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ABSTRACT: Cancer metastasis counts for 90% of cancer fatalities, and
its development process is still a mystery. The dynamic process of tumor
metastatic transport in the blood vessel is not well understood, in which
some biomechanical factors, such as shear stress and various flow patterns,
may have significant impacts. Here, we report a microfluidic vessel-on-a-
chip platform for recapitulating several key metastatic steps of tumor cells
in blood vessels on the same chip, including intravasation, circulating
tumor cell (CTC) vascular adhesion, and extravasation. Due to its
excellent adaptability, our system can reproduce various microenviron-
ments to investigate the specific interactions between CTCs and blood
vessels. On the basis of this platform, effects of important biomechanical
factors on CTC adhesion such as vascular surface properties and vessel
geometry-dependent hemodynamics were specifically inspected. We
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demonstrated that CTC adhesion is more likely to occur under certain mechano-physiological situations, such as vessels with
vascular glycocalyx (VGCX) shedding and hemodynamic disturbances. Finally, computational models of both the fluidic dynamics in
vessels and CTC adhesion were established based on the confocal scanned 3D images. The modeling results are believed to provide

insights into exploring tumor metastasis progression and inspire new ideas for anticancer therapy development.

C ancer is one of the greatest threats to human health
today, and tumor metastasis is responsible for the vast
majority of cancer deaths.' However, current understanding on
cancer metastasis is still limited. While circulating tumor cells
(CTCs) and circulating tumor cell clusters can be isolated
from patient blood samples, how they originate and where they
are going to end up remains as a rnystery.2 As it is a rare event,
real-time tracking of metastatic processes in vivo is impos-
sible.>* Model organisms, such as zebrafish, have been used to
establish in vitro models of cancer metastasis.” Nevertheless,
such animal experiments are not only time consuming and
costly, but the results are also far from predicting metastatic
behavior in humans. Today, the increasingly advanced organ-
on-a-chip technology makes it possible to accurately replicate
specific pathological tissue models in vitro.°"'" Among them,
the microfluidic vessel—tumor model has made important
contributions to exploring the mechanism of cancer meta-
stasis.'”~"® In addition to being an important component of
the tumor microenvironment, the blood vessel is also a
highway for CTCs to escape and disseminate to distant organs.
Notably, it has been gradually recognized that vascular-related
biomechanical factors also play a nonignorable role in cancer
metastasis'* (Figure 1A). The vascular flow pattern not only
can act on the endothelium,* triggering a series of biochemical
reactions,”’ but also directly affect the physiological states of
flowing CTCs,”” thereby affecting the outcome of cancer
metastasis.”” Practical and flexible microfluidic vessel—tumor
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models are still urgently needed for this kind of fundamental
research.

Here, we developed an adaptable vessel-on-a-chip platform
to investigate how a range of mechano-physiological factors
influence the CTCs metastatic transport in the bloodstream.
By rebuilding different CTC—vessel interactions, the key steps
involved in cancer metastasis are mimicked in vitro, including
intravasation, CTC vascular adhesion, and extravasation. We
demonstrated that both vascular glycocalyx (VGCX) shedding
and vessel geometry-dependent hemodynamics can directly
increase the probability of CTC vascular adhesion. In addition,
computational models were established to interpret the fluid
dynamics involved in CTC adhesion, and the simulation
results were consistent with the experimental data. Such an
adaptable vessel-on-a-chip platform is expected to advance the
understanding of cancer metastasis progression and facilitate
the development of new anticancer therapeutics.
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Figure 1. Schematic of methodology and construction of adaptable
microfluidic on-chip vessel modeling. (A) Schematic showing vascular
metastatic transport of CTCs. (B) Illustration of key steps of on-chip
vessel biofabrication. (C) Brightfield microscopy of on-chip vessel
construction process, including (i) rod embedding, (ii) endothelial
cell (EC) seeding, and (iii) channel endothelialization. (D) CD31
immunostaining of the on-chip vessel model. DAPI signal (blue)
stains cell nuclei. CD31 (orange) is clearly visible as the biomarker of
the vessel. (E) Representative fluorescent (green) images of vessels
with various geometries: 6)) aneurysm, (ii) stenosis, and (iii)
bifurcation are very common vessel geometries to induce disturbed
flow. (F) Diameter control of the adaptable on-chip vessel modeling.
Confocal scanning of vessels with diameters of 300, 210, and 160 ym,
top to bottom. ECs were labeled with FITC.

B EXPERIMENTAL SECTION

A hexagonal microfluidic chamber was designed to increase the
contact area between the hydrogel and chamber to prevent
collapse and fabricated using standard soft lithography
techniques.”*”* Polydimethylsiloxane (PDMS) (SYL-
GARD184, Dow Corning) rods were cast from hypodermic
needles (Fisher Scientific, Pittsburgh, PA).”® The fibrinogen
pregel solution was mixed with SU/mL of bovine thrombin
(CAS-9002-044, Sigma) and injected into the chamber
through the side loading ports. After 1 h of polymerization
in the incubator, the PDMS rod was extracted, and the
HUVEC suspension (8 million/mL) was seeded into the
formed tubular channel. The confluent 3D on-chip vessel tube
could be formed after 24 h incubation. As for the diffusion
assay, the permeabilities of the vessels in different culture
conditions were assessed by measuring solute diffusion across
the vessel wall. Here, 70 kDa FITC-conjugated dextran (CAS-
60842-46-8, Sigma) was dissolved in the EGM-2 medium to
prepare a 25 pg/mL solution. Then, 5 pL of the dextran
solution was loaded into each vessel lumen, and the dextran
diffusion was imaged with a Nikon Eclipse TE2000 inverted
fluorescence microscope over 10 min.

Neuraminidase (Neur) enzyme was used for VGCX
degradation, and wheat germ agglutinin (WGA) lectin was
used for VGCX characterization. Recombinant human vascular
endothelial growth factor (VEGF) 16SA was used for
angiogenic sprouting, and hepatocyte growth factor (HGF)
was utilized for attracting tumor cells migration.”””® The
growth factor would gradually spread into the surrounding
matrix and induce tumor cells to intravasate into the vessel.

For CTCs transport in the vessels of different conditions, the
PC3 cells were resuspended in EGM-2 medium (0.5 million/
mL) and perfused through the vessel at a flow rate of S L/min

for half an hour. After perfusion, the attachment results of
CTCs on vessels were imaged using the fluorescent micro-
scope. All the fluorescent images and confocal scanning were
acquired with a Nikon C2+ laser scanning confocal microscope
in the Health Research Hub Center, Lehigh University. The
image processing was conducted with Image] software from
the National Institutes of Health (USA).

For computational fluid dynamics (CFD), the 3D model of
the stenosis vessel was reconstructed by finding the edges of
the cross-sectional slices taken from the confocal images by
applying thresholding. The edges were traced in Solidworks
2021 to generate the 3D model. An Ansys Workbench 2021
(ANSYS, Inc.) was used for geometry discretization.
Simulations were conducted in 3D and under steady-state
conditions, considering an incompressible Newtonian flow.
The Navier—Stokes equations were solved using the pressure—
velocity coupling SIMPLE (semi-implicit method for pressure
linked equations) method with second-order accuracy. De-
tailed experiments can be found in the Supporting Information.

B RESULTS AND DISCUSSION

On-Chip Construction of Vessel Model and Dynamic
Vessel-Microenvironment Interactions. Our platform
provides a facile method to construct blood vessels and
associated vascular microenvironments. After extraction of the
cylindrical polydimethylsiloxane (PDMS) rod, a hollow
channel was constructed inside of the fibrin gel (Figure 1B).
A human umbilical vein endothelial cell (HUVEC) suspension
of high concentration was loaded into the channel, and cells
would cover the whole inner surface of the channel to form a
confluent endothelialized lumen in 1 day (Figure 1C). The
platelet endothelial cell adhesion molecule-1 (PECAM-1 or
CD31) antibody was used to characterize the CD31 expression
on each single HUVEC surface. The immunofluorescence
result (Figure 1D) demonstrated the presence of CD31 and
marked the formation of an intact endothelial lumen. From a
hemodynamic point of view, the shapes and diameters of blood
vessels are two direct factors that affect the flow pattern. The
hemodynamic characteristics of different flows can directly
influence the transport of CTCs, affecting their dissemination
and colonization.” Limited by poor elasticity and difficulty in
processing, a commonly used iron needle was used to make
simple straight vessel lumens, which can only produce laminar
flow inside.’® By assembling various ductile PDMS rods
together, structures of different shapes can be created in a
controlled and repeatable manner. For example, to construct
an on-chip stenotic vessel, a large rod cast from a 23-gauge
needle and a small rod cast from a 30-gauge needle were
vertically glued together with a PDMS presolution, prior to
embedding into the gel. Thus, perfusable vessel lumens with
different geometries, including aneurysms, stenosis, and
bifurcations, can be constructed on-chip (Figure 1E, F).

Besides the adjustable vessel morphology, the adaptability of
our vessel-on-a-chip platform was also demonstrated in
construction of flexible vascular microenvironments. Distinct
microenvironments were constructed to initiate the inter-
actions, and the corresponding changes of the vessel physical
profile were examined. In particular, two groups of vessels were
cultured in prostate cancer cells PC3 cancer cells/normal
human lung fibroblast (NHLF)-associated microenvironments,
respectively, and a group of monocultured vessels served as the
control. The vascular morphological changes were continu-
ously recorded, and vascular barrier function was quantified by
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Figure 2. Dynamic interactions between vessels and various microenvironments. (A—C) Vessel permeabilities in monovessel culture, vessel-
fibroblasts coculture, and vessel—cancer cells coculture. Representative fluorescent images at t = 0 min and ¢ = 10 min, for diffusion of 70 kDa
dextran in a2 monovessel (A), fibroblast-associated vessel (B), and cancer-associated vessel (C). (D) 70 kDa dextran diffusion profiles at t = 10 min
for vessels in various culture conditions. (E) 70 Kda dextran permeability values calculated for vessels in various culture conditions. The cancer-
associated vessels were the leakiest, while the fibroblast-associated microenvironments improved the barrier functions of the vessels, compared with
the monocultured vessels. Three individual vessels (n = 3) were measured for each culture condition to determine the average permeability value:
*p < 0.0S, *¥p < 0.01, ***p < 0.001, and ****p < 0.0001. (F) 3D angiogenesis in the adaptable vessel-on-a-chip platform: (j, ii) Newly sprouting
microvessels can be induced from the primary vessel by a vascular endothelial growth factor (VEGF) in 2 days. (iii) Fluorescent microscopy of the
angiogenetic sprouting vessels. HUVECs were stained with CellTracker green, and DAPI (blue) stains the nucleus. (G) On-chip modeling
intravasation of PC3 clusters from the nearby matrix into the vessel tube. HGF-supplemented medium was perfused in the vessel, and a HGF
gradience was formed in the local microenvironment. The PC3 cells were induced to migrate out of the clusters (i, ii) and intravasated to the vessel
(iii) in response of the HGF gradience in 2 days. (iv) Fluorescent image of PC3 cancer cells (red) intravasating the vessel (green). (v) Normalized

percentage of PC3 cell migrated from the surrounding collagen toward the vessel tube with/without of HGF stimulation.

measuring diffusion of a 70 kDa dextran solute on day 3
(Figure 2A—C). When grown alone, every endothelial cell on
the vessel was in an oval shape with no observable differences
appearing during a 3 day culture. While in the fibroblast-
associated microenvironment, the endothelial cells appeared to
be stretched into filaments and were more tightly connected to
each other. However, the cancer-associated microenvironment
turned the cells into a long strip shape, and the vessel looked
fluffier. The morphological changes of the blood vessels are
supposed to be closely related to their function alterations. To
further test the vascular barrier function, we perfused the 70
kDa fluorescently conjugated dextran solution and tracked its
diftusion cross vessel lumen over 10 min. The vessel in the
cancer-associated microenvironment was the leakiest, and the
dextran spread over twice the area of the one in the
monocultured vessel (Figure 2D). The vascular permeability
coeflicient was also calculated for all three types of vessels
(Figure 2E). The vessel permeability in the fibroblast
microenvironment was slightly lower than that of the
monocultured vessel and less than half of that in the cancer-
associated microenvironment. In summary, the vascular barrier
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function was enhanced in the fibroblast-associated micro-
environment and downgraded in the cancer-associated micro-
environment, thus reflecting the dynamic interactions between
blood vessels and microenvironments. Figure 2F shows that a
microenvironment containing a VEGF gradient can directly
trigger the sprouting tips out of the primary vessel, which
recapitulates the in vivo angiogenesis phenomenon. It is shown
that vessel morphology can adapt to the local microenviron-
ment, thereby affecting its function.

Modeling CTCs Intravasation into the Bloodstream.
As one of the crucial steps of metastasis initiation, intravasation
refers to how the CTCs enter into the bloodstream.?’ After the
formation of confluent vessel lumen, a PC3 cluster was seeded
nearby to mimic the primary tumor. Then, the HGEF-
supplemented medium was perfused through the vessel to
activate the tumor cell migration. HGF is a commonly used
chemoattractant to stimulate tumor cells.*” It was observed
that a few cells were gradually released from the primary tumor
cluster and migrated toward the vessel (Figure 2G). After 2
days of migration, some tumor cells successfully penetrated the
vessel wall and reached the vessel’s inner surface and may
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Figure 3. CTC adhesion result on vessels of different VGCX conditions. (A) Fluorescent staining of VGCX (green). DAPI signal (blue) stains cell
nuclei. (B, C) VGCX was degraded by enzyme in a time dependent manner. After 20/40 min of enzyme degradation, the coverage and thickness of
VGCX gradually decreased. (D) Data quantification for VGCX thickness change after different degradation treatments. Three individual samples
were measured for each condition to determine the average value. Statistical significance between groups is denoted as *P < 0.05 and ***P < 0.001.
(E) Schematics of the interactions between CTC and VGCX of different thicknesses: normal (i), 20 min degradation (ii), and 40 min degradation
(iii). The red ligand stands for the glycocalyx structure. (F) Representative fluorescent images of adhered CTCs on normal vessel (i), vessel after 20
min VGCX degradation treatment (ii), and vessel after 40 min VGCX degradation treatment (iii). Vessels were stained with CellTracker green, and
CTCs were stained with CellTracker red. (G) Normalized rate of adherence of CTCs on vessels with different VGCX degradation treatments. (H)
Confocal scanning of adhered CTCs on VGCX. VGCX were labeled with WGA (FITC).

potentially become CTCs. In the control group, an HGF-free
medium was perfused through the vessel. In that case, the
tumor cells looked calmer, and most of them only proliferated
in situ and did not migrate around (Figure 2G(v)). Our
observation showed that abnormal concentrations of growth
factors in the bloodstream may also lead to specific migratory
responses of tumor cells. Silvestri et al. reported that a tumor
organoid could make direct contact with blood vessels to make
them part of themselves, while some small CTC clusters were
peeled off and entered the blood flow."> The metastasis could
be a result of the systemic effect, rather than a single factor. A
diseased in vivo environment may also lead to abnormalities in
the endocrine system that promote CTCs disseminations.
Characterization of VGCX of the Vessel and Results
of CTC Adhesion on VGCX Layers under Different
States. Tumor necrosis factor-a (TNF-a)-related changes in
cell adhesion have already been well studied.”** Relatively,
VGCX, known as a mechano-transducer, tends to receive less
attention.” As the first structure on the endothelium to be in
contact with blood flow and floating cells, the VGCX covers
various adhesion receptors such as integrins, immunoglobulins,
and selectins.”® By interacting with blood flow in different
states, corresponding feedbacks will appear on its composition,
thereby affecting receptor-mediated CTC—vascular adhesion.
Here, as one of the research objects, the influence of VGCX
coverage on CTC vascular adhesion was quantitatively studied.
First, the VGCX was visualized by labeling it with FITC-
fluorescent-conjugated WGA, which primarily marks the sialic
acid (SA) component of VGCX. The WGA-labeled VGCX
appeared as a uniform layer with no visible gaps between each
endothelial cell (Figure 3A). Subsequently, the vessels were
treated with a VGCX degradative enzyme, neuraminidase
(Neur),”” in a time-dependent manner. A group of nontreated

vessels were set as the control, and the other sets of samples
were processed for 20 min, 40 min, and 1 h, respectively. The
viability and integrity of the 1 h-treated group had been
irreversibly damaged and were therefore not used for further
study (Figure S1). The confocal scanning showed that the
coverage of VGCX decreased with the increased enzyme
treatment time (Figure 3B, C). After 40 min of treatment, the
thickness of VGCX was just over 60% of that of the control
group (Figure 3D).

Second, the model CTCs were perfused through the vessels
of different VGCX statuses at 1 dyn/cm? for half an hour to
measure the impact of VGCX on CTC adhesion. After
perfusion, unadhered CTCs were slightly washed away, and
the number of the attached CTCs was counted and
normalized. Figure 3F reports representative fluorescent
images showing the CTC adhesion results on the vessels of
different VGCX statuses. The number of CTCs adhered on the
normal vessel was the least, while that on the 40 min
degradation vessel was the highest, almost three times that of
the former (Figure 3G). A possible explanation is that the
thinner the VGCX layer is, the greater the chance of exposure
of various adhesion receptors and the greater the likelihood of
bonding to CTC surface proteins, as illustrated in Figure 3E.
Hynes et al. suggested that the endothelium itself exhibits an
antifouling effect, which prevents the majority of CTC
attachments compared to the bare ECM wall. Nevertheless,
the role of blood vessels in this regard may also be related to its
own state.”® The healthy VGCX and diseased VGCX could
have obviously different affinities for the contacting CTCs. In
vivo, the VGCX shedding may be caused by both biochemical
transitions (such as inflammation-induced protease secre-
tion)”” and abnormal physiological flow conditions.*’ There-
fore, the influence of the local microenvironment may also
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Figure 4. Analysis of CTC adhesion results along the stenotic vessel lumen. (A) Confocal scanning of the on-chip stenotic vessel model. HUVECs
are stained with CellTracker green. (B) Fluid dynamic simulation of cell culture media perfusion presenting the velocity profile along the stenotic

vessel lumen. Velocity profile at an inlet wall shear stress of 10 dyncmiz. (C) Flow wall shear stress distribution along the stenotic vessel direction.
CTCs are perfused through on-chip of the stenotic vessel lumen. (D) Representative fluorescent images show the CTC adhesion result in the
stenotic vessel lumen. The CTCs were stained with CellTracker red. (E) Normalized rate of CTC adhesion in the different regions of the stenotic

vessel.

need to be comprehensively considered when studying the
interaction of blood vessels and CTCs.

On-Chip Stenotic Vessel Construction and Character-
ization of CTC Adhesion Induced by Hemodynamic
Flow Disturbance. In addition to the physiological structures
on the blood vessels, hemodynamics can also affect the
vascular transport and adhesion of CTCs. Here, we chose the
stenotic vessel model as the subject to investigate how the
vessel geometry-dependent hemodynamics affects CTC
adhesion. A stenotic vessel lumen (about 160 um for inlet
diameter and 350 um for outlet diameter) was constructed on-
chip (Figure 4A). To further analyze the hemodynamics inside
the stenotic vessel, a 3D model was reconstructed from the
confocal scanning images and utilized for a computational fluid
dynamics simulation. The velocity profile (Figure 4B) and
shear stress (Figure 4C) at different sections of the vessel
lumen were analyzed at an inlet wall shear stress (WSS) of 10
dyn/cm? A small vortex was observed in the stenotic corner,
and its area is related to flow rate and vessel geometry (Figure
§3).*" Similarly, the CTCs suspension was perfused through
the inlet for half an hour. Since the vessel diameter at the outlet
zone was almost twice that of the inlet, the WSS at the outlet
was only one tenth of that at the inlet.*” Figure S3B shows the
CTCs motion along the stenotic vessel lumen. Around the
stenotic corner, the flow regime suddenly changed from a
stable laminar flow to a disturbed flow, and the velocity and
WSS also dropped sharply (Figure 4D). Consequently, some
CTCs were able to contact, roll, and adhere on the inner
surface of the vessel. The number of adhered CTCs on
different sections of the vessel after perfusion was counted and
normalized. High WSS not only increases the rolling speed of
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CTCs but also reduces the chance of CTCs contacting vessel
walls. This may explain why there were few CTC adhesions in
the high WSS inlet zone. In addition, the most CTC adhesion
was found in the stenotic corner region, which coincided with
the region with a sudden WSS drop. In the wide outlet vessel
lumen, the flow pattern gradually recovered to a stable laminar
flow with slow flow velocity, and the CTC adhesion rate was
half of that in the corner region. Thus, it is assumed that a
disturbed flow-associated vortex may reduce the local flow
velocity, therefore increasing the probability of CTC contact
and adhesion on the vessel surface in long-term perfusion.
Chen et al. reported that the cramped capillary vessel tube
could directly entrap the CTCs and induce transvascular
migration of the trapped CTCs.*> Our result shows that in
addition to the physical structure capture effect, the vessel
geometry induced flow biomechanics can also impact CTC
adhesion.

Computational Modeling of CTC Adhesion under
Different Vessel Conditions. To better understand the
process and fluid dynamics involved in the CTC adhesion
process, computational models were developed based on vessel
geometry reconstructed from 3D scanned images. Figure S
shows the simulation setup and CTC adhesion results. To
visualize the WSS and locations of attached CTCs, the
computational fluid dynamics simulation data are exported
into Paraview for postprocessing.** At first, the CTC adhesions
in the normal straight vessel lumen with different VGCX
statuses were simulated. The vessels have cylindrical shapes
under stable laminar flow with a no-slip boundary condition at
the wall. A parabolic velocity profile is observed in the vessel.
The simulations were running for 30 min. Since the exposed
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Figure S. Computational CTC transport and adhesion modeling in different scenarios. (A) Modeling CTC adhesion in the normal vessel: (i)
Simulated CTC adhesion result according to different VGCX layers. (ii) Comparison of simulation result with experimental result. (B) Modeling
CTC adhesion in the stenotic vessel lumen: (i) Variation of WSS in the vessel domain and the CTC adhesion result. (ii) Comparison of simulation

result with experimental result.

receptor level under different Neur treatment is unknown, the
ligand—receptor density is parametrized by an empirical
method to predict CTC attachment on the vascular wall. A
receptor density of around 1.59 times under a 20 min
treatment and around 1.75 times under a 40 min treatment
compared to healthy VGCX lumen were found to match with
the experimental values of CTC adhesion density. The
computational model had a good qualitative agreement with
the experimental data (Figure SA(ii), but there is a quantitative
discrepancy between the experimental and simulated results. In
the experiment, attachment of CTCs as clusters is observed,
where CTCs in the computational model are treated
independently without cell—cell interactions considered.

The same model is used to simulate CTC transport in the
stenotic vessel. At this time, the irregular flow distribution
caused by the inhomogeneous vessel shape greatly affects CTC
adhesion. As shown in Figure SB(i), CTCs were found to
attach to vessel wall regions with lower wall shear stresses, i.e.,
stenotic corner region. The location and geometry distribution
of CTC attachment to the vessel wall are in close agreement
with the experimental data (Figure 5SB(ii)). However, there is a
slight difference between the CTC adhesion rate of the
experiment and the simulation result, which can be related to
the complex vascular surface conditions and stochastic nature
of the CTC adhesion.

In Vitro Modeling on Extravasation of CTCs Adhered
on Vessels into the Local Extracellular Matrix Environ-
ment. To study extravasation on our chips, model CTCs
(PC3 cells) were perfused into the HUVEC-coated channel,

settled down, and adhered to the vessel lumen (Figure 6A, B).
Then, the HGF-supplemented medium was loaded through

re——eTa

- I

- g P ——
100 pm

Figure 6. On-chip modeling the extravasation of tumor cells from the
vessel tube toward the surrounding matrix. The vessel tube was
labeled with CellTracker green, and the CTCs were stained with
CellTracker red. (A) Representative fluorescent images of adhered
CTCs on the vessel after perfusion. (B) Brightfield image of the CTC
about to extravasate the vessel. (C) Fluorescent images of the CTC
about to extravasate the vessel. (D) CTC extravasated across the
vessel wall under HGF stimulation in 10 h. The scale bar for (A) is
100 um, and the ones for (B—D) are SO um.
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the side gel loading port via a pipet tip. Consequently, the
CTC was activated and attracted toward the surrounding
matrix outside the vessel without visibly disrupting the
integrity of the vascular endothelium layer (Figure 6C, D).
The process of CTC out-migration is observed to be similar to
that reported for stem cell angiopellosis.*’ This may suggest
that there is also mutual recognition between CTCs and
vascular endothelial cells at the molecular level. Interestingly,
the way CTCs extravasate blood vessels appeared to be related
to their original density. The CTC cluster’s trans-vessel
migration was more brutal and faster, and they also destroyed
the integrity of the vessels (Figure S4).

Unlike the slow effects of biochemical factors, such as
cytokine and growth factor, on tumor growth, the effects of
blood flow mechanics on the CTC transport process are
dynamic and transient, making in vivo observations challenging.
Our adaptable vessel-on-a-chip platform provides a high-
fidelity biomimetic model for in vitro investigating several
essential events involved in cancer metastasis, including tumor
cell intravasation, CTC vascular transportation, and extrava-
sation across the vessel. By reconstructing assorted tumor
microenvironments and vessels with physiologically relevant
sizes and geometries, corresponding CTC—vessel interactions
can be recapitulated on-chip. In particular, we illustrated the
impact of some mechano-physiological factors on CTC
vascular transportation, such as VGCX and vessel geometry-
induced hemodynamics. We demonstrated that both the
VGCX shedding and stenotic vessel shape-induced disturbed
flow could significantly increase CTC homing to the local
vascular tissue. Combined with predictive computational flow
simulations, we manifest a fluent methodology to interrogate
biophysical clues in metastatic transport. Allowing accurate
control of biophysiological and biomechanical parameters of
the vessel—tumor model, our platform can be a practical tool
for systematic dissection of metastasis mechanisms and
screening of promising anticancer therapeutic candidates.
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