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Abstract

The vascular network is integral to the developmental and metabolic processes of various tissues and functions as a systemic
circulatory system that also interconnects organs throughout the body. In this study, we describe a multilayered microfluidic
organ-on-a-chip platform designed for reproducing various three-dimensional (3D) vascularized microtissue models for bio-
logical applications. This platform utilizes a porous membrane as a physical barrier and leverages capillary action for hydro-
gel self-filling. Its high flow resistance mitigates the risk of gel bursting into the medium channels and facilitates the delivery
of substances to generate a wide range of interstitial flow and biochemical factor concentration gradients. This study demon-
strated that this platform can be used to accurately replicate 3D microenvironments for vasculogenesis, angiogenesis, and
vascularized tumor modeling. We also investigated the critical role of multiple microenvironmental regulations in vascular
formation on a chip. Moreover, we reproduced the process of tumor angiogenesis, including primary solid tumor features
and the inhibitory effects of antitumor drugs on tumor growth and tumor vasculature before and after angiogenesis. Hence,
our multilayered microfluidic platform is valuable for exploring multiple vascular mechanisms and constructing specific mi-
crotissues that closely mimic in vivo physiological conditions, providing new strategies for cancer research. Furthermore, the
multilayered configuration improves design flexibility and scalability, providing the potential for a multi-organ intercon-
nected platform for high-throughput drug screening.
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1 Introduction

The vascular network, integral to systemic circulation, has
garnered significant interest due to its multifaceted roles. In
addition to facilitating the transport of nutrients across vari-
ous tissues and maintaining normal metabolic and physi-
ological functions, the vasculature is crucial in tissue repair
and regeneration [1], as well as in constructing precise im-
munoregulatory networks [2]. In the complex tumor micro-
environment (TME), vascular formation is a key driver of
tumor growth and metastasis, making it a focal point in tu-
mor therapy research. Recent advances in antiangiogenic
therapy have demonstrated that pharmacological inhibition
of angiogenesis signaling pathways effectively suppresses
tumor vascularization, ultimately limiting cancer progres-
sion [3, 4]. Furthermore, the combination of antiangiogenic
drugs with other therapeutic agents has become an impor-
tant strategy in the field of targeted tumor therapy [5, 6].
The complex structural properties of the vascular network
significantly limit the efficiency of drug penetration in solid
tumors. In particular, the physical barrier formed by tight
junctions between endothelial cells (ECs) and the dense ex-
tracellular matrix (ECM) of the basement membrane im-
pedes drug delivery to the deeper regions of the tumor [7, 8].
Consequently, comprehensive studies on the interaction be-
tween vascular properties and drug delivery mechanisms
are essential. Such studies not only aid in optimizing exist-
ing drug delivery systems to improve drug targeting and
bioavailability but also provide a scientific foundation for
designing new drug carriers [9]. This, in turn, promotes
the development of more efficient and safer drug delivery
technologies.

As an emerging biomedical technology, organ-on-a-chip
(OOC) integrates the disciplines of micro-nano processing,
tissue engineering strategies, and stem cell differentiation
technologies to enable the in vitro reconstruction of the
complex microenvironments of human tissues and organs.
OOC accurately simulates the key structural features and
biological functions of target tissues, providing an unprec-
edented platform for the analysis of physiological mecha-
nisms, simulation of pathological processes, and evaluation
of drug efficacy [10-12]. Compared with traditional in vivo
studies, OOC enables precise control over biochemical and
biophysical cues that are challenging to isolate in living or-
ganisms, providing convenience for exploring vascular-
related mechanisms [13, 14]. In addition, OOC bypasses
the species differences and ethical limitations associated
with animal models and maintains human cell specificity.
Moreover, constructing an in vitro model using ECs de-
rived from patients to investigate individualized angiogen-
esis characteristics and drug sensitivity can effectively
guide precise treatment [15]. OOC also overcomes the opac-
ity constraints in vivo and can achieve real-time imaging

and high-throughput screening of vascular dynamics [16—18].
These features render OOC particularly valuable for system-
atically deciphering vascular pathophysiology and accelerat-
ing therapeutic development.

Currently, for vascularized OOC devices constructed for
three-dimensional (3D) cell culture, a physical barrier
structure designed based on capillary burst valves is a user-
friendly method of achieving hydrogel patterning with ap-
plications in the vascularization of tumors [19, 20],
bones [21, 22], nerves [23, 24], and cardiac microtissues [25].
As the fluid flows, localized changes in the geometry or ma-
terial surface properties of the microfluidic channel at the
location of the capillary burst valves increase the hydrody-
namic resistance, thereby preventing the fluid from advanc-
ing. The formation of a high-energy meniscus traps the
fluid at this fluid-air interface [26]. The communication
pore is designed to connect tissue chambers and medium
channels [27, 28]. The Laplace pressure at the gel—air inter-
face, as determined by the contact angle and channel geom-
etry, is optimized to prevent gel bursting. Micropillar arrays
can be considered multiple communication pores that allow
for an improved efficiency of medium perfusion [29]. Nev-
ertheless, the discontinuity of the ECM-medium interface
poses challenges for constructing barrier-like models. To ad-
dress this issue, microfluidic phaseguide structures with
geometric dimensions occupying 25%—50% of the channel
height can be implemented. These features exploit the me-
niscus pinning effect to spatially control hydrogel pattern-
ing and also maintain diffusional nutrient exchange with the
surrounding culture medium [30, 31]. Despite the accurate
design, the physical barrier based on the capillary burst
valve has the risk of gel leakage due to high pressures
caused by excessive perfusion flow speed [32] and is more
susceptible to breakdown at higher channel heights [33]. An
injection-molded plastic 3D culture array platform based on
rail-guided patterning allows the spontaneous fluid pattern-
ing with high repeatability [34-36]. The platform uses the
principle of spontaneous capillary flow for fluid loading
and the principle of the capillary burst valve to prevent gel
leakage at the edges. Nonetheless, scaling up microfluidic
architectures for macroscopic tissue models presents chal-
lenges, such as elevated structural features (e.g., rails) that
reduce Laplace pressure-driven fluid control, often resulting
in irregular flow distribution [33].

Currently, most well-established vascularized OOCs are
arranged in a single layer, which limits their adaptability
and versatility for constructing different tissue models. In
contrast, multilayered microfluidic platforms provide sig-
nificant advantages due to their high flexibility and scalabil-
ity, allowing the individual design and fabrication of differ-
ent modules [37]. For instance, a modular microfluidic sys-
tem with a multilayered configuration was designed for the
generation of large-scale vascular networks [38]. However,
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to pattern the hydrogel and avoid air bubble trapping, the
width of the medium channel openings had to be as small as
possible, resulting in semi-closed rhombic medium chan-
nels. This design complexity requires extensive prototyping
and manufacturing efforts. Moreover, the semi-closed rhom-
bic channels result in inadequate nutrient delivery to tissue
chambers, further restricting the practical application of the
platform.

In this study, we describe a multilayered microfluidic
OOC platform for 3D vascularized microtissue models.
Unlike conventional systems, this platform features the bot-
tom channel with multiple branched flow channels function-
ing as tissue chambers. A porous membrane separates the
top channel from the bottom tissue chamber, facilitating
robust hydrogel loading and high patterning efficiency. As
a proof of concept, we constructed a 3D vascularized
model to explore the critical roles of fluidic and biological
cues in the vascular formation microenvironment. Further-
more, we successfully replicated the microenvironment of
vascularized tumors, simulated key tumor angiogenesis
processes, and examined the therapeutic efficacy of antitu-
mor drugs. We also investigated the potential of the multi-
layered configuration for constructing high-throughput
drug screening platforms, emphasizing its design flexibil-
ity and scalability. Overall, the proposed multilayered mi-
crofluidic chip represents a promising preclinical in vitro
platform.

2 Materials and methods

2.1 Multilayered microfluidic platform
fabrication

The molds of the platform were generated using SolidWorks
2023 (Dassault Systemes, France) and a high-precision 3D
printer (Micro-nano 3D printer MP-100-6 L, Prismlab,
China). The top and bottom layers were composed of
polydimethylsiloxane (PDMS; Sylgard-184, Dow Corning,
USA) mixed in a 10:1 (elastomer base: curing agent) mass
ratio by soft lithography. The PDMS layers and polyethyl-
ene terephthalate (PET) porous membrane were bonded as
described previously [39]. The PET membrane was immedi-
ately surface-modified with a 2% (volume fraction) aqueous
solution of 3-mercaptopropyltrimethoxysilane. After this
modification, the membrane was rinsed with distilled water
and subsequently dried. The PET membrane was then
bonded to the PDMS layers through oxygen plasma treat-
ment. After the completion of the plasma bonding of the
three layers, the reservoirs were glued at the ports. The de-
vice was autoclaved at 121 °C for 30 min and then steril-
ized under ultraviolet light for 1 h in a biological safety
cabinet.
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2.2 Cell culture

Red fluorescent protein (RFP)-labeled human umbilical
vein endothelial cells (HUVECS) were cultured in endothe-
lial growth medium-2 (EGM-2, Lonza, Switzerland), and
5- to 8-passage cells were used for the experiments. Nor-
mal human lung fibroblasts (NHLFs) were expanded in fi-
broblast medium (FM; ScienCell, USA), and 6- to 9-pas-
sage cells were used for the experiments. Human hepatocel-
lular carcinoma (HepG2) cell lines were cultured in mini-
mum essential medium (MEM; Gibco, USA) supplemented
with 10% fetal bovine serum (FBS; Adamas Life, Switzer-
land) and 1% penicillin—streptomycin (Adamas Life).
Human nonsmall-cell lung cancer A549 cell lines were
cultured in Ham’s F-12K medium (Gibco) supplemented
with 10% FBS and 1% penicillin—streptomycin. All cells
were cultured in a humidified incubator (Thermo Fisher,
USA) at 37 °C under 5% COs. The cells were grown to 80%
confluence and then detached from the T25 flasks using
0.25% Trypsin-ethylenediaminetetraacetic acid (Trypsin-
EDTA; Adamas Life) for subculture or use.

2.3 Spheroid formation

The 3D spheroids were self-assembled in U-shaped 96-well
clear ultralow attachment microplates (Corning, USA). Cell
suspensions of tumor cells (HepG2 or A549), tumor cells
mixed with HUVECs (1:1), and tumor cells mixed with
NHLFs (1:1) were prepared at a density of 5000 cells/mL.
Then, 200 pL of the cell suspension was added to each
well. After preculture for 1-2 d in the microplates, the
spheroids were collected for seeding into the microfluidic
platform.

2.4 Hydrogel-patterning procedures

The fibrin hydrogel was prepared by mixing fibrinogen
(56 mg/mL, Sigma-Aldrich, USA) and thrombin (2.5 U/mL,
Sigma-Aldrich) dissolved in Dulbecco’s phosphate-buffered
saline (DPBS; Adamas Life) for all experiments.

For the modeling of vasculogenesis, HUVECs (5x
10° cells/mL) and NHLFs (2.5x10° cells/mL) were har-
vested and suspended in fibrinogen. After being mixed
with thrombin, 25 pL of the cell-gel mixture was injected
into the bottom channel until captured by the tissue cham-
bers. Next, air was introduced to remove excess gel from
the medium channels. The gel was then crosslinked in an
incubator at 37 °C for 10 min. Finally, EGM-2 was added
to the medium reservoirs at a static pressure difference of
5 mm HO. Fresh medium was replaced every 24 h. When
replacing the medium, the sides with high and low hydro-
static pressures were switched to reverse the fluidic
direction.
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For the modeling of angiogenesis, decellularized fibrin
gel was loaded and crosslinked. Then, 20 pL of NHLFs
(5><106 cells/mL) was slowly seeded into the top medium
channel. The device was placed in an incubator for 4 h for
cell adhesion. Next, 20 pL of HUVECs (5%10° cells/mL)
was harvested and loaded into the bottom medium chan-
nel. The device was placed in an incubator for 1 h at 90 °C
to facilitate cell adhesion to the gel surface. Finally, EGM-2
was added to the medium reservoirs and replaced every
24 h.

For the modeling of a vascularized tumor, preprepared
tumor hybrid spheroids were homogeneously mixed with
decellularized gel and then seeded in the platform. Then,
HUVECs (5x10° cells/mL) were harvested and loaded into
the bottom medium channel. The device was placed in an
incubator for 1 h at 90 °C to facilitate adhesion of the cells
to the gel surface. Finally, EGM-2 was added to the me-
dium reservoirs and replaced every 24 h.

2,5 High-throughput anticancer drug testing
procedure

The platform was designed and fabricated as described ear-
lier. HepG2 cells were added to a mixture of fibrinogen and
thrombin at a density of 2x10° cells/mL and loaded into the
tissue chambers. Then, a syringe pump (Smith Medical,
China) was used to drive both Dulbecco’s modified Eagle
medium (DMEM) and DMEM containing 10 pmol/L
sorafenib into the top concentration gradient generator at a
rate of 200 pL/h. The medium was also added to the bottom
flow channels.

2.6 Finite element analysis

Finite element analysis was performed using the COMSOL
Multiphysics 6.0 software (Comsol Inc., Burlington, MA,
USA). To improve the computational efficiency, the model
was simplified to a chamber cross-section as depicted in
Fig. 1d. The decellularized gel was defined as a porous
medium with a porosity of 0.99 and a permeability of
1.5%x10713 m?, as described previously [27]. For the fluid
simulation, the boundary conditions at the inlet and outlet
were set to hydrostatic pressures of 6 mm HpO and 1 mm
H»O, respectively, with no viscous stress. The fast laminar
flow in the medium channel is described by the Na-
vier—Stokes equations, and the low-velocity flow in the fi-
brin gel is controlled by the Brinkman equations, which to-
gether solve for the continuous velocity and pressure of the
same field in the two basins. For the concentration gradient
simulation, the boundary conditions at the inlet and outlet
were set to 1 and 0 mol/m>, respectively. Fick’s law gov-
erns the simulations of growth factor transport by migration
and diffusion in two-dimensional free and porous media.

2.7 Drug treatment

Sorafenib (Adamas Life) was dissolved in dimethyl sulfox-
ide (DMSO) to prepare a 10 mmol/L stock solution. The
stock solution was diluted with EGM-2 to a final concentra-
tion of 1 or 10 umol/L. EGM-2 containing 0.1% DMSO
was used in the control experiments.

2.8 Imaging and analysis

Cells within the microfluidic platform were imaged and re-
corded in bright field and fluorescence using an inverted mi-
croscope (BZ-X800, KEYENCE, Japan). For the quantita-
tive analysis of vessels, the junction density and average
vessel length were analyzed using AngioTool v0.6a (Na-
tional Cancer Institute), the vessel average area and sprout
length were calculated using the Image] software (Version
1.51j8, National Institutes of Health, USA), and the vessel
diameter is a validated value based on the vessel coverage
area and total vessel length. For the quantitative analysis of
spheroids, the diameter and area were calculated using the
Imagel software, and the circularity (C) was calculated as
follows:

C=4rnAll%,

where A represents the area and / represents the perimeter.
2.9 Microbead perfusion

To validate the perfusion of the vascular network, the blue
fluorescent 5-pm microbeads were added to the medium in
the bottom channel. The hydrostatic pressure of the bottom
channel exceeded that of the top channel. The perfusion of
microbeads in the vascular network region was recorded us-
ing an inverted microscope. For the trajectory tracking of
microbeads, the video was extracted as individual frames
using Adobe Photoshop 2023 (Adobe, USA) and stacked
into a single image using Adobe Premiere Pro 2023
(Adobe).

2,10 Statistical analysis

All statistical analyses were conducted using Origin 2022
(OriginLab, USA), and statistical comparisons of the ana-
lyzed values were performed using Student’s #-test. For
comparisons involving four or fewer groups, significant
pairwise differences are indicated (*p<0.05, **p<0.005, and
***p<0.0005). For comparisons involving more than four
groups, significant differences between groups are indicated
using lowercase letters (e.g., a, b, and c). Groups that do not
share the same letter are significantly different (p<0.05).
The replicate number (V) reported in this study represents
independent biological replicates, defined as experimental
iterations performed using a distinct microfluidic platform
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Fig. 1 Overall schematics of the multilayered microfluidic platform. Assembly (a) and the exploded view (b) of the device. (c) Top view of the
culture region with localized detail. (d) The section view of one tissue unit. (¢) Schematic of the hydrogel loading procedure: (el) setting the
pressure of the top and bottom medium channel ports; (e2) loading the hydrogel mixed with cells from the inlet of the bottom medium channel;
(e3) introducing air to remove the hydrogel from the channel; (e4) introducing the culture medium after crosslinking the hydrogel

to ensure statistical independence and mitigate batch-
specific artifacts.

3 Results

3.1 Design and prototyping of the
multilayered microfluidic platform

We designed the multilayered platform, as illustrated in
Figs. la—1d, consisting of a PDMS top layer, a PET porous
membrane layer, and a PDMS bottom layer (structure di-
mensions of the platform are detailed in Fig. S1 in the
supplementary information). The bottom layer features a
bottom medium channel with branched channels that serve
as tissue chambers. The top channel and tissue chamber are
separated by the porous membrane layer, which acts as a
hydrogel-patterning barrier to stably prevent capillary-driven
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hydrogel bursting. Consequently, the contact area between
the channels of the multilayered module can be arbitrarily
increased according to the design requirements. Each plat-
form contains multiple tissue chambers, providing high flex-
ibility and scalability for generating multiple coupled pat-
terned microtissue models.

We next demonstrated a reliable hydrogel loading proce-
dure that allows the hydrogel to be precisely captured
within the tissue chambers (Fig. 1e; Movie S1 in the supple-
mentary information). Initially, the outlet of the bottom me-
dium channel was sealed to ensure high fluid resistance,
and the ports of the top medium channel were opened to
equalize the atmospheric pressure. Subsequently, the hydro-
gel was injected into the bottom medium channel. It ad-
vanced via capillary action and was captured by the tissue
chambers. The introduction of air then removed the hydro-
gel from the medium channel, thereby retaining a thin layer
of hydrogel in the channel that can be used for the EC



Bio-Design and Manufacturing (2025) 8:930-947

935

lining. A strength of our platform is the robust and adapt-
able loading procedure, which achieves approximately
100% patterning efficiency in 5 s without the need for pre-
cise fluidic control of large equipment.

The parameters of the channel and tissue chambers can
be easily modified to accommodate organoid cultures of dif-
ferent sizes. The entrance width of the tissue chamber sig-
nificantly influenced the hydrogel-filled area and the filling
area ratio (Fig. S2 in the supplementary information). The
results indicated that a larger entrance width yields a lower
filling area ratio. Furthermore, the flow resistance of the hy-
drogel into the tissue chamber increased considerably with
the decrease in the entrance width (smaller than the width
of the bottom channel). Based on the experimental results,
the bottom medium channel was designed with a width and
height of 300 pm, whereas the entrance width was set at
400 pm for the construction of the vascularization model.

3.2 Determination of optimal interstitial flow
conditions for stimulating vasculogenesis

As depicted in Fig. 2a, the interstitial flow (IF) across the
tissue chambers was simply established by setting a hydro-
static pressure difference between the top and bottom me-
dium channels. This hydrostatic pressure can be regulated
to generate a physiological flow range conducive to vascu-
logenesis. To identify hydrostatic pressure conditions that
favor vasculogenesis, the time-dependent evolution of the

hydrostatic pressure difference was experimentally charac-
terized by setting the initial hydrostatic pressure differences
of 5, 10, and 20 mm H3O, as illustrated in Fig. 2b. The re-
sults revealed a “fast followed by slow” trend, with an ini-
tially rapid decline in pressure difference followed by a
slower phase over time. To maintain adequate interstitial
fluid stimulation within the tissue lumen, the pressure differ-
ence was adjusted every 24 h. According to the fluid conti-
nuity equation, the temporal rate of change in the hydro-
static pressure difference is proportional to the interstitial
fluid flow rate within the tissue chamber (see the supple-
mentary information for detailed derivations and calcula-
tions). Based on this relationship, the average IF velocities
across the tissue chambers corresponding to each initial
pressure condition were calculated from the experimentally
measured pressure differences, as depicted in Fig. 2c. Under
the 5 mm H>O hydrostatic pressure difference condition, the
IF velocity decreased from 9.59 to 3.48 pm/s, remaining within
the optimal range reported to induce vasculogenesis [40],
whereas the IF velocity driven by 10 mm and 20 mm H,O
hydrostatic pressure differences exceeded this range.

The above-reported IF velocity represents the average
flow rate within the defined cross-section of the tissue
chamber. To further explore the spatial distribution of fluid
flow within the tissue chamber, we conducted a detailed
analysis using finite element modeling implemented in
the COMSOL Multiphysics 6.0 software. To improve the
computational efficiency, the material in the tissue chamber
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Fig. 2 Spatial and time-dependent simulation results of IF across the tissue chamber required for inducing vasculogenesis. (a) Schematic of vas-
culogenesis under the IF between the top and bottom layers. (b) Sample curve based on the experimental results of the decrease of the hydrostatic
pressure difference under the initial pressure differences of 5, 10, and 20 mm H»O over 24 h (N=3). All data are expressed as meanz+standard
deviation. (c) Average IF speed within the tissue chamber calculated from the experimental results over 24 h. (d) Simulated hydrostatic pressure
distribution (slice) and IF velocity field (stream line). (e) Simulation results of the IF velocity of y-direction lines (the format of the lines corre-
sponds to the cut lines in (d) across the tissue chamber). (f) Time-dependent simulation results across the tissue chamber from time /=0 h to

1=24h

@ Springer



936

Bio-Design and Manufacturing (2025) 8:930-947

was set up as a decellularized fibrin gel, and the fluid flow
was driven by a 5 mm H2O hydrostatic pressure difference
between the top and bottom channels. The identical pres-
sure difference between the entry and exit of each tissue
chamber resulted in the same flow field distribution in each
chamber. The slices represent the pressure distribution, and
the streamlines indicate the IF velocity field (Fig. 2d). In ad-
dition, the flow velocity variations along the profile lines at
different heights were examined to adequately quantify the
flow in different regions across the tissue chamber. Due to
the asymmetric distribution of flow resistance, the flow ve-
locity increased along the y-direction, and was higher in the
central region than in the peripheral region (Fig. 2e). The
overall flow velocity range was within 1-15 pm/s. Figure 2f
illustrates the simulated results of IF velocity across the tis-
sue chamber, which decreased from 7.67 pm/s at 0 h to
3.53 pm/s at 24 h, a value that is almost similar to the range
of variation of the measured average IF velocity [40].
Therefore, we conclude that the 5 mm HO hydrostatic dif-
ference between the top and bottom channels was reset ev-
ery 24 h to maintain adequate IF stimulation across the tis-
sue chamber. Because ECs sense shear stress and sprout in
the opposite direction of flow [41], circulating fluid stimuli
were established between the top and bottom channels.

3.3 Modeling of 3D vasculogenesis under IF
conditions

Fibrinogen and thrombin mixed with RFP-labeled HUVECs
and NHLFs were loaded into the multilayered microfluidic
platform according to the established loading procedure.
After 10 min of hydrogel crosslinking, IF crossing through
the tissue chambers was initiated by perfusion with EGM-2.
As early as Day 1, HUVECS began to interconnect, forming
vascular fragments. By Day 5, the vascular fragments had
continued to anastomose and lumenize (Fig. 3a). As de-
picted in Fig. 3b, the confocal image demonstrated local-
ized vascular network distribution within the tissue lumen,
suggesting a vascular luminal structure and interconnected
network. To confirm the continuous lumen structure and
perfusable functionality of the vascular network, 5-um mi-
crobeads were perfused into the platform (Movie S2 in the
supplementary information), demonstrating their movement
through the lumens along the vascular networks. This result
confirms the transition from 3D-cultured HUVECs to lu-
menized vascular networks. There was also a tendency for
HUVECs to migrate outward to the bottom medium chan-
nel against the flow direction. Quantitative analysis of the
vessel coverage area, average vessel length, junction den-
sity, and vessel diameter is presented in Figs. 3c—3f. The
vessel coverage area and junction density decreased with the
increase of culture time, indicating improved interconnection
of HUVECs and anastomosis between vessel fragments.
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Conversely, the average vessel length and diameter in-
creased with culture time, suggesting that the vessel frag-
ments gradually developed into a mature and perfused mi-
crovascular network under the stimulation of IF and fibro-
blast support.

3.4 IF affects the structure of vasculogenesis
on the platform

To further investigate the effect of IF on vasculogenesis, the
tissue chamber was divided into two regions of interest
(ROIs) for study, viz., a head region with a larger circular
shape and a narrower neck region (Fig. 4a). We detected an
inhomogeneous IF generated according to Bernoulli’s prin-
ciple governing fluid dynamics equation. We used the
COMSOL Multiphysics software to calculate the average
flow velocities in the head and neck regions and observed
52% higher flow velocities in the neck region than in the
head region (neck: 8.5 pm/s, head: 5.6 pm/s; under 5 mm
H2O hydrostatic pressure). We subsequently quantified the
differences in the vessel coverage area, junction density,
and vessel diameter in the two regions (Figs. 4b—4d). Over-
all, the vascular network formation at higher IF rates
showed larger vessel diameters, smaller coverage areas, and
lower junction densities than the vascular network forma-
tion at lower IF rates, suggesting that a more robust and better
perfused vascular network was formed at high IF rates. Fur-
thermore, the global vascular network structure can be regu-
lated by controlling the difference in the hydrostatic pressure.

3.5 Modeling of angiogenesis under the
paracrine effect of stromal cells on ECs

When modeling vasculogenesis, mixed cultures of HUVECs
and NHLFs obscured the findings related to direct or indi-
rect contact interactions [42]. To address this issue, porous
membranes serve as physical barriers that create a distinct
separation between the top and bottom layers. Using this
multilayered platform, stromal cells can be cultured in the
top channel, and the thin hydrogel layer after decellularized
gelatin in the bottom channel can be used for EC lining
(Fig. 5a). For angiogenesis modeling, NHLFs act as stromal
cells, secreting growth factors that induce the sprouting of
HUVECs toward regions of high growth factor concentra-
tions. Finite element analysis revealed the formation of a
smooth growth factor concentration gradient across the tis-
sue chamber, with a mean concentration of 49% and a con-
centration gradient of 0.056%/pm (Figs. 5b and 5c). After
ECs lined the channel, a dense monolayer gradually formed
in the bottom channel. The paracrine effect of NHLFs in-
duced the HUVEC:S to sprout into the chambers, generating
the vasculature with a clear lumen by Day 9 (Fig. 5d). The
simulation results also revealed a vertical gradient in the
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Fig. 4 IF improves the structure of vascular networks through vasculogenesis. (a) Segmentation of the tissue chamber into two ROIs according
to the geometry for analysis, viz., the head and neck regions. Statistical analysis of the vessel coverage area (b), junction density (c), and vessel

diameter (d) in the head or neck region on the platform under 5 mm HO hydrostatic pressure (N=6). Data are expressed as meanz+standard
deviation. “p<0.05, " p<0.005
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Fig. 5 Overview of the angiogenesis model under the paracrine effect of stromal cells. (a) Schematic of the hydrogel loading procedure for
modeling angiogenesis: (al) loading the decellularized hydrogel; (a2) seeding the NHLFs into the top medium channels; (a3) seeding the
HUVEGC: into the bottom channels. (b) Simulated growth factor concentration distribution (slice) and direction of concentration gradient (arrow).
(c) Simulation results of the growth factor concentration of y-direction lines (the line format corresponds to (b) across the tissue chamber).
(d) Process of angiogenesis on the platform from Day 1 to Day 9. (e) Images of different layer heights indicating the growth of vessels in the
vertical direction. (f) Image stack for frame-by-frame (355 frames) tracking of flowing microbeads (blue: microbeads; red: HUVECS), highlight-
ing the tracks of the microbeads passing through the perfusable vessels
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distribution of the growth factor concentration, which was
corroborated by the observed vessel structure. As depicted
in Fig. Se, the root of the vessel was 80 pm below the tip of
the vessel by adjusting the focal view plane. Moreover, the
vessel emerged upward until it passed through the porous
membrane and entered the NHLF regions after prolonged
culture. To illustrate the perfusability of the vascular net-
work, fluorescent microbeads were perfused in the bottom
channel, and their trajectories were synthetically tracked to
characterize the flow within the model of angiogenesis.
Some microbeads entered the sprouting vessels from the
bottom medium channel and moved into the top medium
channel (Fig. 5f; Movie S3 in the supplementary informa-
tion). Because the lumen of the vessels was much narrower
than that of the medium channel, which caused high flow
resistance, only a few microbeads flowed through the ves-
sels at a low speed. Consequently, the fluorescence inten-
sity of the microbead trajectories was higher in the channel
than in the vessel region.

3.6 NHLFs control the sprouting vessel
morphology through paracrine effects

Under normal physiological conditions, fibroblasts play a
vital role in regulating the secretion of essential growth
factors and chemokines to improve angiogenesis [43]. This

106 cells/mL

107 cells/mL

paracrine promotion of ECs by fibroblasts exerted a dose-
dependent effect. As depicted in Fig. 6a, NHLFs were
seeded at high (107 cells/mL) or low (10° cells/mL) density
in the top medium channel to induce the sprouting of
HUVECs. On Day 1, statistical analysis revealed significant
differences in the area and length of the vasculature induced
by fibroblasts of varying densities. By Day 9, both the cov-
erage area and vessel length induced by high-density
NHLFs exceeded those induced by low-density NHLFs
(Figs. 6b and 6c¢). These findings demonstrate the vital role
of fibroblasts as stromal cells in maintaining and promoting
the growth of the vascular network.

3.7 Construction of a 3D vascularized tumor
model on the platform

The growth, invasion, and metastasis of tumors are depen-
dent on the process of tumor vessel formation [44, 45]. In
the primary TME, tissues secrete hypoxia-inducible factors
and growth factors that stimulate the recruitment of ECs
and the formation of new blood vessels from the existing
vascular network, thereby establishing its own microcircula-
tion system [46, 47]. 3D tumor spheroid models can be as-
sembled using U-shaped 96-well clear ultralow attachment
microplates to simulate compact tumor tissue in vivo. The
size of these spheroids was modified by controlling the
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Fig. 6 Quantification of paracrine effects of NHLFs according to vascular morphology. (a) Fluorescence and bright-field images of vascular
sprouts induced by NHLFs with different initial seeding densities (high: 107 cells/mL; low: 10° cells/mL) at Day 9. Statistical analysis of the
vessel coverage area (b) and vessel length (c) of the vascular sprouts by two initial seeding densities of NHLFs with the culture time (N>6).

Data are expressed as mean+standard deviation. *p<0.05, **p<0.005,

p<0.0005

@ Springer



940

Bio-Design and Manufacturing (2025) 8:930-947

density of HepG2 cells (Figs. S3a and S3b in the supplemen-
tary information), and spheroids with a diameter of <600 pm
maintained high viability (Fig. S3c in the supplementary in-
formation). The co-culture of tumor cells and stromal cells
into spheroids facilitates the generation of more physiologi-
cally representative tumor microtissues [48]. Tumor—stromal
hybrid spheroids were assembled by mixing HepG2 cells
with NHLFs or HUVECs using a total of 1000 cells in a 1:1
ratio. As illustrated in Fig. S4 (supplementary information),
hybrid HepG2 cells mixed with NHLFs exhibited a reduc-
tion in size and an improvement in circularity compared
with HepG2 spheroids alone. In contrast, HepG2 cells
mixed with HUVECs could not aggregate into clusters to
maintain a spherical shape. This observation suggested that
the addition of NHLFs improved the self-assembly effi-
ciency of HepG2 cells, resulting in denser spheroids. Fur-
thermore, the incorporation of NHLFs improved the capac-
ity to induce angiogenesis. To design the vascularized liver
tumor model on the platform, fibrin gel mixed with hybrid
spheroids (HepG2 cells and NHLFs) was injected into the
platform. The bottom medium channel was then lined with
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HUVECsS to mimic the macrovessels (Fig. 7a). With the in-
duction of hybrid tumor spheroids, HUVECs sprouted
toward the tumor spheroids, forming substantial contact
(Fig. 7b). To validate the robustness of our multilayered mi-
crofluidic platform for constructing vascularized tumor
models, we induced tumor angiogenesis using hybrid
spheroids composed of A549 cells and NHLFs (a total of
1000 cells, in a 1:1 ratio, Fig. 7c). Our results demonstrated
consistent vascular network formation that exhibited a pref-
erential orientation toward the tumor region. This model
thus provides a more accurate representation of the TME
and its vascularization processes.

The biomechanical properties of the ECM, particularly
stiffness, serve as critical regulators of tumor progression
and angiogenic dynamics [49]. To explore the contribution
of ECM stiffness to tumor proliferation and vascular forma-
tion, stiffness conditions were constructed by modulating the
fibrin gel concentrations, categorized into low (3 mg/mL),
moderate (6 mg/mL), and high (12 mg/mL) groups. As il-
lustrated in Fig. 7d, tumor vascular sprouting was induced
under low and moderate stiffness conditions after 5 d of

3 6
Concentration of
fibrin gel (mg/mL)

3 6
Concentration of
fibrin gel (mg/mL)

3 6
Concentration of
fibrin gel (mg/mL)

Fig. 7 Recapitulation of a 3D vascularized tumor through angiogenesis in vitro. (a) Schematic of the hydrogel loading process for modeling the
vascularized tumor: (al) loading the hydrogel mixed with tumor hybrid spheroids; (a2) seeding the HUVECs into the bottom medium channel.
(b) Representative fluorescence images of the tumor vascular formation process (HepG2: green; HUVECs: red). (c) Representative fluorescence
image of vascularized A549 tumor hybrid spheroids (A549: green; HUVECsS: red). (d) Representative fluorescence images of vascularized
tumor models at 3, 6, and 12 mg/mL fibrin gel concentrations (HepG2: green; HUVECS: red). Quantitative analysis of tumor size (e), vessel
length (f), and vessel diameter (g) in different fibrin gel concentrations (N=5). Data are expressed as mean=+standard deviation. ns: not signifi-

cant; *p<0.05
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culture, whereas no vascular sprouts were observed under
the high stiffness condition. Quantitative morphological
analysis revealed no statistically significant difference in
tumor size among the groups (Fig. 7e). Moreover, under a
low fibrin concentration of 3 mg/mL, sprouted vessels aver-
aged 646.50 pm in length and 37.14 pm in diameter. In con-
trast, a moderate fibrin gel concentration of 6 mg/mL re-
sulted in the formation of shorter and narrower sprouted
vessels (Figs. 7f and 7g).

3.8 Analysis of sorafenib efficacy in the
replication of early/terminal liver cancer
therapy

Sorafenib, an anticancer drug approved by the Federal Drug
Administration (FDA), is the gold standard for the treat-
ment of advanced liver cancer. It targets Raf serine/threo-
nine kinases and receptor tyrosine kinases, including vascu-
lar endothelial growth factor receptors 1, 2, and 3, as well
as platelet-derived growth factor-, Flt-3, and c-kit [50]. To
determine the efficacy of sorafenib, we initially treated
HepG2 hybrid spheroids with varying doses of sorafenib in
the well plates. The proliferative size of tumor spheroids
was significantly inhibited after treatment with 1 and
10 pmol/L doses of sorafenib compared with that in the con-
trol group (Fig. S5 in the supplementary information). In ad-
dition, live/dead staining analysis revealed a dose-
dependent pattern of cellular mortality in sorafenib-treated
tumor hybrid spheroids (Fig. S6 in the supplementary infor-
mation). Therefore, the efficacy of anticancer drugs can be
evaluated by determining the size and mortality of tumor
spheroids. Subsequently, we reconstructed the 3D vascular-
ized liver tumor model on the platform to simulate early
and terminal tumors based on prevascularization and post-
vascularization stages. For early treatment (Figs. 8a—8c),
sorafenib was administered into the ECs-lined channels
mimicking large blood vessels on Day 1, and the drug was
renewed every 24 h for 7 d. Results showed that sorafenib
significantly reduced the growth of tumor hybrid spheroids
in a dose-dependent manner, while both 1 and 10 pmol/L
doses inhibited the initiation of angiogenesis. For terminal
treatment (Figs. 8d—8f), sorafenib was introduced to the
model after 7 d of tumor-induced angiogenesis and main-
tained for 3 d. Compared with that in the control group, the
relative tumor area was also reduced in the drug trial group.
There was no significant change in the vessel coverage area
after 1 pmol/L sorafenib treatment, whereas 10 pmol/L
sorafenib treatment induced apoptosis in the vascular net-
work. We next examined the effects of sorafenib on the
viability of HUVECs (Fig. S7 in the supplementary infor-
mation) and found that 1 pmol/L sorafenib treatment exhib-
ited no significant cytotoxicity in HUVECs; however, it
significantly inhibited the initiation of tumor angiogenesis,

thereby simulating early treatment. These findings suggest
that sorafenib exerts a more potent antiangiogenic effect than
direct cytotoxic activity at lower concentrations. In contrast,
treatment with 10 pmol/L sorafenib induced substantial cyto-
toxicity, consistent with the apoptotic effects observed in
vascular networks in terminal treatment at high drug doses.

We also observed that tumor spheroids cultured on the
platform were more sensitive to sorafenib treatment than
spheroids cultured on microplates (Fig. 9). Moreover, the
relative size of tumor spheroids after 1 or 10 pmol/L
sorafenib terminal treatment was smaller than those ob-
served during early-stage treatment (1 pmol/L: (90.6+
3.49)% vs. (95.08+3.15)%; 10 pmol/L: (82.06+3.00)% vs.
(89.80+2.36)%), respectively, with statistically significant
differences. The results demonstrate the importance of the
microvascular network in antitumor drug delivery. Overall,
these findings support the antitumor profile of sorafenib and
demonstrate the functionality of our multilayered microflu-
idic platform for vascularized tumor construction and anti-
cancer drug efficacy assessment.

3.9 Multilayered microfluidic platform for
high-throughput anticancer drug testing

To validate the flexibility and scalability of our multilayer
configuration design, we decoupled the top and bottom lay-
ers of the platform. This decoupling allowed for the expan-
sion of the number of tissue chambers in the bottom layer.
The top layer was designed as the classic Christmas-tree
structure to generate the drug concentration gradient, with
fluid from the top channels diffusing into the bottom tissue
chambers (Fig. 10a). To calibrate the concentration gradient
generated by the Christmas-tree structure, a fluorescence in-
tensity gradient was established using fluorescein isothio-
cyanate (FITC)-dextran. PBS and PBS containing 50 pg/
mL FITC-dextran were introduced into the two inlets at a
flow rate of 2 pL/h using a syringe pump (Fig. 10b), and the
resulting fluorescence intensity gradients in the five chan-
nels were 0.03%, 18%, 44.3%, 78.4%, and 99.5%, respec-
tively (Fig. 10c). Subsequently, a series of sorafenib concen-
tration gradients was generated and applied to the 3D
HepG2 cultures in the bottom layer. Figures 10d and 10e
show the effect of sorafenib concentration gradients on the
viability of HepG2 cells. Sorafenib effectively inhibited the
proliferation of HepG2 cells in a dose-dependent manner ac-
cording to the relative tumor area and drug concentration.
Furthermore, the morphological analysis revealed cellular
shrinkage in the tumor cells after drug treatment, consistent
with the typical characteristics of programmed apoptosis.
These findings suggest that sorafenib induces HepG2 cell
death by activating the apoptotic pathway. To summarize,
this device has significant utility for high-throughput anti-
drug screening.
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Fig. 8 Evaluation of anti-liver cancer drugs in the vascularized tumor model in vitro. For early treatment, sorafenib was introduced into the model
from Day 0 to Day 7. (a) Representative fluorescence images demonstrating the response of tumor spheroids and vascular tissue to different
concentrations (1 umol/L and 10 pmol/L) of sorafenib treatment on Day 1 and Day 7 (HepG2: green; HUVECs: red). Statistical analysis of nor-
malized tumor area (b) and vessel coverage area (c) on Day 7 (N=5). For terminal treatment, sorafenib was administered into the model from
Day 7 to Day 10. (d) Representative fluorescence images demonstrating the response of tumor spheroids and vascular tissue to different doses
of sorafenib treatment on Day 7 and Day 10 (HepG2: green; HUVECS: red). Statistical analysis of normalized tumor area (e) and vessel coverage

area (f) on Day 10 (N=5). Data are expressed as meanstandard deviation. ns: not significant; “p<0.05, **p<0.003,

4 Discussion

In this paper, we present a multilayered microfluidic plat-
form that provides a simple and robust procedure for estab-
lishing vascularized OOC models. A key innovation of this
platform is the use of a porous membrane as a hydrogel an-
choring interface, which effectively addresses the issue of
hydrogel leakage associated with the capillary burst valve
phenomenon [27, 28]. Compared with the previously

@ Springer
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reported multilayer vascularization system [38], this design
not only ensures that the hydrogel is stably and precisely an-
chored at the porous membrane interface, but also enhances
contact between the hydrogel and culture media in the top
and bottom channels, thereby enabling efficient exchange
of nutrients, oxygen, growth factors, and waste products.
Moreover, this robust design overcomes the challenge of
insufficient tissue height observed in existing chip designs.
Furthermore, the physical barrier effect of the porous
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treatment, and terminal treatment on the platform (N=5). Data are
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membrane separation can be used to explore the paracrine
effects of different cultured cells in the top and bottom
layers.

This multilayered microfluidic platform facilitates the
bottom-up generation of homogeneous and dense vascular
networks, closely mimicking the in vivo development of
capillary networks through processes such as vasculogenesis
and angiogenesis. Our study demonstrated that vascular mor-
phogenesis was influenced by mechanical and biochemical
factors. Specifically, increased IF results in an increased

vessel diameter, reduced vessel coverage, and fewer junc-
tions, thereby contributing to the formation of a more mature
vascular network. IF upregulates matrix metalloproteinase-2
(MMP-2) expression and promotes angiogenesis in ECs [51].
In addition, shear stress augments nitric oxide release from
ECs, thereby supporting vasodilation [52]. High growth fac-
tor levels promote angiogenesis, which is consistent with
previous findings on the promitotic and antiapoptotic ef-
fects of growth factors on ECs [53].

To validate the vascularized organ model, we developed
a 3D vascularized tumor spheroid model that accurately re-
capitulates primary tumor angiogenesis and allows for the
characterization of the tumor tissue microenvironment and
its microphysiological functions. We observed that ECM
stiffness significantly modulated the morphological charac-
teristics of tumor-induced vessels. A comparative analysis
revealed that 3D cultures in 6 mg/mL fibrin hydrogels gen-
erated vascular outgrowths with reduced total length and di-
minished lumen diameter compared with those of cultures
in 3 mg/mL fibrin gel. This result is consistent with a previ-
ous report [54], suggesting that the force generated by ECs
is insufficient to effectively penetrate a more mechanically
resistant and less porous ECM [55]. Moreover, the in-
creased stiffness of the ECM renders it more resistant to
proteolytic degradation and impedes the migration of ECs.
Previous studies reported that increased ECM stiffness in-
duced abnormal tumor vascular remodeling, characterized
by structural deformities and compromised vessel wall

(a) (c)
100 A
S 80
S
§ 60 1
. S 401
Concentration e
gradient 8 20
generator
0,
1 2 3 4 5
— Porous Channel index
membrane e
() &
©
o
©
o ‘6 o
>
; s- (B
P ===
& _
Culture T E == ﬁ
©
chamber || § 51 = ==
z
0 -
1 2 3 4 5
Channel index

Fig. 10 Multilayered microfluidic platform for high-throughput anticancer drug testing. (a) Schematic of the high-throughput platform with the
top Christmas-tree structure for concentration gradient generation and the bottom layer for multitissue culture. (b) Concentration gradient of
FITC-dextran in the top layer. (c) Quantification of the concentration gradient of FITC-dextran in the top layer (N=3). (d) Viability of HepG2
cells exposed to sorafenib at varying concentrations (0—10 pmol/L) on the platform from Day O to Day 4 in 3D culture. (e) Quantification of
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normalized tumor area for HepG2 cells exposed to sorafenib at varying concentrations (N=5). Data are expressed as mean+standard deviation.
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stability [56]. Our experimental results revealed no statisti-
cally significant association between matrix stiffness and
primary tumor size. Nevertheless, ECM stiffness is known
to play a vital role in tumor proliferation, invasion, and me-
tastasis [49, 57]. Mechanistically, increasing the ECM stiff-
ness induces proliferative responses in HepG2 cells through
the coordinated activation of extracellular regulated kinase
(ERK), protein kinase B (PKB/Akt), and activator of tran-
scription 3 (STAT3) signaling cascades [58]. Furthermore,
the biomechanical analysis indicated that ECM rigidity di-
rectly modulates transforming growth factor-p (TGF-f) sig-
naling dynamics, thereby promoting epithelial-mesenchymal
transition [59].

Our study demonstrated the dual therapeutic mechanism
of antitumor and antivasculature activity of sorafenib across
tumor vascularization stages, concurrently exhibiting endo-
thelial cytotoxicity and antiangiogenic properties across dif-
ferent concentration thresholds. A comparative pharmaco-
dynamic evaluation revealed increased drug sensitivity of
tumor models in microfluidic platforms compared with that
of conventional well plate models. This phenomenon occurs
because tumor spheroids cultured on microplates exhibited
accelerated proliferation rates that exceeded the threshold
for drug inhibition, a result attributed to low mechanical
constraints in the ECM-deficient environment and suffi-
cient oxygen and nutrients [60]. Conversely, platform-based
models recapitulated the in vivo-like growth equilibrium
through ECM-mediated physical constraints that restricted
cellular migration and proliferative expansion. Therapeutic
simulation experiments revealed critical temporal dependen-
cies, where early treatment models demonstrated inefficient
drug permeation depending solely on concentration gradient
diffusion [61], whereas vascularized models simulating ter-
minal treatment facilitated improved drug delivery through
established vascular networks. The drug penetration effi-
ciency in vascularized systems is amplified by pathological
vascular abnormalities and drug-induced endothelial barrier
disruption [20]. These findings confirm that vascularized
TMEs with functional microcirculatory networks provide
superior biomimetic platforms for simulating in vivo phar-
macokinetic profiles.

Compared with traditional single-layer chip designs, the
multilayered design provides significant advantages in
terms of design flexibility and scalability by allowing the
decoupling of the top and bottom layers. For the bottom
layer, the structure of the tissue chambers can be easily
modified to accommodate microtissue or organoid cultures
of various sizes. Moreover, the number of tissue chambers
can be expanded to produce a large-scale OOC platform.
Multiple rows of tissue chambers can be interconnected
through serpentine flow channels to construct coupled high-
throughput microtissue models. Alternatively, independent
rows of chambers can be arranged for different microtissue
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constructs, enabling communication between multiple or-
ganoids through the top flow channels. Furthermore, the
multilayered configuration allows the integration of a func-
tional sensing layer that enables noninvasive, continuous
monitoring of both mechanobiological responses and meta-
bolic processes during dynamic culture conditions. We dem-
onstrated one of these applications for high-throughput drug
testing. For the top layer, the channels can be designed
using functional microfluidic devices, such as a classic
Christmas-tree structure, for generating concentration gra-
dients. This arrangement enables different concentration
gradients to cover tissue chamber regions. Such a design
significantly enhances high-throughput compound testing
efficiency.

This study on multilayer microfluidic platforms has sev-
eral limitations that need further optimization. First, the
multilayered design requires precise interlayer alignment
and robust bonding to prevent structural failure and fluid
leakage. Although chemical bonding strategies have been
successfully implemented for integrating the PDMS layers
with PET porous membranes [39], standardized fabrication
protocols remain to be established. Second, although hydro-
static pressure-driven perfusion enables IF generation for
the development of vascular networks, inherent flow insta-
bility limits precise fluidic control. Transitioning to pro-
grammable pumping systems could improve flow stability.
Third, although the current model using HUVECs and tu-
mor cell lines recapitulates the basic TME, it lacks patient-
specific pathophysiological relevance. Incorporating patient-
derived tumor organoids with immune components can im-
prove personalized therapeutic screening capabilities. Nota-
bly, tumor models incorporating functional and perfusable
microvascular networks represent an ideal platform for ex-
ploring the processes of migration, adhesion, infiltration,
and target cytotoxicity of immune cells. Recent advance-
ments in circulatory-perfused vascularized tumor models
have enabled the recapitulation of tissue-specific macro-
phage infiltration dynamics and monocyte differentiation
processes [62]. In particular, the OOC technology has
emerged as a promising tool for the systematic investigation
of combinatorial cancer immunotherapies. A seminal study
using a microvascularized tumor-on-a-chip platform quanti-
tatively demonstrated TME-mediated immunosuppression
of natural killer (NK) cells and simultaneously established
that coadministration of immune checkpoint inhibitors ef-
fectively reverses the exhaustion of NK cells [63]. Another
study used a perfusable vascularized tumor model and clari-
fied the mechanistic insights into T-cell transport patterns
across the vascular network [64]. The analysis revealed that
PD-1 checkpoint blockade significantly improves the activa-
tion status of T cells, resulting in a marked improvement in
the killing efficiency of tumor cells.



Bio-Design and Manufacturing (2025) 8:930-947

945

5 Conclusions

The multilayered microfluidic platform described in our
study addresses a critical challenge in the construction of
3D vascularized OOC models. By incorporating a porous
membrane as a hydrogel-patterned barrier, the platform en-
sures stable and precise hydrogel loading, effectively pre-
venting leakage and facilitating efficient nutrient and oxy-
gen exchange. This design not only improves the robustness
of the system but also facilitates the formation of complex
vascular networks that closely resemble in vivo conditions.
The platform successfully recapitulates key vascular pro-
cesses, including angiogenesis, vasculogenesis, and tumor
vascular formation, representing a versatile tool for explor-
ing vascular mechanisms and the TME. Moreover, the
multilayered platform provides exceptional flexibility and
scalability, making it ideal for high-throughput drug screen-
ing and multiorgan interconnected systems. Validation
through antitumor drug efficacy evaluations highlights its
potential as a preclinical in vitro model for cancer research
and drug development. In conclusion, this platform pro-
vides significant versatility for vascularizing diverse micro-
tissues and holds promise as a high-throughput platform
for multiorgan integration with relevance for preclinical
drug screening.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2500091.
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