while maintaining the cluster morphology formed after
sedimentation. In the absence of exogenous stimuli, the
spheroids remained dimensionally stable over 2 days, with
diameters maintained at approximately 200 pm. This
provides a highly comparable 3D model system for
subsequent research. Besides, the temporal viability profiles
of tumor spheroids and HUVECs on the microfluidic chip
were quantitatively assessed. This revealed a gradual decline
in tumor spheroid viability with prolonged culture duration,
yet maintained >60% viability after 72 hours (Fig. S8).
Notably, HUVECs exhibited remarkably stable viability,
sustaining >95% survival rates throughout the 72-hour
culture period (Fig. S9). Thus, both cellular components
maintained excellent viability on the microfluidic chip,
establishing a reliable foundation for subsequent
experimental investigations.

3.3 Effects of exosomes on tumor invasion and angiogenesis

Previous studies have shown that exosomes derived from
tumors carry various cargoes (such as proteins and nucleic
acids), which regulate the tumor microenvironment through
intercellular communication and play a key role in tumor
development.**® For instance, exosomes derived from
chronic myeloid leukemia cells contain the cytokine TGFf1,
which binds to the TGFB1 receptor on leukaemia cells,
thereby promoting tumor growth by activating ERK, AKT, and
anti-apoptotic pathways in the producer cells.*’ Exosomes
produced by tumor cells can also modulate endothelial cell
properties to promote angiogenesis. Under hypoxic
conditions, lung cancer cells produce more exosomes
enriched with miR-23a, which targets the tight junction
protein ZO1, increasing vascular permeability and cancer
migration.*? Collectively, the diverse cargoes within exosomes
collaborate synergistically to amplify and enhance tumor
malignancy.

To explore the underlying mechanisms of breast cancer-
derived exosomes in metastasis, the medium containing 10
UM gw4869 (an exosome secretion inhibitor) and different
concentrations of exosomes (0 ~ 10" particles per mL) was
perfused into the medium channel. GW4869 can effectively
eliminate the interference of exosomes secreted by cells
within the chip. As a master regulator of the epithelial-
mesenchymal transition (EMT), ZEB1 promotes tumor
invasion and metastasis by repressing epithelial markers
such as E-cadherin to disrupt cell adhesion and facilitate
cancer cell detachment, while simultaneously inducing
mesenchymal markers (including N-cadherin, vimentin, and
fibronectin) to drive cytoskeletal reorganization and enhance
cellular motility;**™**  furthermore, functioning as a
downstream effector of TGF-B, Wnt/B-catenin, and Notch
pathways, ZEB1 amplifies EMT signaling and acts
synergistically with B-catenin to reinforce the mesenchymal
phenotype. Therefore, the expression of ZEB1 was chosen as
a marker for tumor invasion. Following 24-hour incubation,
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Fig. 3 Effects of MDA-MB-231-derived exosomes on tumor invasion
and angiogenesis. (a) Immunofluorescence images after 24-hour on-
chip co-culture with different exosome concentrations. Red: ZEB1,
green: CD31. Scale bar: 150 um. (b) Tumor invasion assessment:
quantitative analysis of ZEB1 fluorescence intensity. (c) Angiogenesis
evaluation: VEGF concentration measured by ELISA. Error bars indicate
standard deviations from triplicate experiments. Two-tailed t-test, *p <
0.05, **p < 0.01, ***p < 0.001, ns = not significant.

the fluorescence intensity of ZEB1 increased in a gradient
manner with the increase of exosome concentration.
Meanwhile, CD31 staining showed that high concentrations
of exosomes (10° and 10" particles per mL) significantly
promoted the formation of vascular networks in HUVEC
channels (Fig. 3a). In addition, the level of VEGF in the
culture medium showed a concentration-dependent
increase. When the exosome concentration was >10°
particles per mL, both the ZEB1 fluorescence intensity and
VEGF concentration showed statistically significant
differences compared with the control group (0 particles per
mL) (Fig. 3b and c). Time gradient experiments confirmed
that after co-culture with 10'> particles per mL exosomes,
ZEB1 and VEGF continued to increase over time (Fig. S10).
Therefore, exosomes derived from highly invasive breast
cancer cells can promote tumor invasion and angiogenesis.
Moreover, the constructed tumor spheroid-microvascular
model on the chip can sensitively respond to
microenvironmental heterogeneity and has the potential for
application in evaluating the progression of tumor invasion
and angiogenesis.

3.4 Construction and characterization of HSP-depleted
exosomes (Exosome'™F 4¢)

Some reports illustrated that HSPs promote neovascular
formation by directly stimulating endothelial cell

This journal is © The Royal Society of Chemistry 2026
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Exosome''s? 9! (scale bar: 100 nm). (d) Fluorescence microscopy
analysis demonstrating the internalization efficiency of both exosome
and Exosome''sP 9! (scale bar: 25 pm).

MDA-MB-231

HSP  del

proliferation and migration through upregulation of VEGF
expression.*® To explore the role of HSP in exosomes in
invasion and angiogenesis, HSP-knockdown
exosomes (Exosome™ 9°') were prepared by using
ganetespib as an HSP inhibitor to treat MDA-MB-231 cells
(Fig. S11). NTA testing showed that the mean particle size
was 112.5 nm (117.5 nm in the untreated group), and TEM
revealed intact phospholipid bilayer structures
(Fig. 4a and b). Western blot detection showed that the
obtained exosomes retained the expression of the exosomal
marker protein CD63 but lacked HSP expression (Fig. 4c).
Besides, we quantitatively analyzed the HSP concentration
on HSP-depleted exosomes and MDA-MB-231 cell-derived
exosomes using an HSP-specific ELISA kit (Fig. S12). The
result showed that the HSP content in the HSP-depleted
exosomes was significantly reduced (0.26 pg pg™' vs. 1.59
pg ug™' (HSP/total proteins of exosomes)), further indicating
the successful preparation of HSP-deficient exosomes. Thus,
ganetespib treatment did not affect the exosome secretion
ability of cells and retained the basic biological
characteristics of exosomes. The prepared Exosome® d¢!
were labeled with DiO fluorescent dye and co-cultured with
MDA-MB-231 cells and HUVEC cells for 24 hours.
Fluorescence microscopy imaging (Fig. 4d) revealed intense
green fluorescence signals in the cytoplasmic compartments
of both cell types, confirming successful cellular uptake of
the exosomes.

tumor
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3.5 Effects of exosomal HSPs on tumor invasion and
angiogenesis

Next, the role of exosomal HSPs in tumor invasion and
angiogenesis was further explored. Compared with the
complete inhibition group (gw4869 treatment group), the
control group (untreated group) showed higher ZEB1
expression, stronger angiogenic ability, and higher VEGF
levels, indicating that the exosomes secreted by the cells
(especially MDA-MB-231 cells) during the chip culture process
also promote tumor invasion and angiogenesis. Therefore, all
subsequent exosome treatment groups were supplemented
with gw4869 to eliminate this interference effect. The
experimental results (Fig. 5) showed that the exosome
treatment group derived from breast cancer cells (Exo/gw
group, 10'° particles per mL exosomes containing HSP~10
pg mL™") had significantly enhanced tumor invasion ability,
more obvious vascular network morphology, and higher
VEGF expression levels compared to the HSP-deficient
exosome group (Exo™" 9/gw). The HSP concentration
gradient experiment (Fig. S13) indicated that the
concentration of HSPs was positively correlated with the
degree of tumor invasion/angiogenesis, and the HSP
inhibitor ganetespib could significantly inhibit the above
effects (Fig. 5a). Notably, at equivalent HSP concentrations
(10 pg mL™"), the Exo/gw group exhibited significantly
stronger pro-invasive and pro-angiogenic effects compared to
free HSPs. The underlying mechanism lies in exosomes
acting as natural nanoscale carriers: they not only effectively
protect HSPs from protease degradation, substantially

enhancing HSP stability and halflife in complex

Control Gw4869(gw) b

Control
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Exolgw

Exo"SP deljgw

HSPs
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Fig. 5 Effects of HSPs in MDA-MB-231-derived exosomes on tumor
invasion and angiogenesis. (a) Immunofluorescence images after 24-
hour on-chip co-culture under different treatments. Red: ZEB1, green:
CD31. Scale bar: 150 um. (b) Tumor invasion assessment: quantitative
analysis of ZEB1 fluorescence intensity. (c) Angiogenesis evaluation:
VEGF concentration measured by ELISA. Exosomes: 10*° particles per
mL, free HSP: 10 pg mL™. Error bars indicate standard deviations from
triplicate experiments. Two-tailed t-test, *#p < 0.05, ***#p < 0.01,

wrk/## 5 0,001, ns = not significant.
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microenvironments, but also mediate efficient recognition
and active internalization by target cells, enabling precise
intracellular delivery of HSPs. Furthermore, exosome-
delivered HSPs form “multimodal signaling complexes” with
various synergistic factors (such as miRNAs and proteins),
which cooperatively activate key pathways in target cells,
generating a signal amplification effect far exceeding that of
single free HSPs.”” Thus, exosomal HSPs are pivotal
mediators of tumor metastasis and angiogenesis,
representing both a novel target for breast cancer metastasis
research and a promising candidate for developing anti-
invasion/angiogenesis therapeutics.

4. Conclusions

Exosomes act as “communication messengers” between
tumor cells and the microenvironment, transferring HSPs
to reprogram recipient cells and synergistically promote
tumor invasion and angiogenesis.’®*® Mechanistically,
HSPs induce EMT via ZEB1 upregulation (suppressing E-
cadherin, promoting vimentin) and remodel the
extracellular matrix by activating NF-«B/AKT to induce
matrix metalloproteinases (MMPs), enhancing tumor cell
motility. Simultaneously, HSPs stabilize VEGFR, and
stimulate VEGF secretion to drive angiogenesis (CD31+
vessel formation). This crosstalk was elucidated using a
3D microfluidic tumor-vascular co-culture platform.
Compared with other microfluidic models for the tumor
spheroid-vascular co-culture, device employs an
innovative segregated co-culture design that significantly
outperforms existing mixed culture methods and
conventional “upper/lower channel + porous membrane”
sandwich structures in both mimicking in vivo tumor-
vascular interactions and experimental performance.
Compared to the mixed culture, the device utilizes
microchannels to physically isolate tumor spheroids from
endothelial cells. This design effectively overcomes the
signal interference caused by direct cell-cell contact in
mixed cultures, enabling the independent and precise
quantification of exosome-mediated tumor invasion and
angiogenesis.  Furthermore, the integration of 20
independent units on the chip supports high-throughput
screening and avoids the data variability caused by uneven
cell distribution inherent in mixed cultures.>*”® Compared
to the conventional sandwich structure, our device cultures
cells within parallel microchannels on the same plane. Its
core advantage lies in more accurately recapitulating the
“parallel distribution” physiological spatial configuration
between tumor tissues and blood vessels in vivo. In terms
of molecular diffusion control, the parallel channels allow
molecules to diffuse laterally through the 20 pm side
microchannels with minimal resistance. Upon adding
stimulatory drugs, molecules achieve efficient diffusion
and near-equilibrium status within half an hour (Fig. 2c),
establishing a stable and precise concentration gradient.
In contrast, the conventional sandwich structure relies on
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drug penetration through porous membranes, resulting in
a tortuous diffusion path, high resistance, and difficulty
in achieving a wuniform and controllable gradient;
moreover, systematic characterization of the diffusion
process is rarely reported in related studies.*>*® Regarding
real-time dynamic observation, the device is compatible
with confocal microscopy for synchronous imaging. Tumor
spheroids (DiO-labeled) and endothelial cells (Dil-labeled)
reside within the same focal plane and can be clearly
captured simultaneously (Fig. 1d) without frequent
refocusing, thereby greatly reducing image registration
errors. Conversely, the vertical spatial separation in the
sandwich structure requires repeated adjustment of the
focal plane, which is prone to introducing time delays
and localization deviations. In summary, our innovative
microfluidic platform effectively addresses the critical
limitations of conventional 2D/3D cell culture models and

animal studies by seamlessly integrating real-time
monitoring capabilities with high-throughput screening
functionality.

In conclusion, our innovative microfluidic platform
effectively addresses the critical limitations of conventional
2D/3D cell culture models and animal studies by seamlessly
integrating real-time monitoring capabilities with high-
throughput screening functionality. Specifically, the platform
enables mechanistic discovery and therapeutic screening,
demonstrating  dose-dependent tumor invasion and
angiogenesis mediated by exosomal HSPs. By accurately
recapitulating the tumor microenvironment, this model
revolutionizes metastasis research, drug efficacy testing, and
personalized therapy prediction, while offering scalability for

high-throughput applications in precision oncology.
Targeting  exosomal  HSPs  disrupts  tumor-stromal
communication, simultaneously inhibiting invasion and

angiogenesis, thereby presenting a dual-action therapeutic
strategy that is broadly applicable across cancer types and
combinable with existing therapies (e.g., anti-VEGF agents).
This integrated engineering-oncology approach not only
bridges critical translational gaps but also accelerates the
development of targeted therapies for aggressive cancers.
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